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Climate change is causing unprecedented changes in high-latitude environments, which have
widespread implications for the underlying ecology and global climate and ocean systems. Of
particular concern is the Arctic seafloor, an integral component of sympagic-pelagic-benthic food-
webs, biogeochemical cycling and a variety of ecosystem services.

Arctic climate change studies often overlook changes in the physiological, behavioural, and life-
history traits of organisms, instead focusing on observable, macro-level responses such as range
shifts and biomass turnovers. However, alterations of trait expression are crucial in determining
an organism's capacity to adapt and influence the environment, preceding population and
community-level responses. Substantial variability of trait expression is already observed across
different spatiotemporal scales, between co-existing species and within conspecifics. As a result of
these complexities, accurately assessing the impact of climate change on Arctic benthic
biodiversity and ecosystem functioning is challenging.

Here, | use laboratory-based mesocosm experiments, geochemical tracer analyses and
simulative ecological extinction scenarios of Arctic benthic model systems to evaluate the
consequences of organism responses to climate-driven environmental changes for benthic
ecosystem functioning . Overall, my results demonstrate that organism responses are not generic,
and can fundamentally alter their ability to persist and mediate aspects of ecosystem functioning.
Specifically, | find that the capacity of species to endure climate-induced environmental change
does not always equate to sustained contributions towards functional processes such as nutrient
cycling and incurs inter- and intra-specific shifts in behaviour and physiological costs within
metabolic pathways. Diverse responses to climate change are also reflected in the paleorecords,
where intra-specific variability within long-lived cold-water corals influences their reliability in
reconstructing deep-water temperature and seawater barium concentrations.

Upscaling from organism responses to species turnover and community-level ecosystem
functioning requires an appropriate acknowledgement of species interactions. By factoring in
species co-dependencies during the “borealisation” of benthic assemblages, | demonstrate that
co-extinctions can intensify the loss of community functioning, while concurrently observing a
larger compensation effect from local and surrounding species pools. As such, | provide evidence
that incorporating connections between taxa into predictions of biodiversity change enables more
realistic assessments of systemic responses to climate-driven environmental change.

Collectively, my findings highlight the influence of context on biodiversity responses and their
repercussions on ecosystem functioning. In particular, | show that both individual organisms and



entire assemblages from south of the Polar Front exhibit different responses to climatic forcing
compared to north of the Polar Front and at its transition. In doing so, | draw attention to the
importance of incorporating gradients of environmental variability into climate change
assessments.

| conclude that both environmental and biological variability shape the responses of Arctic
benthic invertebrates to climatic forcing and the repercussions on ecosystem functioning. Rather
than continuing to generalise responses at the macro-level, climate assessments should move
towards incorporating the environmental context, interactions between organisms as well as
intra- and inter-specific trait variability to accurately assess cascading effects on ecosystems.
Integrating these components enhances our understanding of ecological responses to
environmental change and improves predictions of future ecosystem dynamics. This knowledge is
crucial for informing the most effective policy and management decisions aimed at mitigating
stressor impacts.
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Figure 2.2 | The effects of species identity, location and environmental condition (ambient, open
symbols; future, closed symbols) on (mean * s.e.) (a,b,c,d) SBR (mm), (e,f,g) *
Pl median (MmM), (h,i,/) "'Lmax (mm) and (k,,m,n) [ABr] (mg.L?) in mesocosms
containing (a,b,d,h,k,|) Astarte crenata (circles) or Ctenodiscus crispatus
(squares) from station B13 (red), B16 (blue) or both locations combined (gold),
(c,f,i,m) mesocosms containing Cistenides hyperborea (triangles) obtained from
station B13 and (d,g,j,n) mesocosms containing Aequiyoldia eightsi (diamonds)
or Laternula elliptica (upside down triangles) obtained from Rothera Point. For
A[Br], negative values indicate increased bioirrigation. Sediment profile images
and associated luminophore distribution profiles are presented in Appendix A,
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Figure 2.3 | The effects of species identity, location and environmental condition (ambient, open
symbols; future, closed symbols) on (mean t s.e.) effect size of nutrient
concentrations (INRR) over the experimental period as indicated by (a,b,c) [NH,-
N], (d,e,f,g) [NO2-N], (h,ij,k) [NOs-N] and (,m,n) [PO4-P] in mesocosms
containing (a,d,e,h,i,l) Astarte crenata (circles) or Ctenodiscus crispatus (squares)
from station B13 (red), B16 (blue) or both (gold), (b,f,j,m) mesocosms containing
Cistenides hyperborea (triangles) obtained from station B13 and (c,g,k,n)
mesocosms containing Aequiyoldia eightsi (diamonds) or Laternula elliptica
(upside down triangles) obtained from Rothera Point. A positive effect size
indicates an increase in nutrient release from the sediment into the water
column over the experimental period, while a negative effect size signifies an

increase in the uptake of nutrients from the water column into the sediment.25

Figure 3.1 | The effects of species identity, station and environmental condition on (a-c) growth (A
biomass, %) and (d-e) tissue:shell (TW:SW) wet weight (mean + s.e.) for Astarte
crenata (circles), Ctenodiscus crispatus (squares) or both (crossed-circle), and
Cistenides hyperborea (diamonds) from station B13 (red) and B16 (blue) and
Aequiyoldia eightsi (triangles) under ambient (open) or future (closed)

enVironNmMental CONAITIONS. ..oovvvueeeiiieeiee et e s 41

Figure 3.2 | The effects of species identity and environmental condition on (a-c) oxygen
consumption (MO,: pg.h?), (d-f) ammonium excretion (NH4: nmol.h) and (g-i)
phosphate excretion (PO4: nmol.h?) (mean + s.e.) for Astarte crenata (circles)

Ctenodiscus crispatus (squares) or both (crossed-circle), Cistenides hyperborea
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(diamonds) and Aequiyoldia eightsi (triangles) under ambient (open) or future

(closed) environmental conditions. ..........ceeeeciiieiiiiiiee e 43

Figure 3.3 | The effects of species identity and environmental condition on concentrations of (a-c)
glucose (GLU: pg.mg?om) and (d-f) protein (PROT: pg.mglom) (mean  s.e.) in
Astarte crenata (circles) Ctenodiscus crispatus (squares) Cistenides hyperborea
(diamonds) and Aequiyoldia eightsi (triangles) under ambient (open) or future

(closed) environmental CONdItioNS.......ccccveerieeeiiieccee e 45

Figure 4.1 | Two dimensional patterns in Keratoisis sp. element ratios (left to right: Li/Ca, Mg/Ca,
Sr/Ca, Ba/Ca and U/Ca) analysed by laser ablation and overlain onto a post-
ablation SEM image of the basal internode (top row), second internode (middle
row) and third internode (bottom row) of colony (a) #23-1, (b) #23-6, (c) #23-10
and (d) #23-16. Ratios that clearly match structure elements of the coral include
high Li/Ca, Mg/Ca and U/Ca values confined to central axis and low Li/Ca, Mg/Ca
values confined to coral wall. Banding is clear in the Barium profiles. Scale in

bottom left of SEM IMages. .....ueeieiiiieiiiiiiee ettt e sbae e 63

Figure 4.2 | Covariance (Spearman’s Rank; top right subplots) and distribution (bottom left
subplots) of Li/Mg, Li/Ca, Mg/Ca, Sr/Ca, Ba/Ca and U/Ca ratios within the basal
internode (red), second internode (green) and third internode (blue) of
Keratoisis sp. colonies (a) #23-1 (left) and #23-6 (right), and (b) #23-10 (left) and
H23-16 (FIBIT). cueeteeeieieee ettt et st 68

Figure 4.3 | Compiled published (a) Mg/Ca-T, Li/Mg-T, Sr/Ca-T, Sr/U-T and U/Ca-T calibration
data and (b) Ba/Ca-T, Dg.—T and [Ba]cora—[Ba]sw calibration data for aragonitic
(red), high-Mg calcitic (blue) mixed mineralogy (green) corals and Corallinales
compared to Octocorallia (dark blue). Full element compilation datasets
adjusted for interlaboratory offsets (where standard data are available). Mean

coral replicates are presented in Appendix C Figure S6. ........cccccvveeeeeeeecnnnnen. 74

Figure 4.4 | Reconstructions of past (a) temperatures derived from Mg/Ca and (b) seawater
barium derived from Ba/Ca, generated for different colonies (colour) and
internodes (linetype) and evaluated without data interpolation (left column),
with seasonal interpolation (middle column), and with annual interpolation
(right column). In-situ temperature measurements taken at nearby locations
(grey points - K. Azestu-Scott, pers. comm., May 31, 2022; Zweng & Miinchow,

2006) and the average trend of sea surface temperatures (dashed yellow line,
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Reynolds et al. 2002) are displayed. The bottom row of each figure shows the
reconstructed environmental conditions during the time period shared by all

Keratoisis SP. COIONIES. .....uveeieeiiieiiiiieee e e e e et e e e e e e ssvtare e e e e e e e s sanrraneeeeeeeennnns 80

Figure 4.5 | In-situ temperature data (green squares) and trend (green line, shaded area is
standard error of Ordinary Least Squares regression) for Baffin Bay (Zweng &
Minchow, 2006) vs annually interpolated reconstructed temperature data
(purple circles, error bars denote standard error after averaging across
internodes) and trend (purple line, shaded area is standard error of Ordinary

Least Squares regression) in Keratoisis sp. colony #23-6...........ccccevveeeecrveeenns 90

Figure 5.1 | Basic schematic of model procedure, with logic gates for whether co-extinctions and

co-compensation occurs (see Section 5.3.1.1.1)...cccccciiiiiiiiieeciiee e 99

Figure 5.2 | | Changes in community bioturbation potential (BP, log) following climate-driven
extinctions (upper panels), combined with interaction-derived co-extinctions
(middle panels) and post-extinction compensations (bottom panels) associated
with environmental transitions from stations (a,g,m) B17- B16, (b,h,n) B16 -B15
(c,i,0) B15 -Xs (d,j,p) Xs-B14 (e, k,q) B14-B13 and (f,/,r) B17-B13 in the Barents
Sea. Colour intensity (grey—blue) reflects an increasing density (low to high) of
data points with the pre-extinction species richness (vertical green solid line)
and predicted post-extinction species richness (vertical red dashed line)
represented. Coextinctions lead to an increase in colour intensity along the main
species-function trajectory, whilst compensations increase the spread of data

points. Simulations, N = 500 per PaNel......ccccccuerieeiiiieeiiiiee e 104

Figure 5.3 | Predicted biodiversity-ecosystem function relation curves (upper row) represented
with a generalised additive model (GAM, mean = s.e., solid lines + shaded area),
following post-extinction compensations (mean + s.d., second row) and
reorganisation of functional groups characterised by their mobility (third row)
and sediment reworking (fourth row) associated with environmental transitions
from stations (a,g,m,s) B17-B16, (b,h,n,t) B16-B15 (c,i,0,u) B15-Xs (d,j,p,v) Xs-B14
(e,k,q,w) B14-B13 and (f,/,r,x) B17-B13 in the Barents Sea. The pre-extinction
species richness (vertical green solid line) and predicted (median of observed

data) post-extinction species richness (vertical red dashed line) are presented.
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Figure 5.4 | Taxonomic reorganisation during simulated extinction events following
environmental transitions from (a) Station B17 to Station B16, (b) Station B16 to
Station B15 (c) Station B15 to Station Xs (d) Station Xs to Station B14 (e) Station
B14 to Station B13 and (f) Station B17 to B13 in the Barents Sea. Colour shading
(low—high, white—dark blue) represents the relative contributions of
individual taxa to BPc at each sequential level of local extinction. The pre-
extinction species richness (vertical green solid line), predicted post-extinction
species richness (vertical red dashed line) and subset of twenty taxa that
contribute most to functioning are represented, with contributions above 20%
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Figure 5.5 | Changes in mean extinction probability (log) of species following environmental
transitions from (a,g) Station B17 to Station B16, (b,h) Station B16 to Station B15
(c,i) Station B15 to Station Xs (d,j) Station Xs to Station B14 (e, k) Station B14 to
Station B13 and (f,/) Station B17 to B13 in the Barents Sea. Colours represent the
extinction probability of all species going extinct (purple), the extinction
probability of species still present within the community (grey), the extinction
probability of species going extinct as a result of climate vulnerabilities (blue),
the extinction probability of species going extinct as a result of species
codependencies (yellow), the pre-extinction species richness (vertical green

solid line) and post-extinction species richness (vertical red dashed line)..109
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Chapter 1 Introduction




As integral parts of the global ocean, atmospheric, ecological and societal systems, the polar

regions are at the forefront of climate concern (Post et al. 2019; Meredith et al. 2019). In the
Arctic, where approximately four million people reside (and roughly 10% are indigenous (Arctic
Council, 2004)), temperature rise has far outpaced the global average (Burrows et al. 2011;
Rantanen et al. 2022). Unprecedented transformations have already been observed in sea ice
dynamics (Meredith et al. 2019), ocean chemistry (Terhaar et al. 2020) and circulation (Liu et al.
2019b), permafrost thaw (Swanson, 2021) and glacier melt (Sharma et al. 2020). These physical
system responses do not necessarily occur in isolation (Yamamoto-Kawai et al. 2009), and can
both positively (Serreze & Barry, 2011) and negatively feed back (Callaghan et al. 2011) to the
climate system. Moreover, there is mounting evidence indicating that climate feedbacks in the
cryosphere may extend into the mid-latitudes (Barnes & Screen, 2015; Screen, 2018) though the
validity of the signals are still contested (Overland, 2015; 2016). Nevertheless, the magnitude, rate
and combination of environment changes has, and will likely continue to, present novel and
complex challenges for the stability (Sivel et al. 2022), structure (composition, Frainer et al. 2017;
diversity, Frainer et al. 2021) and functioning (Faust et al. 2020; Solan et al. 2020c) of Arctic
ecosystems and provision of ecological services (O’Garra, 2017; Steiner et al. 2021) that society is
so reliant on (Kaiser et al. 2016; Olsen et al. 2020). Indeed, climate change is expected to become
one of the most influential drivers of change in global biodiversity in the coming decades (Leadley
et al. 2010) and cooperative scientific and political engagement is urgently needed for addressing
the complexities of climate feedbacks in the polar regions (Alvarez et al. 2020; Forbis Jr et al.

2018).

Scientific output on climate change in the Arctic has increased substantially from 20 publications
in 1990 to 1765 in 2021 (total n = 18741 between 1950 and 2021, Figure 1.1), whilst publications
focusing on the associated changes in biodiversity has been lagging behind (n = 1650 between
1950 and 2021, Figure 1.1) and predominantly skewed toward terrestrial systems (64.4%)
compared to marine (26.4%) and freshwater systems (9.2%), in spite of the fact that the
vulnerability of Arctic marine biota to climate change is not a recent discovery (Vibe, 1967;
Gradinger, 1995). Attempts to quantify how climate change shapes large-scale ecological
dynamics and trends have been, and will continue to be, moderated by spatiotemporal
heterogeneity in effects (Pold et al. 2019; Hansen et al. 2019; Cassidy et al. 2020b; Godbold et al.
2013), habitats (Kortsch et al. 2019; Wohlgemuth et al. 2017; Cassidy et al. 2020a), capacities to
compensate (Thomsen et al. 2017, 2019; Pan et al. 2016), alongside the time-consuming and
expensive efforts for data collection in the Arctic (Mallory et al. 2018). As a result, “circumpolar”
assessments of change are heavily skewed by the selective information from a limited number of

regions, depths and contexts (Figure 1.2; Deb & Bailey, 2023). Furthermore, the responsiveness of
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Figure 1.1 | Growth in the number of publications in the peer-reviewed scientific literature
focussing on climate change research in the Arctic between 1950 and 2021. Data was
extracted from the ISI Web of Science (accessed on 10/01/2023) using the Advanced
Search feature, with search strings (red) (“Arctic” AND “climat* chang*”), (blue)
(“Arctic” AND “climat* chang*” AND “biodiversity”) and (green) (“Arctic” AND
“climat* chang*” AND “biodiversity” AND benth*”) in the titles and keywords of all

document types across all databases and collections.

species to recent (Parmesan & Yohe, 2003; Root et al. 2003; Pounds et al. 1999) and past
(Overpeck et al. 2002; Benton & Twitchett, 2003) climate change raises the possibility that
anthropogenic climate change could act as a major cause of extinctions in the near future
(Thomas et al. 2004; Hannah, 2012). Yet despite calls for the development of more realistic
scenarios that integrate spatial-temporal variability in these controlling factors (Naeem, 2008),

simulations on natural systems that do so are still rare (Garcia et al. 2021).

In selected Arctic regions where data is sufficient to assess trends in marine biodiversity (Figure
1.2), ecological changes that are consistent with climatic forcing have been recorded across
multiple trophic levels in the pelagic, benthic, and sympagic (sea ice related) realms (Frederiksen
et al. 2017; Wassman et al. 2011; Deb & Bailey, 2023). Changes in sea ice extent has already
resulted in earlier and larger-celled phytoplankton blooms (Kahru et al. 2011; Fujiwara et al. 2016)
whilst a proliferation of thinner first year ice cover may favour growth of microalgae and increase
their contribution to primary production (Song et al. 2016). Evidence demonstrates that shifts in

the spatial pattern and timing of the ice algal and phytoplankton blooms have influenced the
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Figure 1.2 | Map adapted from Deb & Bailey, (2023) showing the current state of Arctic
marine, and climate change research within each Large Marine Ecosystem (LME)
of the Arctic as defined by the Arctic Council's Protection of the Arctic Marine
Environment Working Group (PAME 2013). The colour of pie charts indicates the
ecological subject of the studies conducted in each LME, whilst the size indicates
the total number of studies. Most of the studies were conducted in Barents Sea
LME (21%), followed by the Baffin Bay (8%) and Beaufort Sea (8%). Less than 2%
of studies were conducted in the Aleutian Islands LME, Iceland LME and Eastern
Bering Sea LME. The number of studies conducted across all LMEs (Pan-Arctic)

(14%) and two or more (multiple) LMEs (16%) are also shown.

phenology, magnitude and duration of zooplankton production (Dalpadado et al. 2020) with
changes in the zooplankton community composition (Skjoldal et al. 2022) and productivity
(Kimura et al. 2022) also recorded. Even so, concerns over the cascading effects that sea-ice
driven changes in both primary and secondary production will have on the pelagic-benthic pump
(Wassman & Reigstad, 2011) are already being realised in the biodiversity and productivity at the
seafloor (Link et al. 2013) as this food supply is critical for the growth and survival of benthic

organisms. Indeed, within distinct hydrographic regions, benthic community patterns are directly



affected by the export production of organic matter from the overlying water column (Piepenburg
et al. 1995), with assemblages often acting as long-term integrators of overlying water column
processes. Observed effects of climate change on organisms, communities and biological
processes at extreme depths are largely unknown. However, the likely destabilisation of
ecosystem services under forthcoming temperature, oxygen and pCO; changes will be felt across
all trophic levels and marine layers (Levin and Le Bris, 2015, Sweetman et al. 2017), with the

largest effects projected to occur by the turn of the century (Battaglia and Joos, 2018).

Around 90% of Arctic marine invertebrates known today are benthic (CAFF, 2013) with the total
known benthic species richness in the order of ~4600 species (Sirenko 2001; Bluhm et al. 2011;
Piepenburg et al. 2011). Such biodiversity forms an integral component of food webs and carbon
budgets in seasonally-ice covered shelf-seas (Moore & Stabeno, 2015; Jay et al. 2012), coastal
margins (Rysgaard & Nielsen, 2006; Thomas, 2021) and polynyas (Griebmeier & Barry, 2007) all of
which are sustained via tight benthic-pelagic interactions (Ambrose and Renaud 1995; Grebmeier
et al. 2006b; Peterson & Curtis, 1980). The diversity of activity exhibited by benthic organisms in
terms of their movement, feeding, burrowing and irrigation has been shown to modify, maintain
and create habitats (Jones et al. 1994; Lawton, 1994), facilitate the reworking of sediment and
redistribution of pore water fluids (Pearson, 2001), influence the sediment-microbial community
structure and diversity (Solan & Wigham, 2005), enhance carbon sequestration (Cochrane et al.
2012 and references therein) and biogeochemical cycling at the sediment-water interface
(Boudreau & Jgrgensen, 2001; Furukawa, 2005). Due to the large proportion of shallow shelf seas
(<300 m) in the Arctic, parts of which have been found to exhibit biomass densities of benthic
invertebrates upwards of 7000 ind.m- (Carroll et al. 2008) and 60 g.C.m- (Grebmeier et al. 2006a),
the benthic food web is argued to be relatively more important in the Arctic than at lower

latitudes (Gulliksen et al 2009).

Despite a well-received consensus of the importance of the Arctic benthos from both scientific
and intergovernmental parties (Murphy et al. 2016; Whitehouse et al. 2014; CAFF, 2013), Arctic
studies that link benthic biodiversity patterns to ecosystem processes on large spatial scales are
scarce (e.g. Highsmith & Coyle 1990; Solan et al. 2020c) — a likely consequence of significant
temporal and spatial inconsistencies in benthic biodiversity research intensity (Figure 1.3). Though
we have access to a vast amount of benthic data, the temporal sequence of data collection is
regionally specific. Different countries and their respective research efforts have obtained data at
various times, leading to a patchwork of information that does not necessarily overlap. For
instance, all pre-industrial revolution biodiversity data is concentrated in Russian-Arctic shelves
(zenkevich, 1963; Vetrov & Romankevich, 2004), while the Canadian Arctic, Barents Sea and

Bering Strait were primarily investigated post-industrial revolution (Figure 1.3b). As a result,



databases that aim to be a point of reference for future studies on the distribution, biomass and
functional activity of benthic fauna are limited in their spatiotemporal coverage (Stratman et
al.2020; Solan et al. 2019; Figure 1.3c-d). By extension, when taken together, this explains why
studies with a benthic biodiversity focus only make up a fraction of all climate-change-related
publications (n = 213 between 1985 and 2022 from ISIS Web of Science; Figure 1.1) and just under
10% of investigations on impacts on Arctic marine biota (Figure 1.2, Deb & Bailey, (2023)). Despite
this relatively small pool of knowledge, the expression of climate change in the Arctic is expected
to have substantive effects at the seafloor (Renaud et al. 2015; Kedra et al. 2015; Solan et al.
2020c). However, macroinvertebrate assessments are largely limited to general statements about
range shifts, species introductions and population dynamics (Wassman et al. (2011) and
references therein; Josefson and Mokievsky, (2013); Renaud et al. (2019); Grebmeier et al. (2018);
Fedewa et al. (2020); Hansen et al. (2020)). Though this type of information is a useful indicator
for changes in the overlying water column (Carroll & Ambrose 2012) it does not capture impacts

on benthic productivity and ecosystem processes.

The study of Arctic benthic biodiversity-ecosystem functioning (BEF) has been hindered by the
sporadic availability of quality-controlled observational data (Figure 1.3) alongside a lack of
understanding of the mechanisms that cause patterns of observed biodiversity change (Deb &
Bailey, (2023)) and relate them to changes in ecosystem processes. In the context of climatic
forcing, there is an urgent need for clear and in-depth information on the cause-and-effect
relationships between environment change and Arctic benthic BEF, while also considering the
interdependencies between climatic drivers (Kroeker et al. 2013), time-dependent response
mechanisms such as acclimation and adaptation (Form et al. 2012, P6rtner, 2008; Isotalo et al.
2022), and context- and species-specific compensatory mechanisms (Kroeker et al. 2010; 2011;
Siebel et al. 2012). It follows, therefore, that investigations at the level of the organism are critical,
especially as the ability to tolerate, and adapt to, variation in changing conditions is tightly related
to the biological traits they exhibit (Clarke, 1993) which can differ between conspecifics, species
and spatio-temporal contexts (Cassidy et al. 2020; Godbold & Solan, 2013). In a benthic
functioning perspective, the contribution of individual organisms to an ecosystem function is
closely intertwined to their expression of traits (Snelgrove et al. 2014; Lam-Gordillo et al. 2020).
As such, climate-driven changes in environmental conditions that affect trait expression can,
subsequently, influence nutrient turnover and productivity (Bulling et al. 2010; Hicks et al. 2011;
Godbold & Solan, 2013). By addressing all of these gaps, a better understanding of the complex
interplay between climate change and Arctic benthic BEF can be gained, ultimately contributing to
the development of more realistic biodiversity models that can utilised for informing

management strategies for this fragile ecosystem.
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Figure 1.3 | Circumpolar distribution of (a-b) Records of benthic biodiversity above 60 °N and between 1800-2020 extracted from the Ocean Biodiversity
Information System [access date 25/10/2021] demonstrating (a) the national efforts of Observer and Arctic States and (b) temporal coverage of
data, (c) benthic fauna density data north of 60 °N extracted from the BenBioDen database (Stratmann et al. 2020) and (d) bioturbation intensity
(Db) records above 60 °N extracted from Solan et al. (2019). Records are presented within each Large Marine Ecosystem (LME) of the Arctic as

defined by the Arctic Council's Protection of the Arctic Marine Environment Working Group (PAME 2013).



1.1 Aims and Objectives

The aims of this thesis are to investigate:

(i) context-specific Arctic organism responses in behaviour and the associated consequences for

benthic ecosystem functioning and,

(ii) fitness-trade-offs of Arctic benthic organisms to long-term exposure of climatic drivers.

Where Arctic benthic organisms show differences in persistence under climate change, the thesis

will evaluate:

(iii) their ability to record environmental data to bridge the gaps in instrumental records on

benthic functionality and climate model estimates and,

(iv) the context-dependent relationship between projected climate-induced changes in the

environment, benthic biodiversity change and ecosystem functioning.

Specifically,

Chapter 2 investigates the influence of species identity, intra-specific variability and
environmental history on organism behaviour, sediment-reworking, ventilation activity, and
nutrient concentrations at the sediment-water interface in the face of ambient and near-future
climate change. To achieve this, five macroinvertebrate species (three from the Arctic and two
from the Antarctic) are subjected to a 2100 climate scenario for a 3-month duration, where
temperature and [CO,] are experimentally manipulated. | aim to quantify the behavioural
expression of individuals and species under varying abiotic factors, identify the level of plasticity
within and among cold-water taxa to environmental change, and determine the level of context-

dependency in the relationship of polar benthic invertebrates and functioning.

Marine organisms that exhibit high levels of phenotypic plasticity may do so at risk of impeding
other biological functions in the instance of incomplete whole organism adaptation. Hence,
Chapter 3 explores this possibility in cold-water taxa, subjecting four species of
macroinvertebrates from the Arctic and Antarctic to a 360 day exposure of a 1.5 °Crise in
temperature and 550ppm [CO,] to investigate whether the rate of whole organism functions
(respiration, excretion) differ between organisms in present versus near-future environmental

conditions. As changes in environmental conditions can result in compensatory species responses,



Chapter 3 also explores whether species employ different physiological compensation

mechanisms to maintain whole organism performance.

Gaining a comprehensive understanding of species' responses to past environmental
modifications, including climate change, is crucial for predicting their future responses to ongoing
climate forcing. Due to limited instrumental records and imprecise projections of contemporary
climate change, Chapter 4 explores the feasibility of using a cold-water species of bamboo coral
to analyse high-resolution archives of environmental variability in the deep Arctic Ocean.
Additionally, Chapter 4 retrospectively investigates the influence of intra- and inter-colony "vital
effects" on reconstruction uncertainty using geochemical tracers (Mg/Ca, Li/Mg, Sr/Ca, Ba/Ca and
U/Ca), considering the importance of biological variation for adaptive success in response to
environmental perturbations (Chapter 2 and 3). Assessing the effectiveness of benthic calcifiers as
indirect indicators of climate change will improve our understanding of changes in the Arctic
deep-sea, while also providing insights into species' responses over longer timescales than current

data allows.

The functional response of surviving communities is of scientific and socio-economic concern, but
existing predictive models of the ecological effects of local extinctions are limited with respect to
how realistic and relevant they are to the most likely system responses to change. Hence, using
data from the Barents Sea, Chapter 5 uses a trait-based model for marine benthic communities to
explore local vs regional effects of spatial variability on simulated “borealisation” of biodiversity
and community functioning (community bioturbation potential, BP.). Contrary to previous
models, here | will include co-extinctions and multiple post-perturbation compensatory

mechanisms derived from a gradient of environmental change.

Collectively, these contributions will explore the magnitude, direction, and context of
macrobenthic responses to past, present and future climate change — and their concomitant
effects on benthic ecosystem functioning in one of the most rapidly changing environments in the
world. While | expect to observe changes in organism behaviour and physiology due to climate-
driven environmental change, there will likely be significant variations in response among
individuals and species, as well as differences across various contexts, which will inevitably
influence the reliability of living proxies for climate change and the outcomes of biodiversity-
ecosystem functioning following “borealisation” events. Nevertheless, | anticipate that these
responses, at both the individual and community level of biological organisation, will have a

fundamental effect on benthic ecosystem functioning.
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2.1 Abstract

Climate change is known to affect the distribution and composition of species, but how associated
alterations in functionally important aspects of behaviour and species-environment relations
further modify ecosystem outcomes is poorly constrained. Here, using sediment-dwelling marine
invertebrates from polar regions experiencing rapid rates of climate change, | examine the
ecosystem ramifications of changes in invertebrate contributions to fluid and particle transport -
key processes that mediate benthic nutrient cycling - in response to anticipated near-future
environmental conditions (+1.5 °C, 550 ppm [pCO.]). | find, despite high levels of inter-specific
variability, warming and acidification fundamentally alter species effects on the magnitude and
direction of nitrate and nitrite concentrations and also lead to a reduction in intra-specific
variability of behavioural trait expression. In addition, my analyses indicate that species behaviour
between populations across my regions of climatic transition is not predetermined and, instead,
can depend on local variations in environmental history that set species capacities for acclimation.
My findings provide evidence that specific and subtle aspects of inter- and intra-specific variations
in behavioural trait expression, rather than the presence or relative proportional representation
of species per se, is an important and underappreciated determinant of benthic biogeochemical
responses to climate change, and may act as an early warning for impending ecological transitions
associated with progressive climatic forcing.

2.2 Introduction

Narratives of the ecological consequences of climate change in regions where system responses
are amplified often centre on the wide-spread changes in biodiversity, food-web structure and
productivity that are taking place (Kedra et al. 2015, Jgrgensen et al. 2019, Cochrane et al. 2009;
Garciad Molinos et al. 2016, Solan et al. 2020c), rather than the ecological consequences of
alternative subtler outcomes that typically form the prelude to compositional restructuring
and/or altered levels of biodiversity (Nagelkerken & Munday, 2016; McLean et al. 2016). Species
responses to climate change can include avoidance through dispersal (Loarie et al. 2009; Schloss
et al. 2012), acclimation through phenotypic plasticity (Gibbin et al. 2017, Norin & Metcalfe,
2019), including adjustments to physiological regulation (Dillon et al. 2010), and adaptation
through genetic modification (Williams et al. 2008; Hoffmann and Sgro 2011). However, these
alternative strategies are not always viable or, when available and integrated, are not necessarily
equally weighted as an effective means of response (Magozzi & Calosi 2014). Indeed, in areas of
greater risk from projected environmental change, such as those at higher latitudes, opportunities
for dispersal and adaptation are often limited due to local evolutionary history and ecology (Reed
et al. 2020), meaning that phenotypic plasticity becomes the primary mechanism for organisms to
mediate the effects of rapid environmental change (Bonamour et al. 2018). For organisms with
very long generation times, as is common in polar regions (Moss et al. 2016; Vogt, 2019),

behavioural acclimatisation to novel environmental conditions can maximise an individual’s



chance of survival (Woods et al. 2015; Kearney et al. 2009; Ma et al. 2018) before any potential
genetic adaptation can take effect (Peck, 2011). Previous work has largely focussed on
invertebrate physiological plasticity in relation to ocean warming (Clark et al. 2017; Richard et al.
2012a,b) and acidification (Cummings et al. 2011; Cross et al. 2015; Lischka & Riebesell, 2012;
Wood et al. 2011), whilst behavioural plasticity has received less attention (Christiansen et al.
2015; Morley et al. 2012a), even though changes in behaviour often form the first observable and
practical response to altered environmental context (Tuomainen & Candolin, 2011, Wong &
Candolin, 2015), and can have significant consequences for other ecosystem attributes (Palkovacs
& Dalton, 2012, Wilson et al. 2020, Snelgrove et al. 2014). Consequently, the specifics of how and
when climate related change affects the way in which species behaviour modifies ecosystem
functioning under near-term futures is woefully under-appreciated (Buchholz et al. 2019; Gunn et

al. 2021).

The activities of sediment-dwelling invertebrates play a significant role in the redistribution of
pore water fluids and sediment particles. Such behaviour can have a profound influence on
sediment biogeochemistry and microbiology (Pearson, 2001; Meysman et al. 2006) and,
ultimately, global carbon and nutrient cycles (Griffiths et al. 2017; Snelgrove et al. 2018). It
follows, therefore, that any directional change in species behaviour or trait expression associated
with a change in circumstance will have important consequences for ecosystem process and
function (Godbold et al. 2009; de Smit et al. 2021). Indeed, evidence suggests that changes in
behaviour and/or trait expression, although species and context dependent (Murray et al. 2014;
Wohlgemuth et al. 2017, Cassidy et al. 2020), may maintain (Frid & Caswell, 2015), reduce
(Murray et al. 2013) or enhance (Biles et al. 2003, Ouellette et al. 2004, Maire et al. 2010)
functioning relative to that achieved under prior conditions. Consequently, it has been difficult to
pinpoint alterations in ecosystem properties associated with behavioural change as the net
functional position is the product of multiple species responses. Disentangling these is further
frustrated by the fact that changes in behaviour are also accompanied by numeric or biomass
compensatory responses (Calder-Potts et al. 2018; Thomsen et al. 2017, Thomsen et al. 2019) that
affect dominance patterns (Winfree et al. 2015, Wohlgemuth et al. 2016), and other factors which
can partially or wholly offset directional change in functional responses to forcing (O’Connor &
Donohue 2013). Nevertheless, field observations have highlighted that a shift in the type and
amount of faunal activity can lead to environmental transitions (Mcllroy & Logan 1999, Solan et
al. 2020c) that can exert a disproportionate influence on ecosystem properties and functioning
that is additional to the effects of changes in species diversity (Emmerson et al. 2001, Solan et al.

2004a, Cardinale et al. 2012) and composition (Norling et al. 2007, Wohlgemuth et al. 2016). It is



important to note, however, that although flexible behavioural strategies can improve short-term
fitness (Van Colen et al. 2020; Zhou et al. 2022), the emergence of associated functional
consequences (Murray et al. 2017; Woodin et al. 2016) may not fully materialise until much later
and can be hard to distinguish from other temporal changes in the system (Godbold & Solan,

2013).

| anticipated that changes in species behaviour are likely to be more pronounced in regions of fast
paced climatic change, as genetic and other coping mechanisms take longer to implement and
cannot be enacted in time (Burrows et al. 2011). | speculated, given the closure of dispersal and
adaptation as viable options, that adjustments to behaviour would dominate species responses to
change at higher latitudes, providing opportunity to assess the relative importance of behavioural
plasticity in determining functional outcomes. Here, using sediment-dwelling invertebrate species
obtained from areas of the Arctic and Antarctic currently experiencing amplified levels of climatic
change (Kohnemann et al. 2017; Vaughan et al. 2003), | explore the combined effects of ocean
warming and acidification on important aspects of species behaviour known to influence
biogeochemical cycling. As | anticipate that the direction and magnitude of change in organism
behaviour will diverge between species (Nagelkerken and Munday, 2016), mirroring known
interdependencies in physiological responses to multiple environmental changes (Harvey et al.
2013, Przeslawski et al. 2015), | also include fauna from two locations within the Barents Sea that
contrast in ocean temperature and sea ice dynamics. For these species, my expectation is that
individual species responses will be in line with previous observations (Solan et al. 2020c), but
more pronounced for individuals obtained from locations experiencing a narrower environmental
variation. If my expectations are met, my findings will demonstrate the importance of behavioural
change and compensatory mechanisms (Thomsen et al. 2017, Thomsen et al. 2019) in moderating
how benthic environments respond to external forcing, and will emphasise how inappropriate it is

to ascribe the functional role of species to a priori determined fixed typologies.

2.3 Materials and methods

2.3.1 Fauna and sediment collection

| obtained individuals of the bivalve Astarte crenata (Gray, 1824), asteroid Ctenodiscus crispatus
(Bruzelius, 1805) and polychaete Cistenides hyperborea (Malmgren, 1866) from replicate SMBA
(Scottish Marine Biological Association, 50 x 50 cm) box cores and 15 minute Agassiz trawls in the
Barents Sea (stations B13, 74.3 °N, 30.0 °E; B16, 80.3 °N, 30.0 °E; JCR18006, RSS James Clark Ross,
Appendix A, Figure Sla, Table S1) in July 2019. | also collected individuals of the protobranch
Aequiyoldia eightsi (Jay, 1839) and bivalve Laternula elliptica (P. P. King, 1832) using SCUBA-



assisted divers at Rothera Point, Adelaide Island, West Antarctic Peninsula (67.3 °S, 68.1 °W,
Appendix A, Figure S1b) in March-April 2019. Surficial sediment (< 5 cm depth) for the Arctic
species was collected using SMBA box cores at stations B13, B14 (76.3 °N, 30.3 °E) and B16
(Appendix A, Table S1) in July 2019 and, for the Antarctic species, sediment was collected by hand
from the Hamble, UK (50.9 °N, 1.3 °W). Sediment was sieved (500 um mesh) within a seawater
bath to retain the fine fraction and remove macrofauna and debris. Sediment particle size
frequency distributions (Appendix A, Figure S2) were determined using a Malvern Mastersizer
2000 He-Ne LASER diffraction sizer following standard protocols at the Department of Geography,
University of Cambridge (available at: www.geog.cam.ac.uk/facilities/laboratories/techniques/) to
quantify mean particle size, sorting, skewness and kurtosis (Folk, 1974) using GRADISTAT (Blott &

Pye, 2001). Loss on ignition was used to determine sediment organic material content (%).

2.3.2 Experimental design and set-up

Sediment and species were distributed across 42 clear acrylic aquaria (internal LWH: 12 x 12 x 33
cm, 3 replicates treatment™: species x location x climate scenario; Appendix A, Table S2), designed
to accommodate representative field densities (Arctic species, 2 ind. aquarium™; Antarctic species,
1ind. aquarium™; (Fritschie & Olden, 2016; Appendix A, Table S3) and the size and burrowing
requirements of each species (sediment depth: A. crenata, C. crispatus & C. hyperborea, 16 cm; A.
eightsi, 12cm; L. elliptica, 19cm; Davenport, 1998; Peck et al. 2004). Aquaria were randomly
placed within one of two insulated seawater reservoirs (Solan et al. 2020c, Appendix A, Figure S3).
All aquaria were overlain with seawater (salinity 33, 10 um sand filtered, UV sterilized) to a
standardised water depth of ~12 cm above the sediment-water interface and maintained in the
dark. Fauna were exposed to ambient (1 £ 0.5°C, ~400 ppm [CO;]) or indicative near-future (3
0.5 °C, ~550 ppm [CO;]) environmental conditions (IPCC, 2018). After acclimation to ambient
aquarium conditions (21 days, 09-29/09/2019), water temperature and [CO,] were increased at
0.5°C and 50 ppm increments every 7 days, to minimise any adverse physiological response to the
change in environmental conditions (Form & Riebesell, 2012). During both the acclimation and
experimental period (92 days, 21/10/2019 — 21/01/2020), C. crispatus and C. hyperborea were fed
ad libitum once a week with commercially available fish food (Aquarian Tropical Flake; 0.03 g), and
A. crenata, A. eightsi and L. elliptica were fed ad libitum three times per week with 15 ml of
precultured phytoplankton (33:33:33 mix, Isochrysis sp., Tetraselmis sp., and Phaeodactylum sp.;
Algal Culture Laboratory, National Oceanography Centre Southampton). To avoid accumulation of
excess food and associated nutrients, partial seawater exchanges (weekly, 50% volume) with

seawater (pre-conditioned to the appropriate environmental condition) were undertaken.



233 Seawater carbonate chemistry, temperature and salinity

Atmospheric [CO;] (Appendix A, Figure S4) was controlled using a CO»-air mixing system from
Godbold & Solan (2013). Carbonate systems developed and equilibrated within the head-space of
each aquarium. Temperature, pH (NBS scale, Mettler-Toledo InLab Expert Pro temperature-pH
combination electrode), salinity (WTW™ TetraCon™ 325 Standard temperature-conductivity
combination electrode) and total alkalinity (Ar, Apollo SciTech Alkalinity Titrator AS-ALK2) were
periodically measured (T,pH,S: weekly; Ar: week 2, 6, and 11). Ar analysis followed standard HCI
titration protocols of the Carbonate Facility, University of Southampton. DIC, [pCO.], [Qcalcite],
[Qaragonite], [NCO3] and [COs] were calculated using the CO2calc carbon calculator (v 4.0.9) (Robbins
et al. 2010; Appendix A, Figure S5).

234 Behavioural response of individuals

Behavioural activity of C. crispatus, C. hyperborea and A. eightsi were quantified using
measurements of movement and burial behaviour at the sediment surface. Individuals
(morphology, + 0.01 mm; blotted wet weight, + 0.001 g, Appendix A, Table S5) were placed in
treatment-acclimatised viewing trays containing sediment (depth 5 cm) overlain with sea water
(depth 3 cm) and viewed ( < 60 minutes) with a benchtop video camera (Logitech C920 HD Pro
Webcam, 1080p; Appendix A, Figure S6). The time taken for each individual to initiate movement
(response time, s) and to complete burial (burial time, s) was recorded (3 frame s, SkyStudioPro)
and analysed frame-by-frame (VLC Media Player). Rather than expressing responses relative to
total wet biomass (g), | opted to incorporate biomass as a random factor in the statistical analysis
to account for differences in the effects of biomass between species and/or context (Zuur et al.

2009).

2.3.5 Effects on ecosystem process and functioning

Sediment particle reworking and ventilation activity for each of the five species under study were
determined from sediment profile images of the redistribution of particulate luminophore tracers
(dyed sediment, fluorescent under ultraviolet light; 30 g aquarium™, 125 — 250 um diameter, 12
day incubation 09/01/2020-21/01/2020; Solan et al. 2004b, Schiffers et al. 2011). All four sides of
each aquarium were imaged under UV light (Canon EOS 400D, 3888 x 2592 pixels, effective
resolution 74 x 74 um per pixel) stitched together (Adobe Photoshop CC 2019; Appendix A, Figures
S7 to S11) and the redistribution of luminophores was analysed using a semi-automated plugin
within Imagel (version 1.46r; Solan et al. 2004b). From these profile data (Appendix A, Figure S12),

| calculated the mean (*"'Limean, time dependent indication of mixing), median (*"'Limeq, typical



short-term depth of mixing) and maximum (*"'Lmax, maximum extent of mixing over the long-term)
mixed depth of particle redistribution. Given the shape of the vertical distribution of
luminophores, *"'Lnean Was determined to be an unsuitable descriptor of the redistribution profile
and was not considered for statistical analysis. The rugosity of the sediment-water interface

(upper — lower limit = surface boundary roughness, SBR) provided an indication of surficial activity.

Ventilatory behaviour - the active transfer of fluid by infaunal organisms (Solan et al. 2019) - was
estimated from absolute changes in the concentration of the inert tracer sodium bromide [NaBr].
Since water depth varied between aquaria of different species, dissolved [NaBr] was standardised
across all aquaria (mean starting concentration = 1353.816 + 317.264 mg L) and [NaBr] was
determined using a Tecator flow injection auto-analyser (FIA Star 5010 series). Negative values of
change in [NaBr] (A[Br] mg L) over an 8 hour period are indicative of increased infaunal

ventilatory activity.

As nutrient concentrations at the sediment-water interface are mediated by benthic fauna
activity , | determined water column [NHs-N], [NOs-N], [NO2-N] and [PO;-P] (umol L) from filtered
samples (~¥10ml, 0.45 um NALGENE nylon matrix) once a month (Appendix A, Figure S13) using a
QuAAtro 39 continuous flow auto-analyser (SEAL Analytical). As nutrient concentrations per se
would reflect differences in the volume of sediment between species treatments, | calculated the
log response ratio (InRR = In[concpefore/CONCatier]; Hedges et al. 1999), a formal effect size measure
that quantifies proportionate change, rather than absolute values. As patterns of [NO«-N] are
reciprocal to those of [NH4-N], because bioturbation stimulates denitrification within the nitrogen
cycle (Solan, 2016), InRR values for [NO,-N] and [NOs-N] are multiplied by -1 to align the effect

sizes with a positive direction of ecosystem functioning.

2.3.6 Statistical analysis

Analysis of Variance (ANOVA) models were developed for each dependent variable (behaviour:
response time, burial time; ecosystem process: SBR,™"Limedian, F'Lmax, A[Br’]; ecosystem
functioning: [NH4-N], [NOs-N], [NO,-N], [PO4-P]). For A. crenata and C. crispatus, | determined the
effects of the independent variables environmental condition (2 levels: ambient, future), location
(2 levels: stations B13 and B16), species identity (2 levels), and their interactions, whilst for A.
eightsi and L. elliptica, | determined the effects, alone and in combination, of the independent
variables environmental condition (2 levels) and species identity (2 levels). As C. hyperborea was

found at a single station, | determined only the effects of the independent variable environmental



condition (2 levels). The extent of intra-specific variability in response within treatment levels was

determined using the coefficient of variation.

Model assumptions (homogeneity of variance, normality, outliers) were visually assessed using
standardised residuals vs fitted values plots, Q-Q plots and Cook's distance (Zuur et al. 2010).
Where there was a violation of homogeneity of variance, | used a varldent variance-covariance
structure and generalised least-squares (GLS) estimation (Pinheiro & Bates 2000, West et al.
2014), to allow residual spread to differ between the explanatory variables. | determined the
optimal fixed-effects structure using backward selection informed by Akaike Information Criteria
(AIC) and inspection of model residual patterns. For the GLS analysis, | determined the optimal
variance-covariance structure using restricted maximum-likelihood (REML) estimation by
comparing the initial ANOVA model without variance structure to equivalent GLS models
incorporating specific variance terms. These models were compared for suitability against the
initial ANOVA model using the AIC informed by visualisation of model residuals. | determined the
optimal fixed structure of the most suitable model by applying backward selection using the
likelihood ratio test with maximume-likelihood (ML) estimation (West et al. 2014, Zuur et al. 2010).
For ANOVA models with interactions, | calculated the effect size (w?, Graham & Edwards 2001) of
each independent variable in R (R Core Team, 2022) using the effectsize package (Ben-Shachar et
al. 2020). For GLS models with interactions, | determined the relative importance of each
independent variable by comparing the minimal adequate model with a model with the
independent variable of interest, and all of its interactions, removed using likelihood ratio (L-ratio)
in the nime package (Pinherio and Bates, 2000). Details of initial and minimal adequate models

(Model S1 to S29) and all data are provided in Appendix A.

24 Results

| find evidence that individual behaviour, sediment reworking, burrow ventilation, and associated
nutrient concentrations, are dependent on environmental condition, location or species identity
(Models S1 to S29), with observed effects seldomly (8 of 29 models) resulting from full factorial
interactions. Despite observing mortalities in A. crenata (2 individuals, 1 from each climate), C.
crispatus (4 individuals, 3 from ambient climate and 1 from future climate), and C. hyperborea (1
individual from ambient climate), it was still possible to relate my response variables in ecosystem
process and functioning to species behaviour in all aquaria. Differences in mortality were
accounted for by using total biomass of aquaria as a random effect, which was found to be

insignificant across all models.



2.4.1 Effects on individual behaviour

All individuals of C. crispatus (nt = 18) initiated movement within 60 minutes of being placed onto
the sediment surface, with 16 individuals completing reburial (mean + s.e. =684.3 + 113.5 s, range
1722 - 222 s), but | found no evidence that response time was affected by environmental
condition, location or their interaction (intercept only model: L-ratio = 1.420, d.f. =1, p = 0.234;
Figure 2.1a). However, mean response time (t s.e.) was less variable among individuals from
station B13 (370.9 + 48.3 s5; CV = 34.5%) relative to between individuals from B16 (492.3 £+ 93.3 s;
CV = 62.9%). Regardless of location, mean burial time of C. crispatus was influenced by
environmental condition (F1,12) = 5.285, p < 0.05), with reburial time (mean % s.e.) halving under
future conditions (ambient, 995.0 + 199.6 s; future, 497.9 + 103.8 s; Figure 2.1b). For C.
hyperborea, 9 individuals (nt = 11) responded within 60 minutes, with comparable response rates
across two environmental conditions (Fj1,7) < 0.001, p = 0.992; Figure 2.1a). However, only three
individuals under future conditions reburied within the 60 minute period, an insufficient number
for reliable statistical analysis. For A. eightsi, mean (t s.e.) response time (378.5 + 201.5 s, range,
1322 - 44 s, n = 6) was not dependent on environmental condition (intercept only model, L-ratio =
2.277,d.f. =1, p = 0.131; Figure 2.1c), despite a substantive reduction in intra-specific variability
under future conditions (CV: ambient, 95.7 %; future, 51.5%). The effect of environmental
condition on the burial time of A. eightsi was weak (L-ratio = 3.5943, d.f. = 1, p = 0.0580), despite
a reduction in intra-specific variability (CV: ambient = 42.3%, future = 28.4%) and burial time
(mean £ s.e.: ambient, 144.3 + 35.3 s; future, 67.3 £ 11.1s; Figure 2.1d). | found no effect of

biomass as a random factor in any of these models.
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Figure 2.1 | . The effects of species identity, location and environmental condition (ambient, open
symbols; future, closed symbols) on (a,c) mean (+ s.e.) response time and (b,d) mean
(% s.e.) burial time for Ctenodiscus crispatus (squares) and Cistenides hyperborea
(triangles) obtained from station B13 (red) and B16 (blue) in the Barents Sea and
Aequiyoldia eightsi (diamond) obtained from Rothera Point (black).

24.2 Effects on ecosystem process

Surface boundary roughness in the presence of A. crenata and C. crispatus (Figure 2.2a, b) was
dependent on the independent effects of species (L-ratio = 10.056, d.f.= 1, p < 0.01; A. crenata:
16.42 + 1.63 mm, C. crispatus: 10.16 + 0.62 mm) and location (L-ratio = 4.010, d.f. =1, p < 0.05;
B13, 14.28 + 1.30 mm, B16, 12.30 + 1.72 mm), but not environmental condition (L-ratio = 3.238,
d.f.=1, p=0.072). For C. hyperborea, | also found no evidence that surface boundary roughness
was affected by changes in environmental condition (L-ratio = 0.025, d.f. = 1, p = 0.8740) despite
an increase in intra-specific variability under future conditions (CV: ambient, 2.5%; future, 31.4%;
Figure 2.2c). For A. eightsi and L. elliptica, | found no effect of environmental condition, species
identity, or their interactions, on surface boundary roughness (Fj1,s; = 3.005, p = 0.121; Figure

2.2d).

The median mixed depth of particle reworking (""'Lmeq) for A. crenata and C. crispatus was
dependent on the independent effect of environmental condition (mean + s.e.; A. crenata:
ambient, 3.035 + 0.342 mm, future, 2.680 + 0.196 mm; C. crispatus: ambient, 3.687 + 0.526 mm,
future, 2.294 + 0.433 mm; Fj1,151= 5.2018, p < 0.05; Figure 2.2e). However, there was no effect of
environmental condition on ™"'Lyeq for C. hyperborea (L-ratio = 0.338, d.f. = 1, p = 0.126; Figure

2.2f) or for A. eightsi and L. elliptica (Fp,s; = 2.955, p = 0.124; Figure 2.2g). In contrast, maximum



mixed depth (""'Lmax) was dependent on an interaction between species identity x location for A.
crenata and C. crispatus (Fp,20 = 7.8123, p < 0.05, Figure 2.2h), with species identity («? = 0.537)
more influential than location («? = 0.316). Specifically, mean ©"'L.x (+ s.e.) was deeper in aquaria
containing C. crispatus from station B16 (17.49 + 2.55 mm) than it was in aquaria containing A.
crenata from station B16 (5.72 + 1.03 mm) and, to a lesser extent, station B13 (C. crispatus: 15.76
+1.29 mm; A. crenata: 14.48 + 2.20 mm). For C. hyperborea, "'Lyn.x was not dependent on
environmental condition (intercept only model: *P'L ., L-ratio = 0.695, d.f = 1, p = 0.405), but
there was some evidence for a reduction in intra-specific variability between treatment levels (CV:
ambient, 22.8 %; future, 11.5 %; Figure 2.2i). In contrast, | found that ™"'L,. for A. eightsi and L.
elliptica was dependent on the interaction environmental condition x species identity (Fju,g =
7.962, p < 0.05), with species identity («?= 1.103) more influential than environmental condition
(«?=0.907). Specifically, mean (+ s.e) ""'Lnax Was deeper for A. eightsi relative to L. elliptica, with a
larger difference observed under future conditions (ambient: A. eightsi, 9.52 + 1.82 mm and L.
elliptica, 5.82 £ 0.75 mm; future: A. eightsi, 17.62 + 0.30 mm and L. elliptica, 7.11 £ 1.37 mm;

Figure 2.2j).

The burrow ventilation behaviour ([ABr]) of A. crenata and C. crispatus was dependent on an
interaction between environmental condition x location x species identity (F1,16) = 7.910, p <
0.05). Computation of effect sizes revealed that species identity was the most influential
independent variable («? = 0.678), followed by location («? = 0.481) and environmental
condition («? = 0.376). In individuals from station B13, irrespective of species identity, ventilation
activity was unchanged by environmental conditions (Figure 2.2k). However, whilst the ventilation
activity of A. crenata individuals from station B16 was negligible ([ABr] values were positive) in
both ambient and future environmental conditions, ventilation activity for C. crispatus increased
7-fold ([ABr7] values more negative) under the future environmental condition (mean + s.e.;
future, -966.08 + 139.24 mg L, ambient, -138.30 + 123.14 mg L'; Figure 2.21). Mean (+ s.e.)
burrow ventilation behaviour of C. hyperborea, was also affected by environmental conditions (L-
ratio = 5.879, d.f. = 1, p < 0.05), increasing from 71.61 + 178.82 mg L't under ambient
environmental conditions to -564.24 + 86.32 mg L™ under future environmental conditions (Figure
2.2m). In contrast, there was no effect of environmental condition or species identity on
ventilatory activity for A. eightsi and L. elliptica (intercept only; L-ratio = 0.764, d.f. =1, p = 0.382;
Figure 2.2n), but | did observe a reduction in intra-specific variability between treatments (CV:

ambient, 713 %,; future, 293 %).
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Figure 2.2 | The effects of species identity, location and environmental condition (ambient, open
symbols; future, closed symbols) on (mean * s.e.) (a,b,c,d) SBR (mm), (e,f,.g) *
Pl median (MmM), (h,1,§) P'Lmax (mm) and (k,,m,n) [ABr] (mg.L) in mesocosms
containing (a,b,d,h,k,|) Astarte crenata (circles) or Ctenodiscus crispatus (squares)
from station B13 (red), B16 (blue) or both locations combined (gold), (c,f,i,m)
mesocosms containing Cistenides hyperborea (triangles) obtained from station B13
and (d,g,j,n) mesocosms containing Aequiyoldia eightsi (diamonds) or Laternula
elliptica (upside down triangles) obtained from Rothera Point. For A[Br], negative
values indicate increased bioirrigation. Sediment profile images and associated

luminophore distribution profiles are presented in Appendix A, Figures S8-S11.



243 Effects on ecosystem functioning

My analyses reveal that, for A. crenata and C. crispatus, [NHs-N] was influenced by the
independent effect of species identity (F1,2 = 14.951, p < 0.0001), with response values ranging
from positive InRRs in aquaria containing C. crispatus (mean + s.e., 0.17 + 0.14) to negative InRRs in
aquaria containing A. crenata (mean + s.e., -0.64 £ 0.15; Figure 2.3a). | find that the effect size for
[NH4-N] is not dependent on environmental condition in the presence of C. hyperborea (intercept
only models: [NH4-N], F1.4 = 1.047, p = 0.364; Figure 2.3b), A eightsi or L. elliptica (intercept only
model, L-ratio = 0.009, d.f. = 1, p = 0.925; Figure 2.3c). For [NO,-N], whilst there is evidence of a
weak dependence of the effect size on environmental condition in the presence of L. elliptica and
A. eightsi (mean * s.e.: ambient, -0.15 + 0.16; future, 0.23 + 0.17; L-ratio =3.532,d.f.=1,p =
0.060; Figure 2.3g), the effect size of [NO,-N] in the presence of A. crenata and C. crispatus was
dependent on an interaction between environmental condition x location x species identity (L-
ratio = 4.629, d.f. = 1, p < 0.05). For the latter, closer examination of model coefficients revealed
that location was the most influential independent variable (L-ratio = 7.714, d.f. = 4, p = 0.103),
followed by species identity (L-ratio = 6.955, d.f. = 4, p = 0.138) and environmental condition (L-
ratio = 5.952, d.f. =4, p = 0.203). In aquaria containing infauna from station B13 (A. crenata and C.
crispatus), irrespective of species identity, and for A. crenata in station B16, the effect size of [NO»-
N] was not affected by environmental condition (Figure 2.3d,e). For station B16, however, the
effect size of [NO,-N] in aquaria containing C. crispatus decreased from 0.10 + 0.46 under ambient
conditions to -1.11 £+ 0.22 under future conditions. Similarly, the effect size for [NOs-N] in the
presence of A. crenata or C. crispatus was dependent on the three-way interaction between
environmental condition x location x species identity (F1,16 = 3.057, p = 0.09). Computation of
effect sizes revealed that species identity was the most influential independent variable («? =
0.281) for [NOs-N], followed by location («? = 0.207) and environmental condition («? = 0.136).
Notably, environmental condition had no effect on the activities of species at station B13, but did
influence the behaviour of C. crispatus at station B16 (mean * s.e.: ambient, 0.42 + 0.18; future,
0.01 £ 0.10; Figure 2.3h,i). In contrast, for aquaria with C. hyperborea, | find no influence of
environmental condition on the effect size of [NO,-N] (mean +s.e.: -0.97 £+ 0.07, F14=1.324,p =
0.314; Figure 2.3f), but the effect size of [NO3-N] did increase under future conditions (mean * s.e.:
ambient, -0.32 + 0.13; future, 1.25 + 0.15; F14 = 60.821, p < 0.01; Figure 2.3j). For L. elliptica and A.
eightsi, the effect size of [NOs-N] was dependent on the independent effect of environmental

condition (L-ratio = 9.720, d.f. = 1, p < 0.01; Figure 2.3k), with higher [NOs-N] under future



conditions for both L. elliptica (mean + s.e.: ambient, -0.15 + 0.23; future, 0.05 + 0.14) and A.

eightsi (mean % s.e.: ambient, -0.32 + 0.08; future, 0.16 + 0.01).
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Figure 2.3 | The effects of species identity, location and environmental condition (ambient, open
symbols; future, closed symbols) on (mean * s.e.) effect size of nutrient
concentrations (InRR) over the experimental period as indicated by (a,b,c) [NHs-N],
(d,e.f,g) [INO2-N], (h,i,j,k) [NOs-N] and (/,m,n) [PO4-P] in mesocosms containing
(a,d,e,h,il) Astarte crenata (circles) or Ctenodiscus crispatus (squares) from station
B13 (red), B16 (blue) or both (gold), (b,f,j,m) mesocosms containing Cistenides
hyperborea (triangles) obtained from station B13 and (c,g,k,n) mesocosms containing
Aequiyoldia eightsi (diamonds) or Laternula elliptica (upside down triangles)
obtained from Rothera Point. A positive effect size indicates an increase in nutrient
release from the sediment into the water column over the experimental period,
while a negative effect size signifies an increase in the uptake of nutrients from the

water column into the sediment.



The effect size for [PO4-P] was not dependent on any of my explanatory variables (intercept only
model; Figure 2.3l) for aquaria containing A. crenata and C. crispatus, although | did find
independent effects of environmental condition for aquaria containing C. hyperborea (ambient,
0.24 £ 0.10; future, 0.58 + 0.17; L-ratio = 3.123, d.f. = 1, p = 0.078; Figure 2.3m) and independent
effects of condition (ambient, 1.12 + 0.34; future, 0.53 £ 0.14; L- ratio = 7.865, d.f. =1, p < 0.01)
and species identity (A. eightsi, 1.15 + 0.34; L. elliptica, 0.49 +,.09; L- ratio =4.662,d.f.=1,p <
0.05) for A. eightsi and L. elliptica (Figure 2.3n). The onset of future conditions decreased intra-
specific variability (CV) in the effect size for [PO4-P] for A. eightsi (ambient, 69.7%; future, 50.6%)
and C. hyperborea (ambient, 68.6%; future, 49.7%), but increased for L. elliptica (ambient, 11.7%;
future, 47.6%).

2.5 Discussion

My findings demonstrate that conditions representative of anticipated near-future climate change
can lead to fundamental shifts in functionally important aspects of sediment-dwelling invertebrate
behaviour. These effects can be substantive; for A. eightsi for example, | observed a doubling of
burial rate, deepening of particle mixing and a change in the magnitude and direction of
biogeochemical dynamics that are sufficient to change the functional role of a species
(Wohlgemuth et al. 2017). This observation is important, because alterations in individual
functional capacity that are distinct from functional shifts caused by changes in community
composition and/or novel environmental conditions are common (Godbold & Solan 2009, Solan et
al. 2020c), and likely result from changes in the strength and nature of species interactions
(Connell et al. 2010, Ghedini et al. 2015), various compensatory mechanisms (Thomsen et al. 2017,
2019) and other subtle phenotypic responses that collectively form a dynamic portfolio of
sublethal responses to changing circumstances (Godbold & Solan, 2013, Renaud et al. 2019).
Negligible changes in macronutrient cycling under climatic forcing is not trivial to detect (Godbold
et al. 2017), however, and may be masked by the pH buffering effects of [CO,] driven alkalinity
changes (Gattuso & Hansson, 2011; Laverock et al. 2013) on microbial mediated pathways of

nutrient recycling (Tait et al. 2013).

Whilst the effects of a near-future climate did not feature prominently in the outcomes of my
experiments, consistent with theoretical expectations (Poértner et al. 2008), | did note a reduction
in intra-specific variation that reflected changes in environmental context and location (Cassidy et
al. 2020). Intra-specific variation in response (= burrowing) and effect (= bioturbation) trait
expression has previously been noted to be very important for maintaining populations

(Dingemanse & Wolf, 2013), enabling adaptation to changing environmental conditions (Henn et



al. 2018) and for stability in ecosystem functioning (Wright et al. 2016). | recognise, however, that
though sublethal responses may enable species to persist to changes in immediate circumstance,
this might entail other phenotypic costs that constrain or inhibit the ability to adjust further
(Wood et al. 2008; Gilbert & Miles, 2019). My results indicate that reductions in intra-specific
variation may serve as an early warning for impending ecological transitions associated with
progressive forcing, reinforcing the need for continual monitoring of faunal mediated functioning
and the ecological constraints that modify functionally important aspects of species behaviour

(Sheaves et al. 2021, Schmidt-Traub 2021).

The observed variation in intra-specific behaviour exhibited here under enhanced warming and
[CO,] is consistent with previous behavioural studies (Ferrari et al. 2011) and physiological
responses observed in polar benthic species (Clark et al. 2017) as well as regional contextualisation
(Reed et al. 2020). Whilst not explicitly designed to examine species range shifts or gradients of
environmental change, an important feature of my study design was that my locations were
positioned to the north and south of the oceanographic polar front which contrast in benthic
biogeography (Jgrgensen et al. 2015), bioturbation activity and functioning (Solan et al. 2020).
Hence, | was able to show that individuals that are predisposed to a wider inter-annual thermal
range south of the polar front exhibit a more reserved behavioural response (= ventilatory activity)
to change than those individuals that inhabit areas with a narrower thermal range (Schaum et al.
2012). Thus, plasticity in response mirrors the level of local environmental fluctuation (Joshi et al.
2001). Whilst spatial associations between environmental temperature range and physiological
thermal tolerances are not atypical in ectothermic species found in this biome (Morley et al.
2012b) or elsewhere (Reed et al. 2020; Mermillod-Blondin et al. 2013), this feature of high latitude
populations does mean that populations may be at greater risk of local extinction over the long
term. As thermal tolerance narrows with decreasing seasonality in temperature towards the poles
(Sunday et al. 2011), and is expected to be further constrained as the Arctic warms (Screen, 2014),
populations already at the edge of their thermal limits will most likely have less scope to
compensate and adapt to change (Davis & Shaw, 2001). Temperature-driven responses are,
however, typically complicated by interactions with other abiotic drivers (Pértner & Farrell, 2008)
and, at least for Arctic regions, are likely to lead to both amplified and dampened effects in
spatially stochastic ecosystems (Arrigo et al. 2020). Despite this, previous studies investigating the
influence of climate change on benthic ecosystems have predominantly focused on spatial
distributions of species turnover (Renaud et al. 2019), functional diversity (Frainer et al. 2017; Liu
et al. 2019a) and redundancy (Aune et al. 2018), with little emphasis placed on characterising the

intra-specific variability of species-environment interactions. The latter can be a more important



driver of the short-term functional response of communities than changes in species composition,
dominance and richness (Blois et al. 2013, Nagelkerken et al. 2015; Des Roches et al. 2018). For
example, previous work has suggested that the shallower burrowing activity of invertebrates held
under more acidified conditions (Clements and Hunt, 2014; Clements et al. 2016) allows species to
evade the physiological effects of decreasing pH, but simultaneous responses to warming may
negate the need for such avoidance behaviour (Clements et al. 2017) because species also alter
their rate of burrow ventilation (Ouellette et al. 2004) and type of burrowing activity to maintain
environmental continuity (Przeslawski et al. 2009; Munguia et al. 2017). Over the longer term, the
cumulative effect of short-term behavioural responses like these are likely to be decisive for the
composition (Wong et al. 2015), population dynamics (Hoover & Tylianakis, 2012), connectivity
(Valdovinos et al. 2010) and functioning (Jones et al. 2021) of post-change benthic communities,
albeit further moderated by seasonal timing (Godbold & Solan, 2013) and local circumstance
(Griffith et al. 2019; Wohlgemuth et al. 2017, Reed et al. 2020), including interannual variability
(Solan et al. 2020c).

In-situ evaluations of climate-driven shifts in marine biodiversity face challenges arising from
complex interactions between climate and non-climate factors. Ex-situ experiments, as
demonstrated in this study, offer a method to isolate the impacts of specific combinations of
drivers necessary to develop a mechanistic understanding of how organisms respond and, in turn,
affect the environment. However, the advantages of these experiments are counterbalanced by
their limitations, trading realism for meticulous control and replication. This is particularly evident
in single-species investigations that disregard ecological responses arising from shifts in species
interactions (Carpenter, 1996), where effects from interaction changes can rival or surpass those
driven solely by species tolerances (Kordas et al. 2011) though the effects from interaction
changes are not universally applicable (Queirds et al. 2015). Regardless, a greater integration of
controlled experiments and expansive field studies (Wernberg et al. 2012) will aid in
understanding how subtle effects at the level of the organism scale toward broader ecosystem
dynamics, which is necessary for accurately predicting the repercussions of climate change within

intricate community landscapes.

Quantitative information on the functional role of individual species is rare for both polar regions
(Solan et al. 2019), yet understanding, and accounting for, species responses to climate change is
fundamental to improving the likelihood of determining the most realistic ecosystem future (Post
et al. 2019, Garcia et al. 2021). My findings suggest that this task will be frustrated by context-
dependent variation in both intra- and inter-specific responses to forcing, which cannot be readily
captured using fixed trait modalities (Murray et al. 2014, Hale et al. 2014). Where the overall

outcome of species responses remains largely unresolved, | contend that reductions in the



variation of conspecific responses (Bolnick et al. 2011; Des Roches et al. 2018), although not
consistently observed across all my measured responses, may still form a viable alternative for
some predictive models. Furthermore, my findings lend support to the growing view that location-
dependent variation in behavioural responses can be attributed to localised thermal plasticity
driven by exposure to divergent temperature seasonality trends (Joshi et al. 2001). Inter- and
intra-specific variations in vulnerability, effect-and-response traits (Des Roches et al. 2018; Gervais
et al. 2020) and interactions between species (Clare et al. 2016; Mauro et al. 2022) can facilitate
functional redundancy and/or post-change compensations (Thomsen et al. 2017, 2019). A
mechanistic approach that explicitly tests suspected abiotic and biological signals would assist in
establishing patterns of response (McEntire et al. 2022) across multiple levels of biological
organisation (Borer et al. 2014; Barner et al. 2018), enabling more likely projections of the

functional consequences of change.






Chapter 3 Intra-specific variability in physiological

responses underpin acclimation capacities in

high-latitude marine invertebrates




3.1 Abstract

Species make physiological adjustments to improve performance and maintain fitness in response
to gradual changing conditions associated with climate forcing, but few studies have considered
the acclimation capacity of high latitude species experiencing amplified rates of climate
expression. Here, | investigate how four sediment-dwelling invertebrate species from high-
latitude environments adjust growth, respiration, excretion, and metabolism over 360 days under
near-future (+1.5 °C/550 ppm atmospheric [CO2]) conditions. | find that species maintained inter-
specific respiration and ammonium excretion rates over a 360-day period by making distinct
physiological and biochemical adjustments. However, individuals from a higher latitude location
expressed more variable growth responses relative to those from a lower latitude location. | find
that the maintenance of whole-organism performance does not guarantee that an organism will
operate at full functional capacity, and that conspecific variability in physiological responses
reflects locally adapted resilience to environmental change. My study provides evidence that
variation in how species and individuals respond to changing conditions can alter the capacity for
recovery following disturbances. Hence, there is a need to consider the functional ramifications of
the context dependency of intra-specific variability in responses, rather than focus on whether a
species is present or otherwise, in efforts that aim to predict hotspots of climate-driven
alterations in marine ecosystems.

3.2 Introduction

There is unequivocal evidence for the influence of climate change on marine species (Doney et al.
2012; Poloczanska et al. 2013; 2016) but efforts to project ecosystem futures under progressive
climatic forcing are burdened by ambiguous mechanistic detail of how species are able to remodel
their physiology to compensate for the adverse effects of environmental change (Schmidt-
Nielsen, 1972; Hochachka & Somero, 2002). Physiological plasticity can improve resilience to
environmental perturbation (Chevin et al. 2010; Hoffmann & Sgro, 2011), so long as any invoked
compensatory responses do not impede other biological functions; species that are already close
to their physiological limits have less capacity to respond to further directional forcing (e.g.
climate change, Stillman, 2003; Somero, 2010). The various ways in which species respond to
components of climate change alone, and in combination, are well known (growth, Pértner &
Knust, 2007, Berge et al. 2006; reproduction, Moreira et al. 2018a, Weydmann et al. 2012;
biochemical regulation and metabolic processes, Collins et al. 2020, Freitas et al. 20173, Freitas et
al. 2017b, Moreira et al. 2018b), and include emergent additive, synergistic, and antagonistic
effects on organism development (Arnberg et al. 2013; Gianguzza et al. 2013; Padilla-Gamino et
al. 2013; Reed et al. 2021; Wangensteen et al. 2013), physiology (Byrne, 2012; Costa et al. 2020;
Matoo et al. 2013; Melatunan, et al. 2011; Nardi et al. 2017; Small et al. 2015), and other life
history traits (Byrne, 2011; Byrne & Przeslawski, 2013; Kroeker et al. 2013; Pistevos, et al. 2011;



Small et al. 2015). However, physiological sensitivity is perceived to be extremely variable among
and within species (Kroeker et al. 2013; Przeslawski et al. 2015; Whiteley, 2011; Wittman and
Portner, 2013), and any discrepancy in response capability between individuals, long been
considered as noise (McGill et al. 2006), is now recognised as meaningful phenotypic variation
and an integral part of a species’ plasticity (Guscelli et al. 2019). For species and populations with
high levels of intra-specific variability, the risk of local extinction will be significantly reduced
(Forsman and Wennersten, 2016). Yet, the extent to which the physiological flexibility of an
individual determines a species’ ability to cope with changing circumstances is not well

constrained.

The degree to which intra-specific trait expression alters across ecological and environmental
gradients (Williams et al. submitted; Jones & Cheung, 2018; Hamilton et al. 2019; Cassidy et al.
2020, Solan et al. 2020c) offers the possibility of determining the relative importance of context-
dependent responses for maintaining ecosystem resilience (Richard et al. 2012b; Des Roches et al.
2018). Trends and variability in ocean warming and acidification tend to be more pronounced in
parts of the Arctic and Antarctic than for their respective hemispheres or the globe as a whole
(Serreze & Barry, 2011; Feely et al. 2009; Auger et al. 2021), with responses of biodiversity to the
most amplified rates of environmental change (Convey & Peck, 2019; Gutt et al. 2015; Morley et
al. 2019; Wassmann et al. 2011) aiding understanding of likely responses at lower latitudes (di
Prisco et al. 2012). In these regions, as many species are sessile (Clarke et al. 2004; Degen et al.
2019) and have a long life expectancy (Moss et al. 2016; Vogt, 2019), macrophysiological studies
have predominantly focused on the effect of single environmental stressors (warming, Clark et al.
2017; Richard et al. 2012a,b: acidification, Cummings et al. 2011; Cross et al. 2015) on sediment-
dwelling invertebrates (Clark et al. 2017; Cummings et al. 2011; Cross et al. 2015; Lischka &
Riebesell, 2012; Richard et al. 2012a,b; Wood et al. 2011) over short time periods (days-months)
that exclude opportunities (Carey et al. 2014) to explore seasonally variable (Godbold & Solan,
2013) or delayed responses (Frolova et al. 2007; Alexander et al. 2018) which may moderate long-
term persistence and performance. The latter is not a trivial omission, as species with relatively
poor physiological plasticity may maintain performance over the long term if pressures are
transient, whilst being at heightened risk during certain times of the year or when subject to
specific periodic circumstances (Peck, 2005). It follows, therefore, where species distributions
envelope significant environmental gradients (fronts, Loeng, 1991, Cochrane et al. 2012,
Jgrgensen et al. 2015), locally conditioned resilience may influence how populations respond to

future environmental change (Calosi et al. 2017; Bennett et al. 2019).



The applicability of aggregated acclimation estimations across studies, particularly those
employing diverse stress assessment methods (Form et al. 2012; Gilbert & Miles, 2019; Markle &
Kozak, 2018; Peck et al. 2014; Richard et al. 2012a), is limited in its utility as a standardised metric
or when applied to a singular generalised context, such as average climate warming (Terblanche &
Hoffman, 2020). Here, | experimentally explore the scope of long-term acclimation (Bishop et al.
1950; Schmidt-Nielsen, 1990) to near-term warming and acidification for a range of abundant
(Jgrgensen et al. 2015; Pasotti et al. 2015; Solan et al. 2020c) sediment-dwelling marine
invertebrates experiencing amplified rates of climate change that contrast in environmental
history (Arctic vs Antarctic, Reed et al. 2020). | were motivated to evaluate the importance of
context-dependant intra-specific expression for mediating physiological plasticity by including
conspecifics from two separate locations, because responses of species in similar habitats can be
modified by setting and environmental history (Wohlgemuth et al. 2017, Reed et al. 2020). If this
holds true, and is a common feature of areas in receipt of differential climate expression, that
would indicate that acclimation capacity of an individual may diverge from expectation as species
responses align with the magnitude and timing of environmental forcing. As | speculated that the
response of an individual or species would be equivalent to the net contribution of multiple
responses, my aim was to identify a diverse array of mechanisms that underpin physiological
compensatory strategies. Hence, | focus on altered rates of growth, respiration, excretion, and/or
biochemical regulation, to assess the plasticity and condition of each species and gain predictive

insight into its vulnerability to future change (Hoffmann & Sgro, 2011; Magozzi & Calosi, 2015).

3.3 Materials and methods

3.3.1 Fauna and sediment collection

Individuals of the bivalve Astarte crenata (Gray, 1824), asteroid Ctenodiscus crispatus (Bruzelius,
1805) and polychaete Cistenides hyperborea (Malmgren, 1866) were collected from replicate
SMBA (Scottish Marine Biological Association) box cores and 15 minute Agassiz trawls (Appendix B
Table S1) at two stations (B13: 74.3 °N, 30.0 °E; B16: 80.3 °N, 30.0 °E) in the Barents Sea
(30/06/2019-01/08/2019, RRS James Clark Ross JR18006 research cruise, Barnes et al. 2019).
Astarte crenata and Ctenodiscus crispatus were abundant at both sampling stations, whereas C.
hyperborea were only present in sufficient numbers at stations B13. Individuals of the
protobranch Aequiyoldia eightsi (Jay, 1839) were hand collected during by divers in March-April
2019 at Rothera Point, Adelaide Island, West Antarctic Peninsula (67.3 °S, 68.1 °W) and
transported to the Biodiversity and Ecosystem Futures Facility, University of Southampton.

Surficial sediment (uppermost 5 cm) was collated from replicate SMBA (Scottish Marine Biological



Association) box cores (A. crenata; C. crispatus, C. hyperborea; B13, n =13; B14,n =2 [76.3 °N,
30.3 °E]; B16, n = 13), and from the Hamble, UK (A. eightsi; 50.9 °N, 1.3 °W), sieved (500 um
mesh) in a seawater bath to remove macrofauna and debris whilst retaining the fine fraction and
allowed to settle for 48 hours, before the supernatant seawater was removed and sediment

homogenized.

3.3.2 Experimental design and set-up

Each of the four invertebrate species (A. crenata, C. crispatus, C. hyperborea, A. eightsi; Appendix
B Table S2) were assigned to transparent acrylic aquaria (internal LWH: 12 x 12 x 33 cm, wall
thickness: 0.5 cm) held in the dark in insulated fibreglass seawater baths (LWH: 1.2x1.2x0.8 m,
Tanks Direct, UK; Appendix B Figure S2; Solan et al. 2020c) at a representative ambient summer
bottom temperature (Appendix B Table S3, 1.0 + 0.5°C; Titan 1500 chiller unit, AquaMedic) and
present-day level atmospheric CO, (~400 ppm [CO,], following Godbold & Solan, 2013). Species
density (A. crenata, C. crispatus & C. hyperborea, 2 ind. aquarium™; A. eightsi, 1 ind. aquarium™)
and sediment depth (A. crenata, C. crispatus & C. hyperborea, 16cm; A. eightsi, 12cm) of aquaria
was set based on the size (mean body length (L) per aquarium * se; A. crenata, 24.79 + 1.01 mm;
C. crispatus, 16.15 + 0.72 mm ; C. hyperborea, 56.43 + 1.32 mm ; A. eightsi, 20.21 + 0.37 mm) and
known burrowing activities of each species (Davenport, 1998; Peck et al. 2004). All aquaria were
overlain with seawater (UV sterilized; A. crenata, C. crispatus & C. hyperborea, ~ 6 L; A. eightsi, ~
7.6 L) to a combined sediment and water depth of 31 cm. After a period of adjustment to allow
for transfer to mesocosm conditions (21 days), water temperature and atmospheric CO, was
maintained (ambient treatment) or gradually increased (near-future treatment) stepwise at 0.5°C
and 50 ppm increments at intervals of 7 days, until reaching 2.5 °C (£ 0.5 °C) and 550 ppm.
Aquaria were maintained under ambient [1/0 + 0.5 °C, ~400 ppm [CO,]] and near-future ([2.5 +
0.5 °C, ~550 ppm [CO;]] conditions based on IPCC future projections for 2050-2080; IPCC 2018) for
a period of 360 days (21/10/2019 to 15/10/2020). All fauna were fed ad libitum with
commercially sourced flaked fish food (Aquarian Tropical Flake: C. crispatus and C. hyperborea,
0.03g aquarium™ week™) or precultured algae (Isochrysis sp., Tetraselmis sp., and Phaeodactylum
sp., mixed in 5 L batches at peak culture densities of 15.6 x 10° cells mI™%, 8.6 x 10° cells ml™, and
14.2 x 10° cells ml™}, respectively: A. crenata and A. eightsi, 100 ml, 3 times week™). To avoid
accumulation of nutrients and metabolites associated with feeding, | performed weekly partial

(50%) seawater changes .



3.3.3 Carbonate chemistry

Total alkalinity (A7) was monitored monthly and analysed by titration (Apollo SciTech Alkalinity
Titrator AS-ALK2) following standard protocols (Carbonate Facility, National Oceanography
Centre, Southampton). Calculated Ar, temperature, pH (NBS scale, Mettler-Toledo InLab Expert
Pro temperature-pH combination electrode) and salinity (WTW™ TetraCon™ 325 Standard
temperature-conductivity combination electrode) values were plotted in CO2SYS software
(Robbins et al. 2010), and carbonate chemistry parameters (bicarbonate, carbonate and pCO;;
Appendix B Figure S3) were calculated from pH, Ay, temperature and salinity using dissociation
constants K1 and K2 from Mehrbach et al. (1973) refit by Dickson and Millero (1987), and KSO4
from Dickson (1990).

334 Effects on growth and body condition

Taxonomic-specific morphometric measurements (+ 0.01 mm; Appendix B Figure S4) and blot-wet
weight (+ 0.001 g) of each species (24 individuals: A. crenata, C. crispatus; 20 individuals: C.
hyperborea, A. eightsi), taken after a 24-h starvation period to evacuate the gut, were obtained
on day 0 and day 360. For C. crispatus, sediment was removed from the body cavity prior to
weighing by rinsing with seawater. As removal of C. hyperborea from its tube can result in
mortality, | used geometric dimensions as a proxy for body size. From these measurements, |
determined growth as A biomass (% change) over the experimental period (360 d). For A. crenata
and A. eightsi, | calculated a tissue to shell blot-weight ratio (TW:SW) as a measurement of body
condition, as body condition, shell mass, biomass, and calcification rates in molluscs are known to

respond to prolonged exposure to elevated pCO, (Parker et al. 2013).

3.3.5 Effects on respiration and excretion

To avoid the window of peak specific dynamic action of feeding (SDA, 24-hour post-feeding;
Chapelle et al. 1994), the rate of oxygen consumption (MO3), ammonium excretion (A[NH,]) and
phosphate excretion (A[PO4-P]) was measured (n = 36 + 6 control; 3 ind. per species x station x
environmental condition, sets of 4) on fasted individuals (48 h, species Astarte crenata,
Aequiyoldia eightsi; 96 h species Ctenodiscus crispatus, Cistenides hyperborea) using closed-
chamber constant volume aquatic respirometry adapted from Lighton (2008; Appendix BFigure
S5). Oxygen consumption was measured in glass respirometric chambers (120 ml volume) using
non-invasive optical optodes with integrated temperature compensation (YSI ODO/T probe)
connected to portable DO meters (YSI ProODO). A two-point calibration was performed as per the

manufacturer's instructions (daily) using reverse osmosis water (0 PSU) saturated with sodium



sulphite anhydrous (0 % O saturation) and air-saturated reverse osmosis water (0 PSU, 100 % O,
saturation). Chambers were submerged in the seawater baths housing the aquaria in the dark.
Prior to, and between each trial, chambers were emptied and refilled with artificial seawater
adjusted to treatment conditions and the sensor was salinity-corrected (WTW™ TetraCon™ 325
Standard temperature-conductivity combination electrode). Between trial days, chambers were
emptied, rinsed with freshwater and air dried to minimise microbial growth. Any algal and faunal
growth on my experimental species were also removed. To minimise elevated oxygen
consumption associated with transfer and acclimitisation, specimens were placed in unsealed
chambers (continuously flushed with air-saturated seawater) without a sensor for 30 minutes
prior to measurement. Chambers were sealed with a rubber bung and attached oxygen probe,
ensuring that there was no formation of air bubbles. Following a further adjustment period (30
min), oxygen concentration (+ 0.01 mg.L) was recorded every 5 minutes for 300 minutes. During
this time, oxygen saturation did not fall below 80 % (* 0.1). To estimate rates of excretion (A[NH,],
A[PO4-P]; Tecator flow injection auto-analyser, FIA Star 5010 series), water samples (15 ml,
syringed approx. 7 cm water depth into chamber, 0.45 um NALGENE nylon matrix filter) were
collected before (- 30 min) and immediately after (300 min) respirometry trials . Following each
incubation, the wet soft tissue weight (WTW) of each individual was measured (+ 0.0001 g)

before being rinsed with distilled water, flash frozen with liquid nitrogen and stored at -80 °C.

3.3.6 Effects on biochemical status

Whole individuals from the respirometry trials were processed to determine the general
biochemical status of benthic invertebrates (De Marchi et al. 2018; Freitas et al. 2016; 2017; 2019)
due to small body sizes (< 1 g WTW) and indiscrete organs (Lau et al. 2018). Frozen soft tissues (n
= 36; 3 ind. species x station x environmental condition*) were manually homogenised using a
mortar and pestle with liquid nitrogen and separated into 0.05 g aliquots. Organic matter content
(OM) was determined as the difference between dry and ashed weight of a single aliquot (Slattery
and McClintock 1995; Appendix B Table S4). Energy-related biochemical parameters (Glucose
content, GLU; total protein content, PROT) were analysed (2 ind.}, accompanied by blanks and
standard samples for quality control and background correction) from the remaining aliquots.
Frozen tissue of Cerastoderma edule, analysed alongside samples, contained (mean +s.d.) 3.5 +
0.1 g GLU and 10.9 + 1.7 g PROT per 100 g tissue, consistent with nutrition information values

provided (Appendix B Figure S6).

Extraction was performed with specific buffers for each biomarker (Appendix B Table S5; Andrade

et al. 2019; Coppola et al. 2019). Before extraction, aliquots were re-homogenized for 30 s using a



vortexer and centrifuged for 10 min at 10,000 g. Supernatants were re-stored at -80 °C or
immediately used. GLU was quantified using the D-Glucose (HK) Coulometric Assay Kit
(Megazyme™, Ireland) following the manufacturer’s protocol and absorption measured at A = 340
nm. PROT was quantified using a Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Scientific™
Pierce™, United States) following the manufacturer’s protocol and absorption measured at A =

562 nm. Results are presented in ug GLU/PROT .mglom.

3.3.7 Data analysis

| estimated individual oxygen consumption rates using total least square regression of oxygen
concentration over time (Supplementary Figure S7). To remove any effect of microbial and algal
activity (error: Supplementary Table S6), triplicate measurements in the absence of fauna for each
environmental condition were subtracted from faunal measurements (Clark et al. 2013). Rates
were adjusted for the water volume of the chamber following Bushnell et al. (1994) and

Schurmann and Steffensen (1992).

Equation 3.1  Calculation of oxygen consumption rate during closed-chamber respirometry

(MO,)

MOZ = [OZ]TLS.slope X VOLresp

where MO, (ug [O] . hr) = 0, consumption, [0;]71s siope (Mg [O2]. L. hr') = AO, .Atime™ and
VOL is the volume of the chamber after displacement by faunal volume. Rather than
standardising to WTW, whole-animal values for [MO;] were incorporated as a random factor in
mixed effect models (Zuur et al. 2009) to gives an estimation of the overall sum of all energy
consuming processes and avoid presuming that biomass comparably scales across all taxon and
contexts (Kigrboe & Hirst, 2014; Hirst & Forster, 2013; Glazier, 2005). Excretion rates were
converted to nmol [NH4] hr't and nmol [PO4] hr! based on the volume of water contained in each
incubation chamber. | substracted mean (n = 3) rate of controls (ambient: +0.01 nmol [NH4]
min~%, ranging from -0.07 to +0.13 nmol [NH4] min~%, -0.02 nmol [PO4] min~?, ranging from -0.04 to
0.00 nmol [PO4] min™%; future: +0.04 nmol [NH,] min™%, ranging from -0.04 to +0.08 nmol [NHg]
min~%, +0.01 nmol [PO4] min~%, ranging from -0.01 to +0.04 nmol [PO4] min™?!) from the measured

macrofaunal rates to distinguish background microbial and meiofaunal production.

All statistical analyses were performed in R (R Core Team, 2020) using the nime package (Pinherio
and Bates, 2000). Analysis of variance models (ANOVAs) were developed for each of the response
variables (A biomass: %, TW:SW; oxygen consumption & excretion: [MO,], A[NH4], A[PO4];

biochemical status: CARB, PROT) to investigate the effects of (i) environmental condition (2 levels:



ambient, future), station (2 levels: B13, B16), species identity (2 levels), and any interactions, for
A. crenata and C. crispatus, and (ii) environmental condition (2 levels) for C. hyperborea and,
separately, A. eightsi. The extent of intra-specific variability in response within treatment levels

was determined using the coefficient of variation.

Model assumptions (homogeneity of variance, normality, presence of influential outliers) were
visually assessed using standardised residuals vs fitted values plots, Q-Q plots and Cooks distance
(Zuur et al. 2010). Where homogeneity of variance was violated, data were analysed using
varldent variance-covariance structure and generalised least-squares (GLS) estimation (Pinheiro &
Bates 2000, West et al. 2014) to allow residual spread to differ between the individual
explanatory variables. The optimal fixed-effects structure (and random-effects for [MO,], A[NH,]
and A[POQ4]) in each ANOVA model was determined using backward selection informed by Akaike
Information Criteria (AIC) and inspection of model residual patterns (Zuur et al. 2009). |
determined the optimal variance-covariance structure for the GLS analysis by using the restricted
maximume-likelihood (REML) estimation method which involved comparing the initial ANOVA
model without variance structure to equivalent GLS models incorporating specific variance terms.
These models were compared against the initial ANOVA model using the AIC and visualisation of
model residuals. The optimal fixed structure of the most suitable model is then determined by
applying backward selection using the likelihood ratio test with maximum-likelihood (ML)
estimation method (West et al. 2014, Zuur et al. 2010). In GLS models with interactions, |
determined the significance of each independent variable by comparing the minimal adequate
model to a model with the independent variable of interest and all of its interactions removed.
This comparison was performed using likelihood ratio (L-ratio) in the nime package (Pinherio and
Bates, 2000). Details of initial and minimal adequate models, and all data are provided in

Appendix B.

34 Results and Discussion

3.4.1 Effects on growth and body condition

| found that the context-dependence of trait expression (Reed et al. 2020; Cassidy et al. 2020;
Wohlgemuth et al. 2017) and behavioural responses to climate change (Williams et al. submitted;
Morley et al. 2012) also extends to physiological responses, as growth in A. crenata and C.
crispatus did not differ between the two species (L ratio = 1.004, d.f. = 1, p = 0.316) but was
weakly influenced by an interaction between location and environmental condition (L ratio =

3.936, d.f =1, p = 0.047), with environmental condition of more importance (L ratio = 13.497, d.f.



=2, p =0.001) than location (L ratio = 4.129, d.f. = 2, p = 0.127). Specifically, individuals from
station B16 exhibited little overall difference but increased variability in mean (+ s.e.) growth rates
under the future environmental condition (ambient, 10.88 + 6.92 % (CV = 180 %); future, 11.30 +
17.57 % (CV = 491.8 %)), whilst individuals from station B13 experienced increased growth rates
under the future environmental condition (ambient: 2.44 + 3.03 %, future: 6.40 + 3.31 %; Figure
3.1Figure 3.1a). Inter-specific responses to climatic drivers in marine calcifiers are common (Ries
et al. 2009), however, and | found growth was not dependant on the environmental condition in
C. hyperborea (intercept only model; F1,17 = 0.876, p = 0.362) and A. eightsi (intercept only model:
L-ratio = 1.142, d.f. = 1, p = 0.285), respectively, despite evidence of negative growth under the
ambient environmental condition in C. hyperborea (mean  s.e.: ambient, -5.00 £ 3.47 %,; future, -
0.40 + 3.46 %; Figure 3.1b) and evidence of a substantial increase in variability and decrease in
mean (t s.e.) growth rate under the future environmental condition in A. eightsi (mean * s.e.:
ambient, 9.00 + 4.16 % (CV = 146.3 %); future, 0.10 + 7.54 % (CV = 23853.5 %); Figure 3.1c). The
ratio of tissue to shell wet weight (TW:SW) in A. crenata was dependant on the individual effects
of environmental condition (F1 15 = 7.240, p = 0.015) and location (F1,18 = 20.001, p < 0.001; Figure
3.1d) with a greater mean (+ s.e.) ratio of tissue in individuals subjected to the future
environmental condition for both station B13 (ambient, 0.27 + 0.02; future, 0.33 £ 0.17) and
station B16 (ambient, 0.20 £ 0.14; future, 0.24 + 0.03) reflecting shifts in energy allocation
between muscle and tissue growth versus calcification (Bayne et al. 1985; Wood et al. 2008).
Mean TW:SW in A. eightsi was also strongly influenced by environmental condition (F1,17 = 10.079,
p = 0.006) but with a lower mean (£ s.e.) ratio of tissue in individuals under the future

environmental condition (ambient, 1.25 + 0.05; future, 1.06 £ 0.03; Figure 3.1e).
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Figure 3.1 | The effects of species identity, station and environmental condition on (a-c) growth (A
biomass, %) and (d-e) tissue:shell (TW:SW) wet weight (mean * s.e.) for Astarte
crenata (circles), Ctenodiscus crispatus (squares) or both (crossed-circle), and
Cistenides hyperborea (diamonds) from station B13 (red) and B16 (blue) and
Aequiyoldia eightsi (triangles) under ambient (open) or future (closed) environmental

conditions.

3.4.2 Effects on respiration and excretion

My experimental design allowed us to measure oxygen consumption alongside changes in
inorganic nitrogen and phosphate concentrations of the surrounding water, as an estimation of
excretion rate (nitrogen: Le Borgne, 1986, Dy & Yap, 2000; Brockington & Peck, 2001; phosphate:
Vink & Atkinson, 1985, Pomeroy & Bush, 1959, Gardner et al. 1981) and direct contribution to the
recycling of nutrients (Gardner et al. 1993; Berezina et al. 2019), to evaluate climate-driven
impacts on routine metabolic activity and functional performance. | found rates of oxygen
consumption in A. crenata and C. crispatus unaffected by environmental condition (F120 = 0.028, p
= 0.868), weakly affected by species identity (F1,20 = 3.759, p = 0.067) but not their interaction
(F1,20 = 2.695, p = 0.116) despite evidence of opposite changes under the future environmental
condition between the two species (ambient: A. crenata, 0.78 + 0.46; C. crispatus, 0.93 + 0.59 ug
[0,]. LY hrl; future: A. crenata, -0.12 + 0.24; C. crispatus, 1.67 + 0.62 pg [03]. L% hr'l; Figure 3.2a).



Rates of oxygen consumption in both C. hyperborea and A. eightsi were also unaffected by
environmental condition (intercept only models; C. hyperborea: L-ratio = 0.292, d.f. =1, p = 0.589;
A. eightsi, L-ratio = 1.000, d.f. =1, p = 0.317, Figure 3.2b-c) despite reduced conspecific variation
under the future environmental conditions (mean  s.e.; C. hyperborea: ambient, 9.21 + 5.13 (CV
=96.6 %) ug [02]. L. hr'l; future, 6.79 + 1.54 (CV = 39.2 %) ug [02]. L™X. hr'l; A. eightsi: ambient,
6.55+ 2.57 (CV =67.9 %) ug [0,]. L. hr'l; future, 4.22 + 0.61 (CV = 24.9 %) pg [02]. L. hrl).
Ammonium excretion rates in all species were not influenced by any explanatory factors (ANOVA
intercept only models; Figure 3.2d-e), though | did find mean rates (£ s.e.) were more variable
under the future environmental condition for A. crenata (ambient, 5.52 + 1.67 (CV = 74.2 %) nmol
[NHz] min’?; future, 21.82 + 16.62 (CV = 170.3 %) nmol [NH4] min™), C. hyperborea (ambient, 3.69
+0.54 (CV = 92.8 %) nmol [NH4] min™?; future, 3.62 + 2.28 (CV = 395.3 %) nmol [NHs] min™!) and A.
eightsi (ambient, 55.33 £ 9.77 (CV = 30.6 %) nmol [NH;] min™%; future, 57.83 + 18.46 (CV = 55.3 %)
nmol [NH4] min™2). Phosphate excretion rates of A. crenata and C. crispatus did not differ between
the two species (L-ratio = 0.816, d.f. = 1, p = 0.366) or location (L-ratio =0.707, d.f. = 1, p = 0.401)
but were lower (mean * s.e.) under the future environmental condition (L-ratio =4.887,d.f.=1, p
=0.027; ambient: 2.60 + 0.66, future: 0.91 + 0.33 nmol [PO4] min~%; Figure 3.2g). Phosphate
excretion rates in both C. hyperborea and A. eightsi were unaffected by environmental condition
(intercept only models: C. hyperborea: L-ratio = 1.04, d.f. = 1, p = 0.307; A. eightsi, L-ratio = 1.85,
d.f.=1, p=0.173; Figure 3.2h-i) despite evidence of increased variability under the future
environmental condition (mean t s.e.; C. hyperborea: ambient, 4.65 + 1.41 (CV = 52.6 %) nmol
[PO4] min’?; future, 3.35 + 0.20 (CV = 10.6 %) nmol [PO,] min™%; A. eightsi: ambient, 2.08 + 1.28 (CV
=106.4 %) nmol [PO4] min™%; future, 5.91 + 2.77 (CV = 81.0 %) nmol [PO4] min™2).
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Figure 3.2 | The effects of species identity and environmental condition on (a-c) oxygen

3.43

consumption (MO;: pg.h?), (d-f) ammonium excretion (NH4: nmol.h™) and (g-i)

phosphate excretion (PO4: nmol.h’!) (mean + s.e.) for Astarte crenata (circles)

Ctenodiscus crispatus (squares) or both (crossed-circle), Cistenides hyperborea

(diamonds) and Aequiyoldia eightsi (triangles) under ambient (open) or future

(closed) environmental conditions.

Effects on biochemical status

Quantifying the biochemical regulation of energy reserves can delve into how organisms deal with

the energetic demanding processes involved with maintaining whole organism performance

under a changing environment (Schmidt-Nielsen 1972; Hochachka and Somero 2002). Here, the

influence of a changing climate on total protein and glucose concentrations differed between A.

crenata and C. crispatus (SPID x environmental condition: PROT: L-ratio = 4.570, d.f. = 1, p = 0.033;

GLU: L-ratio = 4.029, d.f. = 1, p = 0.045). Closer examination of model coefficients for both PROT




and GLU revealed that species identity was the most influential independent variable (PROT: L
ratio = 11.887, d.f. = 2, p = 0.003; GLU: L ratio = 6.908, d.f. = 2, p = 0.032) followed by
environmental condition (PROT: L ratio = 5.970, d.f. = 2, p = 0.051; GLU: L ratio =4.249,d.f. =2, p
=0.120). Specifically, under the future environmental condition, mean (* s.e.) total protein and
glucose concentrations were higher in A. crenata (PROT: ambient, 5.17 + 0.39 pg.mgloy; future,
7.62 + 1.43 ug.mglom; GLU: ambient, 0.26 + 0.04 pg.mgom; future, 0.40 + 0.09 pg.mglom) and
lower in C. crispatus (PROT: ambient, 18.77 + 3.74 pg.mgloy; future, 10.72 + 2.86 pg.mglom; GLU:
ambient, 0.65 + 0.14 pug.mg lom; future, 0.39 + 0.11 pg.mgow; Figure 3.3a,d). In C. hyperborea,
neither total proteins nor glucose concentrations were affected by environmental condition
(ANOVA intercept only models; PROT: F14 =2.958, p =0.161; GLU: F14 = 1.460, p = 0.294) despite
evidence of decreased concentrations under the future environmental condition (PROT: ambient,
5.68 + 1.03 pg.mglom; future, 3.31 + 0.93 pg.mglom; GLU: ambient, 0.28 + 0.05 ug.mgom; future,
0.19 + 0.05 ug.mgom; Figure 3.3b,e). Total protein concentrations (mean + s.e.) were significantly
lower in A. eightsi under the future environmental condition (L-ratio = 4.740, d.f. = 1, p = 0.030;
ambient, 5.73 + 0.08, future, 0.91 + 0.53 pg.mglowm; Figure 3.3c), whilst glucose concentrations
were unaffected (intercept only model: L-ratio = 0.496, d.f. = 1, p = 0.481; ambient, 0.21 + 0.03
ug.mglom; future, 0.19 + 0.01 pg.mglom; Figure 3.3f). | found no effect of biomass as a random

factor in any of these models.

344 Acclimation variability in polar invertebrates

Initially, my findings imply that the duration of exposure was sufficient for acclimation to transpire
as respiration and ammonium excretion rates are preserved despite sustained exposure to novel
environmental forcing (Schmidt-Nielsen 1972; Hochachka and Somero 2002) and reflect those
expected under ambient conditions (Asnicar et al. 2021). | reveal, however, changes in inter- and
intra-specific variation across multiple response variables that represent alterations in metabolic
pathways (Green et al. 2017) and energy dynamics (Bayne et al. 1985; Wood et al. 2008). While it
is widely recognized that physiological responses vary among species (Portner et al. 2012; Solan et
al. 2016; Asnicar et al. 2021), my study reveals that responses also vary among individuals of the
same species. This variation can result in both increased (here, A. crenata, C. crispatus, A. eightsi)
and decreased (here, C. hyperborea, A. eightsi) intra-specific variation in trait expression, which
can influence individual contributions to ecosystem processes (Williams et al. submitted) and
population stability (Dingemanse & Wolf, 2013). Indeed, the ecological effects of intra-specific
variation is increasingly recognised to be on par to effects of inter-specific variability when

investigating changes in community composition (Des Roches et al. 2018; Bolnick et al. 2011) and
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Figure 3.3 | The effects of species identity and environmental condition on concentrations of (a-c)
glucose (GLU: pg.mg?owm) and (d-f) protein (PROT: pg.mg™om) (mean * s.e.) in Astarte
crenata (circles) Ctenodiscus crispatus (squares) Cistenides hyperborea (diamonds)
and Aequiyoldia eightsi (triangles) under ambient (open) or future (closed)

environmental conditions

ecosystem functioning (Cassidy et al. 2020), yet despite its ecological importance and vulnerability
to anthropogenic influence through selection and local extirpation (Palkovacs et al. 2012; Miraldo
et al. 2016), of which can abruptly reduce population genetic diversity (Ceballos et al. 2017),
empirical studies on the causes and patterns behind within-species variation are rare (Bolnick et
al. 2003; Bolnick et al. 2011). As such, | emphasise the importance of accounting for biological
variation in studies of species' mean responses (Applebaum et al. 2014) and add support to
previous calls for greater identification of the genetic and phenotypic causes of ecological
variation (Cassidy, 2020), as well as for quantification of ecological variation across multiple
species, trophic levels, or entire communities to better predict how rapid, widespread changes in

trait expression within species will impact communities and ecosystems (Mimura et al. 2017).

The observed variations in energy allocation and biochemical production are indicative of distinct
adaptive mechanisms and differences in vulnerability to climate change (Savva et al. 2018).
Acclimation of respiration and excretion processes correspond with reduced growth, tissue
production, and/or protein synthesis in C. crispatus and A. eightsi. Repressed growth hampers

size-dependent fecundity (Foo & Byrne, 2017) and competitiveness over time (Lord & Whitlatch,



2015), which is particularly detrimental in oxygen-limited marine benthic environments (Ferguson
et al. 2013). In contrast, A. crenata increased glucose and protein synthesis, but with reduced
growth, suppressed phosphorus excretion, and evidence of decreased respiration, suggesting a
shift in energy allocation to reproduction over overall organism performance (Reed et al. 2021).
This focus on transgenerational success may compensate for poor phenotypic plasticity in the
current generation, where parental exposure to environmental stress leads to phenotypic
changes in offspring (Marshall, 2008; Ross et al. 2016). Although there were indications of
metabolite downregulation and reduced growth, trait expression in C. hyperborea remained
largely unchanged. Its resilience likely stems from being the deepest burrower among the four
species (Williams et al. submitted), allowing it to physically evade adverse effects of novel
environmental conditions (Woods et al. 2015; Kearney et al. 2009). Divergent responses to
disturbance improves ecological resilience (Baskett et al. 2014), efficiency of resource utilisation
and increases capacity for recovery following disturbances (Duffy, 2009; Bolnick et al. 2011),
especially among organisms that coexist (Pagés-Escola et al. 2018) or perform overlapping
functional roles (Williams et al. submitted). Moreover, communities with diverse response
capacities have a higher probability of including organisms that persist under specific
environmental conditions and functionally compensate following species loss (Bernhardt et al.
2013; Hooper et al. 2005), minimising the impact on linked ecosystem services when

environmental conditions fluctuate over time (Truchy et al. 2015).

While the measured responses offer valuable insights into acclimation strategies, they must be
interpretated in light of the organisms that did not endure the full length of the experiment.
Mortalities were evident across ambient and future conditions for all species except one
(Appendix B Table S7). This could be attributed to the prolonged confinement within artificial
mesocosms, potentially inducing a discernible deviation from the natural environment, which
would have become increasingly evident during the experiment. This selectivity towards the
proportion that are unaffected by artificial conditions may have excluded a comprehensive
assessment of the species. Even so, my study illustrates the diversity of physiological strategies
employed by cold-water organisms to cope with changing environmental conditions and,
consistent with prior research (Uthicke et al. 2016; Wohlgemuth et al. 2017; Cassidy et al. 2020;
Williams et al. submitted), emphasises the need to consider the spatial, temporal and biological
context of within-species variation, which can improve forecasts of climate change vulnerability in

marine systems (Valladares et al. 2014; Bennett et al. 2019).



Responses to climate change are anticipated to be more detrimental at higher latitudes (Manno
et al. 2012; Figuerola et al. 2021), particularly where populations are near their geographic limits
(Findlay et al. 2010). Here, limited opportunities for avoidance (i.e., dispersal, Chaine and Clobert,
2012) leave species susceptible to modifications in functional performance in the instance of
unsuccessful acclimation (Portner et al. 2017) that reduces resilience and population recovery
following disturbances (Fraser et al. 2014). Implementing local mitigation strategies at the edges
of species' ranges can enhance resilience (Hughes et al. 2005) and mitigate the extent of
environmental change within the limits of their ability to acclimate (Peck, 2005). However, as
demonstrated here, polar invertebrates require significant time for acclimation (Peck et al. 2014)
and given the swift regional pace of climate change (Auger et al. 2021), the time required to adapt
to initial environmental shifts may be jeopardised by subsequent climatic forcing or other
disturbances. In the context of Arctic shelf seas, benthic communities will likely experience
additional challenges from melting sea ice, reduced availability of ice algae (Leu et al. 2011;
Polyakov et al. 2012) and coinciding changes in phytoplankton primary production (Arrigo and van
Dijken, 2020). Examining the modulation of physiological responses across environmental
gradients (Telesca et al. 2019; Gaitan-Espitia et al. 2017), temporal scales (Godbold & Solan, 2013;
Mardones et al. 2022; Form and Riebesell 2012), and under additional stressors (Delorme et al.
2020) would help disentangle the context-specific interactive effects of multiple drivers observed
in situ (Ashton et al. 2017; Barnes et al. 2021) and shed light on performance trade-offs that
become apparent only when multiple climate change stressors are taken into account
(Laubenstein et al. 2019). Moreover, when utilised to parametrize the vulnerability of species
(Magozzi & Calosi, 2015) and climate envelope models (Buckley et al. 2011), this would enable
more accurate projections of where and when Arctic benthic communities will transition under

conditions expected from global environmental change (Gaitan-Espitia et al. 2017).
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4.1 Abstract

The impact of warming, acidification, and deoxygenation on deep-sea environments due to
changes in shelf and coastal regions is a growing concern. Historical records in these deep
environments are lacking, particularly at high latitudes, making climate change projections
challenging. Indirect proxies, such as trace element composition of marine carbonates such as
coral skeletons, can offer an alternative method to fill these data gaps. However, research on
deep polar ocean coral species, like high-Mg calcitic bamboo coral from the Eastern Canadian
Arctic, is limited. Here, using Laser Ablation Triple-Quadrupole Inductively Coupled Plasma Mass
Spectrometry (LA-QQQ-ICP-MS), | examined micrometre-scale element variation within and
between individual Keratoisis sp. colonies to assess the influence of biological variability on
geochemical tracers for reconstructing past environmental conditions (temperature, Mg/Ca,
Li/Mg, Sr/Ca, Ba/Ca, U/Ca; [Balsw, Ba/Ca). | also refined calibrations for high-Mg calcitic Octocorals
using established environmental proxies. | find reproducible (2o relative coefficient of variation)
values in Mg/Ca (3 %) and Ba/Ca (6 %) along the radial growth axis of all colonies and internodes
of Keratoisis sp., indicating these signals are stable and suitable for environmental
reconstructions. After revising cross-study multi-taxa calibrations for Mg/Ca (0.316 *

0.026 °C/mmol/mol, R* = 0.87, p < 0.001) and Ba/Ca ([Ba/Ca umol/mol] = 0.148 + 0.005 [Basw
nmol/kg], RZ=0.97, p < 0.001), | show that vital effects within and among Keratoisis sp. colonies
strongly influence reconstructed temperature and [Ba]sw, but this is improved by combining
replicate internode transects into a single composite series. Despite the ontogenetic variability, all
colonies reveal a gradual deep-water cooling trend since the early 21°* century and synchronised,
multi-year spikes in [Ba]sw that suggest substantial barium inputs to the seafloor. My study
confirms the reliability of Mg/Ca and Ba/Ca proxies in high-Mg bamboo corals for detecting
temperature and seawater barium variations in cold-water environments. However, further
investigation into micro-scale element behaviour influenced by biotic processes in these corals is
needed to enhance confidence in reconstructions at finer resolutions. Employing empirical
calibrations from multi-taxa multi-proxy approaches can increase the certainty of reconstructions
when proxies like Li/Mg, Sr/Ca, U/Ca and Sr/U underperform, while leveraging multiple element
series to account for biological-induced variability improves single colony reconstructions.

4.2 Introduction

High-resolution historical records of the marine environment are essential for ascertaining the
effects of rapid anthropogenic climate change and reducing the uncertainty of projected future
conditions. The ecological repercussions of climate change for deep sea organisms, communities
and biological processes, however, remain largely unresolved, though the severe changes in
temperature, oxygen, pCO, and export of particulate organic matter projected for the seafloor
(Battaglia and Joos, 2018) are likely to lead to ecological destabilisation across all trophic levels
and marine layers by the turn of the century (Levin and Le Bris, 2015; Sweetman et al. 2017).
Despite this, insufficient spatio-temporal coverage of in-situ measurements of temperature,

salinity, and biogeochemical parameters for deep waters (>200 m), particularly in polar regions



(Buch et al. 2019; Smith et al. 2019), has resulted in a fragmented information landscape, limiting
the construction of predictive models. Although preserved environmental information from
paleo-proxies can help fill in the gaps, both over time and space, conventional samples such as
sediment cores and ice cores do not have the requisite time resolution to study precise, modern-

era changes.

So-called deep-sea corals (DSCs) offer an opportunity to access detailed records of localised
environmental history within its geochemistry at sub-decadal resolution over the entire lifespan
of the coral (Sherwood & Risk, 2007; Robinson et al. 2014), which can provide a more holistic
understanding of anthropogenic influences within the deep benthos and improve predictions of
resulting environmental changes. Previous studies demonstrate that proxy records of
temperature (Smith et al. 2000; Thresher et al. 2010; Lutringer et al. 2005; Case et al. 2010;
Kimball et al. 2014; Montagna et al. 2005; 2014), ocean circulation and ventilation (Adkins et al.
1998; Frank et al. 2004; Robinson et al. 2005; Sherwood et al. 2008), biological productivity and
nutrient concentrations (Sherwood et al. 2005a, 2011; LaVigne et al. 2011), and the isotopic and
elemental properties of seawater (Anagnostou et al. 2012; Hill et al. 2012) can be derived from
patterns in trace and minor elements within the carbonate and organic matrices of the coral
skeletal structure. Cold-water corals such as Desmophyllum dianthus, are, however, known to
possess heterogeneities in microstructural chemistry, particularly around their centres of
calcification (Anagnostou et al. 2012; Gagnon et al. 2007; Stewart et al. 2016) which can frustrate

efforts to reliably reconstruct past environments.

Cold-water gorgonin octocorals (hereafter, bamboo coral) do not typically exhibit centres of
calcification or similar microstructural heterogeneities (Noé & Dullo, 2006), and unlike aragonitic
corals typically used for deep-sea paleo investigations, can grow in seawater that is
undersaturated in calcite (Geyman et al. 2019; Feely et al. 2002), thus inhabiting a wider range of
depths. However, deep-sea octocorals, in general, are some of the slowest-growing corals
(Sherwood et al. 2009), the biomineralization processes they use is not well understood but are
presumed not to precipitate in isotopic equilibrium with sea water (Farmer et al. 2015a) and
therefore, if like other CWCs (Smith et al. 2000), the extent of the disequilibrium may vary widely
within a particular individual. Indeed, physiological processes play a significant role in controlling
microscale variations in trace and minor element compositions, which is why many proxies in
bamboo corals suggest environmental variability outside of the known limits of ambient seawater
conditions (Fl6ter, 2019). In coral paleoclimatology, explicitly evaluating the effects of intra- and
inter-colony variation through the application of a multi-colony approach is a vital way of

ascertaining reproducible environmentally-driven signals from ontogenetic noise (e.g. Alpert et al.



2016; Hu et al. 2018) as proxies can typically exhibit poor reproducibility between single colonies
due a combination of variable vital effects related to growth rates, instrumental uncertainty,
incorporation of organic material, and seasonality of the environmental signal (Sherwood et al.
2005b; Sinclair et al. 2011; Aranha et al. 2014). Within the field of ecology, accounting for inter-
individual variability is also a necessary approach for understanding community dynamics (Bolnick
et al. 2011), functional productivity (Cianciaruso et al. 2009) and responses to global change
(Pistevos et al. 2011; Schlegel et al. 2012). In terms of within individual variation, it is recognised
that improved reproducibility of geochemical records could be achieved by cross-validating
replicate transects on adjacent growth paths (DeLong et al. 2007; DeLong et al. 2011; Kawakubo
et al. 2014). As for Octocorals that grow radially, this can be carried out across a singular
internode (Sinclair et al. 2011) or by sectioning the coral at different positions along its
longitudinal axis to obtain different internode sections. By aligning replicate stratigraphies with in-
situ environmental data (Hu et al. 2018; Cuny-Guirriec et al. 2019; Hathorne et al. 2013), this

approach ultimately enhances the accuracy of paleoenvironmental reconstruction.

In cases where long-term in-situ environmental measurements are lacking, a possible calibration
alternative is to compare the nominal proxy value with the ambient conditions at the collection
site of a live coral (e.g. Thresher et al. 2016a). Combining multiple comparisons from various taxa,
depths, and geographic locations can help identify universal proxies and serve as a basis for
targeted studies in the future (Stewart et al. 2020) but this approach has limitations, as it
overlooks any ontogenetic variability and confines lifetime response mechanisms to fluctuating
environmental conditions into a single point. As such, | adopt a cross-study calibration method
alongside a multi-colony multi-internode micrometre-scale analysis of trace and minor element
variation in deep-water bamboo corals using laser ablation approaches to holistically assess the
likelihood that the observed geochemical variability is indicative of environmental change.
Specifically, multidecadal-scale geochemical information of Li/Ca, Mg/Ca, Sr/Ca, U/Ca, Li/Mg and
Ba/Ca were extracted from four deep-water Keratoisis sp. (Subclass Octocorallia, Bayer, 1956;
Watling et al. 2022; lifespan estimate, 100 years+, Neves et al. 2014) from a region of the
Canadian Arctic that is undergoing rapid environmental change (Laidre et al. 2020; Nusbaumer et
al. 2019). These tracers are regularly used as proxies for ambient seawater temperature (Thresher
et al. 2010; Lopéz Correa et al. 2011; Floter 2019; Floter et al. 2019) and barium concentrations
(LaVigne et al. 2011; Thresher et al. 20164, Floter et al. 2019; Geyman et al. 2019), the latter of
which exhibits a nutrient-like profile in open oceans (Chow & Goldberg, 1960) and tracks patterns
of other algal nutrients (Wolgemuth and Broeker, 1970). This selection enables us to gain insights
into the dynamics of deep oceanographic processes and the circulation of refractory nutrients

from the overlying water column. By employing Keratoisis sp. as a paleoceanographic proxy in



cold-water environments, | gain insights into species' responses over extended timescales beyond
the limitations of current data. Additionally, | evaluate the efficacy of benthic calcifiers as indirect
indicators of environmental changes in the Arctic deep-sea. Through examining the dependencies
of various element ratios on temperature and surrounding seawater chemistry, | expect that
changes in geochemical signals across the coral’s lifetime will capture both long-term trends and
shorter cyclic environmental variability. In cases where such correlations are absent, | instead
anticipate that biological variability will serve as the dominant factor influencing the observed

patterns.

4.3 Materials and methods

4.3.1 Sample collection

Keratoisis sp. (SubFamily Keratoisidinae) was collected at the Disko Fan station (67° 57.9786' N,
59° 29.6286' W, 889 m, 2" August 2021) using the Sub-Atlantic® Comanche (Forum Energy
Technologies™, USA) remotely operated submersible from the CCGS Amundsen (Geoffroy et al.
2021). Individual colonies of Keratoisis sp. were collected along the planned (~ 1 km) dive transect
(Appendix C Table S1 and Figure S1 for geo- and timestamps) and extracted close to the basal

internode (near the base of the colony).

4.3.2 Sample processing

External debris and fauna were removed by hand, before the Keratoisis sp. colonies (n = 4) were
photographed (NIKON D3300, AF-S DX VR Nikkor 18-55mm Lens, f/3.5-5.6G |l; Appendix C Figure
S2), sealed in Ziplock bags and placed in -20 °C for 72 hours. After the initial freezing, tissue was
removed from the Keratoisis sp. skeletons with jets of re-circulated 0.45 um membrane-filtered
seawater at 4 °C using a WaterPik™ (Johannes & Wiebe 1970). Two separate washes of 60 to 80
ml filtered seawater were used on each internode, and 20 ml was used to rinse the remainder of
the skeleton, WaterPik™ reservoir, and to flush the WaterPik™ pump. The cleaned Keratoisis sp.
skeleton portions were then vacuum sealed in PVC tubing, sealed with Parafilm®, and transported

to the National Oceanography Centre, Southampton, UK.

4.3.3 Hydrographic data

The environmental data and sources are provided in Table 1. To calibrate Keratoisis sp. element

values (Li/Mg, Mg/Ca, Sr/Ca, Sr/U, U/Ca) to in-situ environment conditions, proximal deep-water



temperature values at the point of sampling and during previous research cruises (K. Azestu-Scott,
pers. comm., May 31, 2022) were obtained from in-situ measurements using precise probe or CTD
(conductivity, temperature, depth) profiles. As proximate temperature values were only available
for the previous three years (2018-2021), with one value each year between June-August, these
were compared to a weekly sea surface temperature (SST; 1989-12-31 to 2020-12-31 withina 2 x
2 °grid; 67 —-69 °N, 61.5 — 59.5 "W; resolution 1°) obtained from the NOAA Optimum Interpolation

SST (OISST) dataset (V2; https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html; Reynolds et

al. 2002) and a deep-water 20" century temperature timeseries of the Baffin Bay basin obtained
from sporadic bottle- and CTD-casts within a 200 m vertical bin (1940 — 2003; 800 — 1000m; 62 —
80 °N; 85 — 50 "W; irregular time intervals; Figure 7 in Zweng & Miinchow, 2006) to achieve a

longer, more complete history of environmental conditions.

Proximal dissolved barium concentrations ([Ba]sw) data were compiled from GEOTRACES
(GEOTRACES Intermediate Data Product Group, 2021) to investigate the relationship with
Keratoisis sp. Ba/Ca values and calculate the partition coefficient, Dg.. The geographically closest
[Ba]sw profile was identified (66.857 °N; 59.064 “W; 2015-08-03; Thomas et al. 2021) and a
representative (matched the sample depth of each Keratoisis sp. colony) [Balsw value was
calculated (linear interpolation between the nearest two measurement depths; 669.7m and
998.6m). Data reported in units of nM, assuming atmospheric pressure and ambient room
temperature, were converted to nmol/kg using a seawater density of 1.025 kg/m?3. [Balsw
measurements in the modern ocean remain sparse, especially in the Eastern Canadian Arctic, yet
the distance between sampling station and the [Ba]sw profile was less than 130 km (colony-
specific distances, depths and interpolated [Balsw values reported in Appendix C Table S2).
Uncertainty on matched [Ba]sw values was estimated using analytical uncertainty of £ 1 nmol/kg
which was calculated by applying a representative, high-end analytical uncertainty from the [Ba]sw
dataset used (+ 2.5%; Thomas et al. 2021) to the highest [Ba]sw value in my dataset (59 nmol/kg).
[Ba]sw was converted to seawater Ba/Ca ratios (umol/mol) using a [Ca]sw value of 10.3 mmol/kg
(Nozaki, 1997). Seawater [Ca] was assigned an error of + 5% to account for variations in salinity.
Calculated barium partition coefficients were compared to previous studies by LaVigne et al.

(2016) and Kershaw et al. (2023) to cross-reference values with other Octocorals.


https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html

Table 4.1 | Geographic coordinates and depths of the coral colonies analysed in this study alongside hydrographic data, carbonate system parameters, estimated age (yr)
and uncertainty. Temperature (T), salinity (S) and dissolved oxygen (0,) from conductivity-temperature-depth (CTD) casts taken nearby the coral sample

sites are provided. For ageing estimation and uncertainty methodology, refer to Section 4.3.5.1.

DISKO FAN (CANADA) 67.9663 -59.48768 876.2 23-16 Keratoisis sp. 1.12 33.47 200.1 22 8-25

SITE LAT. LONG. DEPTH (M) ID TAXON. SEAWATER PARAMETERS ESTIMATED  AGE UNCERTAINTY
T(°C) Salinity 0, (umol/kg) AGE (YR) (RANGE, VEARS)
EASTERN CANADIAN ARCTIC
DISKO FAN (CANADA) | 67.96629 -59.49069 885 23-1 Keratoisis sp. 1.12 33.47 200.1 27 9-31
DISKO FAN (CANADA) | 67.96631 -59.4899 883 23-6 Keratoisis sp. 1.12 33.47 200.1 56 20-64
DISKO FAN (CANADA) | 67.96631 -59.48892 879.9 23-10 Keratoisis sp. 1.12 33.47 200.1 28 10-32
|



434 Analytical procedures
43.4.1 Micro CT scanning

| analysed 4 colonies of Keratoisis sp. using three-dimensional models constructed with the
custom-built X-ray microfocus computed tomography system (Nikon XT microCT) at the p-VIS
Imaging Centre, University of Southampton, UK. Two-dimensional image reconstructions of each
colony from matrices of scan slices (voxel resolution 50 um) were assembled using a proprietary
Imagel plugin “LinkedView” (Ho et al. 2020) to locate three separate internodes along the colony
for sample sectioning (see Section 4.3.4.1). Slice data derived from the scans were further
manipulated in the 3D visualisation software Dragonfly© (v2022.1; Li et al. 2020) and exported as

fly-through timelapse videos (Appendix C Figure S3).

4.3.4.2 Geochemical analysis
43.4.2.1 Sample preparation

Each sample of Keratoisis sp. was sectioned (20 — 30 mm thickness, perpendicular to main axis)
across three separate internodes, embedded in epoxy resin, hand polished (1200 to 4000 grit) and
then polished using a petrological polishing machine (6 polishing cycles over 280 minutes, starting
at 9 microns particulate down to 0.3 microns). To achieve an analytical grade polish, sections were
processed for a further 20 minutes at 0.1 micron and visually quality checked under a digital

microscope (AmScope) (Appendix C Figure S4).

4.3.4.2.2 Laser ablation Quadrupole ICP-MS

Keratoisis sp. sections were analysed using an Agilent (Agilent Technologies Inc., CA, USA) 8300
Triple Quadrupole ICP mass spectrometer coupled to an Elemental Scientific Lasers (Bozeman,
MT, USA) NWR193 excimer laser ablation system with a TwoVol2 ablation chamber, housed in the
Geochemistry laboratory at the University of Southampton. The isotopes ’Li, Mg, **Ca, #Sr 1¥’Ba
and 28U were selected for analysis to investigate the applicability of commonly used
geochemistry temperature proxies (Table 4.2Thresher et al. 2010; Lopéz Correa et al. 2011; Fl6ter
2019; Floter et al. 2019) and the seawater barium proxy (LaVigne et al. 2011; Thresher et al.
20164, Floter et al. 2019; Geyman et al. 2019). Samples and standards were ablated in line-mode,
where standard analyses consisted of ca. 230 integration cycles of 0.52 s (1.2 mm lines). For
sample analysis, five adjacent 50 um wide transects were ablated on 12 Keratoisis sp. sections
(four colonies with three internodes each), where each transect consisted of ca. 240 — 638

integration cycles of 0.52 s (min 1.2 mm; max 3.2 mm). Prior to data collection, samples and



standards were ablated to remove any surface contamination (laser power density of 0.6 J cm?,
repetition rate of 40 Hz, and tracking speed of 400 um s?). Typical operating conditions during
data collection are fully outlined in Appendix C Table S3. An on-peak gas blank subtraction was
performed to the raw counts using the mean of bracketing gas blank analyses. Blank bracketing
cut-offs were calculated using a 4-step rolling difference, where the maximum positive and
negative change in “*Ca across the 4-step are indicative of where the resin-coral boundaries are
located. Element/Ca ratios were corrected for instrumental drift and mass bias by standard-
sample bracketing with glass reference material NIST SRM612 using the values published by
Jochum et al. (2011). In addition, a pressed pellet of Porites sp. coral JCp-1 (Hathorne et al. 2013)
was analysed as an internal consistency standard. For data processing and outlier rejection, |
followed Standish et al. (2019). Briefly, outliers defined as + 3 times the interquartile range of raw
counts (within the blanks and analysis brackets) were removed from each set of the standards to
eliminate anomalous values due to laser intensity variability. External reproducibility of the
consistency standards (20, n = 14 per standard) are shown in Table 4.2. Element ratios of the

Keratoisis sp. sections were secondary normalised using the JCp-1 (Table 4.2).

4.3.4.2.3 Elemental mapping

Outliers were removed from each laser line for elements of the Keratoisis sp. sections using a
standard deviation (SD) rejection and data was smoothed using a 5 point moving average.
Selection of the number of SD was dependent on an initial examination of the data patterns and
the degree of synchrony of variability observed for each element (Appendix C Table S4). For each
section, 5 separate smoothed laser lines were mapped onto an equal spaced grid using their X and
Y spatial coordinates from the laser ablation system. The dimensions of the grid were governed by
the resolution of the data and was constructed using the “raster” function of the terra package
(Hijmans, 2022) in R (R Core Team, 2022), achieving a resolution of 5 x 40 microns pixel™. To
orientate the elemental mapping onto the coral sections, cleaned coral skeletons were mounted
(carbon coated) to conductive carbon tape and examined with a Leo 1450VP (Carl Zeiss) variable

pressure scanning electron microscope.



Table 4.2 | Selected average JCp-1 elemental ratios normalised to NIST612 as determined over
two sessions in May 2022. * refers to the deviation the average element ratios
compared with GeoRem preferred compositions *Hathorne et al. 2013. Isotopes

measured: ’Li, 2Mg, **Ca, 88sr, 138Ba, 238U,

Elemental ratio Average (n=13) | 2s.d. | 2s.d. (%) | Difference from reference (%)*
Li/Ca (umol/mol) 6.73 0.50 | 7.37 8.77°
Mg/Ca (mmol/mol) | 4.36 0.18 | 4.04 3.76°
Sr/Ca (mmol/mol) 8.43 0.17 | 2.00 -4.642
Ba/Ca (umol/mol) 5.36 0.58 | 10.90 -28.27°
U/Ca (umol/mol) 1.09 0.03 | 3.12 -8.67°
4.3.5 Paleo-environmental reconstructions

4.3.5.1 Age model

Coral elemental ratios need to be translated from length to time to make direct comparisons to
the observational temperature and [Ba]sw record. For timeseries analysis of my geochemical
mapping data, | broadly follow Fl6ter et al. (2019). First, | compiled published linear radial growth
rates for Keratoisis sp. by searching the Thomson Reuters Web of Science collection
(http://www.webofknowledge.com, accessed 30/09/2022) using an ‘Advanced Search’ across all
databases with the search term Keratoisis AND “growth rate” in the titles, key words and
abstracts of all document types, in all languages, for the publication years 1950 to 2021. Citation
returns (n = 13, Appendix C Table S5) were manually searched for reported values of linear radial
growth rates, associated environmental metadata (latitude, longitude, water depth,
temperature), information on the methodology used, and details about timing (year) and
ecoregion (following accepted biogeographical typologies; Bailey et al. 1998; Spalding et al. 2007),
reducing the number of records to 11 papers. Although more complex nonlinear growth modes
have been proposed for bamboo corals (e.g., Frenkel et al. 2017) to allow for ontogenetic changes
in growth rates (Farmer et al. 2015b), | prefer to opt for a linear model given the limited available
chronological data. Non-linearity in growth could be identified by counting periodic bands
(Thresher et al. 2004; Roark et al. 2005), however, banding was irregular and frequently
ambiguous in the colonies presented in this study (UCTscan, digital microscope images, Appendix
C Figure S4; SEM images, Appendix C Figure S5). An absolute (calendar) age model was
established for these colonies using the collection year (2021), estimated median growth rate (51
um.yr1), and upper and lower quartiles (31 um.yr™; 59 um.yr™!) across all colonies from the
literature (n = 21, Appendix C Table S6). To estimate the relative dating precision for a given
sampling point, | started with the sampling year (2021) and integrated one-sided dating

uncertainty in years, calculated as follows:




Equation 4.1  Calculation of relative dating precision for a given sampling point within a radially

growing coral

d d
At+;— = | (GR + Aabs) - (GR + Aabs) |
m +;—

where d is the distance from the outer rim in um, GR,,, is the mean growth rate in um yr™, GRy._
are the respective upper and lower growth rate quartiles in um yr™*, and A, is the year of
sampling. Maximum uncertainty values alongside estimated ages for each colony are presented in

Table 4.1.

4.3.5.2 Intra-individual covariance and reproducibility

Covariance and monotonic relationships between raw Element/Calcium ratio (hereafter, E/Ca)
signals were first compared between each internode of the same colony using the “ggpairs” R
function of the GGally package (v2.1.2; Schloerke et al. 2021). Intra-individual reproducibility in
E/Ca signals was analysed using a stratigraphic correlation technique. To accomplish this, the five
ablation tracks per internode were first averaged into one transect along the growth axis. Anchor
points were assigned by identifying unique peaks and troughs present across the transects of the
basal and other two internodes in that colony using the “QAnalySeries” software (v 1.5.1, Kotov &
Pélike, 2018). Barium profiles were selected as the basis for assigning anchor points due to their
high reproducibility in marine carbonates, allowing for precise alignment of different tracks
(Sinclair et al. 2011). The age model established by stratigraphic tuning of Ba/Ca signals was then
applied to each of the remaining 5 ratios (Li/Ca, Li/Mg, Mg/Ca, Sr/Ca and U/Ca) to obtain tuned
element tracks in each internode (linearly interpolated back to 50um intervals) and intra-specific

Pearson’s correlation scores.

4.3.5.3 Multi-element, multi-species paleoenvironment calibrations

In conjunction to section 4.3.5.1, | evaluated the systematics of the “Li/Mg”, “Mg/Ca”, “Sr/Ca”,
“Ba/Ca”, “U/Ca” and “Sr-U” multispecies palaeothermometry in published literature for coral and
coralline algae. This was carried out by searching the Thomson Reuters Web of Science collection
(http://www.webofknowledge.com, accessed 30/09/2022) using an ‘Advanced Search’ across all
databases with the search term (Li/Mg OR Mg/Ca OR Sr/Ca OR Ba/Ca OR U/Ca OR Sr-U) AND
(coral OR coralline algae) AND (temperature OR thermometry OR thermometer) AND (calibration)
in the titles, key words and abstracts of all document types, in all languages, for the publication

years 1950 to 2021. Unique citation returns (n = 193, Appendix C Table S7) were manually



searched for reported values of the five element ratios (standard corrected), associated
environmental metadata (latitude, longitude, water depth, temperature), information on the
methodology used, type of marine calcifier, mineralogy, details about timing and ecoregion
(following accepted biogeographical typologies; Bailey et al. 1998; Spalding et al. 2007). | include
culture experiments in my search, incorporating data where seawater carbonate chemistry has
not been manipulated. Where data is compiled from other sources, | extracted from the original
publication. Data that was only presented graphically (with decipherable individual data points)
were extracted using WebPlotDigitiser (v4.6; Rohatgi, 2022). Papers that focused solely on
reconstructing temperature from derived empirical calibrations without supporting in-situ
instrument measurements (either used to directly compare against element signals or to correlate
against satellite derived temperature) were excluded from data extraction, leaving 2650 unique
data points across 56 papers (Appendix C Figure S6). Alongside data from Kershaw et al. (2023),
citation returns were also manually searched for reported values of [Ba]sw, associated metadata
(latitude, longitude, water depth, temperature, salinity, pH), type of marine calcifier and
mineralogy, leaving 329 unique data points across 12 papers (Appendix C Figure S6). Published
element ratio-temperature (E/Ca-T) and [Ba/Ca]corai-[Ba]sw calibration equations were compiled
and compared with my own calibrations that evaluate the influence of: (i) mineralogy and (ii)

taxa.
4.3.5.4 Inter-individual reproducibility in reconstructed environmental conditions

Stratigraphically tuned E/Ca determinations in the distance domain (i.e., um from coral wall) were
converted to the time domain using the age model. Reconstructed temperature and [Ba]sw was
carried out using the derived calibration equations (Section 4.3.5.3) for multispecies high-Mg
corals and compared across internodes and between colonies. Reconstructions were linearly
interpolated to 4 points a year (seasonal) and 1 point a year (annual) using the “spline” function
from the stats R package (R Core Team, 2022). Mean [Ba]sw, mean temperature, and temperature
trend (°C. yr'!) were calculated over the shared time period among all colonies, with the latter
subsequently compared to trends in SST and deep-water temperature obtained during Section

4.3.3.

When conducting element analysis for palaeoceanographic reconstructions, it is crucial to account
for coral skeletal heterogeneities and potential contamination sources. Differences in E/Ca
behaviour between outer and central bands suggest distinct mechanisms controlling element
uptake in these regions, including but not limited to, skeletal heterogeneity, diagenesis, heat
stress, contamination from organic materials, and non-linear growth rates (Adkins et al. 2003;

Anagnostou et al. 2011; Gagnon et al. 2007; Stewart et al. 2016; Clarke et al. 2019; Cuny-Guirriec



et al. 2019; Lazareth et al. 2016; Thresher et al. 2016b, Floter, 2019, Floter et al. 2019, 2022).
While the absence of calcification centres (COCs) and amorphous carbonate infilling in Keratoisis
spp. distinguishes them from other bamboo corals (Noé and Dullo, 2006; Thresher et al. 2004;
Andrews et al. 2009; Thresher et al. 2010; Farmer et al. 2015b), reduced and elevated E/Ca values
near the central axis and coral wall are still observable (Figure 4.1; Fl6ter et al. 2019) and hence,
these sections were removed prior to temperature reconstruction. Despite these exclusions, the
majority of the coral internode sections (mean: 85.9%, range: 73.7 % to 95.5 %) were considered

for paleotemperature reconstruction.

4.3.5.5 Statistical analysis

Tests for intra-individual covariance among Keratoisis sp. elements (n = 7) were carried out using
Spearman’s rank (monotonic) correlations. To establish an empirical relationship between coral
E/Ca and in-situ environmental conditions (Section 4.3.5.3), and reconstructed temperature vs
time calculations (Section 4.3.5.4), | used an ordinary least squares (OLS) regression technique
(type I; Alibert and McCulloch 1997; Quinn & Sampson 2002) and compared with a reduced major
axis (RMA) regression model (type Il; Cobb, 1998), with temperature as the independent variable
and coral element/Ca as the dependent variable. The OLS technique assumes error only in the
measurement of the dependent variable, whilst a RMA assumes error in the measurement of
both the dependent and independent variables and is more suitable for use with geologic data.
The slope of the equation produced by the RMA regression is equal to the slope of the equation

of the OLS regression divided by the correlation coefficient (e.g., Cobb, 1998).

To test the individual and interactive effects of between-individual (colony) and within-individual
(internode) variation on: (i) the mean reconstructed temperature (intercept) and trend (slope)
calculated using the element paleothermometry proxy, and (ii) the mean reconstructed [Ba]sw
calculating using the Ba/Ca-[Balsw proxy, repeated measures two-factor analysis of variance
models (ANOVAs) were created. As internodes were sampled repeatedly (to achieve different
interpolations), | accounted for pseudoreplication by incorporating interpolation as a random
factor (random intercepts) in linear mixed effect (LME) models (Zuur et al. 2009). | assessed model
assumptions by visual inspection of standardised residuals vs fitted values plots, Q-Q plots, and
Cooks distance (Zuur et al. 2010). When homogeneity of variance was violated, | utilised a
varldent variance-covariance structure and generalised least-squares (GLS) estimation (Pinheiro et
al. 2022; Pinherio & Bates, 2000; West et al. 2014), which allows residual spread to differ between
the individual explanatory variables. | determined the optimal fixed-effects structure using

backward selection informed by Akaike Information Criteria (AIC) and inspection of model



residual patterns. For the GLS analysis, | determined the optimal variance-covariance structure
through restricted maximume-likelihood (REML) estimation by comparing the initial ANOVA model
without variance structure to equivalent GLS models incorporating specific variance terms. The
suitability of these models was compared against the initial ANOVA model using the AIC and by
visualising model residuals. Finally, | determined the optimal fixed structure of the most suitable
model through backward selection using the likelihood ratio test with maximume-likelihood (ML)

estimation (West et al. 2014; Zuur et al. 2010).

All data processing was carried out in R (v4.2.2, R Core Team 2022) using the GGally (Schloerke et
al. 2021), Imodel2 (Legendre, 2018), nime (Pinheiro et al. 2022; Pinherio & Bates, 2000),
patchwork (Pedersen, 2022), stats (R Core Team, 2022), terra (Hijmans, 2022) tidyverse (Wickham
et al. 2019) and viridis packages (Garnier et al. 2021). All code is available on Github (tjw-

benth/BambooCoral-LAICPMS) and a summary of statistical models is included in Appendix C.

4.4 Results

4.4.1 Patterns in coral elements

The co-located 2D maps of skeletal element composition exhibit coherent lateral variability across
each colony’s internode, suggesting that these patterns are representative of Keratoisis sp.
(Figure 4.1). The following patterns are typically evident in each image: elevated Li/Ca, Mg/Ca,
U/Ca and depleted Sr/Ca are observable near the central axis, with depleted Li/Ca, Mg/Ca, Sr/Ca
and elevated U/Ca found near the coral wall. Examination of SEM and digital microscope images
reveal a less dense boundary of calcite at the coral radial wall which suffered acute cracking
during the ablation (Appendix C Figure S5) and a denser band of calcite that encompasses the
hollow central axis (Appendix C Figure S4). The Sr/Ca images demonstrate significant
heterogeneity in both dimensions, with elevated values near minute stress fractures along the
laser tracks, indicating that this element ratio does not follow a clear structure over time. Radial
banding in Ba/Ca is visible across all colonies, with each band of raised concentrations reproduced
further from the coral wall from the basal internode upward, suggesting these are time locked to
repeating events. Outside of the elevated U/Ca at the outer edge of the coral, ratio values are

fairly constant throughout the internode with some banding visible in the larger colonies.



Inter- and intra-colony elemental systematics of a cold-water bamboo coral mediate deep-sea

temperature and nutrient proxies

Figure 4.1(a)
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Figure 4.1 | Two dimensional patterns in Keratoisis sp. element ratios (left to right: Li/Ca, Mg/Ca,
Sr/Ca, Ba/Ca and U/Ca) analysed by laser ablation and overlain onto a post-ablation
SEM image of the basal internode (top row), second internode (middle row) and third
internode (bottom row) of colony (a) #23-1, (b) #23-6, (c) #23-10 and (d) #23-16.
Ratios that clearly match structure elements of the coral include high Li/Ca, Mg/Ca
and U/Ca values confined to central axis and low Li/Ca, Mg/Ca values confined to

coral wall. Banding is clear in the Barium profiles. Scale in bottom left of SEM images.
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Figure 4.1(b)
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Inter- and intra-colony elemental systematics of a cold-water bamboo coral mediate deep-sea

temperature and nutrient proxies

Figure 4.1(c)
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Figure 4.1(d)
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4.4.2 Intra-individual E/Ca variability and reproducibility

Frequency distributions of skeletal elements in Keratoisis sp. from Baffin Bay (Figure 4.2) reveal
that all elements, with the exception of Mg/Ca, exhibit overlapping distributions between
internodes. Three out of the four colonies exhibited greatest variance in element ratios in the
basal internode. Overall, | find a reproducible positive covariance between Mg/Ca and Li/Ca
within all colonies (p < 0.001), with monotonic correlation scores (range, 0.226 — 0.857 in
Spearman’s rank). Sr/Ca and U/Ca exhibit a weak negative covariance (Spearman’s rank, range: -
0.057 to -0.281, p < 0.001), although this is not present in one colony (Figure 4.2d) and the third
internode of two other colonies (Figure 4.2a,c). Ba/Ca exhibits a consistent positive co-variance
within all colonies and individual internodes with Li/Mg (p < 0.001; Spearman’s rank 0.176-0.578)
and Li/Ca (p < 0.001, Spearman’s rank 0.171-0.549) but not Mg/Ca, Sr/Ca or U/Ca.

443 Inter-individual E/Ca variability and reproducibility

| find a decrease in values with increasing distance from the central axis across all corals and their
internodes for Li/Ca and Mg/Ca (Li/Ca: OLS slope range -0.46 to -0.81, R? range, 0.21 — 0.68, all p <
0.001; Mg/Ca: OLS slope range -0.2 to -0.81, R? range, 0.04 — 0.66, all p < 0.001; Table 4.3), with
both ratios exhibiting respectively large ranges (Li/Ca: 4.54 — 113.23 umol/mol; Mg/Ca: 41.03 —
126.69 mmol/mol) but different coefficients of variation (Li/Ca: 9 — 19 %; Mg/Ca: 2 -4 %). In
colony #23-6, mean (£ s.e.) Mg/Ca in the basal internode is much lower (71.27 £ 0.96 mmol/mol)
than the other replicates (#23-1: 80.42 = 1.23 mmol/mol; #23-10: 81.90 + 1.15 mmol/mol; #23-16:
74.31 £ 1.10 mmol/mol), with weaker trends across each internode (OLS slope range, -0.2 to -
0.35) and a poor level of explained variance (R?range, 0.04 —0.12). | found low coefficients of
variation in raw Sr/Ca values across all colonies and a positive trend (increasing values with
distance from central axis; p < 0.01 - <0.001; Table 4.3c), albeit with a much lower amount of
variance explained (median R%: 0.15) relative to that observed for Li/Ca and Mg/Ca (Li/Ca: median
R2,0.51; Mg/Ca: median R?,0.53). For U/Ca, | observed positive trends in two out of the four
colonies, with the strongest trends within the first two internodes (OLS slope range: 0.25 to 0.41,

p < 0.001; R?range, < 0.01 — 0.17) albeit with high coefficients of variation (13 — 21 %; Table 4.3d)
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Figure 4.2 | Covariance (Spearman’s Rank; top right subplots) and distribution (bottom left subplots) of Li/Mg, Li/Ca, Mg/Ca, Sr/Ca, Ba/Ca and U/Ca ratios within the
basal internode (red), second internode (green) and third internode (blue) of Keratoisis sp. colonies (a) #23-1 (left) and #23-6 (right), and (b) #23-10 (left) and #23-16
(right).
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Table 4.3 | Summary table of mean element ratios (* 2 standard deviations) measured in each

internode across all Keratoisis sp. colonies. Coefficient of variation (CV) and range of

values are also presented. Significance of OLS regression: *, p<0.05; **, p<0.01; ***,

p<0.001
E/Ca Specimen Internode Mean+2sd CV Range Slope Significance R?
Li/Ca umol/mol  #23-1 1 3073+  12%  113.23—  -0.73 kK 0.54
2 27.93+ 9% 86.55—6.05 -0.75 *kk 0.57
3 30.02 + 9% 91.58—5.45 -0.73 == 0.53
#23-10 1 27.6+7.06 12% 95.60—9.24 -0.61 *kk 0.37
2 25.86+  10% 79.59—6.69 -0.66 = 0.44
3 31.64+7.6 12% 89.48—822 -0.73 ok k 0.53
#23-16 1 2801+63 11% 76.24—7.68 -0.63 = 0.4
2 31.77+  12% 98.24—9.67 -0.81 ok k 0.66
3 3581+  19%  104.04—  -0.83 = 0.68
#23-6 1 19.95+  12% 50.24—4.54 -0.69 ok k 0.48
2 2417+  11% 69.54—9.57 -0.5 ok 0.25
3 2325+  11% 87.07—7.38 -0.46 *okx 0.21
Mg/Ca mmol/mol #23-1 1 80.42 3% 112.94— -0.73 *kx 0.53
2 74.23 + 2% 98.61— -0.72 ok 0.52
3 84.55+3.7 2%  111.69—  -0.64 *okx 0.4
#23-10 1 81.9+514 3%  126.69—  -0.75 e 0.56
2 78.13 + 3%  109.32—  0.75 Hkk 0.56
3 85.47 + 3%  12054—  -0.69 S 0.47
#23-16 1 7431 3%  106.66—  -0.74 *okx 0.55
2 82.39+ 3%  115.48—  -0.74 S 0.55
3 81.24 + 4%  113.64—  -0.81 Hokk 0.66
#23-6 1 71.27 + 3% 91.30— -0.21 R 0.04
2 77.06 + 3%  103.91— -0.2 *kk 0.04
3 76.82 + 3% 98.12—  -0.35 *kk 0.12
Ba/Ca  pmol/mol #23-1 1 9.97+1.42 7% 20.76—6.83
2 10.01 + 7%  16.2—6.56
3 10.05 + 6%  19.02—6.7
#23-10 1 968+1.11 6% 14.01—6.33
2 9.65+1.1 6% 13.27—7.41
3 946+1.09 6% 12.46—7.66
#23-16 1 1036+1.8 8%  26.73—5.4
2 9.87+152 7% 20.16—6.58
3 9.74+2.78 11% 41.4—6.84
#23-6 1 841+0.73 4%  11.3—6.28
2 8.78+0.88 5% 13.02—6.51
3 8.83+£0.95 5% 13.99—6.63
Sr/Ca  mmol/mol #23-1 1 3.15+0.11 2% 3.57—2.73 0.14 * 0.02
2 3154011 2%  3.50—2.77 -0.04 <0.01
3 315+0.11 2%  3.51—2.66  0.32 *okk 0.1
#23-10 1 32+0.17 3% 578—167 0.17 *k 0.03




U/Ca nmol/mol
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Table 4.4 | Correlation scores (Pearson’s) for element ratio patterns after stratigraphic tuning

internodes 1 & 2 and internodes 1 & 3 for each colony and their combined mean

(bold).
Element ratio Specimen ID Internode Correlation after tuning
Ba/Ca #23-1 1&2 0.953
1&3 0.956
#23-10 1&2 0.840
1&3 0.713
#23-16 1&2 0.971
1&3 0.614
#23-6 1&2 0.750
1&3 0.903
Mean 1&2 0.879
1&3 0.797
Li/Ca #23-1 1&2 0.923
1&3 0.869
#23-10 1&2 0.964
1&3 0.113
#23-16 1&2 0.660
1&3 0.410
#23-6 1&2 0.618
1&3 0.258
Mean 1&2 0.791
1&3 0.413
Li/Mg #23-1 1&2 0.907
1&3 0.854
#23-10 1&2 0.943




1&3 0.042

#23-16 1&2 0.438
1&3 0.123

#23-6 1&2 0.610
1&3 0.320

Mean 1&2 0.725
1&3 0.335

Mg/Ca #23-1 1&2 0.895
1&3 0.829

#23-10 1&2 0.814
1&3 0.029

#23-16 1&2 0.623
1&3 0.553

#23-6 1&2 0.513
1&3 0.296

Mean 1&2 0.711
1&3 0.427

Sr/Ca #23-1 1&2 0.022
1&3 0.275

#23-10 1&2 -0.012
1&3 0.489
#23-16 1&2 -0.208
1&3 0.032

#23-6 1&2 0.343
1&3 0.237

Mean 1&2 0.036
1&3 0.258

U/Ca #23-1 1&2 0.811
1&3 0.568

#23-10 1&2 0.680
1&3 0.624

#23-16 1&2 0.913
1&3 0.763

#23-6 1&2 0.834
1&3 0.786

Mean 1&2 0.810
1&3 0.685

With the exception of Sr/Ca, stratigraphic tuning using the Ba/Ca-based age model revealed
strong synchronicity in element signals between the basal and adjacent internodes of Keratoisis
sp. (mean correlation score * s.d; 0.838 £ 0.132, n = 12; Appendix C Figure S7). However, the
magnitude of reproducibility widely differed between the colonies and element signals were
generally reproduced better between the basal and second internode than the basal and third
internode (Table 4.4). Specifically, element signal pattern synchronicity (mean correlation score
s.d, n =12) was greatest in U/Ca (0.747 + 0.115) and worst in Sr/Ca (0.147 + 0.227), with Li/Ca,
Mg/Ca and Li/Mg all exhibiting similar correlation strengths (0.602 + 0.317, 0.569 + 0.294 and
0.530 + 0.357, respectively).



4.4.4 Multi-element, multi-species paleoenvironment calibrations

| find a high degree of similarity (+- 1 s.e.) in the gradient and intercept values in my regressions
(Table 5). Here, consistent with previous studies, | present ordinary least squares (OLS) regression
calibrations but it is important to note that | find, in practice, that outcomes are not regression
method dependent. | find significant linear temperature dependency in aragonitic, high-Mg
calcite and Octocoral Mg/Ca, Sr/Ca, U/Ca and Ba/Ca (Figure 4.3; Table 4.5a: p = 0.001), whilst
Li/Mg demonstrates an exponential relationship with temperature in both aragonitic and high-Mg
calcitic taxa and a linear relationship in Octocorals (Figure 4.3a; Table 4.55b). Due to the inherent
limitations of nonlinear models, | encountered difficulties in determining the variance explained
by temperature for aragonitic and high-Mg calcitic Li/Mg (Spiess & Neumeyer, 2010).
Nevertheless, my calibration constant aligns with previous studies, providing consistency in my
findings (Table 4.5b; Montagna et al. 2014; Stewart et al. 2020). Ranking Octocoral E/Ca
temperature relationships variance explained (R?) alongside proxy sensitivity (element unit
change per °C) from highest to lowest gives an order of Mg/Ca > U/Ca > Ba/Ca > Li/Mg > Sr/U >
Sr/Ca (Table 4.5a), indicating that Mg/Ca and U/Ca are strong paleothermometry prospects in

high-Mg calcitic Octocorals.

The barium partition coefficient (D) is negatively correlated with temperature in aragonitic
corals with evidence of a linear correlation in high-Mg calcitic Stylasteridae, though uncertainty (+
2 s.d.) is high for both the intercept (+ 23.6) and gradient ( + 396). | did not have enough data to
calculate the relationship between Dg, and temperature in Octocorals, and Dg, varied across the
four Keratoisis colonies examined here (+ 0.1 within colonies, *+ 0.4 across colonies). Ba/Ca—[Ba]sw
demonstrates a linear relationship across all taxa and mineralogies (Table 4.5a; Figure 4.3b) with
the steepest [Ba]sw-Ba/Ca regression (forced through a zero-intercept) exhibited in high-Mg
Stylasteridae ([Ba]sw = 7.260 (+ 0.169)*Ba/Ca, R? = 0.99). Although | display data from mixed
mineralogy corals, they were not used in any of the regression analyses and, for simplicity, | only
compare to published equations with the highest degree of variance explained (R? > 0.6, Table
4.5; full listing in Appendix C Table S8). In brief, the literature search revealed no previous Sr/U,
U/Ca, Ba/Ca and Dg, temperature calibrations for high-Mg calcitic corals, with Mg/Ca and Sr/Ca

temperature calibrations only found for high-Mg coralline algae.
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Figure 4.3 | Compiled published (a) Mg/Ca-T, Li/Mg-T, Sr/Ca-T, Sr/U-T and U/Ca-T
calibration data and (b) Ba/Ca-T, Dg.—T and [Ba]crai—[Balsw calibration data for
aragonitic (red), high-Mg calcitic (blue) mixed mineralogy (green) corals and
Corallinales compared to Octocorallia (dark blue). Full element compilation
datasets adjusted for interlaboratory offsets (where standard data are

available). Mean coral replicates are presented in Appendix C Figure S6.
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Table 4.5 | (a) Linear and (b) Non-linear calibration Ordinary Least Squares (OLS) and Reduced Major Axis (RMA) equations based on values extracted from the literature

and published calibrations with >60 % variance explained (bold). All published equations extracted from the literature can be found in Appendix C.

Table 4.5 (a)
Relationship X unit y unit Mineralogy Taxon Group Source n r R? Type of p Gradient +25D Intercept +2SD
regression
[Ba]SW ~ Ba/Ca + 0 umol/mol nmol.kg Aragonite Scleractinia This study 172 0.97 oLS 0.001 5.040 0.065
Stylasteridae This study 28 0.99 OLS 0.001 5.190 0.073
High-Mg Octocorallia This study 45 0.97 OoLS 0.001 6.530 0.237
calcite
Stylasteridae This study 8 0.99 OLS 0.001 7.260 0.169
Aragonite Scleractinia Anagnostou et al. 2011 17 0.60 oLs 1.400 0.300 0 2
Temperature ~ Ba/Ca umol/mol °C Aragonite Scleractinia This study 174 -0.58 0.34 oLS 0.001 -0.394 0.082 9.272 0.974
RMA 0.001 -0.690 0.163 12.590 1.464
Stylasteridae This study 28 -0.92 0.85 oLS 0.001 -0.682 0.118 13.383 1.649
RMA 0.001 -0.729 0.135 14.005 1.561
High-Mg Octocorallia This study 91 -0.73 0.54 oLS 0.001 -1.332 0.260 21.082 3.105
calcite
RMA 0.001 -1.863 0.409 27.056 3.706
Stylasteridae This study 8 -0.98 0.95 oLS 0.001 -0.680 0.154 10.525 1.770
RMA 0.001 -0.696 0.177 10.709 1.621
Temperature ~ DBa - °C Aragonite Scleractinia This study 172 -0.22 0.05 OLS 0.004 -1.682 1.110 8.173 2.245
RMA 0.004 -12.163 17.925 29.086 10.849
Stylasteridae This study 28 -0.55 0.30 OLS 0.003 -11.121 6.863 25.818 13.288

RMA 0.003 -27.149 35.099 56.730 22.137




Inter- and intra-colony elemental systematics of a cold-water bamboo coral mediate deep-sea temperature and nutrient proxies

High-Mg Stylasteridae This study 8 -0.59 0.34 oLS 0.051 -10.091 13.904 17.205 19.846
calcite

Temperature ~ Mg/Ca mmol/mol °C Aragonite All taxon This study 576 0.67 0.45 oLS 0.001 5.419 0.487 -1.862 1.816

High-Mg All taxon This study 93 0.93 0.87 oLS 0.001 0.317 0.026 -22.065 2.361
calcite

Octocorallia This study 91 0.93 0.87 oLs 0.001 0.316 0.026 -21.881 2.336

High-Mg Corallinales Hetzinger et al. 2018 164 0.88 oLs 0.001 0.345 0.015 -41.834 2.163
calcite

Temperature ~ Li/Mg umol/mmol °C High-Mg Octocorallia This study 17 -0.55 0.30 oLS 0.008 -82.140 68.650 33.180 23.410
calcite

RMA 0.001 -26.228 5.501 264.986 35.916

RMA 0.094 25.060 24.324 -78.853 -675.793

RMA 0.137 28.456 30.297 -90.495 -286.162

RMA 0.001 8.068 2.790 -43.969 31.770

~N
~N



High-Mg Octocorallia This study 81 0.13 0.02 OLS 0.121 2.704 4.795 -3.652 16.393
calcite
RMA 0.121 9.525 16.353 -26.856 99.647
Aragonite All taxon Ross et al. 2019 33 0.89 oLS 0.001 -0.035 8.920
Temperature ~ U/Ca umol/mol °C Aragonite All taxon This study 245 -0.72 0.52 oLsS 0.001 -18.913 2.297 45.241 3.022
RMA 0.001 -32.525 4414 62.650 4.579
High-Mg Octocorallia This study 81 0.75 0.56 OLS 0.001 334.277 66.002 0.500 1.471
calcite
RMA 0.001 472.536 83.521 -1.587 1.612
Aragonite Porites Armid et al. 2011 0.78 oLs -0.021 0.002 1.488 0.048
cylindrica
Table 4.5 (b)
Relationship X unit y unit Mineralogy Taxon Group Source n a p +SE b p +SE
Li/Mg ~ a*elb*Temperature]  oC pumol/mmol Aragonite All taxon This study 597 5.469 0.001 0.030 -0.051 0.001 0.000
High Mg calcite All taxon This study 59 0.458 0.001 0.019 -0.046 0.001 0.005
Aragonite All taxon Montagna et al. 2014 49 5.41 -0.05 0.002
High Mg calcite All taxon Steward et al. 2020 49 0.63 0.02 -0.05 0.002




4.4.5 Paleo-environment reconstructions

4.45.1 Temperature

As Mg/Ca demonstrates consistent intra-individual patterns (Table 4.4) and the strongest
correlation and sensitivity to temperature (r = 0.93, p < 0.001, R>=0.87; 0.316 +

0.026 °C/mmol/mol; Table 4.5a; Figure 4.3), | focus on temperature reconstructed using the
Keratoisis-specific age model, the Octocoral-derived calibration equation and the stratigraphically
tuned Mg/Ca signals. Overall, the Mg/Ca proxy demonstrates significant sub-seasonal, seasonal,
annual and interannual variation within all colonies (Figure 4.4a). Mean predicted temperature
(solid line) timeseries are offset by up to 2 °C within internodes from the same individual and up
to 5 °C among individuals (colonies). However, in colony #23-6 (and arguably #23-16 and #23-1)
the mean reconstructed temperature timeseries overlaps the range of in-situ measurements from
previous records for deep-water Baffin Bay (0.39 °C to 1.36 °C). There are also synchronised
multiannual cycles in reconstructed temperature between 3 out of the 4 colonies. Assuming each
internode is of equal importance within a colony, leveraging each replicate timeseries (averaging)
reduced the uncertainty (95% Cl’s) of reconstructed temperature from + 4.25 °C (range: 3.99 —
4.52 °C) to + 1.92 °C (range: 0.02 — 5.91 °C) when seasonally interpolated and * 4.25 °C (range:
3.99 -4.52 °C) to + 2.20 °C (range: < 0.01 — 4.63 °C) when annual interpolated.
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Figure 4.4 | Reconstructions of past (a) temperatures derived from Mg/Ca and (b) seawater barium derived from Ba/Ca, generated for different colonies (colour) and
internodes (linetype) and evaluated without data interpolation (left column), with seasonal interpolation (middle column), and with annual interpolation
(right column). In-situ temperature measurements taken at nearby locations (grey points - K. Azestu-Scott, pers. comm., May 31, 2022; Zweng &
Minchow, 2006) and the average trend of sea surface temperatures (dashed yellow line, Reynolds et al. 2002) are displayed. The bottom row of each

figure shows the reconstructed environmental conditions during the time period shared by all Keratoisis sp. colonies.



Table 4.6 | Temperature trends (negative indicative of cooling, positive indicative of warming) for Mg/Ca-T reconstruction between timeperiod common to Keratoisis sp.
colonies (2003-2016) obtained from Ordinary Least Squares (OLS) and Reduced Major Axis (RMA) regressions on uninterpolated, seasonally interpolated and

annual interpolated temperature data. Significant regressions are highlighted in bold.

Relationship X unit y unit Interpolation Specimen ID Internode n r R? Regression Type p Gradient +2SD
Temperature ~ Time Year °C Uninterpolated #23-1 1 130 -0.22 0.0 oLs 0.007 -0.02 0.02
130 -0.22 0.0 RMA 0.007 -0.06 0.05
2 140 -0.40 0.2 oLS 0.001 -0.04 0.02
140 -0.40 0.2 RMA 0.001 -0.08 0.03
3 132 -0.04 0.0 OLS 0.315 0.00 0.02
132 -0.04 0.0 RMA 0.315 -0.01 0.05
#23-10 1 130 -0.69 0.5 oLS 0.001 -0.16 0.03
130 -0.69 0.5 RMA 0.001 -0.23 0.05
2 101 -0.70 0.5 oLS 0.001 -0.17 0.03
101 -0.70 0.5 RMA 0.001 -0.24 0.05
3 91 -0.74 0.5 OoLS 0.001 -0.22 0.04
91 -0.74 0.5 RMA 0.001 -0.29 0.06
#23-16 1 132 -0.15 0.0 OLS 0.051 -0.02 0.02
132 -0.15 0.0 RMA 0.051 -0.04 0.04
2 109 0.02 0.0 OLS 0.415 0.00 0.03
109 0.02 0.0 RMA 0.415 0.00 0.05
3 78 -0.17 0.0 oLS 0.064 -0.04 0.05
78 -0.17 0.0 RMA 0.064 -0.08 0.13
#23-6 1 129 -0.04 0.0 oLS 0.308 0.00 0.01
129 -0.04 0.0 RMA 0.308 -0.01 0.04
2 176 0.25 0.1 OoLS 0.001 0.02 0.01
176 0.25 0.1 RMA 0.001 0.02 0.01
3 116 0.03 0.0 oLS 0.383 0.00 0.02

116 0.03 0.0 RMA 0.383 0.01 0.05




Chapter 4

Seasonal #23-1 1 52 -0.21 0.0 OoLS 0.071 -0.02 0.03

2 52 -0.46 0.2 OoLs 0.001 -0.05 0.02

3 52 -0.01 0.0 oLs 0.462 0.00 0.03

#23-10 1 52 -0.69 0.5 oLs 0.001 -0.16 0.05

2 52 -0.71 0.5 OoLS 0.001 -0.17 0.05

3 52 -0.79 0.6 OoLS 0.001 -0.29 0.06

#23-16 1 52 -0.13 0.0 OoLS 0.184 -0.02 0.04

2 48 -0.04 0.0 OoLS 0.415 -0.01 0.05

3 48 -0.13 0.0 OoLS 0.176 -0.03 0.07

#23-6 1 52 -0.02 0.0 OoLS 0.431 0.00 0.02

2 52 0.22 0.0 OoLS 0.055 0.02 0.02

3 52 0.02 0.0 OoLS 0.445 0.00 0.03

20 -0.35 0.1 RMA 0.07 -0.06 0.11

0o

2



Inter- and intra-colony elemental systematics of a cold-water bamboo coral mediate deep-sea temperature and nutrient proxies

21 -0.50 0.3 RMA 0.01 -0.08 0.10

20 -0.17 0.0 RMA 0.213 -0.06 NA

21 -0.71 0.5 RMA 0.001 -0.24 0.14

21 -0.84 0.7 RMA 0.001 -0.20 0.07

17 -0.64 0.4 RMA 0.008 -0.27 0.29

19 -0.74 0.6 RMA 0.001 -0.16 0.09

17 -0.65 0.4 RMA 0.002 -0.25 0.20

17 -0.55 0.3 RMA 0.013 -0.16 0.18

19 -0.44 0.2 RMA 0.037 -0.06 0.10

19 -0.05 0.0 RMA 0.44 -0.01 0.10

19 -0.53 0.3 RMA 0.009 -0.10 0.12

8

w



Over the period common to all corals (2003 to 2016), | find that Mg/Ca reconstructed deep-water
temperatures exhibited subtle, but significant, cooling trends (Table 4.6) though the rate of
cooling and mean reconstructed temperature differed across colonies and internodes (Figure
4.4a). Similar to the multi-taxa calibrations previously demonstrated (Table 4.5; Figure 4.3), the
gradients of both ordinary least squares (OLS) and reduced major axis (RMA) regressions
displayed a notable degree of resemblance. The disparities between the two regression methods
were found to be within one standard error, leading us to exclusively refer to OLS regressions for
the sake of consistency. | found strong and marginal random effects of interpolation on OLS
intercepts (Tyeq Mmean; L-ratio = 25.666, d.f. = 1, p < 0.0001) and slopes (T trend; L-ratio = 2.154,
d.f.=1, p=0.071), respectively, and hence, the random effects were kept in both models. Linear
mixed models revealed strong dependency of T mean and Ty trend on an interaction
between colony and internode (T mean: L-ratio = 117.338, d.f. = 6, p < 0.0001; Ty trend: L-
ratio = 20.63, d.f. = 6, p < 0.01; Appendix C model S1 and S2). Investigating the individual effects
demonstrated that colony was more important than internode for the T trend (Colony: L-ratio
=66.93,d.f. =9, p < 0.0001; Internode: L-ratio = 20.76, d.f. = 8, p < 0.01) whilst internode was
more important for the Tjeqg mean (Colony: L-ratio = 175.82, d.f. =9, p < 0.0001; Internode: L-ratio
=189.08, d.f. = 8, p < 0.0001). Mean T (un-interpolated * s.e.) across this time period ranged
from 4.77 £ 0.03 to 1.04 £ 0.02 °C (Figure 4.4a). A stronger cooling Tjre trend was reconstructed in
one colony (23-10; -0.22 + 0.04 to -0.16 + 0.03 °C.yr!) compared to the other three colonies in this
study, which all exhibited T trends similar to OISST data (dashed vertical yellow line, Figure
4.4a). Mean Tpe) became more uncertain (+ s.e.) as the data was interpolated to longer
timeframes (uninterpolated: + 0.021 to 0.155; seasonally interpolated: + 0.034 to 0.195; annual
interpolated: £ 0.093 to 0.374) with an overall weaker cooling Tire trend when the data was

seasonally interpolated.

4.4.5.2 [Ba]sw

Using the Ba/Caoctocora—[Ba]sw calibration calculated in Section 3.1.2., | find highly reproducible
reconstructions in seawater barium in my Keratoisis sp. colonies (Figure 4.4b) with mean
uncertainty (95% ClI’s) of + 2.24 nmol.kg™ (range: 1.62-4.94 nmol.kg) and strong sub-seasonal,
seasonal and annual variation recorded. A reproducible, multi-year spike in [Ba]sw between 2000
and 2005 is observable across three colonies (#23-16, #23-10 and #23-1) with evidence of this
event occurring ~2 years earlier in the remaining colony. Over the period common to all colonies
(1998-2021), mean [Ba]sw was dependent on an interaction between colony and internode (L-
ratio = 32.23, d.f. =6, p < 0.0001; Appendix C model S3) with both variables exhibiting a strong
independent effect (Colony: L-ratio = 104.14, d.f. =9, p < 0.0001; Internode: L-ratio = 32.98, d.f. =



8, p < 0.0001) but | found no influence of interpolation as a random effect (L-ratio = 0.009, d.f. = 1,
p = 0.461). Specifically, un-interpolated mean [Ba]sw (+ s.e.) ranged from 52.6 (+ 0.4) nmol.kg*to
67.7 (£ 1.2) nmol.kg?! across the different colonies. There is no consistent change in mean [Ba]sw
from the basal internode upward, but there is evidence of a decreasing mean [Ba]sw and reduced

variability in [Ba]sw when moving from the smallest colony (23-16) to the largest (23-6).

4.5 Discussion

4.5.1 Multi-taxa element analysis
45.1.1 Mg/Ca

The cross-study comparison of multi-taxa calibrations demonstrates a strong positive abiotic
Mg/Ca temperature relationship in high-Mg calcitic Octocorals found between -2 to 27 °C. Mg/Ca
temperature sensitivity is well documented in several gorgonian families (Weinbauer et al. 2000;
Sherwood et al. 2005b) albeit with taxon-specific slopes and intercepts (Sinclair et al. 2011;
Thresher, 2009). The calibration slope utilised in this study (0.316 + 0.026 °C/mmol/mol) is much
steeper than previous gorgonian calculations (Thresher et al. 2010, 2016a) and has a tighter
distribution of residuals, with 87% of bulk Mg/Ca explained by ambient temperature. Here, |
observe differences in bulk Mg/Ca within and between individuals of Keratoisis sp. (Figure 4.3),
leading to variable offsets in paleotemperature reconstructions from in-situ temperature
measurements when using a SubClass-level calibration. Whilst | could have opted for a calibration
specific to the Keratoisidinae SubFamily, it would have resulted in a substantially weaker
regression and flatter gradient ([T °C] = 0.12 + 0.08 [Mg/Ca mmol/mol] — 6.64 + 6.63; R* = 0.13)
calculated over a smaller range of temperatures (-1.9 to 10 °C) with 95% confidence intervals of *
10 °C. As such, despite the offsets within individuals of Keratoisis sp., the robustness of the linear
calibration model derived from the combined Octocoral data instils confidence in the suitability of

Mg/Ca for estimating past temperatures.

4.5.1.2 Ba/Ca

Superficially, bulk Octocoral Ba/Ca also appears to be related to in-situ temperature much like
other taxon- and mineralogy-specific relationships (Figure 4.3b). However, similar studies on
other cold-water species demonstrated a strong covariance between [Ba]sw and T (Scleractinia,
Spooner et al. 2018), and a relatively minor dependence on coral Ba/Ca on T has been reported in
a warm water species (Favia fragum, Gonneea et al. 2017). Here, Ba/Ca values for Keratoisis sp.

colonies fall outside of the linear relationship with temperature, suggesting that the correlation



between Ba/Ca and temperature in Octocorals is predominantly driven by the dependence of
Ba/Ca on [Ba]sw (LaVigne et al. 2011; Thresher et al. 2016, Floter et al. 2019; Geyman et al. 2019).
This is important because this proxy could provide an insight into the dynamics and circulation of
refractory nutrients from the overlying water column (Chow & Goldberg, 1960; Wolgemuth and

Broeker, 1970).

Octocoral Ba/Ca versus [Ba]sw calibration suggests a well-defined, linear relationship, despite the
inclusion of samples from different regions of the globe and gorgonian families: [Ba/Ca umol/mol]
=0.148 + 0.005 [Basw nmol/kg], R?> = 0.97, p < 0.001 (Figure 4.3b). This relationship has a steeper
slope than demonstrated in other high-Mg corals, assuming that the only source of Ba to the
skeleton is from the dissolved pool in seawater (i.e. if [Ba]sw = 0, then the coral skeleton Ba/Ca
ratio = 0). However, | find evidence of ontogenetic variability in Ds, for Keratoisis (Figure 4.3b),
indicating that such an assumption may be incorrect due to genus- (vital-) and/or site-specific
effects (Floter et al. 2019). Regardless, the empirical calibration model of Ba/Ca vs [Ba]sw that
emerges from the combined Octocoral data (Table 4.5) appears to be robust, despite inclusion of
different genus and methodologies, providing confidence in its applicability to estimate past

[Balsw.

4.5.2 Microscale trace element discrepancies

When interpreting any paleoceanographic record it is important to consider the fidelity with
which a proxy is able reproduce the hydrographic parameter of choice. When using the Octocoral
derived calibration, Mg/Ca values in my Keratoisis sp. colonies suggest a maximum temperature
variability of £ 3.78 °C across the timeframe common to all colonies and maximum prediction
uncertainty of = 4.52 °C when reconstructing temperature for any given timepoint. This exceeds
the temperature variability documented at parallel depths during a long-term monitoring across
the Davis Strait (Curry et al. 2010), entire Baffin Bay basin (Zweng & Munchow, 2006; Birch et al.
1983), and even proximate deep-water CTD casts from the past three years (pers. comm., Azetsu-
Scott). One explanation for this might be that the newly refined multi-taxa calibration, which uses
globally distributed Octocoral colonies derived from multiple water depths, is not appropriate for
Keratoisis sp. and/or for the high-resolution Mg/Ca mapping approach. An alternative explanation
is that the enhanced reconstructed temperature variability of this species reflects variable
physiological processes that influence Mg-uptake rather than issues relating to calibration (Alpert
et al. 2016; DeLong et al. 2011; Hu et al. 2018). If the latter is the case, biological variability exerts
a major control on the ability of this species to accurately preserve environmental information,
but it is unclear whether these inter- and intra-colony offsets differ from site to site or represent

an intrinsic feature of this species of Keratoisis as is it poorly characterised by available studies.



4.5.2.1 Variation within and among individuals

Observations of element signals across internodes reveal asynchronous variability between E/Ca
transects, indicating that variability in contemporaneous skeletal composition is large enough to
adjust paleoenvironmental reconstructions that are based on sub-annual, annual and interannual
element chronologies even after stratigraphic tuning. The examination of replicate E/Ca transects
per analysed colony can assist in unravelling the influence of environmental factors versus
physiological effects (Sinclair et al. 2011; DeLong et al. 2007; Kawakubo et al. 2014) and
demonstrated here by leveraging the data from different internodes into a singular timeline,
which reduced the prediction uncertainty of seasonally interpolated and annually interpolated
temperature reconstruction by an average of 55% and 48%, respectively. However, it is important
to exercise caution when predicting seawater conditions, as this approach primarily assesses the
consistency of the relationship within living proxies. Enhancing accuracy requires in-situ
measurements to adjust the linear or non-linear regression between the coral's element proxy
and the environmental variable of interest. This is regularly employed in tropical (Hu et al. 2018;
Cuny-Guirriec et al. 2019; Hathorne et al. 2013) and temperate (Montagna et al. 2014) studies
due to the abundance of hydrological stations, buoys, and satellite information within these

regions.

Though long-term reconstructed T and [Balsw variability is very coherent across the coral colonies,
most sub-annual fluctuations occurred at different timepoints, suggesting that ontogenetic
variation between colonies collected from the same location can influence paleoenvironment
reconstructions at seasonal resolution and below. Numerous studies have observed
inconsistencies between colonies of tropical Porites species sampled close to one another
(Cahvyarini et al. 2008, 2009; Pfeiffer et al. 2019; Hu et al. 2018) where differences are often
attributed to localised temperature, photosynthetic effects or environmental stress (Marshall and
McCulloch, 2002; Linsley et al. 2004; DelLong et al. 2007). As physical conditions tend to coalesce
with depth (Rogers, 2015) | contend that the interannual and sub annual variations of Keratoisis-
derived temperature and [Ba]sw may not be driven by localised oceanographic variability (Figure
4.4). Where coral element variability cannot solely be explained by small-scale environment
fluctuations, vital effects are considered the main contributor (Cohen et al. 2001; Allison and
Finch, 2004; Sinclair et al. 2011; DelLong et al. 2011; Gaetani et al. 2011; Hill et al. 2011; Robinson
et al. 2014). Indeed, correlations between vital effects and specific features of aragonitic deep-sea
corals (Shirai et al. 2005; Gagnon et al. 2007), as well as in high-Mg bamboo corals (Hill et al. 2011;
Floter et al. 2019), have been documented, with several mechanisms (Rayleigh fractionation, ion-

specific pumping, and Ca/proton exchange) investigated to explain the distribution of Na and S



(Floter et al. 2022). To better understand the differences in element behaviour across growth
lines in coral colonies, future studies should investigate the controlling mechanisms of element
uptake in these regions. This could involve examining the effects of non-linear growth rates
(Farmer et al. 2015b) on element incorporation in Keratoisis and other bamboo coral species
under varying environmental conditions to establish more robust chronologies, as growth rates
are known to vary within fossilised individuals of other Keratoisis spp. (Noé et al. 2008). Faster
growth rates in this area may cause elevated Mg/Ca via enhanced Mg partitioning at higher
calcite precipitation rates — an explanation supported by other studies of Keratoisis (Thresher et
al. 20164, 2016b; Floter, 2019, Floter et al. 2019, 2022) and the fact that Sr incorporation is
negatively correlated with the calcification rate (Ferrier-Pages et al. 2002). This, alongside revised
calcification models, can help predict element behaviour, disentangle environmental influences
from physiological drivers of the calcitic skeletal composition (Floter et al. 2022) and, therefore,

enable confident exploration of environmental reconstructions at finer temporal resolutions.

4.5.2.2 Sr/Ca, U/Ca, Sr/U and Li/Mg in high-Mg calcitic Octocorallia

Other than Mg/Ca, correlations between temperature and E/Ca ratios were found to be
extremely weak in high-Mg calcitic Octocorals. Environmental effects on Sr/Ca values are known
to vary between gorgonian taxa (Weinbauer and Velimirov, 1995; Heikoop et al. 2002) and in
other bamboo coral species track ambient Sr/Ca ratios rather than temperature (Hill et al. 2012).
There have been few studies exploring the Li/Mg temperature relationship in high-Mg cold water
Octocorals, but sensitivity is similar to the Sr/Ca proxy in warm water counterparts (Chaabane et
al. 2019). Interestingly, U/Ca demonstrated high reproducibility at the micrometre scale in
Keratoisis sp. and a significant abiotic Mg/Ca temperature relationship across high-Mg Octocorals
is observed (Figure 4.3) which argues against previous investigations with temperature (DeCarlo
et al. 2015, 2016). Correlated variability between tracers can be a strong constraint on vital effect
mechanisms (Sinclair et al. 2006), but was not observed here and the mechanisms causing the
observed U/Ca variations remain unknown. Few studies have directly compared the utility of the
range of available temperature proxies (U/Ca, Sr/Ca, Li/Mg, and Sr-U) at sub annual resolution
(e.g. Ross et al. 2019) or across overlapping growth periods within the same specimen, so whether

temperature sensitivity is universal across taxa is unknown.

4.5.3 Prospect for a E/Ca paleothermometer in Keratoisis sp.

Temperature reconstructions over the shared timeframe for all colonies reveal a notable but
minor cooling trend in deep-water during the past 20 years (Figure 4.4). The accuracy of this

reconstruction is challenging to determine due to the lack of complete continuous in-situ



temperature datasets for alignment; nonetheless, it aligns with trends observed in OISST (Figure
4.4). When considering the entire 20™" century, a gradual warming trend has been observed in the
deep-water layer of the Baffin Bay basin (Zweng & Miinchow, 2006; Birch et al. 1983) and is most
likely caused by an increase in temperature of the inflowing Atlantic waters of the West
Greenland Current, a speculation supported by a significant correlation of subsurface (~900 m)
temperature fluctuations with the NAO over the same timeframe (Zweng & Miinchow, 2006). As
Baffin Bay is a semi enclosed basin to the north of the Labrador Sea, any hydrographic changes
here may indicate potential climate shifts because water exiting Baffin Bay enters the Labrador
Sea, one of the two or possibly three deep convection sites in the Northern Hemisphere (Pickart
et al. 2002, 2003). Though all available in-situ measurements predate 2003 and are outside the
timeframe of this study, the deep-water warming trend (OLS regression * 95 Cl) determined from
sporadic bottle- and CTD-casts within a 200 m vertical bin (1967-1998, 800-1000 m, ny=10; 0.016
+0.013 °C/yr; Zweng & Miinchow, 2006) is smaller than the Mg/Ca reconstructed temperature
trend (annual interpolated) in my longest-lived colony over the same timeframe (averaged over
internodes, nt =31, 0.060 + 0.017 °C/yr; Figure 4.5). As both the coral and direct measurements
demonstrate a warming period, this provides confidence in the derived relationship between
Mg/Ca of Keratoisis sp. and ambient temperature. Furthermore, the agreement between the
mean Mg/Ca of Keratoisis sp. and the abiotic Mg/Ca temperature relationship at a single
temperature point is promising, if somewhat preliminary, for the development of a Mg/Ca
paleothermometer. However, improved precision is necessary because even when leveraging
replicate transects, the external error of my current Mg/Ca method corresponds to roughly 2 °C
using the slope of the relationship between Mg/Ca and temperature for high-Mg calcitic
Octocorals. In the context of cold-water environments this error can account for a near 100%
difference from mean temperatures. Although Mg/Ca in the outer section of Keratoisis sp.
exhibits low variance, and accepting the limitations of analytical error, | remain confident that
regional analyses are likely to yield an improved test of a Mg /Ca paleothermometer when more
in-situ temperature data becomes available. Nevertheless, inside the band surrounding the
central axis, vital effects will still present a challenge to the development of a Mg/Ca deep-sea

cold-water paleothermometer.
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Figure 4.5 | In-situ temperature data (green squares) and trend (green line, shaded area is
standard error of Ordinary Least Squares regression) for Baffin Bay (Zweng &
Minchow, 2006) vs annually interpolated reconstructed temperature data (purple
circles, error bars denote standard error after averaging across internodes) and trend
(purple line, shaded area is standard error of Ordinary Least Squares regression) in

Keratoisis sp. colony #23-6.

454 Prospect for a nutrient tracer in Keratoisis sp.

The existence of Ba/Ca variability in coral skeletons related to variability in [Ba]sw is well
documented (e.g., Hart et al. 1997; Tanzil et al. 2019). In coastal regions where input from rivers is
significant, flooding can cause sudden increases in the Ba/Ca ratio of seawater and, thereby,
produce sharp Ba/Ca “spikes” in coral skeleton (Alibert et al. 2003; Sinclair and McCulloch, 2004).
The presence of a broad anomalous peak in these corals, however, suggests a slow and diffusive
input of Ba to the seafloor, while the consistent Ba enrichment across all corals indicates that the
driving factor behind these peaks extends beyond their immediate environment. Despite the
corals not being coastal, they inhabit a sizable submarine sedimentary trough-mouth fan adjacent
to Disko Bay, which has experienced historical meltwater sediment delivery (O Cofaigh et al.
2018), suggesting that large-scale variations in Ba content of riverine inputs might be responsible
for the anomalous Ba peak. However, it is important to consider the compositions of other inputs
such as glacial meltwaters, groundwaters, submarine discharge, sea-ice, and snowpack. Meteoric

water, primarily glacial meltwater from the Greenland Ice Sheet, is the dominant source of



freshwater in the Davis Strait region (Azetsu-Scott et al. 2012), from which barium bound to
transported particulates may slowly sink towards the deep water. Although limited ice discharge
data prior to 2000 is available, a noticeable increase in ice discharge, particularly from the
Jakobshavn Glacier flowing into the Disko Bay region, is observed during the early 21st century
and from 2012 to 2015 (Mankoff et al. 2020). The observed peaks in barium concentrations in my
corals align with this pattern, providing compelling evidence for the utility of barium as a proxy for
glacial meltwaters. Small, intense localised barium (Ba) inputs cannot be ruled out, as fluctuations
in Ba concentration across the coral colonies suggest sharp and brief pulse events. In oceanic
corals, upwelling serves as a potential source of pulsed Ba input, associated with increased local
productivity and sedimentation of particulates and planktonic tests. Periodic upwelling from April
to October has been observed further down the western Greenland coast (Juul-Pedersen et al.
2006), and studies on pelagic productivity and food web structure in Disko Bay have documented
strong benthic-pelagic coupling with springtime blooms (Heide-Jgrgensen et al. 2007) and the
prevalence of large calanoid copepods, bacterioplankton, and unicellular zooplankton (Nielsen
and Hansen, 1995; Nielsen and Hansen, 1999; Hansen et al. 2003). However, caution must be
exercised when using barium as a benthic-pelagic tracer in the Arctic, as previous research
indicates non-conservative behaviour even during low biological productivity periods, likely due to
sea-ice microenvironment processes (Hendry et al. 2018). Coral spawning, which significantly
affects coral physiology (Gagan et al. 1994; Gagan et al. 1996), may also contribute to the
anomalous Ba peaks. Tracey et al. (2007) suggest that reproduction can influence the element
composition in bamboo corals, and the existence of an annual reproductive cycle in a lower-
latitude Canadian bamboo coral (Keratoisis ornata; Mercier and Hamel, 2011) aligns with the
hypothesis of synchronous annual Ba concentration cycles between colonies. While the influence
of temperature on spawning has been observed in tropical corals (Montastraea annularis;
Mendes & Woodley 2002), its impact has not been investigated in Keratoisis spp. If any climate-
driven environmental variables also affect spawning in this context, it would further undermine

the reliability of barium as a nutrient tracer.

4.6 Conclusions and Outlook

The micrometre-scale analysis of the chemical composition of deep-sea bamboo coral, Keratoisis
sp., alongside a calibration comparison with other taxa and evaluation against environmental
conditions, reveals that Mg/Ca ratios demonstrate the strongest correlation with ambient
temperature among high-Mg calcitic Octocorals. Ba/Ca ratios in high-Mg Octocorals are positively

correlated with ambient [Ba]sw and exhibit a steeper gradient compared to high-Mg calcitic



Stylasteridae and Scleractinia. However, significant ontogenetic variability in Mg/Ca and Dsgs, is
observed within and among individuals of the Keratoisis sp., suggesting caution in the
interpretation of variability in reconstructed environmental conditions. Replicate transects and
colony-specific calibrations improve the reliability of geochemical records and help differentiate
true paleoenvironmental variation from ontogenetic discrepancies. At the microscale, distinct
geochemical features are observed in the Keratoisis sp. skeletons, with a high-density skeletal
layer near the central axis and a less dense layer lining the outer edge of the internode. Mg/Ca
and Li/Ca covary positively within the skeletal structure, while Sr/Ca and U/Ca exhibit a weak
negative covariance. Ba/Ca covaries positively with Mg/Ca and Li/Mg, showing significant banding
across the internode. The central section of the internode is deemed the most suitable location
for paleo-environmental reconstruction due to potential chemistry manipulation effects at the
coral edge and faster calcification near the central axis. Careful selection of representative
sections is necessary to minimise vital effects and enhance the statistical precision of climate

reconstructions

In the deep-water basin of Baffin Bay, Keratoisis sp. plays a crucial role in supporting benthic
functioning (Pierrejean et al. 2020), and previous studies have highlighted the significant influence
of paleoclimate on biodiversity dynamics and its lasting effects on contemporary patterns
(Svenning et al. 2015). However, limited empirical research has been conducted on the legacies of
paleoclimate on ecosystem functioning (Svenning et al. 2015). Future investigations should
therefore prioritise elucidating the intricate dynamics between oceanographic conditions and
proximate functioning. Despite uncertainties stemming from taxonomic-derived age models and
ontogenetic variability among Keratoisis sp. colonies, my application of the Mg/Ca proxy reveals a
gradual cooling trend over the past 20 years and a 20th-century warming trend in the longest-
lived coral, which aligns with available in-situ records. While my findings suggest limited evidence
of temperature influencing barium, which exhibits a nutrient-like profile in open oceans and
tracks the patterns of other algal nutrients (Chow & Goldberg, 1960; Wolgemuth and Broeker,
1970), the reproducible reconstructions of pronounced and frequent spikes in [Ba]sw indicate
potential influences from sea-ice, upwelling, phytoplankton blooms, and/or spawning events,
which themselves can be affected by climate-driven environmental factors. Consequently, the
reliability of this nutrient tracing proxy may be indirectly influenced by climate change. To
enhance confidence in utilising this coral species for deep-water paleoenvironmental
reconstructions, future studies should incorporate colony-specific growth rates, site-specific
calibrations based on in-situ measurements of environmental data, and direct metrics of
functioning such as sediment oxygen demand and carbon context. This comprehensive approach

will improve the resolution of reconstructed environmental variability Keratoisis sp. and provide



insights into the potential influences of temperature and other climate-driven environmental

factors on benthic ecosystem functioning.






Chapter 5 Species co-dependency and vulnerability

moderate ecological consequences of species

loss




5.1 Abstract

Climate-driven changes in marine environments can disrupt ecosystem functioning and increase
extinction risk. However, conventional risk assessments often overlook the role of species
interactions in shaping ecosystem responses to perturbation. Here, | parameterise trait-based
extinction models that adjust the probability of species extirpation and/or compensation by
taking into account species interdependencies. | show that co-extinctions can intensify the
degradation of a crucial ecosystem process - bioturbation, the faunal mixing of sediments -
beyond that expected from independent instances of species loss. However, compensatory
mechanisms from the local and regional species pool reduce the influence of co-extinctions and
introduce uncertainty in biodiversity-ecosystem functioning extinction trajectories. My study
demonstrates the influence of community dynamics in determining the ecosystem consequences
of local alterations to biodiversity associated with climatic forcing.

5.2 Introduction

The accelerating pace (Burrows et al. 2011) and amplification (Rantanen et al. 2022) of climate
change continues to generate concern over the potential ecological consequences of local
alterations to biodiversity (Cardinale et al. 2012). Localised species loss is generally expected to
reduce ecosystem functioning (Cardinale et al. 2012), but the magnitude of reduction depends on
how the functional traits of individual species covary with their risk of extinction (Solan et al.
2004a), the influence of post-extinction community dynamics (Mclntyre et al. 2007, Thomsen et
al. 2017, Thomsen et al. 2019) and the relative vulnerabilities of individual species to extinction
(Garcia et al. 2021). Yet, the fundamental role of interactions in predicting the fate of taxa facing
multiple simultaneous pressures has not been incorporated in efforts attempting to project the
ecosystem consequences of environmental forcing (Brook et al. 2008). It is important to recognise
that the consequences of biodiversity adjustments are not limited solely to functional role of the
extirpated species, but extend and are expressed through changes to species interactions,
including resource partitioning (Gross & Cardinale, 2005), competitive release (Godbold et al.
2009), interaction simplification (Burkepile and Hay, 2007, Hughes et al. 2012) and adjustments to
the nature of mutualistic, parasitic (Kovats et al. 2001), symbiotic and discriminate predator-prey
relationships (Edwards and Richardson, 2004). If we are to advance realistic and relevant
projections of future ecosystemes, it will be vital to recognise and consider the full span of

community responses to environmental forcing.

Co-extinction—the loss of species caused by direct or indirect effects that stem from other
extinctions (Brodie et al. 2014; Koh et al. 2004)—is a major contributor to global biodiversity loss

and amplifies the effect of primary extinctions (Sanders et al. 2015, Strona, 2015, Valiente-Banuet



et al. 2015, Strona & Bradshaw, 2018, Strona & Bradshaw 2022). Yet, few studies have made
comprehensive predictions regarding the differential functional consequences between co-
extinctions and singular extinctions (lves & Cardinale 2004). Conflicting conclusions exist
regarding diversity (Viera et al. 2013, Petchey, 2008), redundancy (Sanders et al. 2018, Biggs et al.
2020), and implied effects on ecological processes and functions (Kehoe et al. 2020, Raine et al.
2018). In cases where ecosystem properties were concurrently measured, the significance of co-
extinctions was heavily influenced by taxonomic connectivity although primary extinctions were
assumed to be random (Thébault, 2007). Moreover, none of these studies have explored the
significance of compensatory mechanisms and population dynamics in moderating the impacts of
locally-altered biodiversity and sustaining functional resilience amidst environmental
perturbations (Gonzalez et al. 2009, Pan et al. 2016, Thomsen et al. 2017, 2019, Garcia et al.
2021). However, assessing the relative importance of these mechanisms under variable contexts
(Wardle and Zackrisson, 2005) where species tend to differ in their functional roles (Fetzer et al.
2015), expression of traits (Wohlgemuth et al. 2017, Cassidy et al. 2020), response to disturbance
(Williams et al. in press), interaction with the environment (Dolbeth et al. 2019) and other species

(Bimler et al. 2018) remains a complex challenge.

In this study, | use probabilistic trait-based models of marine benthic communities to investigate
how climate-driven change alters the biological mediation of seabed functioning. My simulations
assume that the sequence of species loss are ordered by extinction risk to climate change, that
vary across a gradient of forcing in the Barents Sea (Solan et al. 2020c). Here, recent changes in
the timing of sea ice formation and retreat, along with increasing seawater temperature, are
driving poleward shifts in distribution (i.e., “borealization”), abundance and overall community
composition of benthic invertebrates (Grebmeier, 2012). | hypothesised that as the benthic
community is incrementally subjected to increasingly boreal environmental conditions (Wang et
al. 2020) the diversity, structure and functioning of the community will modify (Csapé et al. 2021,
Ingvaldsen et al. 2021), generating interaction-driven co-extinctions. | also postulated that boreal-
adapted species will migrate poleward and further adjust community dynamics (Kortsch et al.
2015, Fauchald et al. 2021). | compare these probabilistic distributions to further simulations in
which populations of surviving species exhibit numeric compensation. Anticipating context-
dependent species turnover and considering interdependencies in vulnerabilities (McLean et al.
2019) and interactions (Bimler et al. 2018), my expectation was that the level and influence of co-
extinction on ecosystem response would maximise at the polar front, and be less important at the
northerly and southerly ends of the environmental gradient. If my expectations are met, my

findings will highlight the importance of including the full suite of species responses to



perturbations when attempting to project the most likely ecosystem consequences of

environmental forcing.

5.3 Material and methods

5.3.1 Study location and environmental gradient

| use a benthic survey of 6 stations (4 replicate deployments per station) in the Northwestern part
of the Barents Sea shelf (Appendix D data S1, figure S1), to parametrise models that predict how
alterations to biodiversity associated with climate-driven change in environmental conditions
affect seabed function. The selected transect of stations (B13-B17, Xs; Appendix D figure S1)
intersects a well recognised polar front (Loeng, 1991, Jorgensen et al. 2015) and a clear North-
South separation in faunal assemblages (Solan et al. 2020c) . | investigate differences in the
magnitude and extent of forcing by parameterising my models with sequential station-to-station
species vulnerabilities, and compare these simulations to equivalent extinctions based on the full
gradient of change. Hence, the most northerly and most southerly stations in my transect
represent the polar and boreal, respectively, pre-extinction community. Stepped scenarios
between these conditions comprise a northernmost station as the pre-extinction community, and

the neighbouring southern station as the post-extinction community.

5.3.1.1 Modelling tool

Using a probabilistic trait-based model developed for exploring the effects of local extinction
scenarios and the associated compensatory response of natural communities (Figure 5.1; Solan et
al. 2004a), | predict how altered diversity associated with climatic-driven environmental change is
likely to affect seabed functioning in the Arctic. | establish the relationships between an index of
community-level bioturbation potential (BP; (Solan et al. 2004a)), estimated from per capita
contributions of sediment-dwelling invertebrates to sediment reworking based on average body-
size (across the entire transect; Bing), abundance (A;), level of movement (M;) and sediment

reworking mode (R;).

Climate-driven Atlantification will transform current benthic communities through the selective
removal of vulnerable taxa (Jérgensen et al. 2019), subsequently triggering compensatory
responses, co-extinctions and increasing dominance of boreal-adapted taxa (Csap6 et al. 2021). To
simulate this, my model selectively eliminates taxa from the starting species pool before
calculating the response of the surviving community through compensatory mechanisms
established for the regional species pool. The probability-based order of extinctions and

compensations are derived from ranked vulnerabilities to each step in the climatic-driven
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Figure 5.1 | Basic schematic of model procedure, with logic gates for whether co-extinctions and

co-compensation occurs (see Section 5.3.1.1.1).

environmental transition, calculated from the percentage differences in sediment-dwelling
invertebrate biomass between the pre-extinction community (northernmost station) and the
reference post-extinction community (southernmost station) for all taxa in the regional species

pool (Appendix D table S1, Appendix E code S1). | took this approach rather than using specific



tolerances to climatic drivers to parameterize the model because such information is scarce for a
lot of Arctic invertebrates (Degen et al. 2019), not accurately described (Hale et al. 2014),
behaviour dependant (Cassidy et al. 2020), and the relation to fitness is under question (Calosi et
al. 2008; Szether et al. 2015). Instead, | establish changes in the proportional abundances of
individual species as an indicator of species vulnerability and, reciprocally, compensation, across
the environmental gradient (Solan et al. 2020c; Jgrgensen et al. 2015; Loeng, 1991). This means
that a taxon with a high vulnerability score (i.e. present at the starting station but absent at the
reference station) is deemed to have both a high probability of going extinct and a low probability

to compensate (Appendix D figure S2).

As taxa are sequentially extirpated and the surviving community numerically compensates , a
revised community BP. is calculated. Alongside the revised community bioturbation potential,
taxa-specific contributions to BP. are also modified when they increase or decrease in number. |
calculated these per-capita contributions (BPspecies) for all taxa in the regional community at each
iteration. | run my simulations until all taxa become locally extinct, but my expectation is that
each simulation is only valid to the level of biodiversity typically observed at my stations. That is, |
assume the species richness of each station reflects the carrying capacity of the community.
Similarly, | only allow for species to compensate up to the median abundance for either side of
the polar benthic front (Solan et al. 2020c) to prevent any taxa increasing in number beyond
carrying capacity (Appendix E code S2). As any alteration in local communities associated with
climate change may be offset by more resilient taxa from a wider area (Ingvaldsen et al. 2021), |
allow for taxa present in the regional species pool (Northern pool: B17, B16; Southern pool: B15,
Xs, B14, B13; Appendix D figure S3; Solan et al. 2020c) that were not present in the starting
assemblage to be introduced and compensate (Garcia et al. 2021). Inclusion of taxa that are
present (abundance greater than zero and at risk of local extinction) or absent (abundance equal
to zero, no risk of local extinction) allows for the possibility that taxa from the absent pool can

arrive and contribute to the present pool as would happen in a natural system.

5.3.1.1.1 Correlations, Co-extinctions and Co-compensations

Biotic interactions build up complex ecological networks through which the loss of one species
can alter the vulnerability of other species, a cascade process known as ‘co-extinction’ (Sanders et
al. 2015; Strona, 2015; Valiente-Banuet et al. 2015). Here, interactions between taxa were
estimated from positive and negative correlations in biomass across all station deployments (n =
24) between species (abundance > 1 across all stations) in the regional species pool (n = 69,
Appendix D figure S4a). However, as species can be correlated with one another but not

necessarily be codependent on each other, | only select correlations that are 1.5 standard



deviations outside the mean correlation score (0.0397; Appendix D figure S4b table S2; 466
correlations, Appendix E code S3). Positive correlations were used to calculate the probability of
taxa going extinct during the same iteration as the primary extinction (hereafter co-extinctions,
Appendix E code S4) and reduce their probability of compensating when they do not undergo co-
extinction. Assuming that surviving taxa have a higher chance of compensation when their
antagonist is removed, | recalculated the probability of compensation within the remaining
community by utilising negative correlations between taxa removed during each extinction step
(primary and co-extinctions) and the remaining community (Appendix E code S5). Once a taxon
becomes locally extinct, | assume conditions are no longer supportive (Appendix E code S5) and

do not allow any extirpated taxa to compensate a second time.

To achieve realistic simulations of biodiversity change (Naeem 2008), | acknowledge that multiple
species have the capacity to compensate after an extinction event, particularly when the initial
compensatory efforts of the first species do not fully replace all the lost biomass (Appendix E code
S6; Appendix D figure S5). Hence, | only allow taxa to compensate up to the median abundance
observed in the field, potentially allowing several compensators to respond to an extirpation. If
there are several compensating species introduced from the regional species pool during initial
extinction events, this can lead to an increase in local species diversity. When the median
abundance of all species is reached during a simulation, biomass is lost from the system and a
sequence of uncompensated extinction events is initiated. This continues until the next species

from the regional species pool is introduced into the system.

5.3.2 Statistical analyses

| use a series of linear models to evaluate the vulnerability of taxa going extinct vs taxa remaining

in the community as species richness declines.

Given the non-linear nature of each simulated biodiversity-function relationship, | use Generalised
Additive Models (GAMs) with species richness as a smoothing function and climatic-driven
environmental transition as an interaction term. This allows the relationship between BP. and
species richness to differ under each spatially explicit extinction scenario. | also calculated the

standard error around each prediction (Appendix E code S7).

All statistical analysis, data exploration and plotting were performed using the R statistical and
programming environment (R Core Team, 2022) and the R packages ‘qgraph’ (visual correlation
networks; (Epskamp et al. 2022)), ‘MetBrewer’ (formatting graphical outputs; (Mills, 2022)),
‘mgcv’ (Generalised Additive Models; (Wood, 2011; Wood, 2017)), ‘stats’ (correlation calculations

and matrices; (R Core Team, 2022)) and ‘tidyverse’ (data exploration and plotting; (Wickhan et al.



2019)). Code for creating model output figures can be found at the end of the electronic

supplementary material (Appendix E code S8).

5.4 Results

5.4.1 Projected ecosystem futures

In the absence of co-extinction and compensatory dynamics (Figure 5.2a—f), the form of the
biodiversity-function curve approximates expectations (accelerating loss of function with
declining species richness, moderated by climate vulnerability of the underlying community)
though notable differences in the form of the curve occur between scenarios. A bifurcation of
bioturbation potential with species loss is a common feature across most of my scenarios (except
B15 to Xs, Figure 5.2c), and reflect the presence of species that disproportionately contribute to
function (Solan et al. 2004a, MclIntyre et al. 2007, Thomsen et al. 2017). These bifurcations
become more pronounced when extinctions, ordered by climate vulnerability, incorporate co-
extinctions (Figure 5.2g—l), whilst co-compensatory mechanisms temper the functional

consequences associated with species loss (Figure 5.2m-r). .

| find that there are exclusive outcomes for each projected scenario (Table 5.1), and that the
shape of the species-function trajectory is non-linear, significant (Table 5.2) and starts to saturate
as species loss extends below carrying capacity (=dashed red vertical line, Figure 5.3). Post-
extinction compensation intensities (maximum and mean number of compensating species per
taxa extinction) also demonstrate divergent patterns within each scenario, with the largest
numbers of compensating species observed within Xs-B14 and B14-B13 (Figure 5.3g—I). Across all
scenarios, the first taxa to be lost from the local community are typically those inhabiting fixed
tubes (Figure 5.3m-r) and surficial modifiers (Figure 5.3s—x), whilst species that inhabit burrow
systems, live above the sediment and/or exhibit conveyor feeding increase in number. My
probabilistic trajectories also indicate that diversity levels may extend above pre-extinction
carrying capacity (=solid green vertical line, Figure 5.3), although the extent of such an increase

and effect on functioning is dependent on scenario.

My findings show that progressive forcing (here, across a latitudinal gradient) result in stepped
changes in the way in which species interact with one another that have functional consequences.
In the transition from B17-B16, bioturbation consistently decreases with declining species
richness (Figure 5.3a). Moving from B16 to B15, the species-function curve initially shows a
shallow and consistent pattern during early species loss (Figure 5.3b; s.e. negligible). However, as

species richness continues to decline towards the post-extinction community average (dashed red



vertical), functioning decay becomes sharper and more unpredictable. Transitioning from B15 to
Xs results in a consistently flat biodiversity-function trajectory with high uncertainty in the early
extinctions (Figure 5.3c). A shift from Xs to B14 demonstrates that initial species loss has minimal
impact on functioning, but as species richness decreases towards the post-extinction community
average, there is a sharpening loss in functioning and increased uncertainty in its trajectory
(Figure 5.3d). Transitioning from B14 to B13 maintains the bioturbation potential similar to the
pre-extinction state at first (solid green vertical), but then experiences a sharp and increasingly
variable decline as species richness matches the post-extinction community state (Figure 5.3e).
Overall, a region-wide transition from B17 to B13 exhibits a shallow biodiversity-function

trajectory with minimal uncertainty in the early extinctions (Figure 5.3f).

| find that the most intense compensation effect within each scenario shifts as | move southward
across the latitudinal gradient. Compensatory responses during the transition from B17 to B16 are
highest at high species richness levels (mean * s.d.: 4.67 + 2.51 compensating species at 52
species richness; Figure 5.3g) while for B16-B15, compensation intensity remains consistent but
low (range: 2.84 to 1.00 compensating species; Figure 5.3h). Compensation intensity is highest at
the start of the extinctions when simulating an environmental transition from B15 to Xs and
gradually declines with decreasing species richness (mean + s.d., 3.58 + 1.80, at 41 species
richness; Figure 5.3i). When shifting from Xs to B14, a consistently high maximum compensation
intensity is observed, accompanied by increasing mean compensation intensity as species richness
decreases (Figure 5.3j). In the change from B14 to B13, compensation intensity is projected to
peak in the middle of the extinction scenario (mean * s.d.: 5.95 *+ 3.38 at 16 species richness;
Figure 5.3k) before rapidly declining. In a region-wide transition from B17 to B13, compensation
intensity is highest at the beginning of the extinction scenario (mean +s.d.: 3.76 + 1.82 at 51

species richness) and then stabilises at a consistent level (Figure 5.3l).
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Figure 5.2 | | Changes in community bioturbation potential (BP,, log) following climate-driven extinctions (upper panels), combined with interaction-derived co-
extinctions (middle panels) and post-extinction compensations (bottom panels) associated with environmental transitions from stations (a,g,m) B17- B16,
(b,h,n) B16 -B15 (c,i,0) B15 -Xs (d,j,p) Xs-B14 (e,k,q) B14-B13 and (f,/,r) B17-B13 in the Barents Sea. Colour intensity (grey—blue) reflects an increasing
density (low to high) of data points with the pre-extinction species richness (vertical green solid line) and predicted post-extinction species richness (vertical
red dashed line) represented. Coextinctions lead to an increase in colour intensity along the main species-function trajectory, whilst compensations increase

the spread of data points. Simulations, n = 500 per panel.
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Figure 5.3 | Predicted biodiversity-ecosystem function relation curves (upper row) represented with a generalised additive model (GAM, mean t s.e., solid lines + shaded
area), following post-extinction compensations (mean + s.d., second row) and reorganisation of functional groups characterised by their mobility (third row)
and sediment reworking (fourth row) associated with environmental transitions from stations (a,g,m,s) B17-B16, (b,h,n,t) B16-B15 (c,i,0,u) B15-Xs (d,j,p,v)
Xs-B14 (e k,g,w) B14-B13 and (f,/,r,x) B17-B13 in the Barents Sea. The pre-extinction species richness (vertical green solid line) and predicted (median of

observed data) post-extinction species richness (vertical red dashed line) are presented.
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Table 5.1 | Analysis of variance (ANOVA) parametric coefficients generated from pairwise
comparisons between generalised additive models (GAMs) of bioturbation potential
loss in each scenario. With the exception of one scenario (station B16 to station B15),
all local extinction events result in biodiversity-ecosystem functioning curve that are

significantly (***) different to the regional extinction scenario (station B17 to station

B13).
Pairwise comparison Mean difference Std. error t value Significance
B17-B13 to B17-B16 67.63 1.1841 57.116 <0.0001
B17-B13 to B16-B15 -8.8338 16.4569 -0.0537 0.591
B17-B13 to B15-Xs -277.52 58.9241 -4.71 <0.0001
B17-B13 to Xs-B14 15.9213 0.8482 219.203 <0.0001
B17-B13 to B14-B13 -41.1690 1.6076 -25.609 <0.0001

Table 5.2 | Approximate significance of smooth terms used in generalised additive models (GAMs)
of bioturbation potential loss in each extinction scenario. The edf (effective degrees
of freedom of smooth terms) represents the complexity of the smoother, with an edf
of 1 equivalent to a straight line between x and y. The Ref.df and F columns represent
test statistics employed in an analysis of variance (ANOVA) test to ascertain the
overall significance (Sig.) of the smoother. In this context, a significance level of less
than 0.05 implies that it is not possible to draw a horizontal line through the 95%

confidence interval of the generalized additive model.

Extinction Scenario edf Ref.df F Sig.
B17-B13 8.675 8.961 48548 <0.0001
B17-B16 8.642 8.879 28951 <0.0001
B16-B15 8.952 8.998 28529 <0.0001

B15-Xs 8.846 8.997 1171 <0.0001
Xs-B14 9.722 8.941 26252 <0.0001

B14-B13 6.633 6.999 11097 <0.0001




5.4.2 Functional contributions of surviving taxa

My projections indicate that taxa contributing most to community-level ecosystem functioning (%
BP.) undergo a scenario-exclusive transition from those of an annelid dominant pre-extinction
community (solid green line in lower panels of Figure 5.4a—e) such as Nephasoma procera and
Maldane sarsi, to those of a more taxa-diverse post-extinction community (dashed red line in lower
panels of Figure 5.4a—e). When simulating a change from station B15 to Xs and Xs to B14, the flat
pattern of BP. values following initial taxa losses indicates high levels of functional redundancy in
the intermediate subset of taxa (Figure 5.3c). Nevertheless, a consistent feature of the projected
post-extinction communities, regardless of scenario, is that the surviving assemblage yields a lower
BP. relative to that of the pre-extinction state (Figure 5.3), even when (mean) compensating
intensity increased with species loss (station Xs to B14, station B14 to B13; Figure 5.3d and Figure

5.4e).

5.4.3 Climate vulnerability vs order of extinctions

As species richness declines from the initial community (green vertical lines, Figure 5.5a—f) to the
expected level in the post-extinction community (red dashed vertical lines), the relative
vulnerability of all species undergoing extinction decreases (purple regression lines; vulnerability ~
-species richness, Pearson correlation coefficient “r”, range: -0.03 to -0.19, median: -0.12, p < 0.001)
though unexplained variability is high (R?, range: < 0.01 to 0.09, median: 0.04). The overall climate
vulnerability of the remaining taxa (hereafter, assemblage vulnerability; grey regression lines,
Figure 5.5a—f) decreases as species go extinct within each step-wise transition ((B17-B16) r =-0.37,
R?=0.14, p < 0.001; (B15-Xs) r =-0.11, R*=0.01, p < 0.001; (Xs-B14) r = -0.18, R> = 0.03, p < 0.001;
(B14-B13) r = -0.54, R = 0.29, p < 0.001) and across the entire latitudinal gradient ((B17-B13) r = -
0.29, R? = 0.09, p < 0.001). The only exception is B16-B15, where assemblage vulnerability
marginally increases as taxa are selectively removed (r = 0.03, R < 0.01, p < 0.001). However, the
relationship between climate-driven biomass-based vulnerability and the order of co-extinctions
(yellow regression lines) exhibits variations as | move down the latitudinal gradient (Figure 5.5g—l),

and notably differs within the central section (Figure 5.5i).
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Figure 5.4 | Taxonomic reorganisation during simulated extinction events following environmental transitions from (a) Station B17 to Station B16, (b) Station B16 to
Station B15 (c) Station B15 to Station Xs (d) Station Xs to Station B14 (e) Station B14 to Station B13 and (f) Station B17 to B13 in the Barents Sea. Colour
shading (low—high, white—dark blue) represents the relative contributions of individual taxa to BPc at each sequential level of local extinction. The pre-
extinction species richness (vertical green solid line), predicted post-extinction species richness (vertical red dashed line) and subset of twenty taxa that

contribute most to functioning are represented, with contributions above 20% greyed out.
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Figure 5.5 | Changes in mean extinction probability (log) of species following environmental transitions from (a,g) Station B17 to Station B16, (b,h) Station B16 to Station
B15 (c,i) Station B15 to Station Xs (d,j) Station Xs to Station B14 (e, k) Station B14 to Station B13 and (f,/) Station B17 to B13 in the Barents Sea. Colours
represent the extinction probability of all species going extinct (purple), the extinction probability of species still present within the community (grey), the
extinction probability of species going extinct as a result of climate vulnerabilities (blue), the extinction probability of species going extinct as a result of

species codependencies (yellow), the pre-extinction species richness (vertical green solid line) and post-extinction species richness (vertical red dashed

line).
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From station B17-B16, the models predict that co-extinctions (indicated by yellow regression lines)
will preferentially eliminate taxa most susceptible to climate-driven environmental changes (Figure
5.5g; vulnerability ~ -species richness, r = -0.19, R? = 0.04, p < 0.001). For B16-B15, co-extinctions
still target the most vulnerable species, but to a lesser extent (Figure 5.5h; r =-0.02, R =< 0.01, p
=0.006). In the shift from B15 to Xs, co-extinctions selectively remove the least vulnerable species
to climate-driven environmental change (Figure 5.5i; , r = 0.14, R? = 0.02, p < 0.001). For Xs-B14,
B14-B13 and the regional-wide scenario (B17-B13), co-extinctions will preferentially eliminate taxa
most susceptible to climate-driven environmental changes (Figure 5.5j—k; (Xs-B14) r = -0.10, R? <

0.01, p < 0.001; (B14-B13) r = -0.26, R*= 0.07, p < 0.001; (B17-B13) r = -0.16, R? = 0.03, p < 0.001).

5.5 Discussion

This study provides evidence of how projected climate change related pressures alter the
biological-mediation of seabed functioning. | have demonstrated that projected local outcomes
strongly differ from the conclusions derived from region wide assessments because the
expression of climate forcing at the seafloor is not spatially homogeneous (Jgrgensen et al. 2019;
Orlova et al. 2015) and alters the way in which species respond. My simulations confirm the role
of the surviving community in compensating for the loss, or change in, the relative abundance of
species, but emphasises the importance of species co-dependencies that act to suppress (multiple
compensators) or intensify (co-extinctions) the functional consequences associated with
biodiversity loss. This is important because, when species co-dependency’s are acknowledged,
they lead to different biodiversity-function trajectories to those that are currently anticipated,
lending support to the view that improved levels of ecological realism are necessary to support
the generation of sensible environmental futures (Naeem 2008; Bracken et al 2008; Dolbeth et al.
2019; Garcia et al. 2021). Here, | embraced the modifying effects of biotic interactions on
ecological performance (Montoya et al. 2010; Blois et al. 2013) where the rearrangement of
species traits and changes in dominance patterns (Wohlgemuth et al. 2017) within the post-
disturbance community are not just a function of specific extinctions and associated

compensatory responses by the surviving community.

Co-extinctions are expected to hasten the loss of species (Dunn et al. 2009; Memmott et al. 2004)
and minimise functional diversity (Sellman et al. 2016). My model projections reveal amplified,
sharper losses of biodiversity and, subsequently, ecosystem functioning, indicating an erosion of
functional capacity. Though this is in broad agreement with global simulations (Strona &
Bradshaw, 2018; 2022), | recognise that the effects of secondary extinctions on ecosystem

functioning are likely to be population and context-dependent (Wohlgemuth et al. 2017). Indeed,



resilient species may be removed from the system faster than preconceptions based on direct
vulnerabilities may dictate but this does not directly correlate with a compounded impact on
ecosystem functioning because species that are susceptible to perturbation may not be functional
pivotal in the same context (Fetzer et al. 2015). In regions experiencing amplified levels of climate
change (here, the Arctic), whether the functional architecture of communities lead to the decline,
maintenance or enhancement of ecosystem functioning is also dependent on the extent of
species migration and how post-borealization species interactions (and resulting compensatory
responses) are realised (Thomsen et al. 2017; 2019), as well as the level of functional redundancy
within replacement taxa (Garcia et al. 2021). | found that incorporating multi-taxa compensatory
mechanisms sufficiently reduced the ecological consequences of species loss in each of my
scenarios and lessened the effect of losing dominant, highly productive species from local
communities with low functional redundancy. Further | note that, the rate of introduction of non-
local species can exceed the rate of extinction of native species in the same habitat (Ellis, Antill, &
Kreft, 2012; Sax, Gaines, & Brown, 2002), leading to stasis or increase in local biodiversity with
concomitant effects on functioning. Higher diversity is often assumed to have a positive effect on
ecosystems (Salo & Gustafsson, 2016; Arese Lucini et al. 2020), my results indicate that the effect
of increased levels of diversity above carrying capacity can be highly variable. Such an effect is,
however, likely be transitory as the carrying capacity of the local habitat shifts with environmental
change (Woodworth-Jefcoats et al. 2017) and may lead to introduced species causing additional
native extinctions (Catford et al. 2018) through, for example, predation (Pysek et al. 2017) and
competition (Castorani & Hovel, 2005) though the latter is not expected to be widespread (Dauvis,

2003).

While my model predicts a decline in ecosystem functioning with increased "borealisation" across
all my scenarios, the weakest effect occurs at the polar front transition where an admixture of
species and functional groups from the northern and southern species pools are supported.
Although the precise physical location of the front is contested (Oziel et al. 2016; 2017), the zone
exhibits a relatively stationary behaviour (Onarheim & Teigen, 2018) and is becoming more
persistent (Barton et al. 2018). As species are extirpated, co-extinctions selectively remove the
most resistant taxa first, which may have acted to delay the effects of community homogenisation
(Ellingsen et al. 2020; Frainer et al. 2017; Frainer et al. 2021; McKinney and Lockwood, 1999) and
associated decline in ecosystem functioning (Tilman et al. 1997). A second possibility is that the
seabed within this location experiences significant environmental fluctuations (Appendix D figure
S1) and as disturbance history can condition resilience (Keith et al. 2008; Renes et al. 2020), this
may also have suppressed any decline in functioning. This finding is important because it argues

that complex relationships exist between patterns of species turnover and ecosystem functioning,



and that the short- and long-term dimensions of species functionality are not sufficiently well-

constrained in current ecosystem models.

My study design allowed us to compare the response of northern and southern pools of species
(Jgrgensen et al. 2015; Solan et al. 2020c), allowing establishment of any generalities associated
with species loss under climate change. | find that species contributions to functioning are
dominated by a subset of taxa and that the greatest losses of functioning occur at low levels of
perturbation despite high numbers of compensating species. Hence, the potential or probability
for compensatory dynamics countering the consequences of biodiversity loss will depend on the
level and extent of functional redundancy (Naeem & Wright, 2003) and the replacement taxa
(Garcia et al. 2021), the mechanisms of both are known to depend on the factors driving local
extinction (Fetzer et al. 2015); if pivotal species are among the most susceptible to changing
conditions, then there is more certainty that ecosystem functioning will decline (Jonsson et al.
2003; Solan et al. 2004a). Indeed, having functionally dominant species that are unique to the
community, or a selection of taxa that affect functioning similarly, but also exhibit similar
responses to perturbations, could lead to an acceleration in functional decline due to insufficient

functional replacement.

A contemporary focus in ecology is deciphering variations in the relationship between biodiversity
and ecosystem function across local and regional spatio-temporal scales (Gonzalez et al. 2020).
My findings reveal that the shape, magnitude, and variability of post-extinction community
functioning are moderated by the local environmental conditions (Ratcliffe et al. 2017) and
acknowledge the significance of environmental heterogeneity (Bulling et al. 2008, Boyd et al.
2016; Wohlgemuth et al. 2017, Gammal et al. 2020), species arrangement (Wohlgemuth et al.
2016), vulnerability (McLean et al. 2019), and the expression of response traits (Williams et al. in
press; Cassidy et al. 2020). Progression in this area will need to assess the suitability of conducting
binary extinction assessments across extensive environmental gradients (Fukami & Wardle, 2005),
as these are most likely overlook the critical processes and compensatory effects that occur at the
local scale and may lead to over- or underestimations of local biodiversity-ecosystem functioning
changes (Yan et al. 2022). | contend that management and conservation efforts will benefit from
considering the non-lethal effects of the climate crisis and, as climate change does not act alone
(Brook et al. 2008, Hewitt et al. 2016), integrate the presence and intensity of other pressures

that alter the context in which forcing occurs.



Chapter 6 Synthesis




The Arctic Ocean's benthic ecosystems face rapidly increasing climate stress, but research on the
direct implications is limited in comparison to non-benthic ecosystems (Deb and Bailey, 2023).
However, simultaneous alterations in the diversity, composition (Degen, 2015; Grebmeier et al.
2015; Waga et al. 2020) and trophic structure of assemblages (Kedra et al. 2019) are being
documented. Even so, literature that only focuses on changes in the presence or proportional
representation of species fails to capture subtle responses exhibited in behaviour, morpho-
physiology and biochemical processes that are exhibited before these realised ecological changes
(Stark et al. 2019; Peck, 2011). These responses can also subsequently modify biologically
mediated biogeochemical processes (Furukawa, 2005) and resistance to further change (Wood et
al. 2008; 2011), preclude ecosystem-wide changes (Hooper et al. 2012) and impact ecological
goods and services for human wellbeing (Snelgrove et al. 2014). To achieve a comprehensive
understanding of the Arctic benthos' vulnerability to climate change, which is necessary for
effective conservation efforts, it is imperative to investigate the cause, effects and generality of

these underpinning responses (Portner & Peck, 2010; Williams et al. 2008).

The chapters in this thesis provide insight into how the expression of climatic forcing under
context-specific circumstances affects benthic macroinvertebrate behavioural, physiological, and

functional performance in Arctic environments. Here, | demonstrate that;

By altering their expression of behaviour (Chapter 2) and physiology (Chapter 3) in response to a
change in temperature and [CO,], species modify aspects of their sediment reworking and burrow
ventilation activity (Chapter 2) which in turn, has a fundamental effect on the magnitude and

direction of benthic nutrient cycling (Chapter 2)

Biological variation (within individuals (Chapter 3, Chapter 4), within species (Chapter 2, Chapter
3) and between species (Chapter 2, Chapter 3, Chapter 5), species-interactions (Chapter 5) and
environmental context (Chapter 2, Chapter 3, Chapter 5) are all critical in mediating organism and

community-level responses to climatic forcing.

It is evident that species and conspecific individuals inherently vary in trait expression (Cassidy
2020) due to a diversity of biotic and environmental conditions (Alibert et al. 2010). These

variations can impact functional processes (Wohlgemuth et al. 2017), community net behaviours



(Cassidy et al. 2020), and ecosystem functioning (Bolnick et al. 2011; Godbold et al. 2011). By
manipulating seawater conditions that simulate the effects of ocean warming and acidification, |
revealed that species and conspecifics also exhibit variable responses in their behaviour (Chapter
2) and physiology (Chapter 3) to climate-driven environmental changes, that led to alterations in
their mediation of nutrient cycling at the sediment-water interface (Chapter 2). Behavioural and
physiological responses to climatic forcing are not novel findings (Briffa et al. 2012; Kroeker et al.
2013) nor is the fact that it coincided with a change in related levels of ecosystem functioning
(Godbold & Solan, 2013; Connell et al. 2013). However, ocean warming and acidification also
reduced intra-specific variability in trait expression (Chapters 2 and 3), and as this can alter the
capacity of species to adjust further (Wood et al. 2008; Gilbert & Miles, 2019), is indicative of the
constraining effect climatic forcing has on phenotypic plasticity (Bonamour et al. 2019; and

references therein) and subsequently, stability of ecosystem functioning (Wright et al. 2016).

Polar-adapted marine ectotherms that survive a change in environmental conditions can exhibit
whole organism performance levels that are evident of successful acclimation (Peck et al. 2014),
but this outcome may take extended periods of time to develop (Peck, 2011; Peck et al. 2014) and
risks impeding other biological functions in the process (Peck et al. 2004). After a year-long
experimental exposure to near-future ocean warming and acidification, | observed no significant
differences in species-specific respiration and excretion rates, reflecting acclimation (Asnicar et al.
2021), but did find intra- and inter-specific changes in growth and/or biochemical status (Chapter
3) suggesting that multiple strategies within and between species may be utilised to cope with
climatic forcing. The diversity in response capacities among coexisting (Pagés-Escola et al. 2018),
competing (Baskett et al. 2014), and functionally similar organisms (Chapter 2) increases the
probability of some organisms persisting through environmental conditions and functionally
compensating for the loss of vulnerable species following environmental perturbations (Bernhardt
et al. 2013; Hooper et al. 2005). However, persistence alone does not guarantee maintained
contributions to functional processes (Chapter 2), as compromising physiological processes within
metabolic pathways (Chapter 3) may not ensure future tolerance (Heuer & Grosell, 2014). This is
especially relevant as climate forcing intensifies over time and environmental thresholds are
approached (Pucko et al. 2011). Therefore, it is crucial to assess multiple proxies for both acute
and chronic physiological responses to avoid false positives regarding acclimation capacities and

ensure accurate predictions of species vulnerability to climatic forcing (Magozzi & Calosi, 2015).

The diversity of responses | observed underlines an important consideration in the context of
ecosystem conservation, especially when the practice of trait groups (such as size groups, or
functional groups) is a commonly used way of reducing complexity and attempting to carry

sufficient information between levels (Wardle & Zackrisson, 2005; Michaud et al. 2005). This



approach generalises response patterns when assessing the ecological impacts of environmental
change to simplify complex natural communities for management efforts, but this is not
consistent with the findings of my research and leaves projections subject to a great deal of
uncertainty (Clark et al. 2011; Evans, 2012). Indeed, organisms with varying capacities to respond
in terms of behaviour (Chapter 2; Ferrari et al. 2011) and physiology (Chapter 3; Clark et al. 2017)
often display distinct vulnerabilities to climatic forcing (McKinney, 1997; Van Colen et al. 2020).
Moreover, as the magnitude of climate change increases and the interactive effects of multiple
anthropogenic perturbations progress, species responses may become increasingly divergent and
lead to shifts in dominance patterns (Pucko et al. 2011) and subsequent changes in biodiversity-
ecosystem functioning (Chapter 5), particularly in the presence of context-specific environmental
thresholds (Stevens, 1989; Chapters 2 and 3). Therefore, climate change adaptation strategies
should move away from uniform grouping approaches (Murray et al. 2014; Hale et al. 2014) and
instead consider the presence of intra-specific responses to climate change (Stralberg et al. 2015;
Cianciaruso et al. 2009; Des Roches et al. 2018; McEntire et al. 2022), particularly in situations
where trait expression naturally varies within species (Cassidy et al. 2020). This can provide a
more complete view of communities and the processes driving their assembly (Siefert, 2012) and
in some contexts, mirror patterns of inter-specific variation (Albert et al. 2010; Brousseau et al.
2013) where processes affecting within-population diversity may be the same as those that

caused species divergence.

The functional role of a species is not only contingent upon the environmental setting (Fetzer et
al. 2015) but individuals from different abiotic and biotic contexts can also exhibit divergent
behaviors and functional contributions (Cassidy et al. 2020; Wohlgemuth et al. 2017). Through
studying an environmental transition zone, | discovered that the impact of climate-driven
environmental change is also context-dependent for individuals, species (Chapters 2 and 3), and
entire communities (Chapter 5). Indeed, organisms originating from more heterogeneous
environments are expected to display greater phenotypic plasticity when confronted with climatic
stressors (Peck et al. 2014; von Dassow et al. 2015) as environmental variability expands the
thermal tolerance range (Stevens, 1989; Stearns, 1992; Sunday et al. 2011; Somero, 2010).
However, this advantage will likely be temporally constrained as the combined effect of
environmental fluctuations and multifaceted climate change may expose organisms to extremes
that exceed their thresholds of tolerance long before mean climate change exerts such influence
(Hollander and Butlin, 2010; Service, 2012; Flynn et al. 2015). The importance of including natural
environmental fluctuations in climate change manipulation experiments cannot be overstated.
Differences in species' responses to environmental fluctuations stabilise community dynamics

(Leary & Petchey, 2009) but also cause fluctuations in ecosystem functioning by strengthening the



dominance of species that perform best under those conditions (Yachi & Loreau, 1999). As a
result, studies that incorporate such fluctuations have produced different outcomes from those
that do not (Cornwall et al. 2013). Moreover, modelling simulations suggest that climate
variability, in addition to mean climate change, will intensify in the coming decades (Bathiany et
al. 2018, IPCC, 2021). Consequently, environmental heterogeneity, and its effects on system
behaviour (Bulling et al. 2008; Godbold et al. 2011) is set to increase, highlighting the need for
more realistic biological manipulation experiments that incorporate natural fluctuations (Boyd et

al. 2016, Godbold and Solan, 2013).

As currently coexisting species exhibit variable sensitivities and responses to climate change
(Chapters 2 & 3), we will likely observe the emergence of no-analog communities in the near
future (Lurgi et al. 2012), leading to the disruption of already established interactions and
facilitation of novel ones (Montoya and Raffaelli, 2010, Woodward et al. 2010). Although
sophisticated, multi-component diagenetic models of biodiversity change and ecosystem
functioning already exist (Garcia et al. 2021, Thomsen et al. 2017), these projections do not
regularly integrate the complexities of interactions between coexisting taxa despite its role in
facilitating ecosystem functioning (Clare et al. 2016, Emmerson et al. 2001). By using positive and
negative correlations between coexisting species to parameterise co-dependencies (Chapter 5), |
found this leads to exclusive patterns of species turnover in response to climate-driven
environmental change compared to without co-dependencies. Furthermore, integrating co-
dependencies led to both an enhanced loss of functioning through localised co-extinctions (Strona
and Bradshaw, 2018) and reduced loss of functioning via an enhanced compensation effect from
both local and immigrating taxa. Species that are initially functionally redundant within the local
community may functionally compensate for the loss of others (Thomsen et al. 2017; 2019), and
even instigate greater functioning than before (Mulder et al. 2001) by becoming essential
performers or partners in the new inter-specific interactions (Fetzer et al. 2015) with facilitative
taxa immigrating from the regional species pool (Garcia et al. 2021). The impact of climate change
is indeed both shaped by (Hughes, 2012) and shapes (Harley, 2011; Blois et al. 2013) species
interactions, with the results of altered species interactions ranging from species becoming rare
to disproportionately abundant (Van der Putten, 2010). Therefore, if we do not incorporate
codependent responses into our analyses, we risk making inaccurate predictions about
biodiversity change (Alexander et al. 2015) that will feed into ineffective mitigation strategies on

the effects of climate change on ecosystem functioning.

Multifaceted relationships between biodiversity and ecosystem function are known across a
range of spatial and temporal scales (Gonzalez et al. 2020, and references therein), but

assessments primarily focus on broader systems (Walther et al. 2002, Walther, 2010) which



neglect neighbouring communities that exhibit distinct structures, resulting in divergent resilience
and response mechanisms when exposed to similar climatic influences. Here, | find that the
trajectory of functioning following local extinction events diverge across the Polar Front, reflecting
compositional changes (Solan et al. 2020c; Jgrgensen et al. 2015) of surviving communities
(Chapter 5). As each local assemblage contains its own assortment of interactions (Fetzer et al.
2015), response capacities (Chapters 2 and 3), and spread of taxa-specific contributions to
functioning (Solan et al. 2020c), the level of functional redundancy and capacity to compensate
(Thomsen et al. 2017, 2019) differs and leads to distinctive differences in the direction and
magnitude of net functioning. Where the communities meet, characterised by greatest
environmental variability and admixture of species from the North and South assemblages (Solan
et al. 2020c; Jgrgensen et al. 2015), | find that the impact of localised species loss on ecosystem
function is at its weakest (Chapter 5). Habitat heterogeneity and connectivity play crucial roles in
enhancing the resilience of communities in the face of extreme events such as local extinction
events (Pelletier et al. 2020; and references therein) but the magnitude of effect depends on the
scale of investigation (Pedruski & Arnott, 2011; Williams et al. 2010; Van Gaever et al. 2010).
Furthermore, the response and recovery processes of communities following disturbances are
also dependent on the size and extent of the affected area (Zajac et al. 1998). Addressing context
and scale dependence of responses to climate change (Chapters 2 to 5) is essential for reducing
uncertainty in large-scale assessments (Yan et al. 2022; Catford et al. 2022), unravelling BEF
relationships (Gonzales et al. 2020), and producing reliable estimates of ecosystem dynamics
(Evans 2012). Therefore, integrating long-term studies, considering environmental and biological
variability, and incorporating paleoclimatology research are imperative to enhance our

understanding and inform effective conservation strategies.

Even though human-driven global warming is not a recent discovery (Callendar, 1938) the bulk of
our understanding on biodiversity responses to climate change are from short term experiments
(Wernberg et al. 2012), with few exceptions (Godbold & Solan, 2013). Considering that the short-
and long-term results of these experiments can fluctuate (Godbold & Solan, 2013; Melillo et al.
2017), the length of time required to provide definitive results is unknown. Additionally, many
studies use shock-type stressor exposure at rates much faster than projected change (Cummings
et al. 2011; Richard et al. 2012a; Byrne et al. 2020) and as such, whether these short-term studies
truly capture the nature of organism responses to climate change is up for debate. In my
investigation of species responses to historical climate change, | found evidence of variability in
both long-term trends and short-term fluctuations of deep-water temperature and seawater
barium, a proxy for nutrient cycling in open waters (Chow & Goldberg, 1960), and influence of

biological variability at both the inter-individual and intra-individual levels (Chapter 4).



Paleoclimate has had strong impacts on past biodiversity dynamics and left legacies in
contemporary patterns (Svenning et al. 2015), but little empirical work has been done on
footprints in ecosystem functioning. Utilising long-lived organisms for the purpose of
paleoclimatology is a promising avenue for understanding how complex interactions between
biodiversity-ecosystem functioning and climate change evolves over time. Although still in its
early stages, the integration of paleo studies (Chapter 4), and investigations of context (Chapters
2, 3 and 5), into ecological response research frameworks enables a more holistic
codetermination of the capacity of species to undergo niche shifts in response to environmental
changes (Fritz et al. 2013; Jezkova et al. 2011). This information is crucial for predicting biotic

responses to future environmental changes.

6.1 Future directions

This thesis highlights the crucial importance of considering both environmental and biological
contexts when studying the responses of organisms to climatic forcing. At the Arctic seafloor, |
provide robust evidence that climatic forcing has, is, and will continue to be a major influence on
biodiversity and ecosystem functioning, and the degree of variation in organism responses
significantly affects the outcome in per capita functional contributions and community net
output. It is anticipated that the coming decades will see unprecedented change in the
environmental context (IPCC, 2021), biological composition (Mulder et al. 2015), and functional
contributions (Thébault et al. 2014, Douglas et al. 2019) of natural systems with biodiversity
either adapting, dispersing, or going extinct (Parmesan, 2006, Aitken et al. 2008, Dawson et al.
2011; Hoffman and Sgro 2011). One frequently debated proposition on Arctic change is that
longer and more extensive open water conditions, especially across shelf seas, could lead to
substantive changes in ecological dynamics (Arrigo and van Dijken, 2015, Slagstad et al. 2015, Post
et al. 2013). Indeed, available evidence suggests that environmental conditions across the Barents
Sea, and other Arctic inflow shelves, will become more akin to those of sub-Arctic seas (Ingvaldsen
et al. 2021; Csapo et al. 2021) though the dynamics controlling the Polar Front are still poorly
pinned down (Oziel et al. 2016; Barton et al. 2018). To holistically assess how this will impact the
Arctic benthos, and build upon the findings from this thesis, emphasis is now needed within the

following areas.

Greater integration of unambiguous, hypothesis-driven investigations to unravel the key
mechanisms, alone and in concert, driving Arctic ecosystem responses is paramount for
advancing predictive capabilities of impacts of climatic forcing. The current capacity to explore
the interactions (additive, synergistic, or otherwise) among climate change factors in the Arctic is

limited, and in-situ benthic assessments have been primarily confined to confirmatory



observations of change (Degen, 2015, Waga et al. 2020, Kedra et al. 2015) and
assumed/extrapolated predictions (Renaud et al. 2019). The timescales over which the mean
climate-change signature will become dominant, relative to natural fluctuations, will vary for both
the various levels of biological organisation (Stark et al. 2019, Peck, 2011) and individual
ecological properties (Boyd et al. 2016). Furthermore, any of the environmental changes driven by
climatic forcing has the potential to individually affect biodiversity and ecosystem functioning, but
as these changes rarely occur in isolation, it is necessary to consider the influence of multiple
changes in concert (Gamfeldt, Roger, 2017) which is difficult to predict. Experimental research,
which involves falsification of hypotheses and identifying mechanisms, is generally more
persuasive than modelling studies, observations, logical arguments, or anecdotes, due to the
statistical rigor and power of data analysis (Lawton, 1996) and ability to isolate factors of interest
whilst controlling others. However, there is always a trade-off to consider between the spatial and
temporal scales of investigation, the degree of replication (Raffaelli and Moller, 2000). By
confining each investigation to a singular timepoint of sampling, | acknowledge the risk that the
recorded responses may be a by-product of natural variation, an anomalous year, or a
consequence of interactive effects from other driving factors before sampling, but still present a
persuasive case through replicated experiments. To mirror the intricate structural and temporal
context of natural communities under climatic forcing, alternative reconstruction approaches
(Chapter 4) or the establishment of large-scale benthic model systems for long-term multi-trophic
investigations (e.g., Goldenberg et al. 2018, Kim et al. 2018) are potential strategies. However, the
latter is challenging to support within the constraints of short funding cycles in academia. In a
blue-skies scenario, assembling communities in a controlled manner, focusing on specific
functional groups, indicator species, and their interactions, could enable more precise monitoring
and interpretation. The principles learned from both small- and large-scale experimental
approaches, in combination with observational work, can be combined in models that will provide

insights into the ecosystem consequences of climate-driven biodiversity loss (Naeem, 2006).

A coordinated strategy concerning the timing, location, frequency, and methods of our future
efforts is crucial for effectively directing our scientific actions and maximising their impact. Not
only are the functional roles of many benthic species still poorly constrained (Degen and
Faulwetter, 2019) but the underlying evidence base is frustrated by the major spatiotemporal
biases in scientific coverage (Figure 1.2, Figure 1.3) and subsequently outdated information of
species inventories (Piepenburg et al. 2011). Where data has been collected, faunal composition
and responses to climate change reflect proximity to Arctic vs boreal conditions (Jgrgensen et al.
2015; Chapters 2, 3, 5), and baseline faunal activity is moderated by seasonal variations in sea ice

extent that influence food supply to the benthos (Solan et al. 2020c). Both seasonal and



interannual variability are identified to modify processes at the base of the food chain, with
consequent effects through microbial and faunal processing, up to trophic interactions reaching
top predators (Hutchison et al. 2020). However, trying to decipher the spatiotemporal paradigms
of the Arctic benthos is not a straightforward process (e.g. (Berge et al. 2015)), with sea ice
dynamics limiting available areas for year-round scientific expeditions but also moderating the
effects of other anthropogenic drivers, such as trawling (Fauchald et al. 2021), and contaminants
(Krumpen et al. 2019) which may make ecosystems more fragile and interact with climate in novel
ways (Zscheischler et al. 2018). While longer and more extensive expeditions have proven to be
both feasible and valuable (Nicolaus et al. 2022, Rabe et al. 2022, Shupe et al. 2022), embracing
cutting-edge technologies such as remote sensing and Digital Twin environments will enhance
accessibility to this outlying region (Yusuf, 2022) and ensure that our research efforts are

conducted in an environmentally responsible manner.

Effective incorporation of novel digital technologies is urgently required to revamp investigative
frameworks and enhance the realism of predictive models. Climate change intertwines with the
exploitation of natural resources (Smalas et al. 2019), land use changes (Strona & Bradshaw,
2022), invasive species (Vetter et al. 2020), and pollutants (Alava et al. 2018), exerting cumulative
pressures on ecosystems (IPCC, 2023). Consequently, predicting the trajectory of ecological
responses is obscured with uncertainty as approaches are burderend with sacrificing scale,
generality, realism, and/or precision (Evans, 2012). However, the convergence of key
technological enablers like Cloud Computing, Big Data and Explainable Artificial Intelligence is
poised to revolutionize ecological research (Goodwin et al. 2022; Yang et al. 2013; Pichler et al.
2019; 2023), comparable to what was witnessed during the emergence of the Internet of Things
(Allan et al. 2018). Although there is a plausible cause for concern about the risk of accessible
intelligent technologies for security (Iswarya, 2014), education and ethical research integrity
(Abdalla and Abdalla, 2021), we cannot ignore the rapidly increasing presence in the daily lives of
the public, industry and academia. Al applications and advanced digital technologies can optimize
production efficiency (Shepley et al. 2021) and alleviate the burden of mundane administrative
tasks, enabling ecologists to focus on data collection and addressing fundamental questions.
Furthermore, these technologies have significant potential in integrating complex interactions
within natural systems (Ashraf et al. 2015, Keller et al. 1997). Combined with theoretical
frameworks and empirical data that link the causes, consequences, and variability of responses
(Chapters 2 to 5) to multiple global change factors (Zhou et al. 2023) across different levels of
biological organization (McEntire et al. 2022; Woodward et al. 2010), this, in turn, would support

active management initiatives in inferring when and where ecosystem conservation efforts are



necessary (Lapeyrolerie et al. 2022) to enhance resilience in the face of rapidly changing

environmental conditions.

Production of a solution-based narrative that recognises biodiversity as a key ally in mitigating
climate change impacts is essential for effective decision-making and policy formulation.
Maintaining high levels of species richness and functional diversity can, for example, improve
ecosystem resilience and stability by providing a large pool of species with potentially relevant
traits under changing environmental conditions (Mulder et al. 2001, Fetzer et al. 2015). Transiting
from documenting the negative impacts of change to formulating a socio-ecological, solution-
based narrative will be effective in providing evidence to support decision- and policy-making
across the Arctic (Solan et al. 2020b). To be successful, approaches involving multiple disciplines
that mobilise and build on indigenous and local knowledge are urgently required (Falardeau et al.
2018, Falardeau and Bennett, 2020) and need to be supplemented by socio-ecological
contributions to aid our understanding of cross-system dynamics. Unfortunately, the historical
compartmentalization of terrestrial and marine disciplines (Raffaelli et al. 2005) has left large gaps
in our understanding of the extent to which different landscapes are interconnected (Ward et al.
2017) and though a solution-based narrative has recently been proposed for the Arctic marine
benthos (Solan et al. 2020a) a more unified assessment of its socio-ecological (Burgass et al. 2018)
and socio-economic systems (Crepin et al. 2017, Scharffenberg et al. 2020, Townhill et al. 2022) is

sorely needed.



Appendix for Chapter 2

Appendix A  Appendix for Chapter 2

Figure S1 | The location of (a) the stations B13 and B16 in the Barents Sea relative to the generally
accepted position of the oceanographic (Loeng, 1991, grey line) and benthic (Jergensen et al.
2015, dashed black line) polar front, and (b) the Rothera Point station, western Antarctica.
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Table S1 (next two pages): Summary of the cruise event number from the ship log, date, timing,
geographical position and water column depth for each (a) box core and (b) trawl obtained for the
collection of sediment (S) and/or sediment-dwelling macrofaunal invertebrates (F) obtained
during research cruise JR18006, RRS James Clark Ross (Barnes et al. 2018).

Table S1(a)

Station Event Date Lat (°N) Long (°E) Time (UTC) Depth (m)
B13 32 08/07/2019 74.46607 30.11835 18:14:45 354.59
B13 335 08/07/2019 74.46613 30.11831 18:52:08 354.21
B13 34 08/07/2019 74.46614 30.1184 19:23:06 354.19
B13 355 08/07/2019 74.46621 30.1184 20:02:01 357.10
B13 365, 08/07/2019 74.46618 30.11864 20:33:04 354.41
B13 37sr 08/07/2019 74.46623 30.11868 21:05:04 354.38
B13 385 08/07/2019 74.46619 30.119 21:50:21 353.99
B13 39 08/07/2019 74.46626 30.11901 22:29:06 254.18
B13 40s ¢ 08/07/2019 74.46625 30.1191 23:05:50 353.91
B13 415 08/07/2019 74.46627 30.11932 23:36:46 353.82
B13 42 09/07/2019 74.46632 30.1194 00:18:57 353.97
B13 435 09/07/2019 74.46632 30.11948 00:53:47 353.50
B13 444 09/07/2019 74.46631 30.11958 01:30:14 354.32
B14 1055 13/07/2019 76.55291 30.61992 09:00:16 281.47
B14 1065 13/07/2019 76.55282 30.61963 09:38:10 281.41
B16 1615 17/07/2019 80.08478 30.15126 06:00:25 263.00
B16 1625 17/07/2019 80.08561 30.14997 06:28:22 264.00

B16 1635y 17/07/2019 80.08785 30.1499 07:04:36 264.00




Table S1(b)

Station | Event Date Latitude (°N) Longitude (°E) Time (HH:MM, UTC) Trawl time (mins) | Depth(m)
On Trawl Left On Trawl Left On Trawl Left
bottom Start bottom bottom Start bottom bottom Start bottom
B13 53¢ | 09/07/2019 74.4972 74.49767 74.49857 30.0744 30.07926 30.08872 10:39 10:49 11:09 00:19 361.86
B13 54¢ 09/07/2019 @ 74.50071 74.50109 74.50149 30.11158 30.11768 30.12638 12:24 12:36 12:53 00:17 351.78
B13 171 | 24/07/2019 | 74.49889 74.4973 74.4963 29.99775 29.98403 29.97519 16:43 17:12 17:30 00:18 362.15
B13 172¢ | 24/07/2019 | 74.49567 74.49566 74.49568 29.9643 29.95472 29.94587 18:11 18:29 18:46 00:17 367.31
B13 173¢ | 24/07/2019 74.4964 74.49767 74.49861 29.93578 29.92737 29.92129 19:30 19:49 20:02 00:13 371.81
B13 174¢ | 24/07/2019 | 74.50068 74.50213 74.50327 29.90772 29.89843 29.89113 21:02 21:22 21:38 00:16 374.83
B13 175¢ | 24/07/2019 | 74.50524 74.50657 74.50765 29.87843 29.86988 29.86281 22:25 22:44 23:00 00:15 372.55
B13 176¢ | 24/07/2019 | 74.51009 74.5109 74.51229 29.84718 29.84188 29.83291 23:46 00:03 00:20 00:17 372.81
B13 177¢ | 25/07/2019 | 74.51637 74.51866 74.52021 29.81048 29.80509 29.80134 01:13 01:33 01:46 00:13 369.16




Figure S2 (next two pages): Cumulative sediment particle size distributions (n = 3) for the sediments used in aquaria containing Astarte crenata from (a)
station B13 and (b) station B16, Ctenodiscus crispatus from (c) station B13 and (d) station B16, (e) Cistenides hyperborea from station B13, (f) Aequiyoldia
eightsi and (g) Laternula elliptica. Line colour indicates aquaria maintained under ambient (black) versus future (red) climate conditions.
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Table S2. Summary of experimental design for investigating the effects of enhanced temperature and atmospheric [CO;] on species-specific behaviour
and associated contributions to ecosystem process and functioning.

Species Polar Region Station total Naquaria Climate regimes
Astarte crenata Arctic B13, B16 12 1°C, 400icoz ppm 2.5°C, 550(c02; ppm
Ctenodiscus crispatus Arctic B13, B16 12 1°C, 400(co2) ppm 2.5°C, 550(co21 ppm
Cistenides hyperborea Arctic B13 6 1°C, 400ico21 ppm 2.5°C, 550ico21 ppm
Aequiyoldia eightsi Antarctic Rothera 6 1°C, 400(coz; ppm 2.5°C, 550(coz) ppm

Laternula elliptica Antarctic Rothera 6 1°C, 400ico21 ppm 2.5°C, 550ico21 ppm




Table S3 (next three pages): Morphological measurements of (a) Astarte crenata (b) Ctenodiscus
crispatus (c) Cistenides hyperborea (d) Aequiyoldia eightsi and (e) Laternula elliptica listed by each
climate treatment group (ambient vs future) .

Table S3(a)
Climate Station Shell Length (mm) Shell Height (mm) Shell Width (mm)
Ambient B13 25.87 21.97 11.81
Ambient B13 20.09 17.58 9.15
Ambient B13 24.72 19.91 10.70
Ambient B13 22.95 18.43 9.05
Ambient B13 27.58 24.57 11.18
Ambient B13 25.07 20.28 11.18
Ambient B16 28.12 24.78 12.65
Ambient B16 28.29 21.55 11.69
Ambient B16 23.97 19.52 11.75
Ambient B16 22.97 18.98 11.39
Ambient B16 28.76 23.90 12.69
Ambient B16 22.97 18.98 11.39
Future B13 24.28 20.51 10.48
Future B13 22.37 18.65 10.28
Future B13 19.49 16.16 7.48
Future B13 21.08 18.13 8.88
Future B13 18.14 16.51 8.89
Future B13 17.68 14.61 7.38
Future B16 29.63 24.77 12.44
Future Bl6 30.16 25.37 12.55
Future B16 29.19 24.71 12.97
Future Bl6 28.40 22.95 11.71
Future B16 27.14 22.26 13.21
Future Bl6 26.04 20.47 12.37
Table S3(b)
Climate Station Arm length (mm) Pit length (mm)
Ambient B13 17.53 10.38
Ambient B13 13.13 8.41
Ambient B13 18.17 11.11
Ambient B13 16.98 10.48
Ambient B13 13.90 10.88
Ambient B13 17.25 10.13
Ambient B16 23.33 16.13
Ambient B16 17.78 10.10
Ambient B16 10.64 8.32
Ambient B16 14.79 7.33
Ambient B16 18.78 10.88

Ambient B16 11.52 6.98




Future B13 16.75 11.08

Future B13 19.49 12.38
Future B13 17.05 11.05
Future B13 15.32 9.44
Future B13 11.74 9.27
Future B13 14.40 8.66
Future B16 16.83 10.88
Future B16 17.13 9.07
Future B16 17.08 11.65
Future B16 15.99 10.06
Future B16 15.12 9.45
Future B16 11.70 7.99
Table S3(c)
Climate Station Cone length (mm) Anterior aperture (mm)
Ambient B13 60.68 8.08
Ambient B13 57.09 7.14
Ambient B13 57.98 8.03
Ambient B13 67.38 8.69
Ambient B13 66.07 6.98
Ambient B13 35.78 6.74
Future B13 55.18 7.36
Future B13 56.23 7.58
Future B13 40.88 5.95
Future B13 61.38 7.88
Future B13 59.16 7.78
Future B13 48.74 6.88
Table S3(d)
Climate Shell Length (mm) Shell Height (mm) Shell Width (mm)
Ambient 22.42 14.11 6.41
Ambient 16.36 11.00 3.99
Ambient 19.11 11.75 5.90
Future 19.28 12.56 5.80
Future 24.12 15.01 7.55
Future 20.90 13.43 6.66
Table S3(e)
Climate Shell Length (mm) Shell Height (mm) Shell Width (mm)
Ambient 64.71 44.88 34.20
Ambient 61.97 41.85 27.63
Ambient 66.98 49.33 34.09
Future 50.82 38.41 26.53

Future 48.38 36.52 27.48




Future 72.63 50.61 37.16




Figure S3: System of (a) interconnected insulated fibreglass seawater baths (lids removed, LWH: 1.2 x 1.2 x 0.8m) used to house the aquaria (following
Table S1), with temperature controlled by a chiller (located top left of panel (a)). Aquaria were randomly allocated to water baths within a climate
treatment, randomly positioned within each water bath, and (b) continually aerated by bubbling through a glass pipette linked to a controllable air
supply (grey ducting). The green coloration in each aquarium are the luminophore particulate tracers used to track infaunal particle mixing. Water bath
temperatures were controlled (= 1°C). Water buckets pictured were used for routine partial water exchanges and pre-chilled to match the temperature

of each climate treatment.
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Figure S4: Recorded mean daily [CO;] in all aquaria maintained under ambient (blue dot-dash line)
and future (red line) environmental conditions (92 days; 21 October 2019 to 21 January 2020).
[CO3] concentrations were measured continuously with an infrared gas analyser (Licor LI-840A).
Filled area around the trend is representative of 1 standard deviation.
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Figure S5: Monthly seawater carbonate chemistry measurements in aquaria maintained under ambient (blue) and future (red) climate conditions.
Temperature (°C), Salinity, pHnes and total alkalinity (Ar, pmol kgSW?) were measured directly from each aquarium and were used to calculate dissolved
organic carbon (DIC, umol kgSW?), pCO,*" (uAtm), saturation states for calcite (Qcalcte) and aragonite (Qaragonite), bicarbonate (HCOs, umol kgSW) and
carbonate (COs, umol kgSW.1) were calculated using CO2calc (Robbins et al. 2010).
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Table S5 (next three pages): Morphological and biomass measurements of (a) Ctenodiscus

crispatus (b) Cistenides hyperborea (c) Aequiyoldia eightsi used for behaviour measurements.

Table S5(a)
Climate Station Arm length (mm) Pit length (mm) Biomass (g)
Ambient B13 19.50 11.80 2.36
Ambient B13 21.30 11.50 3.29
Ambient B13 16.90 10.50 2.46
Ambient B16 18.90 11.00 2.76
Ambient B16 21.30 11.60 4.87
Ambient B16 10.90 6.00 0.54
Ambient B16 15.30 9.00 1.02
Ambient B16 12.20 7.20 0.91
Future B13 13.30 9.50 1.40
Future B13 20.60 9.00 3.89
Future B13 13.10 8.50 0.92
Future B13 14.50 9.30 1.58
Future B16 18.90 10.40 2.64
Future B16 11.50 9.10 2.09
Future B16 18.50 9.20 2.22
Future B16 12.60 10.50 2.21
Future B16 14.40 9.50 1.29
Future B16 12.30 7.60 0.82
Table S5(b)
Climate Station Cone length Anterior aperture Biomass (g)
(mm) (mm)
Ambient B13 61.60 8.00 2.21
Ambient B13 57.20 7.90 1.77
Ambient B13 57.40 8.00 1.92
Ambient B13 66.50 7.90 1.98
Ambient B13 42.10 6.60 1.15
Future B13 55.70 7.00 1.48
Future B13 54.70 7.70 2.19
Future B13 62.10 6.80 2.05
Future B13 42.80 6.00 0.82
Future B13 62.50 7.50 1.71
Future B13 49.80 6.70 1.17




Table S5(c)

Climate Shell Length (mm) Shell Height (mm) Shell Width (mm) Biomass (g)

Ambient 22.40 19.70 6.20 1.52
Ambient 16.20 10.10 5.00 0.66
Ambient 18.80 12.40 5.90 0.99
Future 19.80 13.20 6.60 1.00
Future 24.00 14.70 6.60 1.77

Future 21.00 13.30 6.60 1.23




Appendix A

Figure S6 Selected time-lapse (3 frame s, SkyStudioPro) images capturing movements of (a)
Aequiyoldia eightsi (left viewing tray) and Ctenodiscus crispatus (right viewing tray) under future
climate treatment (file: timelapsel.mp4), (b) Ctenodiscus crispatus (left viewing tray) and
Cistenides hyperborea (right viewing tray) under ambient climate treatment (file:
timelapse2.mp4). Frames are timestamped.

Figure S6(a)

Tank 6 1/31/2020 11:49:46

Figure S6(b)
Tank 5 1/31/2020 2:12:15 PM f#63 int=3000 ‘
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Figure S7 (next four pages): Replicate (n = 3) stitched f-SPI images for aquaria containing (a)
Astarte crenata from (a) station B13 under ambient conditions (b) station B13 under future
climate conditions (c) station B16 under ambient conditions and (d) station B16 under future
climate conditions. The images (four aquarium sides, each 19cm, stitched together) are
presented. The green coloration is the luminophore tracers after 10 days of incubation.

Figure S7(a)




Figure S7(b)




Figure S7(c)




Figure S7(d)




Figure S8 (next four pages): Replicate (n = 3) stitched f-SPI images for aquaria containing (a)
Ctenodiscus crispatus from (a) station B13 under ambient conditions (b) station B13 under future
climate conditions (c) station B16 under ambient conditions and (d) station B16 under future
climate conditions. The images (four aquarium sides, each 19cm, stitched together) are
presented. The green coloration is the luminophore tracers after 10 days of incubation.

Figure S8(a)




Figure S8(b)




Figure S8(c)




Figure S8(d)




Figure S9 (next two pages): Replicate (n = 3) stitched f-SPl images for aquaria containing
Cistenides hyperborea from (a) station B13 under ambient conditions (b) station B13 under future
climate conditions. The images (four aquarium sides, each 19cm, stitched together) are
presented. The green coloration is the luminophore tracers after 10 days of incubation.

Figure S9(a)




Figure S9(b)




Figure S10 (next two pages): Replicate (n = 3) stitched f-SPl images for aquaria containing
Aequiyoldia eightsi from (a) adjacent cove to Rothera research station under ambient conditions
(b) adjacent cove to Rothera research station under future climate conditions. The images (four
aquarium sides, each 19cm, stitched together) are presented. The green coloration is the
luminophore tracers after 10 days of incubation.

Figure S10(a)




Figure S10(b)




Figure S11 (next two pages): Replicate (n = 3) stitched f-SPl images for aquaria containing
Laternula elliptica from (a) adjacent cove to Rothera research station under ambient conditions
(b) adjacent cove to Rothera research station under future climate conditions. The images (four
aquarium sides, each 19cm,stitched together) are presented. The green coloration is the
luminophore tracers after 10 days of incubation.

Figure S11(a)
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Figure S11(b)
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Figure S12 (next two pages): Sediment particle reworking profiles (n=3) derived from f-SPl images
for (a) Astarte crenata from station B13 (b) Astarte crenata from B16 (c) Ctenodiscus crispatus
from station B13 (d) Ctenodiscus crispatus from station B16 (e) Cistenides hyperborea from station
B13 (f) Aequiyoldia eightsi and (g) Laternula elliptica. Line colour indicates environmental
condition (ambient, black; future, red). Inserts show detail of the upper portion of the main

figure.
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Appendix A
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Appendix for Chapter 2

Figure S13: Monthly nutrient ([NH4-N];[NO2-N];[NO3-N];[PO4-P]) concentrations in aquaria maintained under ambient (1 °C, 400 ppm [CO;]; open
symbols) and future (2.5 °C, 550 ppm [CO,]; closed symbols) environmental conditions containing Astarte crenata (circles) and Ctenodiscus crispatus
(squares) from station B13 (red symbols) and B16 (blue symbols); Cistenides hyperborea (triangles); Aequiyoldia eightsi (diamonds) and Laternula eightsi
(inverted triangles).
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Table S4 (next two pages): Summary of sediment particle size statistics for each replicate aquaria determined from profile distributions of particle size

using GRADISTAT (Blott & Pye, 2001). Mean, sorting, skewness, kurtosis, the percentage of sample less than 63 um and organic matter content (%) are

presented for all aquaria maintained in (i) ambient and (ii) future climate conditions. Superscripts provide descriptive terminology as outlined by Blott &

Pye (2001). Mean, x: vfs, very fine sand, fs, fine sand; ms, medium silt; cs, coarse silt; vcs, very coarse silt. Sorting, o: ps, poorly sorted; vps, very poorly

sorted. Skewness, Sk: sy, symmetrical; vfsk, very fine skewed; fsk, fine skewed; csk, coarse skewed. Kurtosis, K: mk, mesokurtic; Ik, leptokurtic; pk,

platykurtic.
Table S4
Species identity Station Climate Mean Sorting  Skewness Kurtosis Sample <63  Organic matter Sediment type
(X, um) (o, pm) (Sk, pum) (K, pm) um (%) content (%)
(i) Ambient
Astarte crenata B13 Ambient  51.86Y¢  4.444"s  -0.183fk 0.855Pk 50.180 4.547 Very Coarse Silty Very Fine Sand
Astarte crenata B13 Ambient  39.50Y¢  4.233'Ps -0.150fs 0.878Pk 58.250 4.569 Very Fine Sandy Very Coarse Silt
Astarte crenata B13 Ambient  54.08Y¢  4.762'Ps  -0.142f 0.828P¢ 50.480 4.625 Very Fine Sandy Very Coarse Silt
Astarte crenata B16 Ambient  91.19¥¢  4.644Ps  -0.423Vsk 0.910™k 31.940 4911 Coarse Silty Fine Sand
Astarte crenata B16 Ambient  43.40'F  4.716'"%  -0.164f 0.781Pk 53.990 4.957 Fine Sandy Medium Silt
Astarte crenata B16 Ambient  53.49Y¢  4.642P5  -0.267% 0.772P% 47.590 4.591 Medium Silty Fine Sand
Ctenodiscus crispatus B13 Ambient  32.58V¢  5.424'Fs 0.134¢sk 0.794rk 65.120 5.004 Medium Sandy Medium Silt
Ctenodiscus crispatus B13 Ambient  81.62% 4,588  -0.460% 0.863mk 34.260 4.910 Medium Silty Fine Sand
Ctenodiscus crispatus B13 Ambient  48.03'¢  5.163'P* -0.207f 0.719pk 50.670 5.100 Fine Sandy Medium Silt
Ctenodiscus crispatus B16 Ambient  63.32Y¢  4.620'F° -0.378fsk 0.789Pk 41.620 5.353 Coarse Silty Fine Sand
Ctenodiscus crispatus B16 Ambient  27.01Vf  4.983's 0.193Vfsk 0.901Pk 71.450 5.223 Medium Sandy Medium Silt
Ctenodiscus crispatus B16 Ambient  47.69Y%  5.388"ws  -0.114VFk 0.728Pk 52.550 5.125 Fine Sandy Medium Silt
Cistenides hyperborea B13 Ambient  80.77'%  4.850s  -0.422Vk 0.818Fk 36.410 4.322 Medium Silty Medium Sand
Cistenides hyperborea B13 Ambient  73.97'F  5.209s  -0.380VFk 0.760Pk 39.690 4.876 Medium Silty Medium Sand
Cistenides hyperborea B13 Ambient  42.26Y  4.280'F° -0.246%k 0.796Pk 53.590 4.853 Fine Sandy Very Coarse Silt
Aequiyoldia eightsi Rothera Ambient 57.41Y¢  4.900%°  -0.267%k 0.780Pk 46.180 4.898 Medium Silty Fine Sand
Aequiyoldia eightsi Rothera Ambient 115.6'®  3.963P°  -0.500vfs 1.188' 24.490 4.392 Coarse Silty Fine Sand
Aequiyoldia eightsi Rothera Ambient 66.30"® 4.574%s  -0.317vfsk 0.837°k 41.720 4.750 Very Coarse Silty Fine Sand
Laternula elliptica Rothera Ambient 70.28'%  5.090%s  -0.375Vfs 0.732°k 41.660 4.616 Medium Silty Medium Sand
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Fine Sandy Medium Silt
Coarse Silty Medium Sand
Fine Sandy Medium Silt
Medium Sandy Medium Silt
Fine Sandy Coarse Silt
Very Fine Sandy Medium Silt




Statistical model summary

Summary of the statistical models analysing each species group (Arctic: A. crenata & C. crispatus;
C. hyperborea; Antarctic: A. eightsi & L. elliptica) separately (Model S1 to S29). For each model |
list the initial linear regression model and the minimal adequate model. When homogeneity of
variance was violated | used a linear regression with generalised least squares (GLS) estimation. |
present a summary of the coefficient tables for single terms. The coefficients indicate the relative
performance of each factor level in relation to the re-levelled baseline (as indicated). Coefficients
+ SE, t-values and respective significance values are presented.

Abbreviations

(i) Explanatory variables
Climate, environmental condition
Station, cruise station

SPID, species Identity

(i) Response variables

Response Time, time to initiate movement (s)

Burial Time, time to complete burial (s)

SBR, surface boundary roughness (mm)

FSPIL nedian, » median mixed depth of particle reworking (mm)
FSPILax, , maximum mixed depth of particle reworking (mm)
A[Br], burrow ventilation (mg L?)

A[NH4-N], NH4-N (InRR)

A[NO,-N], NO>-N (InRR)

A[NOs-N], NOs-N (InRR)

A[PO4-P], PO4-P (InRR)

Data: All data used in the analyses are provided as Table S6.



Arctic species

Model S1 Time to initiate movement (Response Time, s) - Ctenodiscus crispatus

Initial linear regression model:
Im (Response Time ~ Climate + Station + Climate:Station)
Minimal adequate model:

gls (Response Time ~ 1, weights = varIdent (form = ~

l1|Station), method = "REML")

Model S2 Time to complete burial (Burial Time, s) - Ctenodiscus crispatus

Initial linear regression model:

Im(Burial Time ~ Climate + Station + Climate:Station)
Minimal adequate model:

Im(Burial Time ~ Climate)

Intercept £ SE (when baseline is for Ambient for Climate): 995.0 £ 160.6, t = 6.1978, p < 0.0001

Coefficient table for Climate

Ambient Future

Ambient / -497.1 £ 203.1

-2.448




0.0282

Future -497.1 +203.1 /

-2.448

0.0282

Model S3 Surface boundary roughness (SBR, mm) — Astarte crenata* Ctenodiscus crispatus

Initial linear regression model:

Im(SBR ~ Climate + Station + SPID + Climate:Station +
Climate:SPID + Station:SPID + Climate:Station:SPID)

Minimal adequate model:

gls (SBR ~ Station + SPID, weights = varIdent (form = ~1|SPID),
method = “REML”)

Intercept + SE (when baseline is for B13 for Station and A. crenata for SPID): 17.452 + 1.701. t =
10.259,p=0

Coefficient table for Station

B13 B16
B13 / -2.096 + 1.045
-2.007
0.058
B16 -2.096 +1.045 /




-2.007

0.058

Coefficient table for SPID

Astarte crenata Ctenodiscus
crispatus
Astarte / -6.261 £ 1.709
crenata
-3.663
0.002
Ctenodiscus -6.261 +1.709 /
crispatus
-3.663
0.002

Model S4 Median mixing depth (*"'Lmegian, mm) — Astarte crenata* Ctenodiscus crispatus

Initial linear regression model:

Im (£8P cqian ~ Climate + Station + SPID + Climate:Station +

Climate:SPID + Station:SPID + Climate:Station:SPID)
Minimal adequate model:

Im (£73P1Lpeqian ~ Climate + Station + SPID + Climate:SPID +

Station:SPID)



Model S5 Maximum mixing depth ("*F'Lnax, mm) — Astarte crenata* Ctenodiscus crispatus

Initial linear regression model:

Im (£8P ~ Climate + Station + SPID + Climate:Station +

Climate:SPID + Station:SPID + Climate:Station:SPID)
Minimal adequate model:

1m (£-8PI1L,., ~ Station + SPID + Station:SPID)

Intercept £ SE: 5.714 £ 1.875,1=3.052, p< 0.01

Model S6 Burrow ventilation (A[Br], mg L) — Astarte crenata* Ctenodiscus crispatus

Initial linear regression model:

Im(A[Br~] ~ Climate + Station + SPID + Climate:Station +
Climate:SPID + Station:SPID + Climate:Station:SPID)

Minimal adequate model:

Im(A[Br~] ~ Climate + Station + SPID + Climate:Station +
Climate:SPID + Station:SPID + Climate:Station:SPID)

Model S7 NH4-N flux (A[NH4-N], InRR) — Astarte crenata* Ctenodiscus crispatus

Initial linear regression model:



Im(A[NH,-N] ~ Climate + Station + SPID + Climate:Station +

Climate:SPID + Station:SPID + Climate:Station:SPID)

Minimal adequate model:

1Im(A[NH,-N] ~ SPID)

Intercept + SE (when baseline is for Astarte crenata for SPID): -0.636 + 0.147, t = -4.336, p < 0.001

Coefficient table for Climate

Astarte Ctenodiscus
crenata crispatus
Astarte / 0.802 +0.207
crenata
3.867
<0.001
Ctenodiscus 0.802 +0.207 /
crispatus
3.867
<0.001

Model S8 NO,-N flux (A[NO»-N], InRR) — Astarte crenata* Ctenodiscus crispatus

Initial linear regression model:

Im(A[NO,-N] ~ Climate + Station + SPID + Climate:Station +

Climate:SPID + Station:SPID + Climate:Station:SPID)



Minimal adequate model:

gls(A[NO,-N] ~ Climate + Station + SPID + Climate:Station +
Climate:SPID + Station:SPID + Climate:Station:SPID, weights =
= varIdent (form = ~1|SPID), method = “REML")

Model S9 NOs-N flux (A[NOs-N], InRR) — Astarte crenata* Ctenodiscus crispatus

Initial linear regression model:

Im(A[NOs;-N] ~ Climate + Station + SPID + Climate:Station +

Climate:SPID + Station:SPID + Climate:Station:SPID)

Minimal adequate model:

Im(A[NO;-N] ~ Climate + Station + SPID + Climate:Station +

Climate:SPID + Station:SPID + Climate:Station:SPID)

Model S10 PO,-P flux (A[POs-P], INRR) — Astarte crenata* Ctenodiscus crispatus

Initial linear regression model:

Im(A[PO,-P] ~ Climate + Station + SPID + Climate:Station +

Climate:SPID + Station:SPID + Climate:Station:SPID)
Minimal adequate model:

1m(A[PO.-P] ~ 1)

Model S11 Time to initiate movement (Response Time, s) - Cistenides hyperborea



Initial linear regression model:
Im (Response Time ~ Climate)
Minimal adequate model:

Im(Response Time ~ 1)

Model $12 Surface boundary roughness (SBR, mm) — Cistenides hyperborea

Initial linear regression model:
Im(SBR ~ Climate)
Minimal adequate model:

gls(SBR ~ 1, weights = varIdent (form = ~1|Climate), method =
\\REML/I)

Model S13 Median mixing depth (""'Lmedian, mm) — Cistenides hyperborea

Initial linear regression model:
Im (£8P cqian ~ Climate)
Minimal adequate model:

gls (F°"Lpegian ~ 1, weights = varIdent (form = ~1|Climate),

method = “REML”)



Model $14 Maximum mixing depth (*"'Lma, mm) — Cistenides hyperborea

Initial linear regression model:
Im (F-SPIT,,x ~ Climate)
Minimal adequate model:

gls (F5PI1Lpax ~ 1, weights = varIdent (form = ~1|Climate),

method = “REML”)

Model S15 Burrow ventilation (A[Br], mg L) — Cistenides hyperborea

Initial linear regression model:
Im(A[Br~] ~ Climate)
Minimal adequate model:

gls(A[Br"] ~ Climate, weights = varIdent (form = ~1|Climate),
method = “REML”)

Intercept + SE (when baseline is for Ambient for Climate):

71.611+178.821, t =0.400, p = 0.709

Coefficient table for Climate

Ambient Future
Ambient / -634.850 + 198.567
-3.197
0.033
Future 634.850 + 198.567 /




-3.197

0.033

Model $16 NH4-N flux (A[NH4-N], InRR) — Cistenides hyperborea

Initial linear regression model:
1Im(A[NH,-N] ~ Climate)
Minimal adequate model:

Im(A[NH,-N] ~ 1)

Model $17 NO,-N flux (A[NO,-N], InRR) — Cistenides hyperborea

Initial linear regression model:
Im(A[NO,-N] ~ Climate)
Minimal adequate model:

1m(A[NO.-N] ~ 1)

Model S18 NOs-N flux (A[NOs-N], InRR) — Cistenides hyperborea

Initial linear regression model:

Im(A[NO;-N] ~ Climate)



Minimal adequate model:
1Im(A[NO5;-N] ~ Climate)
Intercept + SE (when baseline is for Ambient for Climate):

0.325+0.143,t=2.273, p = 0.085

Coefficient table for Climate

Ambient Future
Ambient / -1.574 + 0.202
-7.799
0.002
Future -1.574 £ 0.202 /
-7.799
0.002

Model $S19 PO,-P flux (A[PO4-P], InNRR) — Cistenides hyperborea

Initial linear regression model:
1m(A[PO,~P] ~ Climate)
Minimal adequate model:

gls(A[PO,-P] ~ 1, weights = varIdent (form = ~1|Climate),

method = “REML”)



Antarctic species

Model S20 Time to initiate movement (Response Time, s) - Aequiyoldia eightsi

Initial linear regression model:
Im (Response Time ~ Climate)
Minimal adequate model:

gls (Response Time ~ 1, weights = varIdent (form = ~1|Climate),

method = “REML”)

Model S21 Time to complete burial (Burial Time, s) - Aequiyoldia eightsi

Initial linear regression model:
Im (Response Time ~ Climate)
Minimal adequate model:

gls (Response Time ~ 1, weights = varIdent (form = ~1|Climate),

method = “REML")

Model $22 Surface boundary roughness (SBR, mm) — Laternula elliptica*Aequiyoldia eightsi

Initial linear regression model:

Im(SBR ~ Climate + SPID + Climate:SPID)



Minimal adequate model:

Im(SBR ~ Climate + SPID + Climate:SPID)

Model $23 Median mixing depth (""'Liedian, mm) — Laternula elliptica*Aequiyoldia eightsi

Initial linear regression model:

Im (¥ Lpeqian ~ Climate + SPID + Climate:SPID)

Minimal adequate model:

Im (F-5PT L cqian ~ Climate + SPID + Climate:SPID)

Model $24 Maximum mixing depth (*"'Lmax, mm) — Laternula elliptica*Aequiyoldia eightsi

Initial linear regression model:
Im(f-SPI1., ~ Climate + SPID + Climate:SPID)
Minimal adequate model:

lm (f-5PTL., ~ Climate + SPID + Climate:SPID)

Model S25 Burrow ventilation (A[Br], mg L) — Laternula elliptica*Aequiyoldia eightsi

Initial linear regression model:

Im(A[Br-] ~ Climate + SPID + Climate:SPID)



Minimal adequate model:

gls(A[Br"] ~ 1, weights = varIdent (form = ~1|SPID), method =
\\REMLH)

Model $26 NH4-N flux (A[NH4-N], InRR) — Laternula elliptica*Aequiyoldia eightsi

Initial linear regression model:
Im(A[NH,-N] ~ Climate + SPID + Climate:SPID)
Minimal adequate model:

gls(A[NH,-N] ~ 1, weights = varIdent (form = ~ 1|SPID*Climate,

method = “REML”)

Model $27 [NO>-N] flux (A[NO2-N], InRR) — Laternula elliptica*Aequiyoldia eightsi

Initial linear regression model:
Im(A[NO,-N] ~ Climate + SPID + Climate:SPID)
Minimal adequate model:

gls(A[NO,-N] ~ 1, weights = varIdent (form = ~ 1|SPID*Climate,

method = “REML”)

Model $28 NOs-N flux (A[NOs-N], InRR) — Laternula elliptica*Aequiyoldia eightsi



Initial linear regression model:
1m(A[NO;-N] ~ Climate + SPID + Climate:SPID)
Minimal adequate model:

Im(A[NO:-N] ~ Climate, weights = varIdent (form = ~

1|SPID*Climate, method = “REML")
Intercept + SE (when baseline is for Ambient for Climate and Laternula elliptica for SPID):

0.295+0.077,t=3.810, p< 0.01

Coefficient table for Climate

Ambient Future
Ambient / -0.451 £ 0.078
-5.801
<0.001
Future -0.451 £ 0.078 /
-5.801
<0.001

Model $S29 PO,-P flux (A[PO4-P], INRR) — Laternula elliptica*Aequiyoldia eightsi

Initial linear regression model:
1m(A[PO,-P] ~ Climate + SPID + Climate:SPID)

Minimal adequate model:



gls(A[PO.-P]

~1|SPID*Climate), method = “REML”)

~ Climate + SPID, weights = varIdent (form =

Intercept £ SE (when baseline is Ambient for Climate and Laternula elliptica for SPID):

0.676 £ 0.068, t =9.934, p < 0.0001

Coefficient table for Climate

Ambient Future
Ambient / -0.369 + 0.096
-3.861
<0.01
Future -0.369 +0.096 /
-3.861
<0.01
Coefficient table for SPID
Laternula Aequiyoldia
elliptica eightsi
Laternula / 0.655+0.313
elliptica
2.089
0.066
Aequiyoldia 0.655 +0.313 /
eightsi
2.089
0.066




Table S6 (the next three pages): Summary of (a) intra-specific behavioural activity and (b)

ecosystem process and functioning used in my statistical analyses. Climate = environmental
condition (ambient vs future), Station = location (B13 = station B13, B16 = station B16).

* indicates individuals that did not respond within my maximum observation period (3600s).

Table S6(a)
Climate Station Species identity Replicate  Response  Burial Time
Time (s) (s)
Ambient B13 Ctenodiscus crispatus 1 215 683
Ambient B13 Ctenodiscus crispatus 2 512 1722
Ambient B13 Ctenodiscus crispatus 3 336 670
Ambient B16 Ctenodiscus crispatus 1 122 1480
Ambient B16 Ctenodiscus crispatus 2 253 *
Ambient B16 Ctenodiscus crispatus 3 722 886
Ambient B16 Ctenodiscus crispatus 4 1026 *
Ambient B16 Ctenodiscus crispatus 5 385 529
Ambient B13 Cistenides hyperborea 1 787 *
Ambient B13 Cistenides hyperborea 2 1577 *
Ambient B13 Cistenides hyperborea 3 731 *
Ambient B13 Cistenides hyperborea 4 293 *
Ambient Rothera Aequiyoldia eightsi 1 529 175
Ambient Rothera Aequiyoldia eightsi 2 1322 184
Ambient Rothera Aequiyoldia eightsi 3 97 74
Future B13 Ctenodiscus crispatus 1 296 575
Future B13 Ctenodiscus crispatus 2 548 1331
Future B13 Ctenodiscus crispatus 3 260 231
Future B13 Ctenodiscus crispatus 4 429 222
Future B16 Ctenodiscus crispatus 1 386 318
Future B16 Ctenodiscus crispatus 2 458 682
Future B16 Ctenodiscus crispatus 3 631 459
Future B16 Ctenodiscus crispatus 4 978 486
Future B16 Ctenodiscus crispatus 5 173 377
Future B16 Ctenodiscus crispatus 6 281 298
Future B13 Cistenides hyperborea 1 193 1034
Future B13 Cistenides hyperborea 2 1263 *
Future B13 Cistenides hyperborea 3 538 2376
Future B13 Cistenides hyperborea 4 1309 *
Future B13 Cistenides hyperborea 5 950 775
Future Rothera Aequiyoldia eightsi 1 44 70
Future Rothera Aequiyoldia eightsi 2 134 85
Future Rothera Aequiyoldia eightsi 3 145 47




Table S6(b)

Climate Station Species identity Replicate SBR (mm)  *'Licdian FSPIL max A[Br] A[NHs-N]  A[NO-N] A[NOs-N]  A[POs4-P]
(mm) (mm) (mgL?) (InRR) (InRR) (InRR) (InRR)
Ambient B13 Astarte crenata 1 18.864 2.955 19.659 -246.343 -0.699 -0.081 -0.102 0.136
Ambient B13 Astarte crenata 2 23.222 4.556 22,111 -8.974 -0.976 0.006 -0.031 0.326
Ambient B13 Astarte crenata 3 11.150 2.450 9.100 -76.436 -0.587 0.160 0.057 0.364
Ambient B16 Astarte crenata 1 16.348 2.472 4.382 52.534 -0.140 -0.186 0.005 0.353
Ambient B16 Astarte crenata 2 9.323 2.396 3.906 7.825 -0.963 0.503 0.295 0.475
Ambient B16 Astarte crenata 3 28.309 3.382 10.515 61.468 -0.693 0.286 0.208 0.339
Ambient B13 Ctenodiscus crispatus 1 11.979 4.375 20.990 -490.463 0.417 0.947 0.332 0.666
Ambient B13 Ctenodiscus crispatus 2 8.688 4.750 21.688 -728.410 0.354 0.036 -0.130 0.048
Ambient B13 Ctenodiscus crispatus 3 8.796 3.102 14.907 -74.363 0.046 0.066 -0.092 0.137
Ambient B16 Ctenodiscus crispatus 1 8.827 1.888 12.245 -305.589 0.952 0.792 -0.320 0.059
Ambient B16 Ctenodiscus crispatus 2 7.585 2.797 11.398 101.869 -0.466 -0.737 -0.762 -0.079
Ambient B16 Ctenodiscus crispatus 3 9.158 5.211 24.053 -211.187 -0.505 -0.352 -0.170 0.492
Ambient B13 Cistenides hyperborea 1 27.088 2.912 52.198 -268.773 -0.014 1.266 0.576 0.368
Ambient B13 Cistenides hyperborea 2 27.767 2.136 67.670 146.754 -0.068 0.917 0.271 0.299
Ambient B13 Cistenides hyperborea 3 26.429 3.929 82.976 336.853 -0.167 0.989 0.126 0.054
Ambient Rothera Aequiyoldia eightsi 1 11.183 1.613 11.129 596.093 -0.077 0.316 0.297 0.916
Ambient Rothera Aequiyoldia eightsi 2 10.562 1.966 5.899 -142.498 -0.311 0.194 0.183 0.926
Ambient Rothera Aequiyoldia eightsi 3 20.529 1.202 11.538 -1102.750 -0.048 0.222 0.474 2.781
Ambient Rothera Laternula elliptica 1 17.188 2.135 6.146 270.931 0.486 0.261 0.280 0.663
Ambient Rothera Laternula elliptica 2 18.177 2.396 6.927 -209.815 0.741 -0.623 -0.295 0.597
Ambient Rothera Laternula elliptica 3 12.832 2.345 4.381 100.282 -1.157 0.555 0.468 0.753
Future B13 Astarte crenata 1 15.924 3.361 14.874 -486.898 -1.431 0.067 0.065 0.261
Future B13 Astarte crenata 2 16.833 2.833 10.333 15.398 -0.217 0.050 -0.061 0.248
Future B13 Astarte crenata 3 18.211 2.632 10.789 -114.633 0.199 -0.033 -0.101 0.204
Future B16 Astarte crenata 1 18.211 2.737 5.211 699.360 -0.225 0.322 0.199 0.362
Future B16 Astarte crenata 2 9.837 1.870 3.984 -52.708 -1.515 0.365 0.418 0.598
Future B16 Astarte crenata 3 10.865 2.644 6.346 -270.559 -0.384 -0.123 -0.231 0.095
Future B13 Ctenodiscus crispatus 1 10.891 3.168 15.941 163.403 0.540 0.482 0.025 0.337
Future B13 Ctenodiscus crispatus 2 11.274 2.217 13.160 -282.644 0.355 -1.062 -0.533 0.150
Future B13 Ctenodiscus crispatus 3 15.577 0.865 17.308 -309.883 -0.493 0.518 -0.042 0.348
Future B16 Ctenodiscus crispatus 1 9.767 3.488 22.907 -769.134 0.073 0.673 -0.211 -0.076




Future
Future
Future
Future
Future
Future
Future
Future
Future
Future
Future

B16
B16
B13
B13
B13
Rothera
Rothera
Rothera
Rothera
Rothera
Rothera

Ctenodiscus crispatus
Ctenodiscus crispatus
Cistenides hyperborea
Cistenides hyperborea
Cistenides hyperborea
Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Laternula elliptica
Laternula elliptica
Laternula elliptica

WNEFE WNE WNEFE WDN

10.709
8.713
22.525
36.031
20.850
23.739
13.611
22.120
7.718
10.909
17.603

1.231
2.794
3.990
4.072
3.400
2.838
1.852
2.826
1.845
2.273
2.893

9.478
15.404
71.061
84.691
68.700
17.477
18.194
17.174

6.262

5.289

9.793

-894.046
-1235.051
-417.178
-715.989
-556.549
-955.795
260.590
115.246
-417.679
157.486
-102.498

0.817
-0.099
0.004
-0.101
0.034
-0.157
-0.994
-0.251
-1.732
-0.367
0.593

1.386
1.258
0.944
0.703
1.028
-0.737
-0.179
-0.653
-0.021
-0.200
0.358

0.121
0.062
-1.309
-1.478
-0.962
-0.166
-0.159
-0.143
-0.079
-0.282
0.197

0.475
0.333
0.420
0.402
0.907
1.082
0.836
0.336
0.303
0.168
0.465
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Appendix B

Table S1 (next two pages): Log summary of Arctic faunal and sediment collection (a) from

Appendix for Chapter 3

replicate SMBA cores and (b) replicate Agassiz trawls onboard the JR18006 cruise

(Barnes 2019). Events were for collection of sediment (s) and/or fauna ().

Table S1(a)

Station Event Date Lat (°N) Long ('E) Time (GMT) Depth (m)
B13 32 08/07/2019 74.46607 30.11835 18:14:45 354.59
B13 33sr 08/07/2019 74.46613 30.11831 18:52:08 354.21
B13 34 08/07/2019 74.46614 30.1184 19:23:06 354.19
B13 35sr 08/07/2019 74.46621 30.1184 20:02:01 357.10
B13 365, 08/07/2019 74.46618 30.11864 20:33:04 354.41
B13 37sr 08/07/2019 74.46623 30.11868 21:05:04 354.38
B13 385 08/07/2019 74.46619 30.119 21:50:21 353.99
B13 39sr 08/07/2019 74.46626 30.11901 22:29:06 254.18
B13 40s ¢ 08/07/2019 74.46625 30.1191 23:05:50 353.91
B13 A1 08/07/2019 74.46627 30.11932 23:36:46 353.82
B13 425 09/07/2019 74.46632 30.1194 00:18:57 353.97
B13 435 09/07/2019 74.46632 30.11948 00:53:47 353.50
B13 44 09/07/2019 74.46631 30.11958 01:30:14 354.32
B14 1055 13/07/2019 76.55291 30.61992 09:00:16 281.47
B14 1065 13/07/2019 76.55282 30.61963 09:38:10 281.41
B16 1615 17/07/2019 80.08478 30.15126 06:00:25 263.00
B16 1625 17/07/2019 80.08561 30.14997 06:28:22 264.00
B16 163 17/07/2019 80.08785 30.1499 07:04:36 264.00

Cruise reports for this research programme can be obtained from the British Oceanographic Data

Centre at: https://www.bodc.ac.uk/resources/inventories/cruise inventory/results/

Barnes D. 2019 RRS James Clark Ross cruise, JR18006.

Cruise reports for JR16006 and JR17007 are not relevant to the present manuscript, but listed

here as they forms sister cruises for this research programme:

Cottier FR. 2017 RRS James Clark Ross cruise, JR16006

Solan M. 2018 RRS James Clark Ross cruise, JR17007


https://www.bodc.ac.uk/resources/inventories/cruise_inventory/results/

Table S1(b)

Station

B13
B13
B13
B13
B13
B13
B13
B13
B13

Event

53

54

171¢
172¢
173¢
174¢
175¢
176¢
177

Date

09/07/2019
09/07/2019
24/07/2019
24/07/2019
24/07/2019
24/07/2019
24/07/2019
24/07/2019
25/07/2019

Latitude (°N) Longitude (°E) Time (HH:MM)
On Trawl Left On Trawl Left On Trawl Start  Left bottom
bottom Start bottom bottom Start bottom bottom
74.4972 74.49767 74.49857 30.0744 30.07926 30.08872 10:39 10:49 11:09
74.50071 74.50109 74.50149 30.11158 30.11768 30.12638 12:24 12:36 12:53
74.49889 74.4973 74.4963 29.99775 29.98403 29.97519 16:43 17:12 17:30
74.49567  74.49566 74.49568 29.9643 29.95472 29.94587 18:11 18:29 18:46
74.4964 74.49767 74.49861 29.93578 29.92737 29.92129 19:30 19:49 20:02
74.50068  74.50213 74.50327 29.90772  29.89843 29.89113 21:02 21:22 21:38
74.50524  74.50657 74.50765 29.87843  29.86988 29.86281 22:25 22:44 23:00
74.51009 74.5109 74.51229 29.84718 29.84188 29.83291 23:46 00:03 00:20
74.51637 74.51866 74.52021 29.81048 29.80509 29.80134 01:13 01:33 01:46

Trawl time
(mins)

00:19
00:17
00:18
00:17
00:13
00:16
00:15
00:17
00:13

Depth(m)

361.86
351.78
362.15
367.31
371.81
374.83
372.55
372.81
369.16




Table S2: Summary of experimental design for investigating the effects of enhanced temperature and atmospheric [CO;] on species-specific physiological

and biochemical processes.

Species Origin Station total naquaria Environmental condition
Astarte crenata Arctic B13, B16 12 1°C, 400ico2; ppm 2.5°C, 550(co2; ppm
Ctenodiscus crispatus Arctic B13, B16 12 1°C, 400;coz ppm 2.5°C, 550(co2; ppm
Cistenides hyperborea Arctic B13 6 1°C, 400(coz1 ppm 2.5°C, 550(co2; ppm

Aequiyoldia eightsi Antarctic Rothera 6 1°C, 400ico21 ppm 2.5°C, 550ico2; ppm




Figure S2: Experimental water bath system housed at the Biodiversity and Ecosystem Futures Facility, University of Southampton in (a) a fibreglass
seawater bath (lid removed, LWH: 1.20 x 1.20 x 0.80 m) used to house the aquaria (LWH: 0.20 x 0.20 x 0.33 m) during the experimental
period and (b) schematic of the air-CO2 gas mixture and delivery apparatus (Godbold & Solan, 2013) . | accommodated aquaria subjected to
ambient environmental conditions (2 water baths) and future environmental conditions (2 water baths) . In each seawater bath, aquaria
were randomly positioned within each environmental condition across both treatment baths. Bath temperatures were controlled by a (1)
chiller (Titan 1500, AquaMedic, modified to add chill-heat regulation capability) and the desired atmospheric CO, (ambient, ~400 ppm,
future, ~550 ppm ) continuously bubbled into each aquarium through glass pipettes was controlled from a (2) CO;-air mixing system

controlled by an infra-red gas analyser (Licor LI-840A).

Figure S2(a) Figure S2(b)

(2) B

- [N

Chiller
unit

(1)




Table S3: Summary of summer near-bottom temperatures at (a) stations B13 and B16 in the

Arctic obtained from two independent sensors (Temperature #1 and #2) on
proximate CTD casts: Data courtesy of Dr. Sian Henley, University of Edinburgh) and
(b) Rothera Oceanographic and Biological Time Series station 3 (Latitude 67.577514
°S; Longitude 68.215232 "W; closest CTD cast maximum depth 495.4 m; averaged
using all available data between 1% December and 28" February; extracted from

https://www.bodc.ac.uk/resources/inventories/edmed/report/4278/).

Table S3(a)
Station Latitude Longitude Depth Bottle Temperature Temperature Date (ddmmyy)
(N) (E) (m) depth #1(°C) (mean)  #2(°C) (mean)  and Time (UTC)
(m)
JCR16006
B13 74.4998 29.9982 346 345.7 2.418 2.418 01/08/2017
01:27
Bi16 80.1513 29.9146 294 277.6 -1.436 -1.438 22/07/2017
08:02
JCR17007
B13 74.5000 30.0002 357 350.6 0.802 0.801 28/07/2018
03:54
B16 80.1167 30.0683 280 270.6 0.387 0.386 22/07/2018
10:18
JCR18006
Bi3 74.50003 | 30.00062 359.1 350 1.480 07/07/2019
16:32
B16 80.04295 30.0193 287.7 269 -1.830 16/07/2019
03:51
Table S3(b)
Year Temperature (°C)
2000 1.14
2003 0.743
2004 1.1
2005 1.1
2006 1.11
2007 1.13
2008 1.07
2009 1.13
2010 1.14
2011 1.16



https://www.bodc.ac.uk/resources/inventories/edmed/report/4278/

Figure S3: Monthly seawater measurements in aquaria under ambient (1 °C, 400 ppm [CO,]; blue circles) and future (2.5 °C, 550 ppm [CO,]; red squares)

Temperature (°C)

[CO;5] (umol/KgSW™")
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environmental conditions. Temperature (°C), Salinity, pHnes and total alkalinity (Ar, pmol kgSW?) were measured directly from each

mesocosm and were used to calculate dissolved organic carbon (DIC, pmol kgSW1), pCO,*W (uAtm), saturation states for calcite (Qcalcite) and

aragonite (Qaragonite), bicarbonate (HCOs, umol kgSW?) and carbonate (COs, umol kgSW.1) using CO2calc (Robbins et al. 2010). The absence of

intermediate data (weeks 12-48) coincides with the 2020 Covid pandemic UK lockdown period where access was constrained.
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Appendix for Chapter 3

Figure S4: Photographs of the morphological measurements for (a) Astarte crenata (b)
Ctenodiscus crispatus (c) Cistenides hyperborea (d) Aequiyoldia eightsi. Red arrows
demonstrate the measurements taken for each species (SL: shell length; SW: shell
width; SH: shell height; AL: arm length; PL: pit length; TL: tube length; AOD: aperture

opening diameter). Scale indicated with cm rule.

Figure S4 (a)
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Appendix B

Figure S4(c)
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Figure S5: A schematic of the closed-chamber constant volume respirometry system used during

the experiment, adapted from Lighton (2008). A total of four glass chambers (120 ml

volume) with salinity-corrected oxygen electrodes (OE) were run in parallel within

the temperature controlled seawater baths with an accompanying chiller unit (CU;

see Figure S2). The rate of decline of the measured O, concentration in the chamber

water, in combination with the volume of the chamber (minus the displacement

from the organism), yields the rate of O, consumption of the organism.

—
bl = &
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Table S4 (next two pages): Table of loss of ignition results for calculating organic matter content in individuals from (a) ambient and (b) future

environmental condition treatments

Table S4(a)
Environmental Species Station Dry Ashed Organic matter oM oM oMmbw?! OMWTW?
condition weight weight (g) [oM] (g) gbwl(g) gwrtw?! (%) (%)
[DW] (g)
Ambient Aequiyoldia eightsi Rothera 0.009 0.002 0.007 0.805 0.158 80 16
Ambient Aequiyoldia eightsi Rothera 0.009 0.004 0.006 0.591 0.097 59 10
Ambient Aequiyoldia eightsi  Rothera 0.013 0.003 0.010 0.800 0.159 80 16
Ambient Astarte crenata B13 0.008 0.001 0.007 0.845 0.152 85 15
Ambient Astarte crenata B13 0.007 0.001 0.006 0.814 0.131 81 13
Ambient Astarte crenata B13 0.019 0.012 0.007 0.347 0.140 35 14
Ambient Astarte crenata B16 0.010 0.003 0.007 0.691 0.109 69 11
Ambient Astarte crenata B16 0.015 0.008 0.007 0.467 0.092 47 9
Ambient Astarte crenata B16 0.008 0.002 0.006 0.738 0.094 74 9
Ambient Ctenodiscus crispatus B13 0.032 0.029 0.003 0.102 0.047 10 5
Ambient Ctenodiscus crispatus B13 0.027 0.024 0.003 0.103 0.042 10 4
Ambient Ctenodiscus crispatus B13 0.022 0.019 0.003 0.138 0.046 14 5
Ambient Ctenodiscus crispatus B16 0.031 0.025 0.006 0.197 0.081 20 8
Ambient Ctenodiscus crispatus B16 0.041 0.037 0.003 0.084 0.034 8 3
Ambient Ctenodiscus crispatus B16 0.035 0.033 0.002 0.057 0.027 3
Ambient Cistenides B13 0.015 0.009 0.006 0.412 0.097 41 10
hyperborea
Ambient Cistenides B13 0.009 0.005 0.005 0.505 0.109 51 11
hyperborea
Ambient Cistenides B13 0.008 0.003 0.005 0.613 0.115 61 12

hyperborea




Table S4(b)

Environmental Species Station Dry Ashed Organic matter OM per OM per OM per OM per
condition weight weight (g) [oM] (g) gbwl(g) gwrtw?! DW (%) WTW (%)
[DW] (g)
Future Aequiyoldia eightsi Rothera 0.014 0.003 0.011 0.772 0.191 77 19
Future Aequiyoldia eightsi  Rothera 0.013 0.002 0.011 0.867 0.179 87 18
Future Aequiyoldia eightsi  Rothera 0.010 0.004 0.006 0.621 0.143 62 14
Future Astarte crenata B13 0.006 0.004 0.002 0.393 0.060 39 6
Future Astarte crenata B13 0.003 0.002 0.001 0.412 0.080 41 8
Future Astarte crenata B13 0.008 0.002 0.006 0.733 0.130 73 13
Future Astarte crenata B16 0.014 0.005 0.009 0.638 0.119 64 12
Future Astarte crenata B16 0.010 0.004 0.007 0.650 0.121 65 12
Future Astarte crenata B16 0.008 0.007 0.001 0.157 0.031 16 3
Future Ctenodiscus crispatus B13 0.019 0.008 0.011 0.603 0.190 60 19
Future Ctenodiscus crispatus B13 0.033 0.030 0.003 0.076 0.032 8 3
Future Ctenodiscus crispatus B13 0.030 0.025 0.004 0.148 0.059 15 6
Future Ctenodiscus crispatus B16 0.032 0.028 0.004 0.124 0.052 12 5
Future Ctenodiscus crispatus B16 0.024 0.015 0.009 0.388 0.151 39 15
Future Ctenodiscus crispatus B16 0.026 0.020 0.006 0.246 0.092 25 ©
Future Cistenides B13 0.004 0.002 0.002 0.421 0.291 42 29
hyperborea
Future Cistenides B13 0.016 0.011 0.005 0.302 0.108 30 11
hyperborea
Future Cistenides B13 0.010 0.005 0.005 0.495 0.097 49 10

hyperborea




Appendix B

Figure S6: Summary of the nutritional values and associated information of frozen Cerastoderma
edule tissue used in the biochemical analyses as a standard. Cerastoderma edule was
found to contain (mean +s.d., n=6) 3.5+ 0.1 g GLU and 10.9 + 1.7 g PROT per 100g

tissue, consistent with the carbohydrate and protein nutrition information values

provided.
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Table S5: List of reagents used for the extraction of (a) total proteins and (b) D-glucose from

marine invertebrate tissues

Table S5(a)
Reagent Name Brand Supplier
Tissue Extraction Reagent Il Invitrogen™ FisherScientific
Protease Inhibitor Tablets Thermo Scientifc™ FisherScientific
Table S5(b)
Reagent Name Brand Supplier
Carrez | solution Chem Lab™ FisherScientific
Zinc Sulphate Alfa Aesar™ FisherScientific

Sodium Hydroxide Fisher Chemical FisherScientific




Figure S7 (next three pages): Total least square regressions of oxygen decline over time during
closed-chamber constant volume respirometry of (a-b) Astarte crenata from station
B13; (c-d) Astarte crenata from station B16; (e-f) Ctenodiscus crispatus from station
B13; (g-h) Ctenodiscus crispatus from station B16 (i-j) Cistenides hyperborea; (k-I)
Aequiyoldia eightsi from the (g,c,e,g,i,k) ambient (blue) and (b,d,f, h,j,/) future (red)

environmental condition treatments.
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Table S6: Table of errors for (a) oxygen consumption (b) ammonium excretion and (c) phosphate
excretion in individuals from each species and their summarised mean (bold) from

the ambient and future environmental condition treatments.

Table S6(a)
Species Environmental  Mean [MO3]cntn Mean [MO2])cntr (% SE (% species)
condition (ug.h?) species)
ALL Ambient 0.2721 5 22
Astarte crenata Ambient 0.2721 -57 46
Ctenodiscus crispatus Ambient 0.2721 23 45
Cistenides Ambient 0.2721 30 20
hyperborea
Aequiyoldia eightsi Ambient 0.2721 6 1
ALL Future -0.5358 43 16
Astarte crenata Future -0.5358 -83 43
Ctenodiscus crispatus Future -0.5358 -36
Cistenides Future -0.5358 -8 0
hyperborea
Aequiyoldia eightsi Future -0.5358 -12 1
Table S6(b)
Species Environmental Mean A[NHa]cntn Mean A[NHg]cntn (% SE (% species)
condition (nmol.h?) species)
ALL Ambient 0.6 10 3
Astarte crenata Ambient 0.6 13 6
Ctenodiscus crispatus Ambient 0.6 9 7
Cistenides Ambient 0.6 15 2
hyperborea
Aequiyoldia eightsi Ambient 0.6 1 0
ALL Future 23 39 19
Astarte crenata Future 2.3 79 50
Ctenodiscus crispatus Future 2.3 16 11
Cistenides Future 2.3 54 21
hyperborea
Aequiyoldia eightsi Future 23 5 1
Table S6(c)
Species Environmental Mean A[POg]cntn Mean A[POq)cntr (% SE (% species)
condition (nmol.h?) species)
ALL Ambient -1.4 20 77
Astarte crenata Ambient -1.4 46 70

Ctenodiscus crispatus Ambient -1.4 84 225
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Table S7: Table of mortality rates of species from ambient and future environmental condition

treatments after 360 days.

Environmental condition Species Station Mortality (%)
Ambient Astarte crenata B13 0.0
Ambient Astarte crenata B16 333
Ambient Ctenodiscus crispatus B13 50.0
Ambient Ctenodiscus crispatus B16 333
Ambient Cistenides hyperborea B13 10.0
Ambient Aequiyoldia eightsi Rothera 0.0

Future Astarte crenata B13 0.0
Future Astarte crenata B16 16.7
Future Ctenodiscus crispatus B13 33.3
Future Ctenodiscus crispatus B16 16.7
Future Cistenides hyperborea B13 0.0
Future Aequiyoldia eightsi Rothera 0.0




Statistical model summary

Summary of the statistical models analysing each species group (Arctic: A. crenata & C. crispatus;
Arctic 2: C. hyperborea; Antarctic: A. eightsi) separately (Model S1 to S20). For each model | list
the initial linear regression model and the minimal adequate model. When variance homogeneity
was violated, | used a linear regression with generalized least squares (GLS) estimation. | present a
summary of the coefficient tables for single terms. The coefficients indicate the relative
performance of each factor level in relation to the re-levelled baseline (as indicated). Coefficients
+ SE, t-values and respective significance values are presented. As mortalities were observed in A.
crenata (16.7 %, ambient environmental condition, 8.4 % future environmental condition), C.
crispatus (41.7 % ambient environmental condition, 25 % future environmental condition) and C.
hyperborea (10 % ambient environmental condition) after the over the 360 day experimental
period, the statistical analyses of growth and body condition were based on the remaining
individuals (see table S4).

Abbreviations
(i) Explanatory variables

Fixed factors

Environmental condition, environmental condition throughout the experimental period (two
levels: Ambient | Future)

Station, cruise station (two levels: B13 | B16)

Species, species identity (humber of levels dependant on the model)

Random factors

WTW, wet tissue weight (g)

(ii) Response variables

ABiomass, growth over experimental period (% change from initial weight)
TW:SW, tissue:shell wet weight ratio

MO,, oxygen consumption (ug h?)

A[NH4], ammonium excretion (nmol h'l)

A[PO4], phosphate excretion (nmol hl)

PROT, whole organism total protein tissue concentration (pg mg* OM)

GLU, whole organism D-glucose tissue concentration (ug mg OM)



Data: All data used in the analyses are provided as Table S6.

Model S1 — growth over experimental period — Astarte crenata*Ctenodiscus crispatus

Initial linear regression model:

Im(formula = ABiomass ~ as.factor(Environmental

condition)*as.factor(Species)*as.factor(Station))

Minimal adequate model:
gls(formula = ABiomass ~ as.factor(Environmental condition) + as.factor(Station) +
as.factor(Environmental condition):as.factor(Station),
varldent(form = ~1|as.factor(Station)*as.factor(Species),

method = “REML”)

Model S2 — growth over experimental period — Cistenides hyperborea
Initial linear regression model:
Im(formula = ABiomass ~ as.factor(Environmental condition))
Minimal adequate model:

Im(formula = ABiomass ~ 1)

Model S3 — growth over experimental period — Aequiyoldia eightsi
Initial linear regression model:
Im(formula = ABiomass ~ as.factor(Environmental condition))

Minimal adequate model:
gls(formula = ABiomass ~ 1,

weights = 1|as.factor(Environmental condition))



Model S$4 - tissue:shell wet weight ratio — Astarte crenata

Initial linear regression model:

Im(formula = TW:SW ~ as.factor (Environmental

condition) *as.factor (Station))

Minimal adequate model:

Im(formula = TW:SW ~ as.factor (Environmental condition) +

as.factor (Station))

Intercept £ SE (when baseline is for Ambient for Environmental condition and B13 for Station):

0.273 +£0.015, t =17.668, p < 0.0001

Coefficient table for Environmental condition

Ambient Future
0.055 +0.019
Ambient / 2.993
0.0089
0.055 +0.019
Future 2.993 /
0.0089

Coefficient table for Station

B13 B16

B13 / -0.084 +0.019




-4.472
0.0003
-0.084 +£0.019
B16 -4.472 /
0.0003

Model S5 — tissue:shell wet weight ratio — Aequiyoldia eightsi
Initial linear regression model:
Im(formula = TW:SW ~ as.factor (Environmental condition))
Minimal adequate model:
Im(formula = TW:SW ~ as.factor (Environmental condition))

Intercept + SE (when baseline is for Ambient for Environmental condition): 1.254 + 0.044, t =

28.674, p < 0.0001

Coefficient table for Environmental condition

Ambient Future
-0.191 £ 0.060
Ambient / -3.175
0.0055
-0.191 £ 0.060
Future -3.175 /
0.0055




Model S6 — oxygen consumption — Astarte crenata*Ctenodiscus crispatus

Initial linear regression model:

lme (formula = MO, ~ as.factor (Environmental

condition) *as.factor (Species) *as.factor (Station),

random = 1|WTW/Species)

Minimal adequate model:

Im(formula = MO, ~ as.factor (Environmental condition) +
as.factor (Species) + as.factor (Environmental

condition) :as.factor (Species))

Model S7 — oxygen consumption — Cistenides hyperborea

Initial linear regression model:

lme (formula = MO, ~ as.factor (Environmental condition),

random = 1|WTW)

Minimal adequate model:

gls(formula = MO, ~ 1,

weights = 1|as.factor (Environmental condition),

method = “REML")

Model S8 — oxygen consumption — Aequiyoldia eightsi

Initial linear regression model:



lme (formula = MO, ~ as.factor (Environmental condition),
random = 1|WTW)
Minimal adequate model:
gls(formula = MO, ~ 1,
weights = 1l|as.factor (Environmental condition),

method = “REML”)

Model S9 — ammonium excretion — Astarte crenata*Ctenodiscus crispatus

Initial linear regression model:
Ime(formula = A[NH4] ~ as.factor(Environmental
condition)*as.factor(Species)*as.factor(Station),
random = 1|WTW)

Minimal adequate model:

Im(formula = A[NH4] ~ as.factor(Environmental condition) + as.factor(Species) +

as.factor(Environmental condition):as.factor(Species))

Model $10 — ammonium excretion — Cistenides hyperborea

Initial linear regression model:
Ilme(formula = A[NH4] ~ as.factor(Environmental condition),

Random = 1|WTW)

Minimal adequate model:
gls(formula = A[NH4] ~ 1,
weights = 1|as.factor(Environmental condition),
method = “REML”)



Model $S11 — ammonium excretion — Aequiyoldia eightsi

Initial linear regression model:
Ime(formula = A[NH4] ~ as.factor(Environmental condition),
random = 1|WTW)

Minimal adequate model:
gls(formula = A[NH4] ~ 1,
weights = 1|as.factor(Environmental condition),
method = “REML”)

Model S12 - phosphate excretion - Astarte crenata*Ctenodiscus crispatus

Initial linear regression model:
Ime(formula = A[PO4] ~ as.factor(Environmental
condition)*as.factor(Species)*as.factor(Station),
random = 1|WTW)

Minimal adequate model:
gls(formula = A[PO4] ~ as.factor(Environmental condition), weights =
1|as.factor(Environmental condition),
method = “REML”)

Model S13 — phosphate excretion — Cistenides hyperborea

Initial linear regression model:
Ime(formula = A[PO4] ~ as.factor(Environmental condition),
random = 1|WTW)

Minimal adequate model:
gls(formula = A[NH4] ~ 1,

weights = 1|as.factor(Environmental condition),



method = “REML”)

Model S14 — phosphate excretion — Aequiyoldia eightsi

Initial linear regression model:
Ime(formula = A[PO4] ~ as.factor(Environmental condition),
random = 1|WTW)

Minimal adequate model:
gls(formula = A[NH4] ~ 1,
weights = 1|as.factor(Environmental condition),
method = “REML”)

Model S15 — whole organism total protein tissue concentration — Astarte crenata*Ctenodiscus

crispatus

Initial linear regression model:

Im(formula = PROT ~ as.factor(Environmental

condition)*as.factor(Species)*as.factor(Station))

Minimal adequate model:
gls(formula = PROT ~ as.factor(Environmental condition) + as.factor(Species) +
as.factor(Environmental condition):as.factor(Species),
weights = varldent(form = ~1|as.factor(Species),
method = “REML”)

Model S16 — whole organism total protein tissue concentration — Cistenides hyperborea



Initial linear regression model:

Im(formula = PROT ~ as.factor(Environmental condition))
Minimal adequate model:

Im(formula = PROT ~ as.factor(Environmental condition))

Intercept £ SE (when baseline is for Ambient for Environmental condition): 5.683 £ 0.977,t =

5.817, p = 0.0044

Coefficient table for Environmental condition

Ambient Future
-2.377 £1.382
Ambient / -1.720
0.161
-2.377 £1.382
Future -1.720 /
0.161

Model $17 — whole organism total protein tissue concentration — Aequiyoldia eightsi
Initial linear regression model:
Im(formula = PROT ~ as.factor(Environmental condition))

Minimal adequate model:
gls(formula = PROT ~ as.factor(Environmental condition),
weights = 1|as.factor(Environmental condition),
method = “REML”)



Intercept + SE (when baseline is for Ambient for Environmental condition): 5.733 £ 0.088, t =

65.010, p < 0.0001

Coefficient table for Environmental condition

Ambient Future
-1.533 £0.558
Ambient / -2.749
0.051
-1.533 £0.558
Future -2.749 /
0.051

Model $18 — whole organism D-glucose tissue concentration — Astarte crenata*Ctenodiscus

crispatus

Initial linear regression model:

Im(formula = GLU ~ as.factor(Environmental

condition)*as.factor(Species)*as.factor(Station))

Minimal adequate model:
gls(formula = GLU ~ as.factor(Environmental condition) + as.factor(Species) +
as.factor(Environmental condition):as.factor(Species),
weights = varldent(form = ~1|as.factor(Species),
method = “REML”)

Model $19 — whole organism D-glucose tissue concentration — Cistenides hyperborea



Initial linear regression model:
Im(formula = GLU ~ as.factor(Environmental condition))
Minimal adequate model:

Im(formula = 1)

Model S20 — whole organism D-glucose tissue concentration — Aequiyoldia eightsi
Initial linear regression model:
Im(formula = GLU ~ as.factor(Environmental condition))

Minimal adequate model:
gls(formula = GLU ~ 1,

weights = 1|as.factor(Environmental condition))



Table S6 (next three pages): Data for (a) growth data and (b) O, consumption, ammonium

excretion and biochemical processes used for statistical analysis. Station = cruise

station (B13 = station B13, B16 = station B16).

*measurement below instrument detection threshold

Table S6(a)
Environmental Station Species Growth (%) WetTW WetSW TW:SW
condition (g8) (g)

Ambient B13 Astarte crenata -0.152 0.76 2.639 0.288
Ambient B13 Astarte crenata 0.018 0.24 1.17 0.205
Ambient B13 Astarte crenata 0.011 0.514 1.86 0.276
Ambient B13 Astarte crenata 0.054 0.366 1.386 0.264
Ambient B13 Astarte crenata 0.125 0.619 2.585 0.239
Ambient B13 Astarte crenata -0.010 0.631 1.891 0.334
Ambient B13 Ctenodiscus crispatus 0.600
Ambient B13 Ctenodiscus crispatus -0.253
Ambient B13 Ctenodiscus crispatus 0.049
Ambient B13 Cistenides -0.279

hyperborea
Ambient B13 Cistenides 0.027

hyperborea
Ambient B13 Cistenides -0.359

hyperborea
Ambient B13 Cistenides -0.292

hyperborea
Ambient B13 Cistenides -0.002

hyperborea
Ambient B13 Cistenides 0.088

hyperborea
Ambient B13 Cistenides 0.139

hyperborea
Ambient B13 Cistenides -0.216

hyperborea
Ambient B13 Cistenides -0.107

hyperborea
Ambient B16 Astarte crenata -0.064 0.842 4.245 0.198
Ambient B16 Astarte crenata 1.167 0.554 3.254 0.17
Ambient B16 Astarte crenata -0.156 0.716 3.909 0.183
Ambient B16 Astarte crenata -0.043 0.727 3.116 0.233
Ambient B16 Ctenodiscus crispatus -0.051
Ambient B16 Ctenodiscus crispatus 0.476
Ambient B16 Ctenodiscus crispatus 0.147
Ambient B16 Ctenodiscus crispatus 0.269
Ambient Rothera Aequiyoldia eightsi 0.189 0.720 0.470 1.532
Ambient Rothera Aequiyoldia eightsi 0.119 0.512 0.439 1.166
Ambient Rothera Aequiyoldia eightsi -0.021 0.453 0.427 1.06




Ambient
Ambient
Ambient
Ambient
Ambient
Ambient
Ambient
Future
Future
Future
Future
Future
Future
Future
Future
Future
Future

Future

Future

Future

Future

Future

Future

Future

Future

Future

Future

Future
Future
Future
Future
Future
Future
Future
Future
Future
Future
Future

Future

Rothera
Rothera
Rothera
Rothera
Rothera
Rothera
Rothera
B13
B13
B13
B13
B13
B13
B13
B13
B13
B13
B13

B13

B13

B13

B13

B13

B13

B13

B13

B13

B16
B16
B16
B16
B16
B16
B16
B16
B16
B16
Rothera

Rothera

Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Astarte crenata
Astarte crenata
Astarte crenata
Astarte crenata
Astarte crenata
Astarte crenata
Ctenodiscus crispatus
Ctenodiscus crispatus
Ctenodiscus crispatus
Ctenodiscus crispatus

Cistenides
hyperborea
Cistenides
hyperborea
Cistenides
hyperborea
Cistenides
hyperborea
Cistenides
hyperborea
Cistenides
hyperborea
Cistenides
hyperborea
Cistenides
hyperborea
Cistenides
hyperborea
Cistenides
hyperborea
Astarte crenata

Astarte crenata
Astarte crenata
Astarte crenata
Astarte crenata
Ctenodiscus crispatus
Ctenodiscus crispatus
Ctenodiscus crispatus
Ctenodiscus crispatus
Ctenodiscus crispatus
Aequiyoldia eightsi
Aequiyoldia eightsi

-0.021
0.042
0.092
0.115
0.110
0.080
-0.036
0.137
0.140
0.088
0.106
0.060
0.081
0.251
-0.104
0.261
-0.151
-0.070

-0.291

0.152

-0.252

0.006

-0.077

0.205

0.210

0.043

-0.130

-0.185
-0.149
-0.239
-0.246
-0.124
-0.966
-0.721
-0.452
1.185
1.080
-0.037
-0.044

0.780
0.450
0.527
0.516
0.350
0.530
0.550
0.569
0.797
0.396
0.246
0.331
0.234

0.868
1.378
0.830
0.665
0.731

0.466
0.450

0.560
0.390
0.501
0.403
0.270
0.390
0.430
1.931
1.972
1.175
0.75
1.147
0.681

4.203
4.183
3.376
3.783
3.363

0.412
0.540

1.393
1.154
1.052
1.280
1.296
1.359
1.279
0.295
0.404
0.337
0.329
0.289
0.344

0.206
0.330
0.246
0.176
0.217

1.132
0.833




Future
Future
Future
Future
Future
Future
Future

Future

Rothera
Rothera
Rothera
Rothera
Rothera
Rothera
Rothera

Rothera

Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi
Aequiyoldia eightsi

0.280
0.054
-1.025
0.007
-0.232
-0.006
-0.129
0.027

0.580
0.450
0.330
0.340
0.467
0.612
0.440
0.399

0.540
0.43
0.300
0.330
0.393
0.532
0.430
0.377

1.074
1.047
1.100
1.030
1.189
1.149
1.023
1.056




Table S6(b)

Environmental Station Species WTW MO;(ug A[NH;] A[PO;] CARB PROT
condition (8) [0z). L. (nmol. (nmol. (ug.mg  (pg.mg
hr?) min™?) min™?) 1om) tom)
Ambient B13 Astarte crenata 0.76 0.610 1.72 0.85 0.15 3.48
Ambient B13 Astarte crenata 0.514 0.094 4.42 2.19 0.42 5.26
Ambient B13 Astarte crenata 0.619 0.369 1.20 0.78 0.25 5.29
Ambient B13 Cistenides 0.906 0.586 2.64 1.89 0.32 3.78
hyperborea
Ambient B13 Cistenides 0.989 0.659 4.40 5.52 0.33 5.97
hyperborea
Ambient B13 Cistenides 1.01 0.830 4.03 6.54 0.18 7.30
hyperborea
Ambient B13 Ctenodiscus 5.019 4.589 53.77 7.99 0.43 14.59
crispatus
Ambient B13 Ctenodiscus 3.412 2.852 16.75 2.57 0.56 32.53
crispatus
Ambient B13 Ctenodiscus 2.398 1.888 0.81 1.27 0.51 9.20
crispatus
Ambient B16 Astarte crenata 0.842 0.582 12.28 4.13 0.26 5.66
Ambient B16 Astarte crenata 0.554 0.294 6.10 4.48 0.26 6.39
Ambient B16 Astarte crenata 0.716 0.406 7.41 -1.04 0.31 4.95
Ambient B16 Ctenodiscus 1.071 0.771 5.93 2.75 0.30 10.01
crispatus
Ambient B16 Ctenodiscus 3.233 2.273 22.25 3.42 0.96 24.98
crispatus
Ambient B16 Ctenodiscus 0.946 -0.214 8.40 1.77 1.16 21.32
crispatus
Ambient Rothera  Aequiyoldia eightsi  0.453 0.283 74.43 2.75 0.17 5.85
Ambient Rothera  Aequiyoldia eightsi  0.527 0.267 49.33 -0.39 0.26 5.75
Ambient Rothera  Aequiyoldia eightsi  0.512 0.322 42.22 3.89 0.19 5.59
Future B13 Astarte crenata 0.569 0.009 & 1.90 0.56 13.12
Future B13 Astarte crenata 0.396 0.016 14.28 1.16 0.38 5.96
Future B13 Astarte crenata 0.331 0.131 -1.53 0.71 0.20 4.20
Future B13 Cistenides 0.883 0.793 7.94 3.45 0.09 1.60
hyperborea
Future B13 Cistenides 1.132 0.922 2.75 3.65 0.21 4.78
hyperborea
Future B13 Cistenides 0.832 0.562 0.18 2.96 0.27 3.54
hyperborea
Future B13 Ctenodiscus 3.81 3.700 17.98 3.11 0.11 4.38
crispatus
Future B13 Ctenodiscus 1.42 0.580 -7.70 0.76 0.84 22.8
crispatus
Future B13 Ctenodiscus 1.797 1.457 4.55 -0.46 0.34 12.54
crispatus
Future B16 Astarte crenata 0.868 0.568 87.43 2.28 0.30 5.38
Future B16 Astarte crenata 0.83 0.630 1.72 0.35 0.20 6.31
Future B16 Astarte crenata 0.665 -0.075 7.20 1.65 0.74 10.72
Future B16 Ctenodiscus 3.459 2.889 22.15 0.03 0.57 11.26
crispatus
Future B16 Ctenodiscus 1.495 1.365 1.85 -0.43 0.13 3.34
crispatus
Future B16 Ctenodiscus 2.909 2.569 26.24 -0.13 0.34 10.02

crispatus




Future Rothera  Aequiyoldia eightsi  0.466 0.286 31.92 3.35 0.18 3.64
Future Rothera  Aequiyoldia eightsi  0.612 0.422 93.56 11.44 0.19 5.26
Future Rothera  Aequiyoldia eightsi  0.399 0.199 48.01 2.95 0.20 3.73
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Appendix C

Appendix for Chapter 4

station Disko Fan.

Table S1 | Summary of activity during the CCGS Amundsen 2021 expedition (Geoffroy et al. 2021) associated with the collection of Keratoisis sp. from

Time (UTC) Station Type  Station Latitude Longitude Depth Dive  Sample Species Wet Height Thickest
Activity (m) # # Biomass (mm) internode (mm)
(g)

02/08/2021 ROV/Benthic ROV 67.96629 -59.49069 885 R23 23-1 Keratoisis 27 730 3.44
15:06 sp.

02/08/2021 ROV/Benthic ROV 67.96631 -59.4899 883 R23 23-6 Keratoisis 54 900 6.65
15:54 sp.

02/08/2021 ROV/Benthic ROV 67.96631 -59.48892 879.9 R23 23-10 Keratoisis 7 220 3.62
16:21 sp.

02/08/2021 ROV/Benthic ROV 67.9663 -59.48768 876.2 R23 23-16 Keratoisis 35 650 3.82
17:02 sp.




Appendix C

Figure S1 | Collection of Keratoisis sp. colonies from station Disko Fan with the Sub-Atlantic® Comanche (Forum Energy Technologies™, USA) remotely
operated vehicle during the CCGS Amundsen 2021 expedition (Geoffroy et al. 2021). Panels show (a) collection of Keratoisis sp. colony #23-1,
(b) collection of Keratoisis sp. colony #23-6, (c) collection of Keratoisis sp. colony #23-10 and (d) collection of Keratoisis sp. colony #23-16.
Collected specimens are held in the frame. Scale (green laser guides) = 10 cm. Associated metadata are provided in Table S1.

Figure S1(a) Figure S1(b)

o "’.’-
Figure S1(c
| R

¥
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Appendix for Chapter 4

Figure S2 | Sectioning of Keratoisis sp. colonies collected from station Disko Fan. Black lines highlight the locations where cuts were made to section off
the area of the main colony branch prior to CT scanning for sample (a) #23-1, (b) #23-6, (c) #23-10, and (d) #23-16. Sample tray = 80 X 60

cm.

Figure S2(a) Figure S2(b)
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Figure S2(c) Figure S2(d)
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Table S2 | Keratoisis sp. colony-specific distances, water depths and linear interpolated [Ba]sw

values from the geographically closest in-situ profile (66.857 °N; 59.064 “W; 2021-08-

03; Thomas et al. 2021; GEOTRACES Intermediate Data Product Group, 2021)

Colony Latitude Longitude Depth (m) Distance to profile (km) Ba (nmol/kg)
#23-1 67.96629  -59.49069 885 124.48 52.7315909
#23-6 67.96631 -59.4899 883 124.48 52.6591162
#23-10 67.96631  -59.48892 879.9 124.47 52.5467803
#23-16 67.9663 -59.48768 876.2 124.46 52.412702




Appendix C

Figure S3 | Representative longitudinal plane reconstruction of a Keratoisis sp. section obtained
via micro computed tomography (UCT). Three-dimensional models were created by
segmentation and rendered in Dragonfly© (v2022.1). Specific locations chosen for

sectioning are highlighted (blue, green and red squares) alongside adjacent

transverse SEM scanning images (insets). Scale (lower left) = 10 mm.

218



Appendix for Chapter 4

Figure S4 | Sections of Keratoisis sp. internodes photographed under a digital Dual-illumination
microscope (AmScope, 2x magnification) for colony (a) #23-1, (b) #23-6, (c) #23-10,
and (d) #23-16. Scale =1 mm.

Figure S4(a)

Figure S4(b)
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Figure S4(c)

Figure S4(d)

220



Table S3 | Typical operating conditions for laser ablation trace element QQQ-ICP-MS analysis.

Instrument

Mass Spectrometer

Laser Ablation System

RF Power

Cones

Gas Flows
Cooling Gas (argon)

Auxiliary Gas (argon)

Make-up gas (argon)
Ablation cell carrier gas (helium)

Additional Gas (nitrogen)

Ablation Conditions
Laser power density
Laser repetition rate

Laser spot size
Laser tracking speed

Ablation mode

Agilent (Agilent Technologies Inc., CA, USA) 8900 Triple Quadrupole
inductively coupled plasma mass spectrometer

Elemental Scientific Lasers (Bozeman, MT, USA) NWR193 excimer
laser with a TwoVol2 ablation chamber

1550 W ’ ‘

Standard nickel sample cone and XT
skimmer

13 | min™?

0.56 | min
1

1.1 min?

0.8 I min?

0.014 |
mint

~3.5) cm?

12 Hz

50 x 20 pm

10 um st

Line or raster




Table S4 | Summary of the number of trace element standard deviations used for rejection and

simple moving average calculation during elemental mapping.

Ratio Level of rejection
(standard deviation)

Li/Ca
Mg/Ca
Li/Mg
Sr/Ca
Ba/Ca
U/Ca

NN W W S~ W




Table S5 | List of publications that included measured growth rates of Keratoisis sp. identified
using a Thomson Reuters Web of Science collection
(http://www.webofknowledge.com, accessed 30/09/2022) ‘Advanced Search’ across
all databases in the titles, key words and abstracts of all document types, in all
languages, with the search term “Keratoisis” AND “growth rate” for publication years
1950 to 2021. Eligible literature (reported values of linear radial growth rates,

associated environmental metadata) are highlighted with an *

*Andrews, A.H., Cailliet, G.M., Kerr, L.A., Coale, K.H., Lundstrom, C., & DeVogelaere, A.P. (2003).
Investigations of age and growth for three deep-sea corals from the Davidson Seamount off central
California. In 2nd International Symposium on Deep-Sea Corals (pp. 1021-1038). Springer-Verlag Berlin,
Erlangen, GERMANY.

*Andrews, A.H., Stone, R.P., Lundstrom, C.C., & DeVogelaere, A.P. (2009). Growth rate and age
determination of bamboo corals from the northeastern Pacific Ocean using refined 210Pb dating. Marine

Ecology Progress Series, 397, 173-185.

*Farmer, J.R., Robinson, L.F., & Honisch, B. (2015). Growth rate determinations from radiocarbon in

bamboo corals (genus Keratoisis). Deep Sea Research Part I: Oceanographic Research Papers, 105, 26-40.

Frenkel, M.M., LaVigne, M., Miller, H.R., Hill, T.M., McNichol, A., & Gaylord, M.L. (2017). Quantifying
bamboo coral growth rate nonlinearity with the radiocarbon bomb spike: A new model for
paleoceanographic chronology development. Deep Sea Research Part I: Oceanographic Research Papers,

125, 26-39. d0i:10.1016/j.dsr.2017.04.006

*Floter, S., Fietzke, J., Gutjahr, M., Farmer, J., Honisch, B., Nehrke, G., & Eisenhauer, A. (2019). The influence
of skeletal micro-structures on potential proxy records in a bamboo coral. Geochimica et Cosmochimica

Acta, 248, 43-60.

*Noé, S.U., Lembke-Jene, L., & Dullo, W.C. (2008). Varying growth rates in bamboo corals: sclerochronology
and radiocarbon dating of a mid-Holocene deep-water gorgonian skeleton (Keratoisis sp.: Octocorallia)

from Chatham Rise (New Zealand). Facies, 54, 151-166.

*Sherwood, O.A., & Edinger, E.N. (2009). Ages and growth rates of some deep-sea gorgonian and
antipatharian corals of Newfoundland and Labrador. Canadian Journal of Fisheries and Aquatic Sciences, 66,

142-152.

*Sherwood, O.A., Thresher, R.E., Fallon, S.J., Davies, D.M., & Trull, T.W. (2009). Multi-century time-series of
N-15 and C-14 in bamboo corals from deep Tasmanian seamounts: evidence for stable oceanographic

conditions. Marine Ecology Progress Series, 397, 209-218.



*Sinclair, D.J., Williams, B., Allard, G., Ghaleb, B., Fallon, S., Ross, S.W., & Risk, M. (2011). Reproducibility of
trace element profiles in a specimen of the deep-water bamboo coral Keratoisis sp. Geochimica Et

Cosmochimica Acta, 75, 5101-5121.

*Thresher, R.E. (2009). Environmental and compositional correlates of growth rate in deep-water bamboo

corals (Gorgonacea; Isididae). Marine Ecology Progress Series, 397, 187-196.

*Thresher, R.E., MacRae, C.M., Wilson, N.C., & Fallon, S. (2009). Feasibility of age determination of deep-
water bamboo corals (Gorgonacea; Isididae) from annual cycles in skeletal composition. Deep Sea Research

Part I: Oceanographic Research Papers., 56, 442-449.

*Tracey, D.M., Neil, H., Marriott, P., Andrews, A.H., Cailliet, G.M., & Sanchez, J.A. (2007). Age and growth of
two genera of deep-sea bamboo corals (family Isididae) in New Zealand waters. Bulletin of Marine Science,

81, 393-408.

Yoshimura, T., Wakaki, S., lwasaki, N., Ishikawa, T., & Ohkouchi, N. (2022). Stable Sr isotope (88Sr/865r)

fractionation in calcite precious corals. Frontiers in Marine Science, 9. doi:10.3389/fmars.2022.104590.



Figure S5 | Transverse section of sectioned internodes of Keratoisis sp. photographed under a Leo 1450VP (Carl Zeiss) variable pressure scanning

electron microscope at 25x magnification for sample (a) #23-1, (b) #23-6, (c) #23-10, and (d) #23-16. Scale =1 mm

Figure S5(a) 23-1

Figure S5(b) 23-6




Figure S5(c) 23-10

Figure S5(d) 23-16




Table S6 | Reported values for Keratoisis sp. growth rate and associated environmental parameters extracted from the scientific literature listed by
marine ecoregion. Data are compiled from the following sources in Table S5 (indicated by superscripted letters in the Specimen ID
column):(a) Andrews et al. 2009; (b) Farmer et al. 2005; (c) Hill et al. 2011; (d) Noe et al. 2011; (e) Sherwood and Edinger, 2009; (f) Sinclair et

al. 2011; (g) Thresher, 2009; (h) Thresher et al. 2009. Error is expressed as two standard deviations outside the mean growth rate.

Specimen  Genus ID EcoRegion Coral Lat (°"N) Long(°E) T (°C) Mean Error Technique no.
ID depth growth rate (% 20) discrete
(m) (rm/yr) samples
GOA99? Keratoisis Cold Temperate North Pacific 746 57.89 -137.49 3.67 56.00 15.50 210Pb 7

sp.

T428-A10*  Keratoisis Cold Temperate North Pacific 1425 35.77 -122.70  2.50 51.00 17.50 210Pb 8
sp.

T948-A22 Keratoisis Cold Temperate North Pacific 1574 35.73 -122.71 2.60 57.00 2.50 210Pb 12
sp.

SS_320mP  Keratoisis  Cold Temperate North Atlantic 320 44.22 -58.03 7.19 59.00 10.00 Calcite *4C 4
sp.

BS_963mP Keratoisis  Cold Temperate North Atlantic 963 40.26 -67.69 422 21.00 2.00 14C Plateau 8
sp.

BS_963mP  Keratoisis  Cold Temperate North Atlantic 963 40.26 -67.69 4.22 12.00 3.00 Bomb C 2
sp.

BS 1299mP Keratoisis  Cold Temperate North Atlantic 1299 39.88 -67.47 3.83 60.00 14.00 Calcite 4C 8
sp.

BS_1917mP® Keratoisis  Cold Temperate North Atlantic 1917 39.92 -67.40 3.33 41.00 3.00 Calcite 14C 4
sp.

BS_1917mP® Keratoisis  Cold Temperate North Atlantic 1917 39.92 -67.40 3.33 12.00 2.00 Calcite 14C 4
sp.

EF_805m°  Keratoisis Warm Temperature North 805 30.73 -79.43 10.88 31.00 10.00 Calcite *4C 4
sp. Atlantic

T664-A17¢ Keratoisis Cold Temperate North Pacific 1295 33.13 -12091 3.30 46.00 12.00 Calcite 14C 2

sp.




T668-A13¢
c2¢
1449¢
2452¢
1343¢
JSL-4683f
K228
K2e
K8e

Keh

Keratoisis
sp.
Keratoisis
sp.
Keratoisis
sp.
Keratoisis
sp.
Keratoisis
sp.
Keratoisis
sp.
Keratoisis
sp.
Keratoisis
sp.
Keratoisis
sp.
Keratoisis

sp.

Cold Temperate North Pacific
Southern New Zealand
Arctic
Cold Temperate North Atlantic
Cold Temperate North Atlantic
Warm Temperature North
Atlantic
Continental High Antarctic
Southern New Zealand

Southern New Zealand

Southern New Zealand

2136

682

1193

601

713

549

2355.5

1000

2000

925

3191

-44.75.

61.60

44.83

44.13

30.52

-61.95

-43.88

-43.3

-47.47

-120.05

. 174.39

-60.38

-54.47

-52.93

-79.66

55.88

150.42

148.03

148.78

2.08

3.37

4.36

4.00

13.15

-0.4

4.66

2.40

5.41

54.00

40.00

75.00

74.00

53.00

33.00

15.50

104.00

15.40

67.00

12.00

23.00

11.00

6.00

9.00

10.00

12.00

12.00

Calcite 1*C
Bomb 14C
Bomb 4C
Bomb 4C
Bomb 4C
14C and
210Pb
Calcite 14C
Calcite *4C

Calcite 14C

Calcite 14C

22

24




Table S7 | List of publications that investigated paleothermometry of corals and coralline algae,
identified using a Thomson Reuters Web of Science collection
(http://www.webofknowledge.com, accessed 30/09/2022) ‘Advanced Search’ across
all databases in the titles, key words and abstracts of all document types, in all
languages, with the search term (“Li/Mg” OR “Mg/Ca” OR “Sr/Ca” OR “Ba/Ca” OR
“U/Ca” OR “Sr-U”) AND (“coral” OR “coralline algae”) AND (“temperature” OR
“thermometry” OR “thermometer”) AND (“calibration”) for publication years 1950 to

2021.

Alibert, C., Kinsley, L., (2008). A 170-year Sr/Ca and Ba/Ca coral record from the western Pacific warm pool:

1. What can we learn from an unusual coral record? Journal of Geophysical Research-Oceans, 113(C4).

Alibert, C., McCulloch, M.T., (1997). Strontium/calcium ratios in modern Porites corals from the Great
Barrier Reef as a proxy for sea surface temperature: Calibration of the thermometer and monitoring of

ENSO. Paleoceanography, 12(3): 345-363.

Allison, N., Finch, A.A., (2005). High-resolution Sr/Ca records in modern Porites lobata corals: Effects of

skeletal extension rate and architecture. Geochemistry Geophysics Geosystems, 5.

Alpert, A.E. et al. (2016). Comparison of equatorial Pacific sea surface temperature variability and trends

with Sr/Ca records from multiple corals. Paleoceanography, 31(2): 252-265.

Alpert, A.E. et al. (2017). Twentieth century warming of the tropical Atlantic captured by Sr-U
paleothermometry. Paleoceanography, 32(2): 146-160.

Amir, L., Mohamed, C.A.R., (2019). A First Look at Monthly Fluctuations of Sr/Ca in Porites sp. from the East
and West Coast of Peninsular Malaysia. Sains Malaysiana, 48(11): 2367-2380.

Anagnostou, E. et al. (2011). Seawater nutrient and carbonate ion concentrations recorded as P/Ca, Ba/Ca,
and U/Ca in the deep-sea coral Desmophyllum dianthus. Geochimica et Cosmochimica Acta, 75(9): 2529-

2543,

Anagnostou, E., Williams, B., Westfield, I., Foster, G.L., Ries, J.B., (2019). Calibration of the pH-delta B-11
and temperature-Mg/Li proxies in the long-lived high-latitude crustose coralline red alga Clathromorphum

compactum via controlled laboratory experiments. Geochimica et Cosmochimica Acta, 254: 142-155.
Anonymous, (2014). Dry Tortugas National Park Coral Sr/Ca data for 1734 to 2008, NOAA Paleoclimatology.

Armid, A. et al. (2011). Seawater temperature proxies based on D-Sr, D-Mg, and D-U from culture
experiments using the branching coral Porites cylindrica. Geochimica et Cosmochimica Acta, 75(15): 4273-

4285.



Asami, R. et al. (2009). Evidence for tropical South Pacific climate change during the Younger Dryas and the
Bolling-Allerod from geochemical records of fossil Tahiti corals. Earth and Planetary Science Letters, 288(1-
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Appendix for Chapter 4

Figure S6 | Global distribution of (a) Mg/Ca-T, Li/Mg-T, Sr/Ca-T, Sr/U-T and U/Ca-T calibration
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(b)

—_
%]
(0]
(0]
=

Latitude (decimal deg

data and (b) Ba/Ca-T, Dg,—T and [Ba]cora—[Ba]sw calibration data extracted from
publications identified during the multi-element, multi-species paleoenvironment
calibrations literature search (section 4.3.5.3). Data without corresponding

coordinates are not shown.
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Figure S7 | Summary of tuning stratigraphic element signals for Keratoisis sp. for sample (a) #23-1, (b) #23-6, (c) #23-10, and (d) #23-16. In each panel,
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Figure S7(b)
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Figure S7(c)
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Figure S7(d)
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Table S8 | Summary of proxy calibrations extracted for the citation returns for the paleothermometry literature search of coral and coralline algae

outlined in Table S7, displayed the type of relationship, the equation intercept and slope, Pearson’s correlation score (r), coefficient of

determination (R%; colour: low to high, red to green), statistical significance (p), source of temperature data, taxa and mineralogy, time

resolution and temperature range.

Element Time Temperature Temperature

ratio units Relationship Publication Journal y X intercept slope r R2 p Resolution source range Coral Notes Taxa

Li/Mg mmol.mol Linear Zinke et al. 2019 Biogeosciences Li/Mg T 2.672 -0.045 0.94 OISST Aragonite Porites sp.

Li/Mg mmol.mol Linear Zinke et al. 2019 Biogeosciences Li/Mg T 2.739 -0.052 0.78 OISST Aragonite Porites sp.
Hathorne et al.

Li/Mg mmol.mol Linear 2013 Paleooceanog. Li/Mg T 2.76 -0.048 0.67 in-situ 19to 28 Aragonite Porites sp.
Hathorne et al.

Li/Mg mmol.mol Linear 2013 Paleooceanog. Li/Mg T 2.96 -0.060 0.64 in-situ 25t0 29 Aragonite Porites sp.

Paleooceanog.

Li/Mg mmol.mol Linear Ross et al. 2019 Paleoclimato. Li/Mg T 3.59 -0.079 0.86 <0.001 in-situ Aragonite Multi-species
Marchitto et al.

Li/Mg mmol.mol Exponential 2018 Earth Planet. Sci. Lett. Li/Mg T 5.29 exp 0.96 in-situ 0to 30 Aragonite Multi-species
Montagna et al. Geomchim. Cosmochim.

Li/Mg mmol.mol Exponential 2014 Acta Li/Mg T 541 exp 0.975 0to 30 Aragonite Multi-species

Earth and Planetary

Li/Mg mmol.mol Exponential Steward et al. 2020 Science Letters Li/Mg T 5.42 exp 0.97 0to 30 Aragonite Multi-species
Hetzinger et al. Geomchim. Cosmochim. High Mg Clathromorphum

Mg/Ca mmol.mol Linear 2018 Acta Mg/Ca T -41.834 0.345 0.882 <0.001 in-situ calcite compactum
Watanabe et al.

Mg/Ca mmol.mol Linear 2001 Marine Geology Mg/Ca T -3.24 0.28 0.92 Monthly in-situ 24to 31 Aragonite Porites sp.

ratio to Kamenos et al. Geomchim. Cosmochim. High Mg Lithothamnion
Mg/Ca Ca Linear 2008 Acta T Mg/Ca -0.92 49.40 0.97 0.94 <0.0001 in-situ 6to 16 calcite glaciale
Geochem. Geophys.
Mg/Ca mmol.mol Linear Ourbak et al. 2006 Geosys. Mg/Ca T 0.142 0.218 0.81 in-situ 21to29 Aragonite Porites sp.
ratio to Kamenos et al. Geomchim. Cosmochim. High Mg Phymatolithon
Mg/Ca Ca Linear 2010 Acta T Mg/Ca 0.74 42.12 0.89 0.78 <0.0001 in-situ 6to 16 calcite calcareum
Mg/Ca mmol.mol Linear Yu et al. 2005 Paleo. Paleo. Paleo. Mg/Ca T 1.32 0.11 18to 31 Aragonite Porites sp.
Villaescusa &
Mg/Ca mmol.mol Linear Carriquiry, 2004 Ciencias Marinas Mg/Ca T 1.550 0.0956 0.906 Monthly AVHRR 23t029 Aragonite Porites sp.
Geomchim. Cosmochim. Culture
Mg/Ca mmol.mol Linear Armid et al. 2011 Acta Mg/Ca T 1.973 0.1002 0.67 experiment 22to 30 Aragonite Porites sp.
Culture
Mg/Ca mmol.mol Linear Xiao et al. 2014 Sci. China-Earth Sciences Mg/Ca T 2.339 0.0497 0.25 experiment Aragonite Acropora
Quinn & Sampson,

Mg/Ca mmol.mol Linear 2002 Paleooceanog. Mg/Ca T 2.638 0.105 0.61 Monthly in-situ 18to 28 Aragonite Porites sp.
Hathorne et al.

Mg/Ca mmol.mol Linear 2013 Paleooceanog. Mg/Ca T 3.16 0.05 0.26 in-situ 19to 28 Aragonite Porites sp.

Mg/Ca mmol.mol Linear Bell et al. 2017 Paleoecol. Mg/Ca T 3.774 -0.0342 0.53 in-situ Aragonite Acropora digitifera
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Statistical model summary

Summary of the statistical models analysing each reconstructed environmental variable
(Temperature: T mean, T[re trend; Barium: [BaJsw) . For each model (Model S1 to S3) | list the
initial linear regression model and the minimal adequate model. When homogeneity of variance

was violated | used a linear regression with generalized least squares (GLS) estimation. | present a
summary of the coefficient tables for single terms. The coefficients indicate the relative
performance of each factor level in relation to the re-levelled baseline (as indicated). Coefficients
+ SE, t-values and significance values are presented.

Abbreviations

(i) Explanatory variables

Colony, coral colony

Internode, colony internode

(ii) Response variables

Tireg mean, mean reconstructed temperature between 2003 and 2016 (°C)
Treq trend, annual reconstructed temperature trend 2003 and 2016 (°C.yr™)

[Ba]sw, mean reconstructed barium between 2001 and 2021 (nmol.kg™?)






Model S1 Mean reconstructed temperature between 2003 and 2016 (T mean, °C)

Initial linear regression model:
Im(Tirec; mean ~ Colony + Internode + Colony:Internode)
Minimal adequate model:

1lme (Tirec; mean ~ Colony + Internode + Colony:Internode,

random = ~ 1l|Interpolation,
weights = varIdent (form = ~ 1|Colony),
method = "REML")

Model S2 Annual reconstructed temperature trend 2003 and 2016 (Teq trend, °C.yr?)

Initial linear regression model:
Im(Tirec; trend ~ Colony + Internode + Colony:Internode)
Minimal adequate model:
Ime (T(rec; trend ~ Colony + Internode + Colony:Internode,
random = ~ 1l|Interpolation,
weights = varIdent (form = ~ 1|Colony*Internode),

method = "REML")

Model S3 Mean reconstructed barium between 2001 and 2021 ([Ba]sw, nmol.kg™)

Initial linear regression model:



Im([Ba]lsw ~ Colony + Internode + Colony:Internode)

Minimal adequate model:

Ime ([Balsyw ~ Colony + Internode + Colony:Internode,

random = ~1|Interpolation,

= ~ 1|Colony*Internode),

weights = varIdent (form =

method = "REML")
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Appendix D  Appendix 1 for Chapter 5

Data records S1.

Data records are available via an unrestricted repository hosted by the Discovery Metadata

System (https://www.bas.ac.uk/project/dms/), a data catalogue hosted by The UK Polar Data

Centre (UK PDC, https://www.bas.ac.uk/data/uk-pdc/).

The following data records were used in this contribution:

Invertebrate macrofauna (taxa identity, abundance and biomass)

Solan, M., Godbold, J., Grange, L., Ward, E. R., Wood, C., & Reed, A. (2020). Macrofaunal
abundance and biomass for replicate macrofaunal communities from the Western Barents Sea for
summer 2017 and 2018 (Version 1.0) [Data set]. UK Polar Data Centre, Natural Environment

Research Council, UK Research & Innovation. https://doi.org/10.5285/7FBCAOA1-E2C1-4265-

A7A5-713451CB52C0

The cruise reports (RRS James Clarke Ross, JR16006 and JR17007) are available here:

https://www.bodc.ac.uk/resources/inventories/cruise inventory/reports/jr16006.pdf

https://www.bodc.ac.uk/resources/inventories/cruise inventory/reports/jr17007.pdf
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https://www.bodc.ac.uk/resources/inventories/cruise_inventory/reports/jr17007.pdf

Appendix D

Figure S1 | Geographical distribution of benthic stations (B13-B14, Xs, B15-B17) and main
oceanographic currents (Vihtakari et al. 2019; Eriksen et al. 2018) overlain with (a) bottom
temperature range ('C) between 2004-2014 and (b) mean sea ice cover (fraction) between 2004-
2014 obtained from BioOracle (Tyberghein et al. 2012; Assis et al. 2018) and mapped using the
“sdmpredictors” R package (Bosch & Fernandez, 2021).
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Table S1 | Ranked (rk) vulnerabilities (alphabetically ordered) to climate-driven environmental transitions (right hand columns) based on percentage
differences (left hand columns) in sediment-dwelling invertebrate biomass between the pre-extinction community (northernmost station) and the
reference post-extinction community (southernmost station) for all taxa in the regional species pool (n = 69). Inf. denotes where there is no biomass in

the pre-extinction community and biomass in the post-extinction community, so percentage difference = infinite.

Species B17-B16 B16-B15 B15-Xs Xs-B14 B14-B13 B17-B13 rk(B17-B16) rk(B16-B15) rk(B15-Xs)  rk(Xs-B14)  rk(B14- rk(B17-
B13) B13)
Abyssoninoe hibernica Inf 1.8261 -1 0 0 0 104 88 13 69 52 67
Adontorhina juv -1 0 Inf -0.942 0.3 0.3 15 60 100.5 25 84 90
Aglaophamus malmgreni -1 0 Inf -0.929 -1 -1 15 60 100.5 26 8 17
Ampelisca sp 0 0 0 Inf -1 0 60.5 60 55 108.5 8 67
Ampeliscidae Inf -1 0 0 0 0 104 135 55 69 52 67
Ampharete finmarchica 0 0 0 Inf -1 0 60.5 60 55 108.5 8 67
Ampharete lindstroemi 0 0 Inf -1 0 0 60.5 60 100.5 12.5 52 67
Ampharete sp Inf -1 0 0 0 0 104 135 55 69 52 67
Amphitrite groenlandica -1 0 0 0 0 -1 15 60 55 69 52 17
Amphiuridae indet -1 0 0 0 0 -1 15 60 55 69 52 17
Antalis entalis -1 0 0 Inf 17.538 -0.667 15 60 55 108.5 90 38
Aphelochaeta marioni -1 0 0 0 0 -1 15 60 55 69 52 17
Aphroditoidea indet -1 0 0 0 0 -1 15 60 55 69 52 17
Apseudes sp 0 0 0 Inf -1 0 60.5 60 55 108.5 8 67
Aricidea catherinae 3 -0.95 26 -1 Inf 2.8 90 27 87 12.5 102 93

Aricidea quadrilobata -1 Inf -1 0 0 -1 15 101.5 13 69 52 17
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Diastyloides biplicata
Diplocirrus hirsutus
Dipolydora sp
Edwardsia sp
Ennucula tenuis
Ephesiella abyssorum
Eteone longa

Eteone sp

Euclymene droebachiensis

Eudorella emarginata
Exogone sp
Galathowenia oculata

Glyphanostomum
pallescens

Gnathia elongata
Gnathia maxillaris
Gnathiidae

Haploops setosa
Haploops tubicola
Harpinia antennaria
Harpinia sp
Heteromastus filiformis

Hippomedon sp

Inf

Inf
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Leitoscoloplos mammosus

Leptognathia gracilis
Leucon nasica

Levinsenia gracillis

Lumbrineris mixochaeta

Lumbrinidae indet
Lysippe sexcirrata
Maldane sarsi
Maldanidae indet
Mediomastus fragilis
Melinna sp
Myriochele heeri
Myriochele sp
Nematoda
Nemertea
Nephasoma procera
Nephtys ciliata
Nephtys incisa
Nephtys juv
Ophelina abranchiata
Ophiocten sericeum

Ostracoda

-0.695

Inf
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Owenia polaris
Paradoneis sp
Paramphinome jeffreysii
Paraonidae indet
Paraonides sp

Parougia caeca
Pellecepoda

Phascolion strombi
Pherusa plumosa
Pholoidae indet
Phyllodoce groenlandica
Polycirrus arcticus
Praxiella gracilis
Praxillura longissima
Prionospio cirrifera
Quasimelita quadrispinosa
Retusa obtusa

Rhodine gracilor
Rhodine sp

Scolelepis sp
Spiochaetopterus typicus

Spiophanes bombyx

Inf
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Spiophanes kroyeri
Spirorbinae indet
Syllis cornuta agg
Syllis sp

Syllis sp E
Tanaidacea
Terebellides stroemii
Terebratulina retusa

Yoldiidae
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Figure S2 | Log-transformed taxa-specific BP;, from the most (top) to least (bottom) contributing taxa for all local (B17-B16 | B16-B15 | B15-Xs | Xs-B14 |

B14-B13) and regional (B17-B13) environmental transitions.
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Figure S3 | Non-metric two-dimensional (nMDS) representations of Bray—Curtis similarity matrices from Solan et al. (2020) based on (a) square root
transformed abundance and (b) untransformed biomass for stations B13—B17 (indicated by colour) in 2017 (circles) and stations B13—B17 and Xs in 2018
(triangles). The classification of faunal assemblages in the Barents Sea demonstrates a distinct separation between the northern and southern stations.
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Figure S4 | The (a) weighted network and (b) frequency of interactions between taxa (abundance > 1 across all stations; n = 69) estimated from 466
correlations in biomass across all station deployments (n = 24). Only positive (green) and negative (red) correlations = 1.5 s.d. from the mean score
(0.0397) are displayed in S3(a), where colour saturation and width of connections correspond to the absolute correlation score and scale relative to the
strongest correlation score (1.0000). Cutoff (0.55) relates to the correlation value for maximum connection thickness, with all connections higher than
the cutoff sharing the same thickness. Maximum relates to the maximum correlation score shown. Clustering is computed using the Fruchterman-
Reingold algorithm, where nodes repel each other equally before connections create an attraction force based on the correlation score, irrespective of
its sign (Fruchterman & Reingold, 1991). In S3(b), correlations mainly cluster within 1.5 standard deviations of the mean score (grey dashed horizontal
bar), with more positive (green dashed horizontal bar) than negative correlations (red dashed horizontal bar) occurring outside this range.
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Table S2 | List of sediment-dwelling invertebrate species with (a) positive (n = 460) and (b)

negative correlations (n = 6) =1.5 standard deviations from the mean coefficient value (Figure

S4).

Table S2 (a)
Sp1l Sp2 correlation coefficient
Adontorhina juv Aricidea catherinae 0.44490047
Adontorhina juv Aricidea suecica 0.65324341
Adontorhina juv Brachydiastylis resima 0.39901141
Adontorhina juv Chaetozone setosa 0.44925732
Adontorhina juv Eteone sp 0.55942251
Adontorhina juv Myriochele sp 0.65208596
Adontorhina juv Nephtys incisa 0.58154394
Adontorhina juv Owenia polaris 0.55005358
Adontorhina juv Spiochaetopterus typicus 0.58280577
Aglaophamus malmgreni Aricidea quadrilobata 0.39549028
Aglaophamus malmgreni Bathyarca frielei 0.469328
Aglaophamus malmgreni Diastylis lucifera 0.41354182
Ampeliscidae Cossura sp 0.98666973
Ampeliscidae Galathowenia oculata 0.86343044
Ampeliscidae Glyphanostomum pallescens 0.99130832
Ampeliscidae Gnathiidae 0.99130832
Ampeliscidae Mediomastus fragilis 0.8340697
Antalis entalis Cirrophorus eliasoni 0.97355357
Antalis entalis Clymenura sp 0.97355357
Antalis entalis Heteromastus filiformis 0.85989273
Antalis entalis Leitoscoloplos mammosus 0.40048705
Antalis entalis Ophelina abranchiata 0.94265891
Aphroditoidea indet Brachydiastylis resima 0.72447193
Aphroditoidea indet Chirimia biceps 0.46499525
Aphroditoidea indet Diplocirrus hirsutus 0.63553438
Aphroditoidea indet Levinsenia gracillis 0.73574765
Aphroditoidea indet Lumbrineris mixochaeta 0.66114928
Aphroditoidea indet Nemertea 0.89322531
Aphroditoidea indet Pellecepoda 0.91713348
Aphroditoidea indet Prionospio cirrifera 0.59222719
Aphroditoidea indet Syllis cornuta agg 0.90642424
Aphroditoidea indet Tanaidacea 0.76019463
Aricidea catherinae Adontorhina juv 0.44490047
Aricidea catherinae Aricidea suecica 0.6769014
Aricidea catherinae Capitella sp 0.48163601
Aricidea catherinae Chaetozone setosa 0.71877728
Aricidea catherinae Ctenodiscus crispatus 0.46770247
Aricidea catherinae Dialychone spp 0.45636358
Aricidea catherinae Eteone sp 0.58034329
Aricidea catherinae Maldane sarsi 0.60755555
Aricidea catherinae Myriochele sp 0.67995672




Aricidea catherinae
Aricidea catherinae
Aricidea catherinae
Aricidea catherinae
Aricidea quadrilobata
Aricidea quadrilobata
Aricidea quadrilobata
Aricidea quadrilobata
Aricidea quadrilobata
Aricidea quadrilobata
Aricidea quadrilobata
Aricidea suecica
Aricidea suecica
Aricidea suecica
Aricidea suecica
Aricidea suecica
Aricidea suecica
Aricidea suecica
Aricidea suecica
Aricidea suecica
Ascelerichilus intermedius
Ascelerichilus intermedius
Ascelerichilus intermedius
Astarte crenata agg
Astarte crenata agg
Astarte crenata agg
Astarte crenata agg
Astarte crenata agg
Astarte crenata agg
Astarte crenata agg
Bathyarca frielei
Brachydiastylis resima
Brachydiastylis resima
Brachydiastylis resima
Brachydiastylis resima
Brachydiastylis resima
Brachydiastylis resima
Brachydiastylis resima
Brachydiastylis resima
Brachydiastylis resima
Capitella sp

Capitella sp

Capitella sp

Capitella sp

Capitella sp

Capitella sp

Capitella sp
Chaetozone setosa
Chaetozone setosa

Nephtys incisa

Owenia polaris

Rhodine sp

Yoldiidae

Aglaophamus malmgreni
Chirimia biceps
Diastylis lucifera
Gnathia maxillaris
Lumbrineris mixochaeta
Nephtys juv

Prionospio cirrifera
Adontorhina juv
Aricidea catherinae
Chaetozone setosa
Diplocirrus hirsutus
Eteone sp

Maldane sarsi
Myriochele sp

Nephtys incisa

Owenia polaris
Haploops setosa
Nematoda

Rhodine gracilor
Cistenides hyperborea
Leitoscoloplos mammosus
Paraonidae indet
Phyllodoce groenlandica
Praxiella gracilis
Prionospio cirrifera
Terebellides stroemii
Aglaophamus malmgreni
Adontorhina juv
Aphroditoidea indet
Diplocirrus hirsutus
Levinsenia gracillis
Lumbrineris mixochaeta
Nemertea

Pellecepoda

Syllis cornuta agg
Tanaidacea

Aricidea catherinae
Dialychone spp
Galathowenia oculata
Maldane sarsi

Rhodine sp

Syllis sp

Yoldiidae

Adontorhina juv
Aricidea catherinae

0.5988667
0.57041645
0.48163601
0.49961056
0.39549028
0.66620934
0.98483334
0.48409644
0.44188879
0.45557401
0.58527962
0.65324341
0.6769014
0.67021999
0.61278768
0.88886812
0.50733476
0.99905437
0.91474314
0.87618827
0.93926974
0.4907254
0.40810919
0.67955818
0.74198895
0.9265528
0.92831992
0.9237353
0.54399854
0.42223172
0.469328
0.39901141
0.72447193
0.40640716
0.63265662
0.48315825
0.61063316
0.64208916
0.72280314
0.57472834
0.48163601
0.97632349
0.49883342
0.5929407
1
0.52925332
0.58450611
0.44925732
0.71877728




Chaetozone setosa
Chaetozone setosa
Chaetozone setosa
Chaetozone setosa
Chaetozone setosa
Chaetozone setosa
Chaetozone setosa
Chaetozone setosa
Chirimia biceps
Chirimia biceps
Chirimia biceps
Chirimia biceps
Chirimia biceps
Chirimia biceps
Chirimia biceps
Chirimia biceps
Chirimia biceps
Chirimia biceps
Chirimia biceps
Cirrophorus eliasoni
Cirrophorus eliasoni
Cirrophorus eliasoni
Cirrophorus eliasoni
Cirrophorus eliasoni
Cistenides hyperborea
Cistenides hyperborea
Cistenides hyperborea
Cistenides hyperborea
Cistenides hyperborea
Cistenides hyperborea
Clymenura sp
Clymenura sp
Clymenura sp
Clymenura sp
Clymenura sp

Cossura sp

Cossura sp

Cossura sp

Cossura sp

Cossura sp

Cossura sp
Ctenodiscus crispatus
Ctenodiscus crispatus
Ctenodiscus crispatus
Dialychone spp
Dialychone spp
Dialychone spp
Dialychone spp
Dialychone spp

Aricidea suecica
Ctenodiscus crispatus
Diplocirrus hirsutus
Eteone sp

Levinsenia gracillis
Myriochele sp

Nephtys incisa

Owenia polaris
Aphroditoidea indet
Aricidea quadrilobata
Diastylis lucifera

Gnathia maxillaris
Levinsenia gracillis
Lumbrineris mixochaeta
Mediomastus fragilis
Nephasoma procera
Pellecepoda

Prionospio cirrifera

Syllis cornuta agg
Antalis entalis
Clymenura sp
Heteromastus filiformis
Leitoscoloplos mammosus
Ophelina abranchiata
Astarte crenata agg
Leitoscoloplos mammosus
Paraonidae indet
Phyllodoce groenlandica
Praxiella gracilis
Spiochaetopterus typicus
Antalis entalis
Cirrophorus eliasoni
Heteromastus filiformis
Leitoscoloplos mammosus
Ophelina abranchiata
Ampeliscidae
Galathowenia oculata
Glyphanostomum pallescens
Gnathiidae

Levinsenia gracillis
Mediomastus fragilis
Aricidea catherinae
Chaetozone setosa
Gnathia maxillaris
Aricidea catherinae
Capitella sp
Galathowenia oculata
Maldane sarsi

Rhodine sp

0.67021999
0.51119839
0.62733184
0.57329039
0.53210197
0.67338372
0.59387801
0.5633835
0.46499525
0.66620934
0.69050057
0.41149345
0.47536286
0.71715938
0.49030427
0.64166231
0.4213375
0.68226427
0.49724918
0.97355357
1
0.89060905
0.41997644
0.97358866
0.67955818
0.58478494
0.75382893
0.75633975
0.7596907
0.5747216
0.97355357
1
0.89060905
0.41997644
0.97358866
0.98666973
0.79342606
0.99586853
0.99586853
0.41513559
0.84383606
0.46770247
0.51119839
0.70901712
0.45636358
0.97632349
0.47612562
0.6038821
0.97632349




Dialychone spp
Dialychone spp
Diastylis lucifera
Diastylis lucifera
Diastylis lucifera
Diastylis lucifera
Diastylis lucifera
Diastylis lucifera
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Diplocirrus hirsutus
Ennucula tenuis
Eteone sp

Eteone sp

Eteone sp

Eteone sp

Eteone sp

Eteone sp

Eteone sp

Eteone sp

Eteone sp

Eteone sp

Eteone sp
Galathowenia oculata
Galathowenia oculata
Galathowenia oculata
Galathowenia oculata
Galathowenia oculata
Galathowenia oculata
Galathowenia oculata
Galathowenia oculata
Galathowenia oculata
Galathowenia oculata
Galathowenia oculata
Glyphanostomum pallescens
Glyphanostomum pallescens
Glyphanostomum pallescens

Syllis sp

Yoldiidae

Aglaophamus malmgreni
Aricidea quadrilobata
Chirimia biceps

Gnathia maxillaris
Lumbrineris mixochaeta
Prionospio cirrifera
Aphroditoidea indet
Aricidea suecica
Brachydiastylis resima
Chaetozone setosa
Eteone sp

Levinsenia gracillis
Lumbrineris mixochaeta
Myriochele sp
Nemertea

Nephtys incisa

Owenia polaris
Pellecepoda

Prionospio cirrifera
Syllis cornuta agg
Tanaidacea

Retusa obtusa
Adontorhina juv
Aricidea catherinae
Aricidea suecica
Chaetozone setosa
Diplocirrus hirsutus
Lumbrinidae indet
Maldane sarsi
Myriochele sp

Nephtys incisa

Owenia polaris
Spiochaetopterus typicus
Ampeliscidae

Capitella sp

Cossura sp

Dialychone spp
Glyphanostomum pallescens
Gnathiidae

Maldane sarsi
Mediomastus fragilis
Myriochele heeri
Rhodine sp

Yoldiidae

Ampeliscidae

Cossura sp
Galathowenia oculata

0.5083799

0.54771716
0.41354182
0.98483334
0.69050057
0.50102349
0.46425117
0.59222719
0.63553438
0.61278768
0.40640716
0.62733184
0.51552062
0.5508677

0.6124198

0.60827772
0.52030658
0.51641954
0.50644825
0.55385365
0.41980384
0.55221566
0.43468053
0.86549354
0.55942251
0.58034329
0.88886812
0.57329039
0.51552062
0.41561756
0.57262329
0.89060905
0.97156647
0.77202731
0.45335255
0.86343044
0.49883342
0.79342606
0.47612562
0.8001156

0.8001156

0.48204579
0.64157121
0.42732954
0.49883342
0.46768293
0.99130832
0.99586853
0.8001156




Glyphanostomum pallescens
Glyphanostomum pallescens
Glyphanostomum pallescens
Gnathia elongata

Gnathia elongata

Gnathia elongata

Gnathia elongata

Gnathia maxillaris
Gnathia maxillaris
Gnathia maxillaris
Gnathia maxillaris
Gnathia maxillaris
Gnathiidae

Gnathiidae

Gnathiidae

Gnathiidae

Gnathiidae

Gnathiidae

Haploops setosa

Haploops setosa

Haploops setosa

Haploops setosa

Haploops tubicola
Haploops tubicola
Haploops tubicola
Heteromastus filiformis
Heteromastus filiformis
Heteromastus filiformis
Heteromastus filiformis
Heteromastus filiformis
Leitoscoloplos mammosus
Leitoscoloplos mammosus
Leitoscoloplos mammosus
Leitoscoloplos mammosus
Leitoscoloplos mammosus
Leitoscoloplos mammosus
Leitoscoloplos mammosus
Leitoscoloplos mammosus
Leitoscoloplos mammosus
Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis

Levinsenia gracillis

Gnathiidae

Levinsenia gracillis
Mediomastus fragilis
Haploops tubicola
Nematoda

Nephasoma procera
Ostracoda

Aricidea quadrilobata
Chirimia biceps
Ctenodiscus crispatus
Diastylis lucifera
Haploops tubicola
Ampeliscidae

Cossura sp
Galathowenia oculata
Glyphanostomum pallescens
Levinsenia gracillis
Mediomastus fragilis
Ascelerichilus intermedius
Heteromastus filiformis
Nematoda

Rhodine gracilor
Gnathia elongata
Gnathia maxillaris
Nephasoma procera
Antalis entalis
Cirrophorus eliasoni
Clymenura sp

Haploops setosa
Ophelina abranchiata
Antalis entalis

Astarte crenata agg
Cirrophorus eliasoni
Cistenides hyperborea
Clymenura sp
Paraonidae indet
Phyllodoce groenlandica
Praxiella gracilis
Prionospio cirrifera
Aphroditoidea indet
Brachydiastylis resima
Chaetozone setosa
Chirimia biceps

Cossura sp

Diplocirrus hirsutus
Glyphanostomum pallescens
Gnathiidae

Lumbrineris mixochaeta

Mediomastus fragilis

1
0.40389708
0.84726528
0.77724314
0.7381138
0.85534119
0.4197823
0.48409644
0.41149345
0.70901712
0.50102349
0.46032232
0.99130832
0.99586853
0.8001156
1
0.40389708
0.84726528
0.93926974
0.41561756
0.51004797
0.45613448
0.77724314
0.46032232
0.71054791
0.85989273
0.89060905
0.89060905
0.41561756
0.86028619
0.40048705
0.74198895
0.41997644
0.58478494
0.41997644
0.73384883
0.73836851
0.74208101
0.55845291
0.73574765
0.63265662
0.53210197
0.47536286
0.41513559
0.5508677
0.40389708
0.40389708
0.65467046
0.50073088




Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis
Levinsenia gracillis
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrineris mixochaeta
Lumbrinidae indet
Maldane sarsi

Maldane sarsi

Maldane sarsi

Maldane sarsi

Maldane sarsi

Maldane sarsi

Maldane sarsi

Maldane sarsi

Maldane sarsi

Maldane sarsi
Mediomastus fragilis
Mediomastus fragilis
Mediomastus fragilis
Mediomastus fragilis
Mediomastus fragilis
Mediomastus fragilis
Mediomastus fragilis
Mediomastus fragilis
Mediomastus fragilis
Mediomastus fragilis
Melinna sp

Melinna sp

Melinna sp

Melinna sp

Melinna sp

Myriochele heeri
Myriochele heeri
Myriochele heeri

Nemertea

Ophelina abranchiata
Pellecepoda
Prionospio cirrifera
Syllis cornuta agg
Tanaidacea
Aphroditoidea indet
Aricidea quadrilobata
Brachydiastylis resima
Chirimia biceps
Diastylis lucifera
Diplocirrus hirsutus
Levinsenia gracillis
Mediomastus fragilis
Melinna sp

Nemertea
Pellecepoda
Prionospio cirrifera
Syllis cornuta agg
Tanaidacea

Eteone sp

Aricidea catherinae
Aricidea suecica
Capitella sp
Dialychone spp
Eteone sp
Galathowenia oculata
Myriochele sp
Nephtys incisa
Rhodine sp

Yoldiidae
Ampeliscidae

Chirimia biceps
Cossura sp
Galathowenia oculata
Glyphanostomum pallescens
Gnathiidae

Levinsenia gracillis
Lumbrineris mixochaeta
Prionospio cirrifera
Syllis cornuta agg
Lumbrineris mixochaeta
Myriochele heeri
Ostracoda

Owenia polaris
Terebellides stroemii
Galathowenia oculata
Melinna sp

Ostracoda

0.60909048
0.4812985

0.81887741
0.42803324
0.8511783

0.49865456
0.66114928
0.44188879
0.48315825
0.71715938
0.46425117
0.6124198

0.65467046
0.43705009
0.52232368
0.56053065
0.60908411
0.71553221
0.65647107
0.42237943
0.41561756
0.60755555
0.50733476
0.5929407

0.6038821

0.57262329
0.48204579
0.50295976
0.5183831

0.5929407

0.56493878
0.8340697

0.49030427
0.84383606
0.64157121
0.84726528
0.84726528
0.50073088
0.43705009
0.43581994
0.49156799
0.52232368
0.88642033
0.8153058

0.40387286
0.52312745
0.42732954
0.88642033
0.76351236




Myriochele heeri
Myriochele sp
Myriochele sp
Myriochele sp
Myriochele sp
Myriochele sp
Myriochele sp
Myriochele sp
Myriochele sp
Myriochele sp
Myriochele sp
Nematoda
Nematoda
Nematoda
Nematoda

Nemertea

Nemertea

Nemertea

Nemertea

Nemertea

Nemertea

Nemertea

Nemertea

Nemertea
Nephasoma procera
Nephasoma procera
Nephasoma procera
Nephasoma procera
Nephasoma procera
Nephtys incisa
Nephtys incisa
Nephtys incisa
Nephtys incisa
Nephtys incisa
Nephtys incisa
Nephtys incisa
Nephtys incisa
Nephtys incisa
Nephtys incisa
Nephtys juv

Nephtys juv

Nephtys juv

Nephtys juv
Ophelina abranchiata
Ophelina abranchiata
Ophelina abranchiata
Ophelina abranchiata
Ophelina abranchiata

Ophelina abranchiata

Terebellides stroemii
Adontorhina juv
Aricidea catherinae
Aricidea suecica
Chaetozone setosa
Diplocirrus hirsutus
Eteone sp

Maldane sarsi

Nephtys incisa

Owenia polaris
Spiochaetopterus typicus
Ascelerichilus intermedius
Gnathia elongata
Haploops setosa
Nephasoma procera
Aphroditoidea indet
Brachydiastylis resima
Diplocirrus hirsutus
Levinsenia gracillis
Lumbrineris mixochaeta
Pellecepoda

Prionospio cirrifera
Syllis cornuta agg
Tanaidacea

Chirimia biceps
Gnathia elongata
Haploops tubicola
Nematoda

Ostracoda
Adontorhina juv
Aricidea catherinae
Aricidea suecica
Chaetozone setosa
Diplocirrus hirsutus
Eteone sp

Maldane sarsi
Myriochele sp

Owenia polaris
Spiochaetopterus typicus
Aricidea quadrilobata
Spiophanes kroyeri
Tanaidacea
Terebellides stroemii
Antalis entalis
Cirrophorus eliasoni
Clymenura sp
Heteromastus filiformis
Levinsenia gracillis

Pellecepoda

0.50444763
0.65208596
0.67995672
0.99905437
0.67338372
0.60827772
0.89060905
0.50295976
0.91702917
0.8779646

0.39150531
0.4907254

0.7381138

0.51004797
0.59547824
0.89322531
0.61063316
0.52030658
0.60909048
0.56053065
0.80909715
0.61816686
0.79353467
0.66782913
0.64166231
0.85534119
0.71054791
0.59547824
0.4245698

0.58154394
0.5988667

0.91474314
0.59387801
0.51641954
0.97156647
0.5183831

0.91702917
0.8598009

0.52230307
0.45557401
0.5831241

0.47348154
0.45302377
0.94265891
0.97358866
0.97358866
0.86028619
0.4812985

0.48723277




Ostracoda

Ostracoda

Ostracoda

Ostracoda

Ostracoda

Ostracoda

Owenia polaris

Owenia polaris

Owenia polaris

Owenia polaris

Owenia polaris

Owenia polaris

Owenia polaris

Owenia polaris

Owenia polaris

Owenia polaris

Owenia polaris

Owenia polaris
Paraonidae indet
Paraonidae indet
Paraonidae indet
Paraonidae indet
Paraonidae indet
Paraonidae indet
Paraonidae indet
Pellecepoda
Pellecepoda
Pellecepoda
Pellecepoda
Pellecepoda
Pellecepoda
Pellecepoda
Pellecepoda
Pellecepoda
Pellecepoda
Pellecepoda

Phyllodoce groenlandica
Phyllodoce groenlandica
Phyllodoce groenlandica
Phyllodoce groenlandica
Phyllodoce groenlandica
Phyllodoce groenlandica
Phyllodoce groenlandica
Praxiella gracilis
Praxiella gracilis
Praxiella gracilis
Praxiella gracilis
Praxiella gracilis
Praxiella gracilis

Gnathia elongata
Melinna sp

Myriochele heeri
Nephasoma procera
Owenia polaris
Terebellides stroemii
Adontorhina juv
Aricidea catherinae
Aricidea suecica
Chaetozone setosa
Diplocirrus hirsutus
Eteone sp

Melinna sp

Myriochele sp

Nephtys incisa
Ostracoda
Spiochaetopterus typicus
Yoldiidae

Astarte crenata agg
Cistenides hyperborea
Leitoscoloplos mammosus
Phyllodoce groenlandica
Praxiella gracilis
Prionospio cirrifera
Terebellides stroemii
Aphroditoidea indet
Brachydiastylis resima
Chirimia biceps
Diplocirrus hirsutus
Levinsenia gracillis
Lumbrineris mixochaeta
Nemertea

Ophelina abranchiata
Prionospio cirrifera
Syllis cornuta agg
Tanaidacea

Astarte crenata agg
Cistenides hyperborea
Leitoscoloplos mammosus
Paraonidae indet
Praxiella gracilis
Prionospio cirrifera
Terebellides stroemii
Astarte crenata agg
Cistenides hyperborea
Leitoscoloplos mammosus
Paraonidae indet
Phyllodoce groenlandica

Prionospio cirrifera

0.4197823
0.8153058
0.76351236
0.4245698
0.39946195
0.45937557
0.55005358
0.57041645
0.87618827
0.5633835
0.50644825
0.77202731
0.40387286
0.8779646
0.8598009
0.39946195
0.5572169
0.407717
0.9265528
0.75382893
0.73384883
0.99907649
0.99592993
0.45446842
0.49207222
0.91713348
0.64208916
0.4213375
0.55385365
0.81887741
0.60908411
0.80909715
0.48723277
0.51452728
0.82144589
0.67715614
0.92831992
0.75633975
0.73836851
0.99907649
0.99695853
0.45723194
0.49325334
0.9237353
0.7596907
0.74208101
0.99592993
0.99695853
0.45134386




Praxiella gracilis
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Prionospio cirrifera
Retusa obtusa

Rhodine gracilor

Rhodine gracilor

Rhodine sp

Rhodine sp

Rhodine sp

Rhodine sp

Rhodine sp

Rhodine sp

Rhodine sp
Spiochaetopterus typicus
Spiochaetopterus typicus
Spiochaetopterus typicus
Spiochaetopterus typicus
Spiochaetopterus typicus
Spiochaetopterus typicus
Spiophanes kroyeri
Spiophanes kroyeri

Syllis cornuta agg

Syllis cornuta agg

Syllis cornuta agg

Syllis cornuta agg

Syllis cornuta agg

Syllis cornuta agg

Syllis cornuta agg

Syllis cornuta agg

Syllis cornuta agg

Syllis cornuta agg

Syllis cornuta agg

Syllis sp

Syllis sp

Terebellides stroemii
Aphroditoidea indet
Aricidea quadrilobata
Astarte crenata agg
Chirimia biceps
Diastylis lucifera
Diplocirrus hirsutus
Leitoscoloplos mammosus
Levinsenia gracillis
Lumbrineris mixochaeta
Mediomastus fragilis
Nemertea

Paraonidae indet
Pellecepoda

Phyllodoce groenlandica
Praxiella gracilis

Syllis cornuta agg
Tanaidacea

Ennucula tenuis
Ascelerichilus intermedius
Haploops setosa
Aricidea catherinae
Capitella sp

Dialychone spp
Galathowenia oculata
Maldane sarsi

Syllis sp

Yoldiidae

Adontorhina juv
Cistenides hyperborea
Eteone sp

Myriochele sp

Nephtys incisa

Owenia polaris

Nephtys juv

Syllis sp

Aphroditoidea indet
Brachydiastylis resima
Chirimia biceps
Diplocirrus hirsutus
Levinsenia gracillis
Lumbrineris mixochaeta
Mediomastus fragilis
Nemertea

Pellecepoda

Prionospio cirrifera
Tanaidacea

Capitella sp

Dialychone spp

0.53829116
0.59222719
0.58527962
0.54399854
0.68226427
0.59222719
0.41980384
0.55845291
0.42803324
0.71553221
0.43581994
0.61816686
0.45446842
0.51452728
0.45723194
0.45134386
0.51328323
0.44373949
0.86549354
0.40810919
0.45613448
0.48163601
1
0.97632349
0.49883342
0.5929407
0.52925332
0.58450611
0.58280577
0.5747216
0.45335255
0.39150531
0.52230307
0.5572169
0.5831241
0.56566236
0.90642424
0.72280314
0.49724918
0.55221566
0.8511783
0.65647107
0.49156799
0.79353467
0.82144589
0.51328323
0.67258505
0.52925332
0.5083799




Syllis sp Rhodine sp 0.52925332

Syllis sp Spiophanes kroyeri 0.56566236
Tanaidacea Aphroditoidea indet 0.76019463
Tanaidacea Brachydiastylis resima 0.57472834
Tanaidacea Diplocirrus hirsutus 0.43468053
Tanaidacea Levinsenia gracillis 0.49865456
Tanaidacea Lumbrineris mixochaeta 0.42237943
Tanaidacea Nemertea 0.66782913
Tanaidacea Nephtys juv 0.47348154
Tanaidacea Pellecepoda 0.67715614
Tanaidacea Prionospio cirrifera 0.44373949
Tanaidacea Syllis cornuta agg 0.67258505
Terebellides stroemii Astarte crenata agg 0.42223172
Terebellides stroemii Melinna sp 0.52312745
Terebellides stroemii Myriochele heeri 0.50444763
Terebellides stroemii Nephtys juv 0.45302377
Terebellides stroemii Ostracoda 0.45937557
Terebellides stroemii Paraonidae indet 0.49207222
Terebellides stroemii Phyllodoce groenlandica 0.49325334
Terebellides stroemii Praxiella gracilis 0.53829116
Yoldiidae Aricidea catherinae 0.49961056
Yoldiidae Capitella sp 0.58450611
Yoldiidae Dialychone spp 0.54771716
Yoldiidae Galathowenia oculata 0.46768293
Yoldiidae Maldane sarsi 0.56493878
Yoldiidae Owenia polaris 0.407717
Yoldiidae Rhodine sp 0.58450611
Table S2 (b)
Sp1 Sp2 correlation coefficient
Chirimia biceps Spiochaetopterus typicus -0.3968943
Nematoda Spiochaetopterus typicus -0.3529203
Nephasoma procera Spiochaetopterus typicus -0.3138353
Spiochaetopterus typicus Chirimia biceps -0.3968943
Spiochaetopterus typicus Nematoda -0.3529203

Spiochaetopterus typicus Nephasoma procera -0.3138353







Figure S5 | Summary of the steps performed to determine the number of compensating species
for each iterative extinction. As a species is extirpated, biomass is lost (Bjost) and a compensating
species is randomly selected based on their compensation probability (CPSim). This species will
increase in abundance (Astart), either up to pre-extinction median abundance (Amed) Or to the
equivalent biomass that the extirpated species filled. . Multiple species can compensate should
the original compensator’s starting abundance not reach the pre-extinction median abundance.
Compensation stops once lost biomass is fully replaced or all surviving species reach their
assemblage median abundance. This process ensures that compensatory responses are finite and
reflects the likely carrying capacity.
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Co-Extinction & Co-Compensation Supplementary Code
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sessionInfo()

## R version 4.3.0 (2023-04-21)

## Platform: x86_64-apple-darwin20 (64-bit)

## Running under: macOS Monterey 12.2.1

#i#

## Matrix products: default

## BLAS: /Library/Frameworks/R.framework/Versions/4.3-x86_64/Resources
/1lib/1ibRblas.@.dylib

## LAPACK: /Library/Frameworks/R.framework/Versions/4.3-x86_64/Resources
/1ib/1ibRlapack.dylib; LAPACK version 3.11.0

#i#

## locale:

## [1] en_US.UTF-8/en_US.UTF-8/en_US.UTF-8/C/en_US.UTF-8/en_US.UTF-8

#i

## time zone: Europe/London

## tzcode source: internal

#i

## attached base packages:

## [1] stats graphics grDevices utils datasets methods base
#i

## loaded via a namespace (and not attached):

## [1] compiler_4.3.0 fastmap 1.1.1 cli 3.6.1 formatR_1.14
## [5] tools 4.3.0 htmltools 0.5.5 rstudioapi_©0.14 yaml 2.3.7

## [9] rmarkdown_2.21 knitr_1.42 xfun_0.39 digest 0.6.31
## [13] rlang_ 1.1.1 evaluate 0.21

E.1 Supplementary code

This script performs the supplementary code required for the extinction and
compensation model on local (station B17 to station B16 | station B16 to station B15 |
station B15 to station Xs | station Xs to station B14 | station B14 to B13) and regional
(stations B17 through to station B13) macrobenthic biodiversity data in the Barents Sea
(Arctic), collected during the 2018 summer research expedition aboard the RRS James
Clark Ross (Solan et al. 2020). Each supplementary code chunk is referenced in the
manuscript and explained in detail below.

E.1.1 Loading of packages

packages <- c("tidyverse", "Hmisc", "qgraph", "rio", "patchwork",
"MetBrewer", "ggpmisc", "mgcv")
# Install packages not yet installed



installed_packages <- packages %in% rownames(installed.packages())

if (any(installed_packages == FALSE)) {
install.packages(packages[!installed_packages], "http://cran

.us.r-project.org")

}

# Packages Lloading
invisible(lapply(packages, library, TRUE))

E.1.2 Initial load of data and data wrangling
ChAOS_macrofauna_2018 <- read.csv("ChAOS macrofauna_ 2018 R ready.csv")

## Stations, Habitats and Scenarios ####

ChAOS_stations_2018 <- data.frame( c("B17", "B1l6", "B15",
"XS"J "814", ”813"’ "817")’ C("APCtiC", "Ar‘ctic",
"Boreal", "Boreal", "Boreal", "Boreal", "Boreal"), c("B17
-B16",

"B16-B15", "B15-Xs", "Xs-B14", "B14-B13", "None", "B17-B13"))

ChAOS_macrofauna_stations_2018 <- merge(ChAOS_macrofauna_2018,
ChAOS_stations 2018, "Station", T)

## mean and total abundance and biomass for 2018 ####
ChAOS_2018 mean <- ChAOS macrofauna_stations_ 2018 %>%
group_by(ScientificName_accepted, Station) %>%

summarise(Habitat, Scenario, Mi, Ri, mean(Biomass),
mean(Abundance), sum(Biomass), sum(Abundance)
) %>%
tibble()

## Warning: Returning more (or less) than 1 row per "~summarise()  group
was deprecated in

## dplyr 1.1.0.

## [i] Please use “reframe()  instead.

## [i] When switching from ~summarise()” to ~reframe() , remember that “r
eframe()"

##  always returns an ungrouped data frame and adjust accordingly.

## Call "“lifecycle::last lifecycle warnings()  to see where this warning
was

## generated.

## "~ summarise()” has grouped output by 'ScientificName_accepted', 'Stati
on'. You
## can override using the " .groups’ argument.

ChAOS_2018 mean <- unique(ChAOS_2018 mean)

# Mean biomass per North (Arctic) and South (Boreal)

# habitats as defined by an already established gradient 1in
# the benthos [Solan et al. 2020] and environment (Polar

# Front; [Loeng, 1991])

ChAOS_ 2018 mean <- ChAOS 2018 mean %>%
group_by(ScientificName_accepted, Habitat) %>%



summarise(Station, Scenario, Mi, Ri, Bi, Ai, Btot,
Atot, sum(Btot)/sum(Atot))

## Warning: Returning more (or less) than 1 row per “summarise()” group
was deprecated in

## dplyr 1.1.0.

## [i] Please use “reframe()" instead.

## [i] when switching from ~summarise()" to “reframe(), remember that “r
eframe()’

##  always returns an ungrouped data frame and adjust accordingly.

## Call "“lifecycle::last_lifecycle warnings()" to see where this warning
was

## generated.

## ~summarise()” has grouped output by 'ScientificName_accepted', 'Habit
at'. You
## can override using the " .groups’ argument.

ChAOS_2018 mean[is.na(ChAOS_2018 mean)] <- ©
# Scenario-based Bind ####
ChAOS_2018 mean$Bind_Scenario = ChAOS_2018 mean$Bind_Habitat

# For the B16-B15 and B17-B13 scenarios, this crosses the

# Polar Front (i.e. moving from 'Arctic' to 'boreal').

# Hence, Bind is slightly different. If species are found

# at both stations, then the allocated Bind is based off

# boreal Bind. If species are only found at B16/B17, then

# the allocated Bind is based off the Arctic.

ChAOS_ 2018 Species <- as.character(unique(ChAOS 2018 mean$ScientificName
_accepted))

for (i in ChAOS_ 2018 Species) {
if (ChAOS_2018 mean[which(ChAOS_2018 mean$Station == "B1l6" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$Bi >
0 && ChAOS 2018 mean[which(ChAOS 2018 mean$Station ==
"B15" & ChAOS_ 2018 mean$ScientificName_accepted == i),
1$Bi == @) {
ChAOS_2018 mean[which(ChAOS 2018 mean$Scenario == "B16-B15" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$Bind_Scenar
io <- unique(ChAOS_2018 mean[which(ChAOS_2018 mean$Habitat ==
"Arctic" & ChAOS 2018 mean$ScientificName_accepted ==
i), ]$Bind_Habitat)
} else {
ChAOS_2018 mean[which(ChAOS 2018 mean$Scenario == "B16-B15" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$Bind_Scenar
io <- unique(ChAOS_2018 mean[which(ChAOS_ 2018 mean$Habitat ==
"Boreal" & ChAOS 2018 mean$ScientificName accepted ==
i), ]$Bind Habitat)

}
}
for (i in ChAOS_2018 Species) {
if (ChAOS 2018 mean[which(ChAOS 2018 mean$Station == "B17" &

ChAOS_2018 mean$Scenario == "B17-B13" & ChAOS 2018 mean$Scientif



icName_accepted ==
i), ]$Bi > @ && ChAOS_ 2018 mean[which(ChAOS 2018 mean$Station ==
"B13" & ChAOS 2018 mean$ScientificName_accepted == i),
1$Bi == 0) {
ChAOS 2018 mean[which(ChAOS 2018 mean$Scenario == "B17-B13" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$Bind_Scenar
io <- unique(ChAOS_2018 mean[which(ChAOS_2018 mean$Habitat ==
"Arctic" & ChAOS_2018 mean$ScientificName_accepted ==
i), ]$Bind Habitat)
} else {
ChAOS_2018 mean[which(ChAOS_2018 mean$Scenario == "B17-B13" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$Bind_Scenar
io <- unique(ChAOS_2018 mean[which(ChAOS_2018 mean$Habitat ==
"Boreal" & ChAOS_2018 mean$ScientificName_accepted ==
i), ]$Bind_Habitat)

rm(ChAOS_stations_2018)
E.1.3 Code S1: Vulnerability of species

Ranked vulnerabilities to each step in the climatic-driven environmental transition (B17-
B16 | B16-B15 | B15-Xs | Xs-B14 | B14-B13 | B17-B13), calculated from the percentage
differences in macrofaunal biomass between the pre-extinction community
(northernmost station, e.g. B17) and the reference post-extinction community
(southernmost station, e.g. B16) for all taxa in the regional species pool

# Calculate percentage differences in biomass between
# starting station and reference station #### B17- B16

El6 <- (ChAOS 2018 mean[which(ChAOS 2018 mean$Station == "B16"),
]$Bi - ChAOS_2018 mean[which(ChAOS_2018 mean$Station == "B17" &
ChAOS_2018 mean$Scenario == "B17-B16"), ]$Bi)/ChA0S_2018 mean[which(
ChAOS 2018 mean$Station ==
"B17" & ChAOS_2018_mean$Scenario == "B17-B16"), ]$Bi
# B16- B15
E15 <- (ChAOS_2018 mean[which(ChAOS_2018 mean$Station == "B15"),
]$Bi - ChAOS_2018_mean[which(ChAOS_2018 mean$Station == "B16" &
ChAOS_2018 mean$Scenario == "B16-B15"), ]$Bi)/ChA0S 2018 mean[which(
ChAOS_2018 mean$Station ==
"B16" & ChAOS_2018 mean$Scenario == "B16-B15"), ]$Bi
# B15- Xs
EXs <- (ChAOS_2018 mean[which(ChAOS_2018 mean$Station == "Xs"),
]$Bi - ChAOS 2018 mean[which(ChAOS_ 2018 mean$Station == "B15"),
]1$Bi)/ChAOS_2018 mean[which(ChAOS_ 2018 mean$Station == "B15"),
]$Bi
# Xs- Bl4
E14 <- (ChAOS_2018 mean[which(ChAOS_2018 mean$Station == "B14"),
1$Bi - ChAOS_ 2018 mean[which(ChAOS 2018 mean$Station == "Xs"),
]1$Bi)/ChAOS_2018 mean[which(ChAOS_2018 mean$Station == "Xs"),

]$Bi



# B14- B13

E13 <- (ChAOS_2018 mean[which(ChAOS 2018 mean$Station == "B13"),
]1$Bi - ChAOS_2018 mean[which(ChAOS_2018 mean$Station == "B14"),
1$Bi)/ChAOS_ 2018 mean[which(ChAOS 2018 mean$Station == "B14"),
]1$Bi
# B17 - B13
Eall <- (ChAOS_2018 mean[which(ChAOS 2018 mean$Station == "B13"),
]$Bi - ChAOS_2018_mean[which(ChAOS_2018_mean$Station == "B17" &
ChAOS_2018 mean$Scenario == "B17-B13"), ]$Bi)/ChAOS_2018 mean[which(
ChAOS_2018 mean$Station ==
"B17" & ChA0S_2018_mean$Scenario == "B17-B13"), ]$Bi

# row bind all the percentage differences ####
ChAOS_2018 Vulnerabilties_Biomass <- do.call(rbind, Map(data.frame,
unique(ChAOS_2018 mean$ScientificName_acce
pted),
El6, E15, EXs, E14, E13, Eall))
ChAOS_2018 Vulnerabilties_Biomass[is.na(ChAOS_2018 Vulnerabilties_Biomas
s)] <- ©

# now rank them from most to least vulnerable based on
# percetange differences #### B17 - B16
order.scores <- order(ChAOS_2018 Vulnerabilties Biomass$E16)
ChAOS_2018 Vulnerabilties_Biomass <- ChAOS_2018 Vulnerabilties_Biomass[o
rder.scores,
]
ChAOS_2018 Vulnerabilties_Biomass$Biomass_El6rank <- rank(ChAOS_2018 Vul
nerabilties Biomass$E16)
ChAOS_2018 Vulnerabilties_Biomass

# B16 - B15
order.scores <- order(ChAOS_2018 Vulnerabilties_Biomass$E15)
ChAOS_ 2018 Vulnerabilties Biomass <- ChAOS 2018 Vulnerabilties Biomass[o
rder.scores,
]
ChAOS_2018 Vulnerabilties_Biomass$Biomass_El5rank <- rank(ChAOS_2018 Vul
nerabilties Biomass$E15)
ChAOS_2018 Vulnerabilties_Biomass

# B15 - Xs
order.scores <- order(ChAOS_2018 Vulnerabilties Biomass$EXs)
ChAOS_2018 Vulnerabilties_Biomass <- ChAOS_2018 Vulnerabilties_Biomass[o
rder.scores,
]
ChAOS_2018 Vulnerabilties_Biomass$Biomass_EXsrank <- rank(ChAOS_2018 Vul
nerabilties Biomass$EXs)
ChAOS_2018 Vulnerabilties_Biomass

# Xs - Bl4

order.scores <- order(ChAOS_ 2018 Vulnerabilties Biomass$E14)

ChAOS 2018 Vulnerabilties Biomass <- ChAOS 2018 Vulnerabilties Biomass[o
rder.scores,

]
ChAOS_2018 Vulnerabilties_Biomass$Biomass_El4rank <- rank(ChAOS_2018 Vul



nerabilties_Biomass$E14)
ChAOS_ 2018 Vulnerabilties Biomass

# B14 - B13
order.scores <- order(ChAOS 2018 Vulnerabilties Biomass$E13)
ChAOS 2018 Vulnerabilties Biomass <- ChAOS 2018 Vulnerabilties Biomass[o
rder.scores,
]
ChAOS_2018 Vulnerabilties_Biomass$Biomass_E13rank <- rank(ChAOS_2018 Vul
nerabilties_Biomass$E13)
ChAOS_2018 Vulnerabilties_Biomass

# B17 - B13
order.scores <- order(ChAOS_2018 Vulnerabilties_Biomass$Eall)
ChAOS_2018 Vulnerabilties Biomass <- ChAOS_2018 Vulnerabilties_ Biomass[o
rder.scores,
]
ChAOS_2018 Vulnerabilties Biomass$Biomass_Eallrank <- rank(ChAOS_ 2018 Vu
lnerabilties_Biomass$Eall)
ChAOS_2018 Vulnerabilties_Biomass

# Finally, merge vulnerabilities with starting data ####
ChAOS_2018 mean$B_Vulnerability <- NA

ChAOS_2018 Species <- as.character(unique(ChAOS_2018 mean$ScientificName
_accepted))

for (i in ChAOS_2018 Species) {
ChAOS_2018 mean[which(ChAOS_2018 mean$Scenario == "B17-B16" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$B_Vulnerability
<- ChAOS_2018 Vulnerabilties_Biomass[which(ChAOS_2018 Vulnerabilties_Bio
mass$ScientificName accepted ==
i), ]$Biomass_El6rank
ChAOS_2018_mean[which(ChAOS_2018 mean$Scenario == "B16-B15" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$B_Vulnerability
<- ChAOS_ 2018 Vulnerabilties Biomass[which(ChAOS 2018 Vulnerabilties Bio
mass$ScientificName_accepted ==
i), ]$Biomass_E15rank
ChAOS_2018 mean[which(ChAOS 2018 mean$Scenario == "B15-Xs" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$B_Vulnerability
<- ChAOS_2018 Vulnerabilties_Biomass[which(ChAOS_2018 Vulnerabilties_Bio
mass$ScientificName_accepted ==
i), ]$Biomass_EXsrank
ChAOS 2018 mean[which(ChAOS 2018 mean$Scenario == "Xs-B14" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$B_Vulnerability
<- ChAOS_2018 Vulnerabilties_Biomass[which(ChAOS_2018 Vulnerabilties_Bio
mass$ScientificName accepted ==
i), ]$Biomass_El4rank
ChAOS_2018 mean[which(ChAOS 2018 mean$Scenario == "B14-B13" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$B_Vulnerability
<- ChAOS 2018 Vulnerabilties Biomass[which(ChAOS 2018 Vulnerabilties Bio
mass$ScientificName_accepted ==
i), ]$Biomass_E13rank
ChAOS_2018 mean[which(ChAOS 2018 mean$Scenario == "B17-B13" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$B_Vulnerability
<- ChAQS_2018 Vulnerabilties_Biomass[which(ChAOS_2018 Vulnerabilties_Bio



mass$ScientificName accepted ==
i), ]$Biomass_Eallrank

}

rm(El6, E15, EXs, E14, E13, Eall)
rm(order.scores)

E.1.4 Code S2: Calculating the median abundance above and below the ecotone

Polar Front

For B16-B15 & B17-B13 scenario, switch to Amed of boreal stations (B15-B13) as that is
the abundance of the incoming species from the local pool (migrating northward with
Atlantification). This follows the position of the Barents Sea Polar front (Solan et al. 2020;
Loeng, 1991)

## B17-B16 #H#E##HH
ChAOS_Species_18 Compensation <- ChAOS_macrofauna_2018 %>%
select(ScientificName_accepted, Mi, Ri, Year, Station, Replicate,
Abundance, Biomass)
ChAOS_Species_18_Compensation$Abundance[ChAOS_Species_18 Compensation$Ab
undance ==
@] <- NaN
ChAOS_Species_18_ Compensation$Biomass[ChAOS_Species_18 Compensation$Biom
ass ==
@] <- NaN
Species <- unique(ChAOS_Species_18 Compensation$ScientificName_accepted)

for (z in Species) {
med_Abundance B17 B16 <- median(ChAOS_Species 18 Compensation[which(
ChAOS_Species_ 18 Compensation$ScientificName_accepted ==

z & c(ChAOS_Species_18 Compensation$Station == "B16" |
ChAOS_Species 18 Compensation$Station == "B17")), ]$Abundance,
T)

print(med_Abundance B17 B16)

ChAOS_Species_18 Compensation[ChAOS_Species_18 Compensation$Scientif
icName_accepted ==
z, "med Abundance B17 B16"] <- med_Abundance_B17 B16
}

# cant have Na!l!
ChAOS_Species_18 Compensation$med_Abundance B17_B16[is.na(ChAOS_Species_
18 Compensation$med_Abundance B17 B16)] <- ©

## B15-B13 #H##H#H#
for (z in Species) {
med_Abundance_B15 B13 <- median(ChAQOS_Species 18 Compensation[which(
ChAOS_Species_18 Compensation$ScientificName_accepted ==
z & c(ChAOS_Species 18 Compensation$Station == "Xs" |
ChAOS_Species_18 Compensation$Station == "B15" | ChAOS_Species_1
8_Compensation$Station ==
"B14" | ChAOS_Species 18 Compensation$Station == "B13")),



]$Abundance, T)
print(med_Abundance B15 B13)

ChAOS Species 18 Compensation[ChAOS Species 18 Compensation$Scientif
icName_accepted ==
z, "med Abundance B15 B13"] <- med_Abundance_ B15 B13
}

# cant have Na!!
ChAOS_Species_18 Compensation$med_Abundance_B15 B13[is.na(ChAOS_Species_
18 Compensation$med Abundance B15 B13)] <- ©

## subsetting median abundances and adding to start dataset
## for model #####
ChAOS_2018 Compensation <- ChAOS_Species_18 Compensation %>%
select(ScientificName_accepted, med_Abundance_B17_B16, med_Abundance
_B15_B13) %>%
unique()

ChAOS_2018 mean$Amed <- NA

for (i in Species) {
ChAOS_2018 mean[which(ChAOS_2018 mean$Scenario == "B17-B16" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$Amed <- ChAOS_2
018_Compensation[which(ChAQOS_2018 Compensation$ScientificName_accepted =

i), ]$med_Abundance B17_B16
ChAOS_2018_mean[which(ChAOS_2018 mean$Scenario == "B16-B15" &
ChAOS 2018 mean$ScientificName_accepted == i), ]$Amed <- ChAOS
018 Compensation[which(ChAOS 2018 Compensation$ScientificName_accepted

N

i), ]$med_Abundance_B15 B13
ChAOS_2018 mean[which(ChAOS 2018 mean$Scenario == "B15-Xs" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$Amed <- ChAOS_
018 Compensation[which(ChAOS 2018 Compensation$ScientificName accepted

N

i), ]$med_Abundance_B15 B13
ChAOS 2018 mean[which(ChAOS 2018 mean$Scenario == "Xs-B14" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$Amed <- ChAOS_
018 _Compensation[which(ChAOS_2018 Compensation$ScientificName_accepted

N

i), ]$med_Abundance_B15 B13
ChAOS_2018 mean[which(ChAOS_ 2018 mean$Scenario == "B14-B13" &
ChAOS 2018 mean$ScientificName_accepted == i), ]$Amed <- ChAOS
018 Compensation[which(ChAOS 2018 Compensation$ScientificName_accepted

N

i), ]$med Abundance B15 B13
ChAOS_2018 mean[which(ChAOS 2018 mean$Scenario == "B17-B13" &
ChAOS_2018 mean$ScientificName_accepted == i), ]$Amed <- ChAOS_
018 Compensation[which(ChAOS 2018 Compensation$ScientificName accepted

N

i), ]$med_Abundance_B15 B13
}

write.csv(ChAOS 2018 mean, "ChAOS 2018 macrofauna_model ready.csv")



E.1.5 Code S3: Calculating correlations for species co-extinctions and co-
compensations

# Removing rare species from the correlation calculations
# HHEHE

Sum_Abundance <- ChAOS_macrofauna_2018 %>%
group_by(ScientificName_accepted) %>%
summarise( sum(Abundance/25))

Rare_Species <- subset(Sum_Abundance, suma == 1, Scien
tificName_accepted)

ChAOS_BiomassMatrix_18 no_rares <- ChAOS_macrofauna_2018 %>%
select(ScientificName_accepted, Station, Replicate, Biomass) %>%
pivot_wider( c(Station, Replicate), Biomas

s) %>%
dplyr::filter(!ScientificName_accepted %in% Rare_Species$ScientificN

ame_accepted) %>%
pivot_longer(-ScientificName_accepted) %>%
pivot wider( ScientificName_accepted, valu

e)
# Biomass networks - ALl stations ####

All stations_Community <- cor(ChAOS_BiomassMatrix_18 no_rares|[,
2:70], "pearson”, "everything")
All stations_Community <- cov2cor(All _stations_Community)

ChAOS BiomassMatrix 18 allstations CoOc <- data.frame( rownames (All s
tations_Community)[row(All stations_Community)],
colnames(All_stations_Community)[col(All_stations_Community)],
c(All stations_Community))

# remove correlations between a species and itself

ChAOS_BiomassMatrix 18 allstations CoOc <- ChAOS BiomassMatrix 18 allsta

tions_CoOc[which(ChAOS_BiomassMatrix_ 18 allstations_CoOc$x !=
ChAOS_BiomassMatrix_18 allstations_CoOc$y), ]

# Getting cut off Llists #### finding out mean and standard
# deviations
ggnorm(ChAOS BiomassMatrix 18 allstations CoOc$correlation coefficient)

mean(ChAOS_BiomassMatrix 18 allstations CoOc$correlation coefficient)
sd(ChAOS_BiomassMatrix_18 allstations CoOc$correlation_coefficient)
uppercutoff <- mean(ChAOS_BiomassMatrix_ 18 allstations_CoOc$correlation_
coefficient) +
(sd(ChAOS_BiomassMatrix_ 18 allstations CoOc$correlation coefficient)
k
1.5)
lowercutoff <- mean(ChAOS BiomassMatrix 18 allstations CoOc$correlation_
coefficient) -
(sd(ChAOS_BiomassMatrix_ 18 allstations CoOc$correlation coefficient)
*

1.5)



ChAOS_BiomassMatrix_18 standarddev <- data.frame( mean(ChAOS_Bioma
ssMatrix_18 allstations_ CoOc$correlation_coefficient),
sd(ChAOS_BiomassMatrix_ 18 allstations CoOc$correlation coeffici
ent *
1.5))

# Cut off determination - 1.5 s.d. either side of mean
# correlation Co-occurring species
ChAOS_BiomassMatrix_18 allstations_CoOc_cutoff <- subset(ChAOS_BiomassMa
trix_18 allstations_CoOc,
correlation_coefficient >= uppercutoff)

ChAOS_BiomassMatrix_18 allstations_CoOc_cutoff$x <- gsub(" ",

" ", ChAOS_BiomassMatrix_18 allstations_CoOc_cutoff$x)
ChAOS_BiomassMatrix_18 allstations_CoOc_cutoff$y <- gsub(" ",

" ", ChAOS_BiomassMatrix_18 allstations_CoOc_cutoff$y)
ChAOS_BiomassMatrix_18 allstations_CoOc_cutoff$x <- as.factor(ChAOS_Biom
assMatrix_18 allstations_CoOc_cutoff$x)

write.csv(ChAOS_BiomassMatrix_18 allstations_CoOc_cutoff, "ChAOS_
2018 allstations_Co_Occurrence[based_off Biomass].csv")

## Competing species
ChAOS_BiomassMatrix_18 allstations_Comp_cutoff <- subset(ChAOS_BiomassMa
trix_18 allstations_CoOc,
correlation_coefficient <= lowercutoff)

ChAOS_BiomassMatrix_18 allstations_Comp_cutoff$x <- gsub(" ",

" ", ChAOS_BiomassMatrix_18 allstations_Comp_cutoff$x)
ChAOS_BiomassMatrix_18 allstations_Comp_cutoff$y <- gsub(" ",

" ", ChAOS_BiomassMatrix 18 allstations_Comp_cutoff$y)
ChAOS_BiomassMatrix_18 allstations_Comp_cutoff$x <- as.factor(ChAOS_Biom
assMatrix 18 allstations Comp_cutoff$x)

write.csv(ChAOS_BiomassMatrix_18 allstations_Comp_cutoff, "ChAOS_
2018 allstations_Competitors[based off Biomass].csv"

## subsetting Co-Occurrence files by species ####
ChAOS_BiomassMatrix_18 allstations_CoOc_cutoff_list_x <- split(ChAOS_Bio
massMatrix_18 allstations_CoOc_cutoff,
with(ChAOS_BiomassMatrix_18 allstations_CoOc_cutoff, x),
TRUE)

export(ChAOS_BiomassMatrix_18 allstations_CoOc_cutoff_ list_x,
"ChAOS 2018 Coextinctionlist Biomass.xlsx")

## subsetting Competitors files by species ####
ChAOS BiomassMatrix_ 18 allstations Comp cutoff list x <- split(ChAOS_Bio
massMatrix_ 18 allstations_Comp_cutoff,
with(ChAOS_BiomassMatrix_18 allstations_Comp_cutoff, x),
TRUE)

export(ChAOS_BiomassMatrix_18 allstations_Comp_cutoff_list x,
"ChAOS 2018 Competitorlist Biomass.xlsx")



E.1.6 Code S4: Code for deciding co extinctions
CO_EXT <- TRUE

if (CO_EXT == T) {

# Code S4: CO-EXTINCTION

# Pick a second species to go extinct (species y), based on the high
est positive correlation with the species x

# First, find species x co-extinction file from the list in the glob
al environment, and choose the highest co-occurring species

# there are a few species that have no correlations - so check first

if(!is.null(startCoextinctions[[species x]])) {

species_x_TopCoextinction <- top_n(startCoextinctions[[species_x]],
1, correlation_coefficient)
species_y <- as.character(species_x_TopCoextinction$y[1])

# sometimes there will be multiple species that have the same correl
ation (i.e. 0.978), so need to include all of them
# in the ChAOS data, the top correlations of nine species are with m
ore than one species
if(nrow(species_x_TopCoextinction) >1 ) {
species_z <- as.character(species_x_TopCoextinction$y[2])

}

# additionally, one or both of the top correlating species (species
y OR z) may have gone extinct in a previous round
# in this case, need to re-choose species y & z
# 1f ALL correlating species have already gone extinct (species y &
z stay NA), have to just stop Looking for co-extinctions
# run a 21x for function with conditions, as the most correlations f
or a species 1is 22 (i+1)
for (i in 1:21) {
if(is.na(species_y) && is.na(species_z)) {break} else( # if specie
S y has already gone extinct and there 1is no species z, then move down t
he correlation List of species x and re-choose species y
if(start$EPSim[start$ScientificName _accepted == species_y] ==
&& is.na(species_z)) {
nth_correlation <- nth(startCoextinctions[[species x]]$correla
tion_coefficient, i+1)
species_x_TopCoextinctions <- startCoextinctions[[species_x]]$y[startCoe
xtinctions[[species x]]$correlation coefficient == nth_correlation]
species_y <- as.character(species_x_TopCoextinctions[1])
} else ( # if species y has already gone extinct but species z has not,
then species z becomes species y
if(start$EPSim[start$ScientificName_accepted == species y] == @
&& start$EPSim[start$ScientificName_accepted == species_z] != 0) {
species y <- species z
species_z <- NA
} else ( # if species y and species z have already gone extinct,
then move down the correlation List of species x and re-choose species y
and z
if(start$EPSim[start$ScientificName_accepted == species_y] == 0 &
& start$EPSim[start$ScientificName_accepted == species_z] == 0) {
nth_correlation <- nth(startCoextinctions[[species_x]]$correlat
ion_coefficient, i+1)



species_x_TopCoextinctions <- startCoextinctions[[species_x]]$y[startCoe
xtinctions[[species x]]$correlation coefficient == nth_correlation]
species y <- as.character(species_x_ TopCoextinctions[1])

species z <- as.character(species x TopCoextinctions[2])

¥
)
)
)
}
# Find which row species y is 1in the starting data
# If species y is NA, Extinct 2 becomes an empty integer
Extinct2 <- which(start == species_ vy, FALSE)
Extinct3 <- which(start == species_z, FALSE)
}
b

# How much biomass will be lost with the doomed species
## 1st species
BiomassLost <- start[Extinct,"BiSim"]

## 2nd species (if there 1is one)
BiomassLost2 <- if(is.null(startCoextinctions[[species x]]) || is.na
(species_y)) {
0} else{
start[Extinct2, "BiSim"]}

## 3rd species (if there 1is one)
BiomassLost3 <- if(is.null(startCoextinctions[[species x]]) || is.na
(species_z)) {
0} else{
start[Extinct3, "BiSim"]}

# total biomass Llost
BiomassLost <- BiomassLost + BiomassLost2 + BiomassLost3

# Record ID of who has gone extinct at each iteration

## 1st species

output[output$Simulation == sim_count & output$Nsp==sp_count, "ExtSp"
] <- as.character(start$ScientificName_accepted[Extinct])

output[output$Simulation == sim_count & output$Nsp==sp_count, "ExtSpE
xtProb"] <- start[Extinct, "ExtProb"]

## 2nd species (if there 1is one)
if(!is.null(startCoextinctions[[species _x]]) && !is.na(species_y)) {
output[output$Simulation == sim_count & output
$Nsp==sp_count, "CoExtSp"] <- as.character(start$ScientificName accepted][
Extinct2])
output[output$Simulation == sim_count & output
$Nsp==sp_count, "CoExtSpExtProb"] <- start[Extinct2, "ExtProb"]}

## 3nd species (if there 1is one)
if(!is.null(startCoextinctions[[species x]]) && !is.na(species_z)) {
output[output$Simulation == sim_count & output
$Nsp==sp_count, "CoExtSp2"] <- as.character(start$ScientificName_accepted
[Extinct3])



output[output$Simulation == sim_count & output
$Nsp==sp_count, "CoExtSp2ExtProb"] <- start[Extinct3, "ExtProb"]}

E.1.7 Code S5: Recalculating species probability to compensate based on negative
correlations

# Code S5 COMPENSATION Species going extinct (x, y and z)
# cannot compensate
start[Extinct, "CPSim"] <- @
if (!is.na(species_y)) {
start[Extinct2, "CPSim"] <- ©
}
if (!is.na(species_z)) {
start[Extinct3, "CPSim"] <- ©
}

# Normalise for Loss of species
start$CPSim <- start$CPSim/sum(start$CPSim)

# Create a temp dataframe of the species that correlate
# +vely with the now extinct species, (and another temp
# dataframe for those that correlate -vely)

Positivelist <- data.frame( startCoextinctions[[species_x]]%y,
startCoextinctions[[species_x]]$correlation_coefficient)
Negativelist <- data.frame( startCompetitors[[species _x]]%y,

startCompetitors[[species x]]$correlation_coefficient)
Combinedlist <- rbind(Positivelist, Negativelist)

# Get a Llist of species names from the temp dataframes
Co_species <- as.character(Combinedlist$species)

# Calculate new compensation probabilities for correlating
# species
for (i in Co_species) {
NewCPSim <- (start[which(start$ScientificName_accepted ==
i), ]J$CPSim - (Combinedlist[which(Combinedlist$species ==
i), ]$CoorV * start[which(start$ScientificName_accepted ==
i), 1$cpsim))
start[start$ScientificName_accepted == i, "NewCPSim"] <- NewCPSim

# Normalise new compensation probabilities
start$NewCPSim <- start$NewCPSim/sum(start$NewCPSim) # Normalise

E.1.8 Code S6: Calculating co-compensations if there is still biomass left over from
the extinctions

counter <- 1

# Code S6

# Compensation happens, with the amount of biomass corresponding to the
difference between starting and median abundance

# First, check there 1is still some Lost biomass left to compensate (whil
e function). Not as important first time around but very important if th



ere is multiple compensating species. If there is not, then compensation
is complete (while function finishes).
# I use the lowest possible biomass found across the entire regional spe
cies pool as the threshold.
# Secondly, have to check if there are still species available to compen
sate. If there 1is not, then compensation is complete (while function fin
ishes).
while(BiomassLost > 0.000625 &&

sum(start[which(start$CPSim !=0), ]$AiSim) < sum(start[which(s

tart$CPSim !=0), ]$Amed)) {

# Next, check that median abundance 1is more than starting abundance
- otherwise, choose another compensating species.
# Once I find an appropriate species, I break this Loop.

repeat{
ifelse(start$Amed[Compensate] - start$AiSim[Compensate]<=0,
Compensate <- which(cumsum(start$NewCPSim)>=runif(1))[1],
break

)}

# now, I calculate the difference in abundance between the median an
d the starting abundance for the compensating species
Abundancediff <- start$Amed[Compensate] - start$AiSim[Compensate]

# next, I calculate how much biomass this will increase by
Biomassdiff <- start$Bind[Compensate]*Abundancediff

# if it is higher than total biomass Lost from the system, I adjust
the change in abundance to this maximum
if(Biomassdiff - BiomassLost > 0) {
Abundancediff <- BiomassLost/start$Bind[Compensate]}

# next, I allow the compensating species to increase 1in number corre
sponding to that difference and the amount of biomass there 1is
start$AiSim[Compensate] <- start$AiSim[Compensate] + Abundancediff

# next, I re-calculate how much biomass will increase by with the ne
w change in abundance
Biomassdiff <- start$Bind[Compensate]*Abundancediff

# then, I allow its biomass to increase by that amount
start$BiSim[Compensate] <- start$BiSim[Compensate] + Biomassdiff

# finally, I remove the compensated biomass from the lLost biomass
BiomassLost <- BiomassLost - Biomassdiff

# now to record everything
if (counter == 1) {

# Record amount of compensation abundance - add output$CompRep
untvalue

output[output$Simulation == sim_count & output$Nsp==sp_count & outpu
t$CompRep == counter, "AbnComp"] <- Abundancediff

# Record amount of compensation biomass

output[output$Simulation == sim_count & output$Nsp==sp_count & outpu



t$CompRep == counter,"BioComp"] <- Biomassdiff

# Record the compensation species

output[output$Simulation == sim_count & output$Nsp==sp count & outpu
t$CompRep == counter, "CompSp"] <- as.character(start$ScientificName_acce
pted[Compensate])

# Add 1 to counter
counter <- counter + 1

} else {
# add row into output table
output<- output %>%
add_row(Simulation = sim_count, # that does not change
Nsp=sp_count, # that does not change
CompRep = counter, # that should now be at least 2 (the 1
would have been your normal Line allocation)
Nsp active = Nsp_active, # does not change
ExtSp = as.character(start$ScientificName_accepted[Extinct
1), # that doesn’t change
ExtSpExtProb = start[Extinct, "ExtProb"], # that doesn't c
hange
CoExtSp = if(!is.null(startCoextinctions[[species_x]]) &&
lis.na(species_y)) {
as.character(start$ScientificName_accepted[Ext
inct2])}, # that doesn't change
CoExtSpExtProb = if(lis.null(startCoextinctions[[species x
11) && !is.na(species y)) {
start[Extinct2, "ExtProb"]}, # that doesn't ch
ange
CoExtSp2 = if(!is.null(startCoextinctions[[species_x]]) &&
lis.na(species_z)) {
as.character(start$ScientificName_accepted[Ext
inct3])},
CoExtSp2ExtProb = if(!is.null(startCoextinctions[[species_
x]]) && l!is.na(species_z)) {
start[Extinct3, "ExtProb"]}, # that doesn't ch
ange# that doesn't change
CompSp = as.character(start$ScientificName_accepted[Compen
sate]), # change that by the second comp species name
AbnComp = Abundancediff, # change that by the second comp
species abundance
BioComp = Biomassdiff, # change that by the second comp sp
ecies biomass

BPc = BPc, # that is just for row completion
TOC = TOC, # same as BPc
NH4 = NH4) # same as BPc

# Add 1 to counter
counter <- counter + 1

} # end of the else function for adding rows to output file

} # end of the else function for this round of compensating specie



E.1.9 Code S7: Generalised Additive Models (GAMs) of each simulated
biodiversity-function relationship.

# Import output data from model simulations ####
# Full model (co-extinctions and co-compensations)
B17 B16 BPc <- read.csv(file.choose())

B16 B15 BPc <- read.csv(file.choose())
B15 Xs_BPc <- read.csv(file.choose())
Xs_B14 BPc <- read.csv(file.choose())
B14 B13 BPc <- read.csv(file.choose())

B17_B13 BPc <- read.csv(file.choose())

B17_B13_BPc <- B17_B13 BPc %>%
add_column( "B17-B13")

B17_B16_BPc <- B17_B16_BPc %>%
add_column( "B17-B16")

B16_B15 BPc <- B16_B15 BPc %>%
add_column( "B16-B15")

B15 Xs_BPc <- B15_Xs_BPc %>%
add_column( "B15-Xs")

Xs_B14 BPc <- Xs_Bl14 BPc %>%
add_column( "Xs-B14")

B14 B13 BPc <- B14 B13 BPc %>%
add_column( "B14-B13")

B17 _B13 BPc <- B17_B13 BPc %>%
add_column( "B17-B13")

# bind all scenarios into one dataframe
ChAOS_Scenarios_BPc <- bind_rows(B17_B16_BPc,
B16_B15 BPc,
B15_Xs_BPc,
Xs_B14_BPc,
B14 B13_BPc,
B17_B13_BPc)

ChAOS_Scenarios BPc$Scenario <- factor(ChAOS Scenarios BPc$Scenario,
c("B17-B16", "B16-B15", "B15-Xs", "Xs-B14", "B14-B13", "B17-B13"))

# GAM ####
## https://www.sciencedirect.com/science/article/abs/pii/S00167037110014
38?via%3Dihub
smooth_diff <- function(model, newdata, f1, f2, var, 0.05,
FALSE) {
Xp <- predict(model, newdata, "Ipmatrix")



cl <- grepl(fl, colnames(xp))

c2 <- grepl(f2, colnames(xp))

rl <- newdata[[var]] == f1

r2 <- newdata[[var]] == f2

## difference rows of xp for data from comparison
X <- xp[rl, ] - xp[r2, ]

## zero out cols of X related to splines for other lochs
X[, ! (c1 | c2)] <- o

## zero out the parametric cols

X[, !grepl('~s\\(', colnames(xp))] <- ©

dif <- X %*% coef(model)

se <- sqgrt(rowSums((X %*% vcov(model, unconditional))
* X))
crit <- gt(alpha/2, df.residual(model), FALSE)

upr <- dif + (crit * se)
lwr <- dif - (crit * se)
data.frame( paste(f1, f2, -1,
dif,
se,
upr,
lwr)
}
# select only necessary columns
ChAOS_Scenarios_BPc_GAM <- ChAOS_Scenarios_BPc %>%
select(BPc,Nsp,Nsp_active,Scenario) %>%
filter(complete.cases(.))

hist(ChAOS_Scenarios_BPc_GAM$BPc)

# Max Nsp_active 1is specific for each scenario (stations have different
starting species richness)

# Also, species richness increases beyond starting community due to inco
ming compensating species > species going extinct

max (ChAOS_Scenarios_BPc_GAM[which(ChAOS_Scenarios_BPc_GAM$Scenario == "B
17-B16"), J$Nsp_active) #61
max (ChAOS_Scenarios_BPc_GAM[which(ChAOS_Scenarios_ BPc_GAM$Scenario == "B
16-B15"), ]$Nsp_active) #53
max (ChAOS_Scenarios_BPc_GAM[which(ChAOS Scenarios BPc_GAM$Scenario == "B
15-Xs"), ]$Nsp_active) #47
max (ChAOS_Scenarios_BPc_GAM[which(ChAOS_Scenarios_BPc_GAM$Scenario == "X
s-B14"),]$Nsp_active) #68
max (ChAOS_Scenarios_BPc_GAM[which(ChAOS_Scenarios_ BPc_GAM$Scenario == "B
14-B13"), ]$Nsp_active) #54
max (ChAOS_Scenarios_BPc_GAM[which(ChAOS Scenarios BPc_GAM$Scenario == "B
17-B13"), ]$Nsp_active) #71
## GAM model with interactive term ----
GAM1.1<-gam(BPc~s(Nsp_active, Scenario)+Scenario,
ChAOS_Scenarios_BPc_GAM)

ChAOS_Scenarios_BPc_GAM <- ChAOS_Scenarios_BPc_GAM %>%

mutate( factor(Scenario)) %>%

mutate( fct_relevel(Scenario, c("B17-B13", "B17-B16", "B1l6-B

15", "B15-Xs", "Xs-B14", "B14-B13")))

levels(ChAOS Scenarios BPc_GAM$Scenario)



# Parametric coefficients are currently for ANOVAs of mean values betwee
n B17-B13 and all other scenarios Need relevellng if want to do all pair
wise comparisons.

# edf: effective degrees of freedom of smooth terms. This value represe
nts the complexity of the smooth.

# An edf of 1 is equivalent to a straight Line between x and y. An edf o
f 2 is equivalent to a quadratic curve, and so on, with higher edfs desc
ribing more wiggly curves.

# The Ref.df and F columns are test statistics used in an ANOVA test to

test overall significance of the smooth.

# a significant smooth term is one where you can not draw a horizontal L
ine through the 95% confidence interval.

AIC(GAM1.1)
sink("ChAOS_ExtScn_GAM_summary.txt")
print(summary(GAM1.1))

sink()

tiff("ChAOS_ExtScn_GAM plots.tiff", units="in", width=1@, height=10, res
=600)

plot(GAM1.1, pages = 1, all.terms = TRUE, residuals = TRUE, seWithMean =
TRUE, shift = coef(GAM1.1)[1], trans = log, ylim = c(-2,10))

dev.off()

## Then for the prediction; dummy data ----
# There are six Scenario factors and Nsp_active from 1 to total number o
f species for each scenario

DUMDAT< -data.frame(Scenario= factor(c(rep('B17-Bl6', 200),
rep('B16-B15', 200),
rep('B15-Xs', 200),
rep('Xs-B14"', 200),
rep('B14-B13', 200),
rep('B17-B13', 200))
)>
Nsp_active=c(rep(seq(from=1, to=61, length=200)),
rep(seq(from=1, to=53, length=200)),
rep(seq(from=1, to=47, length=200)),
rep(seq(from=1, to=68, length=200)),
rep(seq(from=1, to=54, length=200)),
rep(seq(from=1, to=71, length=200))
)

# Check that the species richness matches the scenario

max (DUMDAT[which (DUMDAT$Scenario == "B17-B16"),]$Nsp_active) #61
max (DUMDAT [which (DUMDAT$Scenario "B16-B15"), J$Nsp_active) #53
max (DUMDAT[which(DUMDAT$Scenario "B15-Xs"), ]$Nsp_active) #47
max (DUMDAT [which(DUMDAT$Scenario "Xs-B14"),]$Nsp_active) #68
max (DUMDAT [which (DUMDAT$Scenario "B14-B13"), ]$Nsp_active) #54
max (DUMDAT[which(DUMDAT$Scenario "B17-B13"), ]$Nsp_active) #71

## Predict and bind dummy data and prediction ----

P1.1<-predict(GAM1.1, newdata=DUMDAT, se=T)



PRED1.1<-cbind (DUMDAT,P1.1)

PRED1.1$Scenario <- factor(PRED1l.1$Scenario, levels = c("B17-Bl6", "Bl6-
B15", "B15-Xs", "Xs-B14", "B14-B13", "B17-B13"))

## Pairwise comparison of factor-smooth interactions in the GAMs----
COMP1.1 <- smooth_diff(GAM1.1, DUMDAT, "B17-B16", "B16-B15", "Scenario",

unconditional = T)

COMP1.2 <- smooth diff(GAM1.

unconditional = T)

COMP1.3 <- smooth_ diff(GAM1.

unconditional = T)

COMP1.4 <- smooth_diff(GAM1.

unconditional = T)

COMP1.5 <- smooth_diff(GAM1.

unconditional = T)

COMP2.1 <- smooth_diff(GAM1.

unconditional = T)

COMP2.2 <- smooth_diff(GAM1.

unconditional = T)

COMP2.3 <- smooth_diff(GAM1.

unconditional = T)

COMP2.4 <- smooth_diff(GAM1.

unconditional = T)

COMP3.1 <- smooth_diff(GAM1.

nconditional = T)

COMP3.2 <- smooth_diff(GAM1.

unconditional = T)

COMP3.3 <- smooth_diff(GAM1.

unconditional = T)

COMP4.1 <- smooth_diff(GAM1.

unconditional = T)

COMP4.2 <- smooth_diff(GAM1.

unconditional = T)

COMP5.1 <- smooth_diff(GAM1.

unconditional = T)

1,

DUMDAT, "B17-B16",
DUMDAT, "B17-B16",
DUMDAT, "B17-B16",

DUMDAT, "B17-B16",

DUMDAT, "B16-B15",
DUMDAT, "B16-B15",
DUMDAT, "B16-B15",

DUMDAT, "B16-B15",

DUMDAT, "B15-Xs",
DUMDAT, "B15-Xs",

DUMDAT, "B15-Xs",

DUMDAT, "Xs-B14",

DUMDAT, "Xs-B14",

DUMDAT, "B14-B13",

"B15-Xs",
"Xs-B14",
"B14-B13"

"B17-B13"

"B15-Xs",
"Xs-B14",
"B14-B13"

"B17-B13"

"Xs-B14",
"B14-B13",

"B17-B13",

"B14-B13",

"B17-B13",

"B17-B13"

"Scenario",
"Scenario",
, "Scenario",

, "Scenario",

"Scenario",
"Scenario",
, "Scenario",

, "Scenario",

"Scenario", u
"Scenario”,

"Scenario”,

"Scenario”,

"Scenario",

, "Scenario",

COMPall <- cbind(Nsp active=c(rep(seq(from=1, to=61, length=200),5),

)
)>
)>
))

rbind(COMP1.1,

COMP2.1,

COMP3.1,

COMP4.1,

rep(seq(from=

rep(seq(from=

1, to=53,

1, to=47,

rep(seq(from=1, to=68,

rep(seq(from=

)s
COMP1.2, COMP1.3,

COMP2.2, COMP2.3,
COMP3.2, COMP3.3,
COMP4. 2,

1, to=54,

COMP1.4,
COMP2.4,

length=200),4
length=200),3
length=200),2

length=200),1

COMP1.5,



COMP5.1))

## Pairwise comparision plotting ----
design <- "

At

BF###

CGI##

DHKM#

EILNO

library(ggh4x)

ChAOS_ExtScn_GAM_pairwise_plot <- ggplot(COMPall, aes(x = Nsp_active, vy
= diff, group = pair)) +
geom_ribbon(aes(ymin = lower, ymax = upper), alpha = 0.2) +
geom_line() +
geom_hline(yintercept = @, linetype = 2) +
scale_y continuous(limits = c(-1000,1000)) +

facet_manual(vars(pair), design = design, axes = "all", remove labels
= "all") +

coord_cartesian() +

labs(x = "Species richness", y = 'Difference in BPc trend') +

theme_classic() +
theme(legend.position="none",
axis.text.x = element_text(size=9),
axis.text.y = element_text(size=9),
plot.title = element_text(hjust = @.5, size = 9),
plot.subtitle = element_text(hjust = 0.5, size = 9),
panel.grid.major = element_blank(), panel.grid.minor = element_b

lank(),

panel.background = element_blank(), axis.line.x.bottom = element
_line(colour = "black"), axis.line.y.left = element_line(colour = "black
II),

axis.line.x.top = element_blank(), axis.line.y.right = element_b
lank(), axis.ticks.x.top = element_blank(), axis.text.x.top = element_bl
ank(),

axis.ticks.y.right = element_blank(), axis.text.y.right = elemen
t_blank(), axis.text.x.bottom = element_text(angle = 45, hjust = 1),
strip.background = element_blank())

ggsave("ChAOS_ExtScn_GAM_pairwise_plot.png",
plot = ChAOS_ExtScn_GAM_pairwise_plot,

height = 30,
width = 26,
unit = "cm",
dpi = 600,

path = Graphs_folder)
## Plotting ----

ggplot(PRED1.1,aes(x=Nsp_active,y=log(fit), colour=Scenario, group=Scena
rio, fill=Scenario))+
geom line()+
geom_ribbon(aes(ymin= log(fit) + 1.96*(log(se.fit)),
ymax= log(fit) - 1.96*(log(se.fit))),alpha=.3)+
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theme_classic()+
scale_y continuous(name ="", limits = c(-2,10))+
scale x_continuous(limits=c(@,71), name="Species richness")+
# facet wrap(~Scenario) +
theme(legend.position="right",
axis.text.x = element_text(size=9),
axis.text.y = element_text(size=9))+
scale colour_discrete(name="Climate\nScenario",
breaks=c("B17-B16", "B16-B15", "B15-Xs", "Xs-Bl4
", "B14-B13", "B17-B13"),
labels=c("B17-B16", "B16-B15", "B15-Xs", "Xs-Bl4
", "B14-B13", "B17-B13"))+
scale_fill discrete(name="Climate\nScenario",
breaks=c("B17-B16", "B16-B15", "B15-Xs", "Xs-B14",
"B14-B13", "B17-B13"),
labels=c("B17-B16", "B16-B15", "B15-Xs", "Xs-B14",
"B14-B13", "B17-B13"))

## logged and facet _wrap ----
BPc.A <- ggplot(PRED1.1,aes(x=Nsp_active,y=log(fit), colour=Scenario, gr
oup=Scenario, fill=Scenario)) +
geom_vline(data=filter(PRED1.1, Scenario=="B17-B16"), aes(xintercept=5
2), lty=2) + # starting community sp.richness
geom_vline(data=filter(PRED1.1, Scenario=="B16-B15"), aes(xintercept=4
2), lty=2) + # starting community sp.richness
geom_vline(data=filter(PRED1.1, Scenario=="B15-Xs"), aes(xintercept=40
), lty=2) + # starting community sp.richness
geom_vline(data=filter(PRED1.1, Scenario=="Xs-B14"), aes(xintercept=41
), lty=2) + # starting community sp.richness
geom_vline(data=filter(PRED1.1, Scenario=="B14-B13"), aes(xintercept=2
7), lty=2) + # starting community sp.richness
geom_vline(data=filter(PRED1.1, Scenario=="B17-B13"), aes(xintercept=5
2), lty=2) + # starting community sp.richness
geom_line()+
geom_ribbon(aes(ymin= log(fit) + 1.96*(log(se.fit)),
ymax= log(fit) - 1.96*(log(se.fit))),alpha=.3)+
theme_bw()+
scale_y continuous(name ="log(BPc)")+
scale_x_continuous(limits=c(@,71), name="Species richness")+
facet_grid(~Scenario) +
theme(legend.position="right",
axis.text.x = element_text(size=9),
axis.text.y = element_text(size=9))+
scale_colour_discrete(name="Climate\nScenario",
breaks=c("B17-B16", "B16-B15", "B15-Xs", "Xs-Bl14
", "B14-B13", "B17-B13"),
labels=c("B17-B16", "B16-B15", "B15-Xs", "Xs-B14
", "B14-B13", "B17-B13"))+
scale fill discrete(name="Climate\nScenario",
breaks=c("B17-B16", "B16-B15", "B15-Xs", "Xs-B14",
"B14-B13", "B17-B13"),
labels=c("B17-B16", "B16-B15", "B15-Xs", "Xs-B14",
"B14-B13", "B17-B13"))

### Add space between local scenarios and region-wide scenario (B17-B13)
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gt = ggplot_gtable(ggplot_build(BPc.A))
gt$widths[14] = 4*gt$widths[1]
grid.draw(gt)

E.1.10 Code S8: Model output figures

# Import output data from model simulations ####
# Full model (co-extinctions and co-compensations)
B17_B16_BPc <- read.csv(file.choose())

B17_B16 _Contributions <- readRDS(file.choose())
B16_B15 BPc <- read.csv(file.choose())

B16_B15 Contributions <- readRDS(file.choose())
B15 Xs BPc <- read.csv(file.choose())

B15 Xs_Contributions <- readRDS(file.choose())
Xs_B14 BPc <- read.csv(file.choose())

Xs_B14 Contributions <- readRDS(file.choose())
B14_B13 BPc <- read.csv(file.choose())
B14_B13_Contributions <- readRDS(file.choose())
B17 _B13 BPc <- read.csv(file.choose())

B17_B13 Contributions <- readRDS(file.choose())

# Reduced model (co-extinctions and no compensations)
B17_B16_CoExt_NoComp_BPc <- read.csv(file.choose())
B17_B16_CoExt_NoComp_Contributions <- readRDS(file.choose())
B16 B15 CoExt NoComp BPc <- read.csv(file.choose())

B16_B15 CoExt_NoComp_Contributions <- readRDS(file.choose())
B15_Xs_CoExt_NoComp_BPc <- read.csv(file.choose())

B15 Xs CoExt NoComp_Contributions <- readRDS(file.choose())
Xs_B14 CoExt_NoComp_ BPc <- read.csv(file.choose())
Xs_B14_CoExt_NoComp_Contributions <- readRDS(file.choose())
B14 B13 CoExt NoComp BPc <- read.csv(file.choose())

B14 B13 CoExt_NoComp_Contributions <- readRDS(file.choose())
B17_B13_CoExt_NoComp_BPc <- read.csv(file.choose())

B17 _B13 CoExt NoComp_ Contributions <- readRDS(file.choose())

# Simple model (no co-extinctions and no compensations)

B17 _B16 NoCoExt NoComp BPc <- read.csv(file.choose())
B17_B16_NoCoExt_ NoComp_Contributions <- readRDS(file.choose())
B16_B15_NoCoExt_NoComp_BPc <- read.csv(file.choose())

B16 B15 NoCoExt NoComp Contributions <- readRDS(file.choose())
B15 Xs_NoCoExt_NoComp BPc <- read.csv(file.choose())
B15_Xs_NoCoExt_NoComp_Contributions <- readRDS(file.choose())
Xs_B14 NoCoExt NoComp BPc <- read.csv(file.choose())

Xs_B14 _NoCoExt_NoComp_Contributions <- readRDS(file.choose())
B14_B13_NoCoExt_NoComp_BPc <- read.csv(file.choose())

B14 B13 NoCoExt NoComp Contributions <- readRDS(file.choose())
B17_B13 NoCoExt_ NoComp BPc <- read.csv(file.choose())

B17_B13 NoCoExt_NoComp_Contributions <- readRDS(file.choose())

# Figure 1: No coextinctions, no compensations, full models ####

plotl <- ggplot(B17_B16_NoCoExt_NoComp_BPc,aes(x=Nsp_active,y=1log(BPc)))
+

geom_point( "grey", 0.5)+

stat_density2d(aes( ..level.., ..level..),



size=3, bins=20, geom='polygon') +

geom_vline(xintercept = 17, col = "red", linetype = "dashed", size = @
.8) +
geom_vline(xintercept = 52, col = "green", size = 0.8) +

scale_x_continuous(limits = c(0,70)) +

scale y continuous(limits = c(-2,8)) +

geom_text(size = 12, x = 60, y = -0.1, label = "a") +

theme_classic()+

theme(legend.position = "none", panel.grid.major = element blank(), pa
nel.grid.minor = element_blank(),

panel.background = element_blank(), axis.line = element_line(col

our = "black")) +

labs(x = "Species richness"”,

y "log(BPc)")

plot2 <- ggplot(B17_B16_CoExt_NoComp_BPc,aes(x=Nsp_active,y=1log(BPc)))+
geom_point(colour="grey",alpha=0.5)+
stat_density2d(aes(fill=..level.., alpha=..level..),
size=3, bins=20, geom='polygon') +

geom_vline(xintercept = 17, col = "red", linetype = "dashed", size = @
.8) +
geom_vline(xintercept = 52, col = "green", size = 0.8) +

scale x_continuous(limits = c(0,70)) +
scale_y continuous(limits = c(-2,8)) +
geom_text(size = 12, x = 60, y = -0.1, label = "g") +

theme_classic()+

theme(legend.position = "none", panel.grid.major = element_blank(), pa
nel.grid.minor = element_blank(),

panel.background = element_blank(), axis.line = element_line(col

our = "black")) +

labs(x = "Species richness",

y "log(BPc)")

plot3 <- ggplot(B17_B16_BPc,aes(x=Nsp_active,y=1log(BPc)))+
geom_point(colour="grey",alpha=0.5)+
stat_density2d(aes(fill=..level.., alpha=..level..),
size=3, bins=20, geom='polygon') +

geom_vline(xintercept = 17, col = "red", linetype = "dashed", size = @
.8) +
geom_vline(xintercept = 52, col = "green", size = 0.8) +

scale_x_continuous(limits = c(0,70)) +
scale_y continuous(limits = c(-2,8)) +
geom_text(size = 12, x = 60, y = -0.1, label = "m") +

theme_classic()+

theme(legend.position = "none", panel.grid.major = element_blank(), pa
nel.grid.minor = element_blank(),

panel.background = element_blank(), axis.line = element_line(col

our = "black")) +

labs(x = "Species richness",

y = "log(BPc)")

plot4 <- ggplot(B16_B15 NoCoExt_ NoComp BPc,aes(x=Nsp_active,y=1log(BPc)))
+
geom_point(colour="grey",alpha=0.5)+
stat_density2d(aes(fill=..level.., alpha=..level..),
size=3, bins=20, geom='polygon') +



geom_vline(xintercept
.8) +

geom _vline(xintercept = 42, col = "green", size = 0.8) +

scale_x_continuous(limits = c(0,70)) +

scale_y continuous(limits = c(-2,8)) +

geom text(size = 12, x = 60, y = -0.1, label = "b") +

theme_classic()+

theme(legend.position = "none", panel.grid.major = element_blank(), pa
nel.grid.minor = element_blank(),

panel.background = element_blank(), axis.line = element_line(col

our = "black")) +

labs(x = "Species richness",

y = "log(BPc)")

15, col = "red", linetype = "dashed", size = 0

plot5 <- ggplot(B16_B15_ CoExt_NoComp_ BPc,aes(x=Nsp_active,y=1log(BPc)))+
geom_point(colour="grey",alpha=0.5)+
stat_density2d(aes(fill=..level.., alpha=..level..),
size=3, bins=20, geom='polygon') +

geom_vline(xintercept = 15, col = "red", linetype = "dashed", size = @
.8) +
geom_vline(xintercept = 42, col = "green", size = 0.8) +

scale_x_continuous(limits = c(0,70)) +
scale_y continuous(limits = c(-2,8)) +
geom_text(size = 12, x = 60, y = -0.1, label = "h") +

theme_classic()+

theme(legend.position = "none", panel.grid.major = element_blank(), pa
nel.grid.minor = element_blank(),

panel.background = element_blank(), axis.line = element_line(col

our = "black")) +

labs(x = "Species richness",

y = "log(BPc)")

plot6 <- ggplot(Bl6_B1l5 BPc,aes(x=Nsp_active,y=1log(BPc)))+
geom_point(colour="grey",alpha=0.5)+
stat_density2d(aes(fill=..level.., alpha=..level..),
size=3, bins=20, geom='polygon') +

geom_vline(xintercept = 15, col = "red", linetype = "dashed", size = @
.8) +
geom_vline(xintercept = 42, col = "green", size = 0.8) +

scale_x_continuous(limits = c(0,70)) +
scale_y continuous(limits = c(-2,8)) +
geom_text(size = 12, x = 60, y = -0.1, label = "n") +

theme_classic()+

theme(legend.position = "none", panel.grid.major = element_blank(), pa
nel.grid.minor = element_blank(),

panel.background = element_blank(), axis.line = element_line(col

our = "black")) +

labs(x = "Species richness",

y = "log(BPc)")

plot7 <- ggplot(B15 Xs NoCoExt NoComp BPc,aes(x=Nsp_active,y=log(BPc)))+
geom_point(colour="grey",alpha=0.5)+
stat_density2d(aes(fill=..level.., alpha=..level..),
size=3, bins=20, geom='polygon') +
geom_vline(xintercept = 16, col = "red", linetype = "dashed", size = @
.8) +



geom_vline(xintercept = 40, col = "green", size = 0.8) +
scale_x_continuous(limits = c(0,70)) +
scale y continuous(limits = c(-2,8)) +
geom_text(size = 12, x = 60, y = -0.1, label = "c") +
theme_classic()+
theme(legend.position = "none", panel.grid.major = element blank(), pa
nel.grid.minor = element_blank(),
panel.background = element_blank(), axis.line = element_line(col
our = "black")) +
labs(x = "Species richness",

y "log(BPc)")

plot8 <- ggplot(B1l5_Xs_CoExt_NoComp_BPc,aes(x=Nsp_active,y=log(BPc)))+
geom_point(colour="grey",alpha=0.5)+
stat_density2d(aes(fill=..level.., alpha=..level..),
size=3, bins=20, geom='polygon') +

geom_vline(xintercept = 16, col = "red", linetype = "dashed", size = @
.8) +

geom_vline(xintercept = 40, col = "green", size = 0.8) +

scale x_continuous(limits = c(0,70)) +

scale y continuous(limits = c(-2,8)) +

geom_text(size = 12, x = 60, y = -0.1, label = "i") +
theme_classic()+
theme(legend.position = "none", panel.grid.major = element_blank(), pa
nel.grid.minor = element_blank(),
panel.background = element_blank(), axis.line = element_line(col
our = "black")) +
labs(x = "Species richness",

y "log(BPc)")

plot9 <- ggplot(B1l5_Xs_BPc,aes(x=Nsp_active,y=1log(BPc)))+
geom_point(colour="grey",alpha=0.5)+
stat_density2d(aes(fill=..level.., alpha=..level..),
size=3, bins=20, geom='polygon') +

geom_vline(xintercept = 16, col = "red", linetype = "dashed", size = @
.8) +
geom_vline(xintercept = 40, col = "green", size = 0.8) +

scale_x_continuous(limits = c(0,70)) +
scale_y continuous(limits = c(-2,8)) +
geom_text(size = 12, x = 60, y = -0.1, label = "0") +

theme_classic()+

theme(legend.position = "none", panel.grid.major = element_blank(), pa
nel.grid.minor = element_blank(),

panel.background = element_blank(), axis.line = element_line(col

our = "black")) +

labs(x = "Species richness",

y = "log(BPc)")

plot1e <- ggplot(Xs_B14 NoCoExt_ NoComp_ BPc,aes(x=Nsp_active,y=1log(BPc)))
+

geom_point(colour="grey",alpha=0.5)+

stat_density2d(aes(fill=..level.., alpha=..level..),

size=3, bins=20, geom='polygon') +

geom vline(xintercept = 10, col = "red", linetype = "dashed", size = ©
.8) +

geom_vline(xintercept = 41, col = "green", size = 0.8) +



scale_x_continuous( c(9,70)) +

scale_y continuous( c(-2,8)) +
geom_text( 12, 60, -0.1, "d") +
theme_classic()+
theme( "none", element_blank(),
element_blank(),
element_blank(), element_line(
"black")) +
labs( "Species richness",
"log(BPc)")
plotll <- ggplot(Xs_B1l4 CoExt NoComp BPc,aes(x=Nsp_active,y=log(BPc)))+
geom_point( "grey", 0.5)+
stat_density2d(aes( ..level.., ..level..),
3, 20, 'polygon') +
geom_vline( 10, "red", "dashed", 9]
.8) +
geom_vline( 41, "green", 0.8) +
scale_x_continuous( c(0,70)) +
scale_y continuous( c(-2,8)) +
geom_text( 12, 60, -0.1, ") +
theme_classic()+
theme( “none", element_blank(),
element_blank(),
element_blank(), element_line(
"black")) +
labs( "Species richness",
"log(BPc)")
plotl2 <- ggplot(Xs_Bl4 BPc,aes(x=Nsp_active,y=1log(BPc)))+
geom_point ( "grey", 0.5)+
stat_density2d(aes( ..level.., ..level..),
3, 20, 'polygon') +
geom_vline( 10, "red", "dashed", 0
.8) +
geom_vline( 41, "green", 0.8) +
scale_x_continuous( c(0,70)) +
scale_y continuous( c(-2,8)) +
geom_text( 12, 60, -0.1, "p") +
theme_classic()+
theme( “none", element_blank(),
element_blank(),
element_blank(), element_line(
"black")) +
labs( "Species richness",
"log(BPc)")
plotl3 <- ggplot(B1l4_B13 NoCoExt NoComp_ BPc,aes(x=Nsp_active,y=1log(BPc))
)+
geom_point( "grey", 0.5)+
stat_density2d(aes( ..level.., ..level..),
B 20, 'polygon') +
geom_vline( 11, "red", "dashed", %]
.8) +
geom_vline( 27, "green", 0.8) +

scale_x_continuous( c(9,70)) +



scale_y continuous(

c(-2,8)) +

geom_text( 12, 60, -0.1, "e") +
theme_classic()+
theme( "none", element_blank(),
element_blank(),
element_blank(), element_line(
"black")) +
labs( "Species richness",

"log(BPc)")

plotl4 <- ggplot(B14_B13_CoExt_NoComp_BPc,aes(x=Nsp_active,y=log(BPc)))+
geom_point( "grey", 0.5)+
stat_density2d(aes( ..level.., ..level..),
3, 20, "polygon') +
geom_vline( 11, "red", "dashed", 0
.8) +
geom_vline( 27, "green", 0.8) +
scale_x_continuous( c(9,70)) +
scale_y continuous( c(-2,8)) +
geom_text( 12, 60, -0.1, k") +
theme_classic()+
theme( "none", element_blank(),
element_blank(),
element_blank(), element_line(
"black")) +
labs( "Species richness",

"log(BPc)")

plotl5 <- ggplot(B14_B13_BPc,aes(x=Nsp_active,y=1og(BPc)))+

geom_point( "grey", 0.5)+

stat_density2d(aes( ..level.., ..level..),

2P 20, "polygon') +

geom_vline( 11, "red", "dashed", 0
.8) +

geom_vline( 27, "green", 0.8) +

scale_x_continuous( c(9,70)) +

scale_y continuous( c(-2,8)) +

geom_text ( 12, 60, -0.1, "q") +
theme_classic()+
theme( "none", element_blank(),
element_blank(),
element_blank(), element_line(
"black™)) +
labs( "Species richness",
"log(BPc)")

plotl6e <- ggplot(B17_B13_NoCoExt_NoComp_BPc,aes(x=Nsp_active,y=1log(BPc))
)+

geom_point( "grey", 0.5)+

stat_density2d(aes( ..level.., ..level..),

3, 20, "polygon') +

geom_vline( 11, "red", "dashed", 0
.8) +

geom_vline( 52, "green", 0.8) +

scale_x_continuous( c(0,70)) +

scale_y continuous( c(-2,8)) +



geom_text(
theme_classic()+
theme(
elem

"black")) +
labs( "Species r
"log(BPc)"

plotl7 <- ggplot(B17_

geom_point(
stat_density2d(aes(

geom_vline(

.8) +
geom_vline(
scale_x_continuous(
scale_y continuous(
geom_text(
theme_classic()+
theme(

element_blank(),
element_blank(), element_line(
"black")) +
labs( "Species richness",
"log(BPc)")
plotl18 <- ggplot(B17_B13_BPc,aes(x=Nsp_active,y=1log(BPc)))+
geom_point( "grey", 0.5)+
stat_density2d(aes( ..level. ., ..level..),
3, 20, 'polygon') +
geom_vline( 11, "red", "dashed", 9]
.8) +
geom_vline( 52, "green", 0.8) +
scale_x_continuous( c(9,70)) +
scale_y continuous( c(-2,8)) +
geom_text( 12, 60, -0.1, "r") +
theme_classic()+
theme( "none", element_blank(),
element_blank(),
element_blank(), element_line(
"black")) +
labs( "Species richness",
"log(BPc)")
ylab@ <- "Extinctions ordered by..... "
Super_BPc_plot <- wrap_elements(grid::textGrob("B17-B16", 5,
9, grid::gpar( 16))) + wrap_elements(grid: :textGrob(
"B16-B15", 5, 0, grid: :gpar( 16))) +
wrap_elements(grid: :textGrob("B15-Xs", 5, 9, grid::
gpar( 16))) +
wrap_elements(grid: :textGrob("Xs-B14", 5, 9, grid::
gpar( 16))) +
wrap_elements(grid::textGrob("B14-B13", 5, 9, grid:

:gpar( 16))

12,

12, 60, -0.1, "£Y) 4
"none", element_blank(),
ent_blank(),

element_blank(), element_line(

ichness",
)
B13_CoExt_NoComp_BPc,aes(x=Nsp_active,y=1log(BPc)))+
"grey", 0.5)+
..level.., ..level..),
3, 20, 'polygon') +
11, "red", "dashed", 9]
52, "green", 0.8) +
c(9,70)) +
c(-2,8)) +
60, -0.1, "M+
"none", element_blank(),

) + plot_spacer() +



wrap_elements(grid: :textGrob("B17-B13", 5, 9, grid:
:gpar( 16))) +

plot spacer() +

(plotl & theme( element_blank(),
element_blank(),
element_blank(),
element_text( 16))) +

(plot4 & theme( element_blank(),

element_blank(),
element_blank(),
element_blank()))
(plot7 & theme( element_blank(),
element_blank(),
element_blank(),
element_blank()))
(plotle & theme( element_blank(),
element_blank(),
element_blank(),
element_blank()))
(plot13 & theme( element_blank(),
element_blank(),
element_blank(),
element _blank())) + plot spacer() +
(plotl6e & theme( element_blank(),
element_blank(),
element_blank(),

+

-+

+

element_text( 16))) +
wrap_elements(grid: :textGrob("Climate vulnerability", 4,
-90, grid: :gpar( 16))) +
(plot2 & theme( element_blank(),

element_blank(),
element_blank(),
element_text( 16))) +
(plot5 & theme( element_blank(),
element_blank(),
element_blank(),
element_blank())) +
(plot8 & theme( element_blank(),
element_blank(),
element_blank(),
element_blank())) +
(plotll & theme( element_blank(),
element_blank(),
element_blank(),
element_blank())) +
(plot14 & theme( element_blank(),
element_blank(),
element_blank(),
element_blank())) + plot_spacer()
+
(plotl7 & theme( element_blank(),
element_blank(),
element_blank(),
element_text( 16))) +
wrap_elements(grid::textGrob("Climate vulnerability \n and co-extincti
ons", 1.8, -90, grid: :gpar( 16))) +



(plot3 & theme(axis.title.
axis.
axis.
axis.

(plot6 & theme(axis.title.
axis.

x = element_blank(),

title.y = element_blank(),
text.x = element_text(size =
text.y = element_text(size =
x = element_blank(),

title.y = element_blank(),

(plot9 & theme(axis.title.x =

(plotl2 & theme(axis.title.x =

axis.text.x = element_text(size =
axis.text.y = element_blank())) +
element_blank(),

axis.title.y = element_blank(),
axis.text.x = element_text(size
axis.text.y = element_blank())) +
element_blank(),

axis.title.y = element_blank(),
axis.text.x = element_text(size
axis.text.y = element_blank())) +

(plotl5 & theme(axis.title.x = element_blank(),

(plotl8 & theme(axis.title.x =

wrap_elements(grid: :textGrob("Climate vulnerability,
and \n co-compensations", vjust =

ze = 16))) +

axis.title.y = element_blank(),
axis.text.x = element_text(size
axis.text.y = element_blank())) +
element_blank(),
axis.title.y = element_blank(),
axis.text.x = element_text(size =
axis.text.y = element_text(size =

1.2, rot = -90, gp =

16),
16))) +

16),

16),

16),

16),

plot_spacer() +

16),
16))) +

\n co-extinctions
grid::gpar(fontsi

plot_layout(ncol = 8, nrow = 4, widths = ¢(1,1,1,1,1,0.3,1,1))

Super BPc_plot & theme(axis.title.x = element_blank(),

axis.title.y = element_blank(),
axis.text.x =
axis.text.y = element text(size

"2018_all_models_BPc_superplot.tiff",

#

#

#

#

ggsave(
plot =
device = tiff,
scale = 2,
width = 24,
height = 12,
units = c("cm"),
dpi = 300

)

Super_BPc_plot,

# Figure 2: GAMs, compensation graphs ####

## GAMS #H###

split GAMs <- split(PRED1.1, PRED1.1$Scenario)

element_text(size =

6))

B17 B16 GAM <- ggplot(split GAMs[["B17-B16"]], aes(x=Nsp_active,y=log(fi

t)))+

geom_vline(aes(xintercept=52), lty=1, col="green", size
geom _vline(aes(xintercept=17), lty=2, col="red", size

geom_line(col

"blue") +

geom_ribbon(aes(ymin= log(fit) + 1.96*(log(se.fit)),

0.8) +
0.8) +



log(fit) - 1.96*(log(se.fit))), .3,

"blue")+
theme_classic()+
theme( element_line()) +
scale_y continuous( "log(BPc)", c(-1,16), c(9,5
,10,15) )+
scale_x_continuous( c(0,71), "Species richness")+
geom_text( 12, 65, 14, "a") +
theme( "right",
element_text( 9),
element_text( 9))
B16_B17_GAM <- ggplot(split_GAMs[["B16-B17"]], aes(x=Nsp_active,y=log(fi
t)))+
geom_vline(aes( 42), 1, "green", 0.8) +
geom_vline(aes( 22), 2 "red", 0.8) +
geom_line( "blue") + facet_wrap(~Scenario) +
geom_ribbon(aes( log(fit) + 1.96*(log(se.fit)),
log(fit) - 1.96*(log(se.fit))), .3,
"blue")+
theme_classic()+
theme( element_line()) +
scale_y continuous( "log(BPc)", c(-1,16), c(0,5
,10,15) )+
scale_x_continuous( c(0,71), "Species richness")+
theme( "right",
element_text( 9),
element_text( 9))
B16_B15 GAM <- ggplot(split GAMs[["B16-B15"]], aes(x=Nsp_active,y=log(fi
)+
geom_vline(aes( 42), 1, "green", 0.8) +
geom_vline(aes( 15), 2, "red", 0.8) +
geom_line( "blue") +
geom_ribbon(aes( log(fit) + 1.96*(log(se.fit)),
log(fit) - 1.96*(log(se.fit))), .3,
"blue" )+
theme_classic()+
theme( element_line()) +
scale_y continuous( "log(BPc)", c(-1,16), c(0,5
,10,15) )+
scale_x_continuous( c(9,71), "Species richness")+
geom_text( 12, 65, 14, "b") +
theme( "right",
element_text( 9),
element_text( 9))

B15 Xs_GAM <- ggplot(split GAMs[["B15-Xs"]], aes(x=Nsp_active,y=log(fit)

)+
geom_vline(aes( 40), 1, "green", 0.8) +
geom_vline(aes( 16), 2, "red", 0.8) +
geom_line( "blue") +
geom_ribbon(aes( log(fit) + 1.96*(log(se.fit)),

log(fit) - 1.96*(log(se.fit))), .3,
"blue")+



theme_classic()+

theme( element_line()) +
scale_y continuous( "log(BPc)", c(-1,16), c(9,5
,10,15))+
scale_x_continuous( c(90,71), "Species richness")+
geom_text( 12, 65, 14, "c") +
theme( "right",
element_text( 9),
element_text( 9))

Xs_B14_GAM <- ggplot(split_GAMs[["Xs-B14"]], aes(x=Nsp_active,y=log(fit)
)+

geom_vline(aes( 41), 1, "green", 0.8) +
geom_vline(aes( 10), 2, "red", 0.8) +
geom_line( "blue") +
geom_ribbon(aes( log(fit) + 1.96*(log(se.fit)),
log(fit) - 1.96*(log(se.fit))), .3,
"blue" )+
theme_classic()+
theme( element_line()) +
scale_y continuous( "log(BPc)", c(-1,16), c(9,5
,10,15))+
scale_x_continuous( c(0,71), "Species richness")+
geom_text( 12, 65, 14, "d") +
theme( "right",
element_text( 9),
element_text( 9))

B14_B13_GAM <- ggplot(split_GAMs[["B14-B13"]], aes(x=Nsp_active,y=log(fi
)+

geom_vline(aes( 27), 1, "green", 0.8) +
geom_vline(aes( 11), 2, "red", 0.8) +
geom_line( "blue") +
geom_ribbon(aes( log(fit) + 1.96*(log(se.fit)),
log(fit) - 1.96*(log(se.fit))), .3,
"blue")+
theme_classic()+
theme( element_line()) +
scale_y continuous( "log(BPc)", c(-1,16), c(9,5
,10,15))+
scale_x_continuous( c(0,71), "Species richness")+
geom_text( 12, 65, 14, "e") +
theme ( "right",
element_text( 9),
element_text( 9))

B17_B13_GAM <- ggplot(split_GAMs[["B17-B13"]], aes(x=Nsp_active,y=log(fi
)+

geom_vline(aes( 52), 1, "green", 0.8) +
geom_vline(aes( 11), 2, "red", 0.8) +
geom_line( "blue") +
geom_ribbon(aes( log(fit) + 1.96*(log(se.fit)),
log(fit) - 1.96*(log(se.fit))), .3,
"blue")+

theme_classic()+
theme( element_line()) +



scale_y continuous( "log(BPc)", c(-1,16), c(9,5

,10,15) )+
scale_x_continuous( c(9,71), "Species richness")+
geom_text( 12, 65, 14, ") o+
theme( "right",
element_text( 9),
element_text( 9))
B16 B13 GAM <- ggplot(split GAMs[["B16-B13"]], aes(x=Nsp_active,y=log(fi
)+
geom_vline(aes( 42), 1, "green", 0.8) +
geom_vline(aes( 11), 2, "red", 0.8) +
geom_line( "blue") + facet_wrap(~Scenario) +
geom_ribbon(aes( log(fit) + 1.96*(log(se.fit)),
log(fit) - 1.96*(log(se.fit))), .3,
"blue")+
theme_classic()+
theme( element_line()) +
scale_y continuous( "log(BPc)", c(-1,16), c(0,5
,10,15) )+
scale_x_continuous( c(90,71), "Species richness")+
theme( "right",
element_text( 9),
element_text( 9))

## Compensation graphs ####

B17_B16_Compensation_graph <- B17_B16_BPc %>%
filter(!is.na(CompSp)) %>%
select(Simulation, Nsp, Nsp _active, CompRep, CompSp) %>%
left_join(ChAOS_2018_ranges, c("CompSp" = "ScientificName_accepte
d")) %>%
group_by(Nsp_active) %>%
summarise( mean(CompRep),
sd(CompRep),
max (CompRep)) %>%
ggplot(aes(x= Nsp_active, CompRep.mean) )+
# geom_bar(stat = "identity", fill="purple4", alpha=.8, aes(y = CompRe

p.max) )+

geom_bar( "identity", "gold", .8, aes( CompRep.mean)
)+

geom_errorbar(aes( CompRep.mean, CompRep.mean+(CompRep.sd/2))
, .2, "black") +

geom_vline( 17, "red", "dashed", (9]
.8, 0.8) +

geom_vline( 52, "green", 0.8, 0.8) +

scale_x_continuous( c(0,70)) +

scale_y continuous( c(9,16)) +

geom_text( 12, 65, 14, "g") +

theme_classic()+

theme( "right", element_blank(),

element_blank(),
element_blank(), elem

ent_line( "black")) +

labs( "Species richness",

"Compensating \n species")



B16 B15 Compensation graph <- B16_B15 BPc %>%
filter(!is.na(CompSp)) %>%
select(Simulation, Nsp, Nsp_active, CompRep, CompSp) %>%
left _join(ChAOS 2018 ranges, c("CompSp" = "ScientificName accepte
d")) %>%
group_by(Nsp_active) %>%
summarise( mean(CompRep),
sd(CompRep),
max (CompRep)) %>%
ggplot(aes(x= Nsp_active, y=CompRep.mean))+
# geom bar(stat = "identity", fill="purple4", alpha=.8, aes(y = CompRe
p.max) )+

geom_bar( "identity", "gold", .8, aes( CompRep.mean)
)+

geom_errorbar(aes( CompRep.mean, CompRep.mean+(CompRep.sd/2))
, .2, "black") +

geom_vline( 15, "red", "dashed", 0
.8, 0.8) +

geom_vline( 42, "green", 0.8, 0.8) +

scale_x_continuous( c(9,70)) +

scale_y continuous( c(0,16)) +

geom_text( 12, 65, 14, "h") +

theme_classic()+

theme( "right", element_blank(),

element_blank(),
element_blank(), elem

ent_line( "black")) +

labs( "Species richness",

"Compensating \n species")

B15_Xs_Compensation_graph <- B15_Xs_BPc %>%
filter(!is.na(CompSp)) %>%
select(Simulation, Nsp, Nsp_active, CompRep, CompSp) %>%
left_join(ChAOS_2018 ranges, c("CompSp" = "ScientificName_accepte
d")) %>%
group_by(Nsp_active) %>%
summarise( mean (CompRep),
sd(CompRep),
max(CompRep)) %>%
ggplot(aes(x= Nsp_active, CompRep.mean) )+
# geom _bar(stat = "identity", fill="purple4", alpha=.8, aes(y = CompRe
p.max) )+

geom_bar( "identity", "gold", .8, aes( CompRep.mean)
)+

geom_errorbar (aes( CompRep.mean, CompRep.mean+(CompRep.sd/2))
, .2, "black") +

geom_vline( 16, "red", "dashed", 0
.8, 0.8) +

geom_vline( 40, "green", 0.8, 0.8) +

scale_x_continuous( c(9,70)) +

scale_y continuous( c(0,16)) +

geom_text( 12, 65, 14, i) o+

theme_classic()+

theme( "right", element_blank(),

element_blank(),



element_blank(), elem
ent_line( "black")) +
labs( "Species richness"”,
"Compensating \n species")

Xs_B14 Compensation_graph <- Xs B14 BPc %>%
filter(!is.na(CompSp)) %>%
select(Simulation, Nsp, Nsp_active, CompRep, CompSp) %>%
left _join(ChAOS 2018 ranges, c("CompSp" = "ScientificName accepte
d")) %>%
group_by(Nsp_active) %>%
summarise( mean(CompRep),
sd(CompRep),
max (CompRep)) %>%
ggplot(aes( Nsp_active, CompRep.mean) )+
# geom_bar(stat = "identity", fill="purple4”, alpha=.8, aes(y = CompRe
p.max) )+

geom_bar( "identity", "gold", .8, aes( CompRep.mean)
)+

geom_errorbar (aes( CompRep.mean, CompRep.mean+(CompRep.sd/2))
s .2, "black") +

geom_vline( 10, "red", "dashed", %]
.8, 0.8) +

geom_vline( 41, "green", 0.8, 0.8) +

scale_x_continuous( c(0,70)) +

scale_y continuous( c(0,16)) +

geom_text( 12, 65, 14, ") +

theme_classic()+

theme( "right", element_blank(),

element_blank(),
element_blank(), elem

ent_line( "black")) +

labs( "Species richness",

"Compensating \n species")

B14 B13 Compensation_graph <-B14 _B13 BPc %>%
filter(!is.na(CompSp)) %>%
select(Simulation, Nsp, Nsp active, CompRep, CompSp) %>%
left_join(ChAOS_ 2018 ranges, c("CompSp" = "ScientificName accepte
d")) %>%
group_by(Nsp_active) %>%
summarise( mean(CompRep),
sd(CompRep),
max(CompRep)) %>%
ggplot(aes( Nsp_active, CompRep.mean) )+
# geom_bar(stat = "identity", fill="purple4”, alpha=.8, aes(y = CompRe
p.max) )+

geom_bar( "identity", "gold", .8, aes( CompRep.mean)
)+

geom_errorbar (aes( CompRep.mean, CompRep.mean+(CompRep.sd/2))
s .2, "black") +

geom_vline( 11, "red", "dashed", 0
.8, 0.8) +

geom_vline( 27, "green", 0.8, 0.8) +

scale_x_continuous( c(0,70)) +

scale_y continuous( c(9,16)) +



geom_text( 12, 65, 14, k") +

theme_classic()+

theme( "right", element_blank(),

element_blank(),
element_blank(), elem

ent_line( "black")) +

labs( "Species richness",

"Compensating \n species")

B17_B13_Compensation_graph <- B17_B13_BPc %>%
filter(!is.na(CompSp)) %>%
select(Simulation, Nsp, Nsp_active, CompRep, CompSp) %>%
left_join(ChAOS_2018 ranges, c("CompSp" = "ScientificName_accepte
d")) %>%
group_by(Nsp_active) %>%
summarise( mean(CompRep),
sd(CompRep),
max (CompRep)) %>%
ggplot(aes(x= Nsp_active, y=CompRep.mean))+
# geom bar(stat = "identity", fill="purple4", alpha=.8, aes(y = CompRe

p.max) )+

geom_bar( "identity", "gold", .8, aes( CompRep.mean)
)+

geom_errorbar(aes( CompRep.mean, CompRep.mean+(CompRep.sd/2))
, .2, "black") +

geom_vline( 11, "red", "dashed", 0
.8, 0.8) +

geom_vline( 52, "green", 0.8, 0.8) +

scale_x_continuous( c(9,70)) +

scale_y continuous( c(9,16)) +

geom_text( 12, 65, 14, 1) +

theme_classic()+

theme( "right", element_blank(),

element_blank(),
element_blank(), elem

ent_line( "black")) +

labs( "Species richness",

"Compensating \n species")

#H# M1 #i##
B17_B16 Mi <- B17_B16_Contributions %>%

filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp_active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Mi) %>%

dplyr::summarise( n()) %>%
group_by(Nsp_active,Mi) %>%
dplyr::summarise( mean(freq),

median(freq)) %>%
filter(!is.na(Mi)) %>%

ggplot() +
geom_bar(aes( Nsp active, as.factor(Mi), mean),
T, "£ill", "identity") +
geom_vline( 17, "red", "dashed", 0

.8, 0.8) +



geom_vline(xintercept = 52, col = "green", size = 0.8, alpha = 0.8) +

geom_text(size = 12, x = 65, y = 0.9, label = "m") +

scale_x_continuous(name = "Species richness", limits = c(0,70)) +

scale_y continuous(name = "Relative Mi") +

scale_fill brewer(palette = "Purples", name
", labels = c("Fixed tube", "Limited movement", "Slow, free movement",
Burrow system")) +

theme_classic()

"Mobility classification

B16_B15 Mi <- B16_B15_Contributions %>%

filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Mi) %>%

dplyr::summarise(freq = n()) %>%

group_by(Nsp_active,Mi) %>%

dplyr::summarise(mean = mean(freq),

median = median(freq)) %>%

filter(!is.na(Mi)) %>%

ggplot() +

geom_bar(aes(x = Nsp_active, fill = as.factor(Mi), vy = mean), na.rm =
T, position = "fill", stat = "identity") +

geom_vline(xintercept = 15, col = "red", linetype = "dashed", size = 0@
.8, alpha = 0.8) +

geom_vline(xintercept = 42, col = "green", size = 0.8, alpha = 0.8) +

geom_text(size = 12, x = 65, y = 0.9, label = "n") +

scale_x_continuous(name = "Species richness", limits = c(0,70)) +

scale_y continuous(name = "Relative Mi") +

scale fill brewer(palette = "Purples", name = "Mobility classification

", labels = c("Fixed tube", "Limited movement", "Slow, free movement",
Burrow system")) +
theme_classic()

B15 Xs_Mi <- B15_Xs_Contributions %>%

filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Mi) %>%

dplyr::summarise(freq = n()) %>%

group_by(Nsp_active,Mi) %>%

dplyr::summarise(mean = mean(freq),

median = median(freq)) %>%

filter(!is.na(Mi)) %>%

ggplot() +

geom_bar(aes(x = Nsp_active, fill = as.factor(Mi), vy = mean), na.rm =
T, position = "fill", stat = "identity") +

geom_vline(xintercept = 16, col = "red", linetype = "dashed", size = @
.8, alpha = 0.8) +

geom vline(xintercept = 40, col = "green", size = 0.8, alpha = 0.8) +

geom_text(size = 12, x = 65, y = 0.9, label = "0") +

scale_x_continuous(name = "Species richness", limits = c(0,70)) +

scale_y continuous(name = "Relative Mi") +

scale fill brewer(palette = "Purples"”, name = "Mobility classification

", labels = c("Fixed tube", "Limited movement", "Slow, free movement",



Burrow system")) +
theme_classic()

Xs_B14 Mi <- Xs_B14 Contributions %>%

filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Mi) %>%

dplyr::summarise(freq = n()) %>%

group_by(Nsp_active,Mi) %>%

dplyr::summarise(mean = mean(freq),

median = median(freq)) %>%

filter(!is.na(Mi)) %>%

ggplot() +

geom_bar(aes(x = Nsp_active, fill = as.factor(Mi), vy = mean), na.rm =
T, position = "fill", stat = "identity") +

geom_vline(xintercept = 10, col = "red", linetype = "dashed", size = ©
.8, alpha = 0.8) +

geom_vline(xintercept = 41, col = "green", size = 0.8, alpha = 0.8) +

geom_text(size = 12, x = 65, y = 0.9, label = "p") +

scale_x_continuous(name = "Species richness", limits = c(0,70)) +

scale_y continuous(name = "Relative Mi") +

scale_fill brewer(palette = "Purples"”, name = "Mobility classification

", labels = c("Fixed tube", "Limited movement", "Slow, free movement",
Burrow system")) +
theme_classic()

B14_B13 Mi <- B14_B13_Contributions %>%

filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp_active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Mi) %>%

dplyr::summarise(freq = n()) %>%

group_by(Nsp_active,Mi) %>%

dplyr::summarise(mean = mean(freq),

median = median(freq)) %>%

filter(!is.na(Mi)) %>%

ggplot() +

geom_bar(aes(x = Nsp_active, fill = as.factor(Mi), vy = mean), na.rm =
T, position = "fill", stat = "identity") +

geom_vline(xintercept = 11, col = "red", linetype = "dashed", size = @
.8, alpha = 0.8) +

geom_vline(xintercept = 27, col = "green", size = 0.8, alpha = 0.8) +

geom_text(size = 12, x = 65, y = 0.9, label = "g") +

scale_x_continuous(name = "Species richness", limits = c(0,70)) +

scale_y continuous(name = "Relative Mi") +

scale_fill brewer(palette = "Purples"”, name = "Mobility classification

", labels = c("Fixed tube", "Limited movement", "Slow, free movement",
Burrow system")) +
theme_classic()

B17 B13 Mi <- B17_B13 Contributions %>%
filter(AiSim != @) %>% #remove species that are not alive
unique() %>% # remove duplicates of same species during co-compensatio



ns
select(Simulation,Iteration,Nsp active, Mi, Ri) %>%
group_by(Nsp_active, Simulation,Iteration, Mi) %>%

dplyr::summarise( n()) %>%
group_by(Nsp_active,Mi) %>%
dplyr::summarise( mean(freq),

median(freq)) %>%
filter(!is.na(Mi)) %>%

ggplot() +
geom_bar(aes( Nsp_active, as.factor(Mi), mean),
T, "fill", "identity") +
geom_vline( 11, "red", "dashed", 0
.8, 0.8) +
geom_vline( 52, "green", 0.8, 0.8) +
geom_text( 12, 65, 0.9, r'") +
scale_x_continuous( "Species richness", c(0,70)) +
scale_y continuous( "Relative Mi") +
scale_fill brewer( "Purples”, "Mobility classification
", c("Fixed tube", "Limited movement", "Slow, free movement", "

Burrow system")) +
theme_classic()

## R ####
B17_B16_Ri <- B17_B16_Contributions %>%
filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp_active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Ri) %>%

dplyr::summarise( n()) %>%
group_by(Nsp_active,Ri) %>%
dplyr::summarise( mean(freq),

median(freq)) %>%
filter(!is.na(Ri)) %>%

ggplot() +

geom_bar(aes( Nsp_active, as.factor(Ri), mean),
T, "fill", "identity") +

geom_vline( 17, "red", "dashed", (9]
.8, 0.8) +

geom_vline( 52, "green", 0.8, 0.8) +

geom_text( 12, 65, 0.9, "s") +

scale_x_continuous( "Species richness", c(9,70)) +

scale_y continuous( "Relative Ri") +

scale_fill brewer( "Reworking mode", c("Epifauna", "Sur
ficial Modifier", "Upward/Downward Conveyor", "Biodiffusor", "Regenerato
r')) +

theme_classic()

B16_B15 Ri <- B16_B15_ Contributions %>%

filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Ri) %>%

dplyr::summarise( n()) %>%

group_by(Nsp_active,Ri) %>%



dplyr::summarise(mean = mean(freq),
median = median(freq)) %>%
filter(!is.na(Ri)) %>%
ggplot() +
geom_bar(aes(x = Nsp_active, fill = as.factor(Ri), y = mean), na.rm =
T, position = "fill", stat = "identity") +

geom_vline(xintercept = 15, col = "red", linetype = "dashed", size = @
.8, alpha = 0.8) +

geom vline(xintercept = 42, col = "green", size = 0.8, alpha = 0.8) +

geom_text(size = 12, x = 65, y = 0.9, label = "t") +

scale_x_continuous(name = "Species richness", limits = c(0,70)) +

scale_y continuous(name = "Relative Ri") +

scale_fill brewer(name = "Reworking mode", labels = c("Epifauna", "Sur
ficial Modifier", "Upward/Downward Conveyor", "Biodiffusor", "Regenerato
r')) +

theme_classic()

B15 Xs_Ri <- B15_Xs_Contributions %>%

filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp_active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Ri) %>%

dplyr::summarise(freq = n()) %>%

group_by(Nsp_active,Ri) %>%

dplyr::summarise(mean = mean(freq),

median = median(freq)) %>%

filter(!is.na(Ri)) %>%

ggplot() +

geom_bar(aes(x = Nsp_active, fill = as.factor(Ri), y = mean), na.rm =
T, position = "fill", stat = "identity") +

geom_vline(xintercept = 16, col = "red", linetype = "dashed", size = @
.8, alpha = 0.8) +
geom_vline(xintercept = 40, col = "green", size = 0.8, alpha = 0.8) +
geom_text(size = 12, x = 65, y = 0.9, label = "u") +
scale_x_continuous(name = "Species richness", limits = c(0,70)) +
scale_y continuous(name = "Relative Ri") +
scale_fill brewer(name = "Reworking mode", labels = c("Epifauna", "Surf
icial Modifier", "Upward/Downward Conveyor", "Biodiffusor", "Regenerator
")) +

theme_classic()

Xs_B14 Ri <- Xs_B14 Contributions %>%

filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp_active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Ri) %>%

dplyr::summarise(freq = n()) %>%

group_by(Nsp_active,Ri) %>%

dplyr::summarise(mean = mean(freq),

median = median(freq)) %>%

filter(!is.na(Ri)) %>%

ggplot() +

geom_bar(aes(x = Nsp_active, fill = as.factor(Ri), y = mean), na.rm =
T, position = "fill", stat = "identity") +



geom_vline(xintercept = 10, col = "red", linetype = "dashed", size = @
.8, alpha = 0.8) +

geom vline(xintercept = 41, col = "green", size = 0.8, alpha = 0.8) +

geom_text(size = 12, x = 65, y = 0.9, label = "v") +

scale_x_continuous(name = "Species richness", limits = c(0,70)) +

scale y continuous(name = "Relative Ri") +

scale_fill brewer(name = "Reworking mode", labels = c("Epifauna", "Sur
ficial Modifier", "Upward/Downward Conveyor", "Biodiffusor", "Regenerato

r')) +

theme_classic()

B14 B13 Ri <- B14_B13 Contributions %>%

filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp_active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Ri) %>%

dplyr::summarise(freq = n()) %>%

group_by(Nsp_active,Ri) %>%

dplyr::summarise(mean = mean(freq),

median = median(freq)) %>%

filter(!is.na(Ri)) %>%

ggplot() +

geom_bar(aes(x = Nsp_active, fill = as.factor(Ri), y = mean), na.rm =
T, position = "fill", stat = "identity") +

geom_vline(xintercept = 11, col = "red", linetype = "dashed", size = @
.8, alpha = 0.8) +

geom_vline(xintercept = 27, col = "green", size = 0.8, alpha = 0.8) +

geom_text(size = 12, x = 65, y = 0.9, label = "w") +

scale_x_continuous(name = "Species richness", limits = c(0,70)) +

scale_y continuous(name = "Relative Ri") +

scale_fill brewer(name = "Reworking mode", labels = c("Epifauna", "Sur
ficial Modifier", "Upward/Downward Conveyor", "Biodiffusor", "Regenerato
r')) +

theme_classic()

B17_B13_Ri <- B17_B13_Contributions %>%

filter(AiSim != @) %>% #remove species that are not alive

unique() %>% # remove duplicates of same species during co-compensatio
ns

select(Simulation,Iteration,Nsp_active, Mi, Ri) %>%

group_by(Nsp_active, Simulation,Iteration, Ri) %>%

dplyr::summarise(freq = n()) %>%

group_by(Nsp_active,Ri) %>%

dplyr::summarise(mean = mean(freq),

median = median(freq)) %>%

filter(!is.na(Ri)) %>%

ggplot() +

geom_bar(aes(x = Nsp_active, fill = as.factor(Ri), vy = mean), na.rm =
T, position = "fill", stat = "identity") +

geom vline(xintercept = 11, col = "red", linetype = "dashed", size = 0@
.8, alpha = 0.8) +

geom_vline(xintercept = 52, col = "green", size = 0.8, alpha = 0.8) +

geom text(size = 12, x = 65, y = 0.9, label = "x") +

scale_x_continuous(name = "Species richness", limits = c(0,70)) +

scale_y_continuous(name = "Relative Ri") +



scale_fill brewer( "Reworking mode", c("Epifauna",

"Sur

ficial Modifier", "Upward/Downward Conveyor", "Biodiffusor", "Regenerato

r'")) +
theme_classic()
GAM BPc_plot <- wrap_elements(grid::textGrob("B17-B16" 4,
9, grid: :gpar( 16))) + wrap_ elements(grld :textGrob("B16
-B15", 4, 9, grid: :gpar( 16))) +
wrap_elements(grid: :textGrob("B15-Xs", 4, 9, grid::
gpar( 16))) +
wrap_elements(grid: :textGrob("Xs-B14", 4, 9, grid::
gpar( 16))) +
wrap_elements(grid::textGrob("B14-B13", 4, 9, grid:
sgpar( 16))) +
plot_spacer() +
wrap_elements(grid::textGrob("B17-B13", 4, 9, grid:
sgpar( 16))) +
B17_B16_GAM + theme( element_blank(),
element_blank(), element_text( 20)) +
B16_B15_GAM + theme( element_blank(),
element_blank(), element_blank(), el
ement_blank()) +
B15_Xs_GAM + theme( element_blank(),
element_blank(), element_blank(), el
ement_blank()) +
Xs_B14_GAM + theme( element_blank(),
element_blank(), element_blank(), el
ement_blank()) +
B14 B13 GAM + theme( element_blank(),
element_blank(), element_blank(), el
ement_blank()) + plot_spacer() +
B17 _B13 GAM + theme( element_blank(),
element_blank(), element_blank(), el
ement_blank()) +
B17_B16_Compensation_graph + theme( element_blank(),
element_text( 20), element_blank(
)) +
B16_B15_Compensation_graph + theme( element_blank(),
element_blank(), element_blank(),
element_blank()) +
B15_Xs_Compensation_graph + theme( element_blank(),
element_blank(), element_blank(),
element_blank()) +
Xs_B14_Compensation_graph + theme( element_blank(),
element_blank(), element_blank(),
element_blank()) +
B14_B13_Compensation_graph + theme( element_blank(),
element_blank(), element_blank(),
element_blank()) + plot_spacer() +
B17_B13_Compensation_graph + theme( element_blank(),
element_blank(), element_blank(),
element_blank()) +
B17 B16_Mi + theme( element_blank(),
element_blank(), element_text( 20)) +
B16_B15 Mi + theme( element_blank(),
element_blank(), element_blank(), el



ement_blank()) +

B15 Xs Mi + theme( element_blank(), e
lement_blank(), element_blank(), ele
ment_blank()) +

Xs_B14 Mi + theme( element_blank(), e
lement_blank(), element_blank(), ele
ment_blank()) +

B14 B13 Mi + theme( element_blank(),
element_blank(), element_blank(), el
ement_blank()) + plot_spacer() +

B17 B13 Mi + theme( element_blank(),
element_blank(), element_blank(), el
ement_blank()) +

B17 B16 _Ri + theme( element_blank(), elem
ent_text( 20)) +

B16_B15_Ri + theme( element_blank(),
element_blank(), element_blank()) +

B15 Xs_Ri + theme( element_blank(), e
lement_blank(), element_blank()) +

Xs_B14 Ri + theme( element_blank(), e
lement_blank(), element_blank()) +

B14 B13_Ri + theme( element_blank(),
element_blank(), element_blank()) + plot spacer() +

B17_B13 Ri + theme( element_blank(),
element_blank(), element_blank()) +

plot_layout( "collect", 7, c(1,1,1,1,1,0.3,1))
GAM_BPc_plot & theme( element_text( 16),

element_text( 16))
ggsave(

"2018 BPc_GAMs Compensations.tiff",
last_plot(),
tiff,
2,
22,
16,
c("cm™),
300

# Figure 3: Taxonomy graphs ####

B17_B16_Contributions$species <- gsub(" ", " ", B17_B16_Contributions$sp
ecies)

top_B17 B16_Contributions <- B17_B16_ Contributions %>%
group_by(species, Nsp_active) %>%
summarise( mean(species_contribution, T))

top20_B17_B16_Contributions <- top_B17_B16_Contributions %>%
group_by(species) %>%
summarise( Nsp_active,
mean_contribution,
mean(mean_contribution),



mean(mean_contribution[Nsp_a
ctive == 52]),
mean(mean_contribution[Nsp_acti
ve == 17]))

# select only top 20 species based off species mean contribution at the
starting richness
top20 B17 B16 Contributions <- top20 B17 B16_Contributions %>%
arrange(-species_starting_contribution) %>%
group_by(Nsp_active) %>%
slice(1:20)

rm(top_B17_B16_Contributions)

B16_B15 Contributions$species <- gsub(" ", " ", B16_B15 Contributions$sp
ecies)

top_B16_B15_Contributions <- B16_B15_ Contributions %>%
group_by(species, Nsp_active) %>%
summarise( mean(species_contribution, T))

top20_B16_B15_ Contributions <- top_B16_B15_Contributions %>%
group_by(species) %>%
summarise( Nsp_active,
mean_contribution,
mean(mean_contribution),
mean(mean_contribution[Nsp_a
ctive == 42]),
mean(mean_contribution[Nsp_acti
ve == 15]))

# select only top 20 species based off species mean contribution at the
starting richness
top20 B16_B15 Contributions <- top20 B16 B15 Contributions %>%
arrange(-species_starting_contribution) %>%
group_by(Nsp_active) %>%
slice(1:20)

rm(top_B16_B15_ Contributions)
B15_ Xs_Contributions$species <- gsub(" ", " ", B15_Xs_Contributions$spec
ies)

top_B15_Xs_Contributions <- B15_Xs_Contributions %>%
group_by(species, Nsp_active) %>%
summarise( mean(species_contribution, T))

top20_B15 Xs_Contributions <- top_B15_ Xs_Contributions %>%
group_by(species) %>%
summarise( Nsp_active,
mean_contribution,
mean(mean_contribution),
mean(mean_contribution[Nsp_a
ctive == 40]),



mean(mean_contribution[Nsp_ acti
ve == 16]))

# select only top 20 species based off species mean contribution at the
starting richness
top20_B15 Xs_Contributions <- top2@ B15_Xs_Contributions %>%
arrange(-species_starting_contribution) %>%
group_by(Nsp_active) %>%
slice(1:20)

rm(top_B15 Xs Contributions)
Xs_B14_Contributions$species <- gsub("_ ", " ", Xs_B1l4_Contributions$spec
ies)

top_Xs B14 Contributions <- Xs _B14 Contributions %>%
group_by(species, Nsp_active) %>%
summarise( mean(species_contribution, T))

top20_Xs_B14 Contributions <- top_Xs_B14 Contributions %>%
group_by(species) %>%
summarise( Nsp_active,
mean_contribution,
mean(mean_contribution),
mean(mean_contribution[Nsp_a
ctive == 41]),
mean(mean_contribution[Nsp_acti
ve == 10]))

# select only top 20 species based off species mean contribution at the
starting richness
top20_Xs_B14_Contributions <- top20 Xs B14 Contributions %>%
arrange(-species_starting_contribution) %>%
group_by(Nsp_active) %>%
slice(1:20)

rm(top_Xs B14 Contributions)

B14_B13_Contributions$species <- gsub(" ", " ", B1l4_B13_Contributions$sp
ecies)

top B14 B13 Contributions <- B14 B13 Contributions %>%
group_by(species, Nsp_active) %>%
summarise( mean(species_contribution, T))

top20 B14 B13 Contributions <- top B14 B13 Contributions %>%
group_by(species) %>%
summarise( Nsp_active,
mean_contribution,
mean(mean_contribution),
mean(mean_contribution[Nsp a
ctive == 27]),
mean(mean_contribution[Nsp_acti
ve == 11]))



# select only top 20 species based off species mean contribution at the
starting richness
top20 B14 B13 Contributions <- top20 B14 B13 Contributions %>%
arrange(-species_starting contribution) %>%
group_by(Nsp_active) %>%
slice(1:20)

rm(top_B14_B13_Contributions)

B17_B13 Contributions$species <- gsub(" ", " ", B17_B13 Contributions$sp
ecies)

top_B17_B13_Contributions <- B17_B13_Contributions %>%
group_by(species, Nsp_active) %>%
summarise( mean(species_contribution, T))

top20_B17_B13_ Contributions <- top_B17_B13_Contributions %>%
group_by(species) %>%
summarise( Nsp_active,
mean_contribution,
mean(mean_contribution),
mean(mean_contribution[Nsp_a
ctive == 52]),
mean(mean_contribution[Nsp_acti
ve == 11]))

# select only top 20 species based off species mean contribution at the
starting richness
top20_B17_B13_Contributions <- top20 B17_B13 Contributions %>%
arrange(-species_starting contribution) %>%
group_by(Nsp_active) %>%
slice(1:20)

rm(top_B17_B13_Contributions)

B17_B16_Taxon_graph <-ggplot(top20 B17 _B1l6_Contributions, aes( Nsp_ac

tive, reorder(species,species_starting contribution), mean_co
ntribution)) + geom_tile() +

coord_cartesian( c(9,70)) +

geom_vline( 17, "red", "dashed", 1.
1) +

geom_vline( 52, "green", 1.1) +

scale_fill gradient( "azure", "#648FFF", c(0,20))

+ # need to replace all taxon graphs with this

# guides(y.sec = guide_axis_Llabel trans(~paste(rev(top20 B17 B16 Func_
Groups$Combined)))) +

theme_classic() +

theme( "right", element_text( "ital
ic")) +
labs( "Species richness"”, "B17-Bl6",

"Contribution to BPc (%)")

B16_B15_ Taxon_graph <- ggplot(top20 B16_B15 Contributions, aes( Nsp_a



ctive, y = reorder(species,species_starting_contribution), fill = mean_c
ontribution)) + geom_tile() +

coord_cartesian(xlim = c(0,70)) +

geom_vline(xintercept = 15, col = "red", linetype = "dashed", size =1.
1) +

geom _vline(xintercept = 42, col = "green", size = 1.1) +

scale_fill gradient(low = "azure", high = "#648FFF", limits = c(0,20))
+

# guides(y.sec = guide_axis_Llabel trans(~paste(rev(top20 B16 B15 Func_
Groups$Combined)))) +
theme_classic() +
theme(legend.position="right", axis.text.y = element_text(face = "ital
ic")) +
labs(x = "Species richness", y = "B16-B15",
fill = "Contribution to BPc (%)")

B15_Xs_Taxon_graph <- ggplot(top20_B15 Xs_Contributions, aes(x = Nsp_act
ive, vy = reorder(species,species_starting_contribution), fill = mean_con
tribution)) + geom_tile() +

coord cartesian(xlim = c(0,70)) +

geom_vline(xintercept = 16, col = "red", linetype = "dashed", size =1.
1) +

geom_vline(xintercept = 40, col = "green", size = 1.1) +

scale fill gradient(low = "azure", high = "#648FFF", limits = ¢(0,20))
+

# guides(y.sec = guide _axis_Llabel trans(~paste(rev(top20 B15 Xs Func G
roups$Combined)))) +
theme_classic() +

theme(legend.position="right", axis.text.y = element_text(face = "ital
ic")) +
labs(x = "Species richness", y = "B15-Xs",

fill = "Contribution to BPc (%)")

Xs_B14 _Taxon_graph <- ggplot(top20 Xs B14_ Contributions, aes(x = Nsp_act
ive, y = reorder(species,species_starting_contribution), fill = mean_con
tribution)) + geom_tile() +

coord_cartesian(xlim = c(0,70)) +

geom_vline(xintercept = 10, col = "red", linetype = "dashed", size =1.
1) +
geom_vline(xintercept = 41, col = "green", size = 1.1) +

scale_fill gradient(low = "azure", high = "#648FFF", limits = c(0,20))
+

# guides(y.sec = guide_axis_Llabel_trans(~paste(rev(top20_Xs B14 Func_G
roups$Combined)))) +

theme_classic() +

theme(legend.position="right", axis.text.y = element_text(face = "ital
ic")) +
labs(x = "Species richness", y = "Xs-B14",

fill = "Contribution to BPc (%)")

B14 B13 Taxon_graph <- ggplot(top20 B1l4 B13 Contributions, aes(x = Nsp_a
ctive, y = reorder(species,species_starting contribution), fill = mean_c
ontribution)) + geom_tile() +

coord_cartesian(xlim = c(0,70)) +

geom_vline(xintercept = 11, col = "red", linetype = "dashed", size =1.
1) +



geom_vline( 27, "green", 1.1) +

scale fill gradient( "azure", "#648FFF", c(9,20))
+

# guides(y.sec = guide axis _Llabel trans(~paste(rev(top26 B14 B13 Func_
Groups$Combined)))) +

theme_classic() +

theme( "right", element_text( "ital
ic")) +
labs( "Species richness"”, "B14-B13",

"Contribution to BPc (%)")

B17_B13 Taxon_graph <- ggplot(top20 B17 B13 Contributions, aes( Nsp_a

ctive, reorder(species,species_starting contribution), mean_c
ontribution)) + geom_tile() +

coord_cartesian( c(9,70)) +

geom_vline( 11, "red", "dashed", 1.
1) +

geom_vline( 52, "green", 1.1) +

scale_fill gradient( "azure", "#648FFF", c(0,20))
+

# guides(y.sec = guide_axis_Llabel trans(~paste(rev(top20 B17 B13 Func_
Groups$Combined)))) +
theme_classic() +

theme( "right", element_text( "ital
ic")) +
labs( "Species richness", "B17-B13",

"Contribution to BPc (%)")

Taxon_plots <- wrap_elements(grid::textGrob("B17-B16", 8,
9, grid::gpar( 24))) + wrap_elements(grid: :textGrob(
"B16-B15", 8, 9, grid: :gpar( 24))) +
wrap_elements(grid::textGrob("B15-Xs", 8, 9, grid::
gpar( 24))) +
wrap_elements(grid::textGrob("Xs-B14", 8, 9, grid::
gpar( 24))) +
wrap_elements(grid::textGrob("B14-B13", 8, 9, grid:
:gpar( 24))) +
plot_spacer() +
wrap_elements(grid::textGrob("B17-B13", 8, 9, grid:
:gpar( 24))) +
B17_B16_Taxon_graph + theme( element_blank()) +
B16_B15 Taxon_graph + theme( element_blank()) +
B15_Xs_Taxon_graph + theme( element_blank()) +
Xs_B14_Taxon_graph + theme( element_blank()) +
B14_B13 Taxon_graph + theme( element_blank()) +
plot_spacer() +
B17_B13_Taxon_graph + theme( element_blank()) +
plot layout( 7, "collect", c(1,1,1,1,1,0.5,1
))
Taxon_plots & theme( element_text( 24),
element_text( 12),
unit(1,"cm"),
element_text( 20),

element_text( 12))



ggsave(
"2018 Taxonomy_reorganisation.tiff",

plot = last plot(),
device = tiff,
scale = 2,

width = 50,
height = 12,
units = c("cm"),
dpi = 300

)

# Figure 4: Climate vulnerability ~ Scenario ####
plotl <- B17 _B16_BPc %>%

filter(!is.na(Nsp_active)) %>%

group_by(Simulation, Nsp, Nsp_active) %>%

summarise(Alive Vulnerability = Alive Vulnerability,

ALLExtSpExtProb = mean(c(ExtSpExtProb,CoExtSpExtProb, CoExtSp

2ExtProb), na.rm=T)) %>%

filter(!is.nan(AL1lExtSpExtProb)) %>%

ggplot(.,aes(x=Nsp_active,y=1log(Alive_Vulnerability)))+

geom_point(colour="grey",alpha=0.1, size = 1)+

geom_point(aes(y=log(AllExtSpExtProb)), alpha=0.05, col = "purple", si
ze = 1) +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(AllExtSpExtProb
), x= Nsp_active), col = "darkorchid4") +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(Alive_Vulnerabi
lity), x= Nsp_active), col = "grey42") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# aes(Nsp_active, Log(ALLExtSpExtProb), label = paste
(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),
# geom = "label_npc", size = 3, col ="purple", Label.

y.npc = "top", label.x.npc = "left") +
# ggpubr::stat_cor(npcy = 0.9, npcx = 0.05,

# aes(Nsp_active, log(Alive Vulnerability), Llabel =
paste(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label _npc", size = 3, col ="grey42", Llabel.
y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept = 17, col = "red", linetype = "dashed", size = @
.8) +

geom_vline(xintercept = 52, col = "green", size = 0.8) +

geom_text(size = 12,x = 65, y = -6.1, label = "a") +

scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +

scale_x_continuous(limits = c(0,70)) +

theme_classic()+

theme(legend.position="right") +

labs(y = "Vulnerability",

x = "Species Richness") +
plot_layout(tag level = 'new')

plot2 <- B17_B16_BPc %>%
filter(!is.na(Nsp_active)) %>%
group_by(Simulation, Nsp, Nsp_active) %>%
summarise(Alive Vulnerability = Alive Vulnerability,
Extinction_Vulnerability = ExtSpExtProb,
CoExtinction Vulnerability = mean(c(CoExtSpExtProb,CoExtSp2E



xtProb), na.rm=T)) %>%

filter(!is.na(Extinction_Vulnerability)) %>%

ggplot(., aes(x=Nsp_active,y=log(Alive Vulnerability)))+

geom_point(colour="grey",alpha=0.05, size = 1)+

geom_point(aes(y=log(Extinction_Vulnerability)), alpha=0.05, colour =
"blue", size = 1) +

geom_point(aes(y=log(CoExtinction_Vulnerability)), alpha=0.05, colour
= "yellow2", size = 1) +

geom_smooth(size= 4,method = 1lm, se = TRUE, aes(y =log(Extinction_Vuln
erability), x= Nsp_active), col = "blue") +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(Alive_Vulnerabi
lity), x= Nsp_active), col = "grey42") +

geom_smooth(size= 4,method = 1lm, se = TRUE, aes(y =log(CoExtinction_Vu
lnerability), x= Nsp_active), col = "yellow3") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# aes(Nsp_active, Llog(Extinction_Vulnerability), Llabe
L = paste(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label _npc", size = 3, col ="blue", Llabel.y.
npc = "top", label.x.npc = "left") +

#  ggpubr::stat_cor(npcy = 9, npcx = 0.05,

# aes(Nsp_active, log(CoExtinction_Vulnerability),
Label = paste(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label npc"”, size = 3, col ="yellow2", Label
.y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept = 17, col = "red", linetype = "dashed", size = @
.8) +

geom_vline(xintercept 52, col = "green", size = 0.8) +
geom_text(size = 12,x = 65, y = -6.1, label = "g") +

scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +

scale_x_continuous(limits = c(0,70)) +

theme_classic()+

theme(legend.position="right") +

labs(x = "Species Richness") + plot_layout(tag level = 'new')

plot3 <- B16_B15 BPc %>%

filter(!is.na(Nsp_active)) %>%

group_by(Simulation, Nsp, Nsp_active) %>%

summarise(Alive Vulnerability = Alive Vulnerability,

ALLExtSpExtProb = mean(c(ExtSpExtProb,CoExtSpExtProb, CoExtSp

2ExtProb), na.rm=T)) %>%

ggplot(.,aes(x=Nsp_active,y=1log(Alive Vulnerability)))+

geom_point(colour="grey",alpha=0.05, size = 1)+

geom_point(aes(y=log(AllExtSpExtProb)), alphz=0.05, col = "purple", si
ze = 1) +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(AllExtSpExtProb
), x= Nsp_active), col = "darkorchid4") +

geom_smooth(size= 4,method = 1lm, se = TRUE, aes(y =log(Alive Vulnerabi
lity), x= Nsp_active), col = "grey42") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# aes(Nsp_active, Log(ALLExtSpExtProb), Label = paste
(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),
# geom = "label _npc", size = 3, col ="purple"”, Llabel.

y.npc = "top", label.x.npc = "left") +
# ggpubr::stat_cor(npcy = 6.9, npcx = 0.05,
# aes(Nsp_active, Llog(Alive Vulnerability), Llabel =



paste(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label npc", size = 3, col ="grey42", Label.
y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept = 15, col = "red", linetype = "dashed", size = @
.8) +

geom vline(xintercept = 42, col = "green", size = 0.8) +

geom_text(size = 12,x = 65, y = -6.1, label = "b") +

scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +

scale_x_continuous(limits = c(0,70)) +

theme_classic()+

theme(legend.position="right") +

labs(y = "Vulnerability",

x = "Species Richness") + plot_layout(tag level = 'new')

plot4 <- B16_B15 BPc %>%
filter(!is.na(Nsp_active)) %>%
group_by(Simulation, Nsp, Nsp_active) %>%
summarise(Alive Vulnerability = Alive Vulnerability,
Extinction_Vulnerability = ExtSpExtProb,
CoExtinction Vulnerability = mean(c(CoExtSpExtProb,CoExtSp2E
xtProb), na.rm=T)) %>%
ggplot(., aes(x=Nsp_active,y=1log(Alive_Vulnerability)))+
geom_point(colour="grey",alpha=0.05, size = 1)+
geom_point(aes(y=log(Extinction_Vulnerability)), alpha=0.05, colour =
"blue", size = 1) +
geom_point(aes(y=log(CoExtinction Vulnerability)), alpha=0.05, colour
= "yellow2", size = 1) +
geom_smooth(size= 4,method = 1lm, se = TRUE, aes(y =log(Extinction_Vuln
erability), x= Nsp_active), col = "blue") +
geom_smooth(size= 4,method = 1lm, se = TRUE, aes(y =log(Alive_Vulnerabi
lity), x= Nsp_active), col = "grey42") +
geom_smooth(size= 4,method = 1lm, se = TRUE, aes(y =log(CoExtinction_Vu
lnerability), x= Nsp_active), col = "yellow3") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# aes(Nsp_active, log(Extinction Vulnerability), Labe
L = paste(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label_npc", size = 3, col ="blue", Llabel.y.
npc = "top", label.x.npc = "left") +

#  ggpubr::stat_cor(npcy = 0.9, npcx = 0.05,

# aes(Nsp_active, log(CoExtinction Vulnerability),
Label = paste(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label _npc", size = 3, col ="yellow2", Label
.y.npc = "top", label.x.npc = "left") +

geom _vline(xintercept = 15, col = "red", linetype = "dashed", size = 0@
.8) +

geom_vline(xintercept = 42, col = "green", size = 0.8) +
geom_text(size = 12,x = 65, v = -6.1, label = "h") +

scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +

scale x_continuous(limits = c(0,70)) +

theme_classic()+

theme(legend.position="right") +

labs(x = "Species Richness") + plot layout(tag level = 'new')

plot5 <- B15_Xs_BPc %>%



filter(!is.na(Nsp_active)) %>%

group_by(Simulation, Nsp, Nsp_active) %>%

summarise(Alive Vulnerability = Alive Vulnerability,

ALLExtSpExtProb = mean(c(ExtSpExtProb,CoExtSpExtProb), na.rm

=T)) %>%

ggplot(.,aes(x=Nsp_active,y=1log(Alive Vulnerability)))+

geom_point(colour="grey",alpha=0.05, size = 1)+

geom_point(aes(y=log(AllExtSpExtProb)), alphza=0.05, col = "purple", si
ze = 1) +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(AllExtSpExtProb
), x= Nsp_active), col = "darkorchid4") +

geom_smooth(size= 4,method = 1lm, se = TRUE, aes(y =log(Alive Vulnerabi
lity), x= Nsp_active), col = "grey42") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# aes(Nsp_active, Log(ALLExtSpExtProb), Label = paste
(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),
# geom = "label npc"”, size = 3, col ="purple", Label.

y.npc = "top", label.x.npc = "left") +
# ggpubr::stat_cor(npcy = 0.9, npcx = 0.05,

# aes(Nsp_active, log(Alive Vulnerability), Llabel =
paste(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label_npc", size = 3, col ="grey42", Llabel.
y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept = 16, col = "red", linetype = "dashed", size = ©
.8) +

geom_vline(xintercept = 4@, col = "green", size = 0.8) +

geom_text(size = 12,x = 65, y = -6.1, label = "c") +

scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +

scale_x_continuous(limits = c(0,70)) +

theme_classic()+

theme(legend.position="right") +

labs(y = "Vulnerability",

x = "Species Richness") + plot_layout(tag level = 'new')

plot6 <- B15_Xs_BPc %>%
filter(!is.na(Nsp_active)) %>%
ggplot(., aes(x=Nsp_active,y=1log(Alive_Vulnerability)))+
geom_point(colour="grey",alpha=0.05)+
geom_point(aes(y=log(ExtSpExtProb)), alpha=0.05, colour = "blue", size
= 1) +
geom_point(aes(y=log(CoExtSpExtProb)), alpha=0.05, colour = "yellow2",
size = 1) +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(ExtSpExtProb),
x= Nsp_active), col = "blue") +
geom_smooth(size= 4,method = 1lm, se = TRUE, aes(y =log(Alive_Vulnerabi

+
TRUE, aes(y =log(CoExtSpExtProb)

lity), x= Nsp_active), col = "grey40"
geom_smooth(size= 4,method = 1lm, se

I~ 1

, ¥= Nsp_active), col = "yellow3") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# ages(Nsp_active, Llog(ExtSpExtProb), label = paste(..
r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label_npc", size = 3, col ="blue", Llabel.y.

npc = "top", label.x.npc = "left") +
#  ggpubr::stat_cor(npcy = 0.9, npcx = 0.05,
# aes(Nsp_active, Log(CoExtSpExtProb), Llabel = past



e(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label npc"”, size = 3, col ="yellow2", Label
.y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept = 16, col = "red", linetype = "dashed", size = @
.8) +

geom vline(xintercept = 40, col = "green", size = 0.8) +

geom_text(size = 12,x = 65, y = -6.1, label = "i") +
scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +
scale_x_continuous(limits = c(0,70)) +
theme_classic()+
theme(legend.position="right") +
labs(x = "Species Richness") + plot_layout(tag level = 'new')

plot7 <- Xs_B14 BPc %>%

filter(!is.na(Nsp_active)) %>%

group_by(Simulation, Nsp, Nsp_active) %>%

summarise(Alive Vulnerability = Alive Vulnerability,

AL1ExtSpExtProb = mean(c(ExtSpExtProb,CoExtSpExtProb), na.rm

=T)) %>%

ggplot(.,aes(x=Nsp_active,y=1log(Alive_Vulnerability)))+

geom_point(colour="grey",alpha=0.05, size = 1)+

geom_point(aes(y=log(AllExtSpExtProb)), alpha=0.05, col = "purple", si
ze = 1) +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(AllExtSpExtProb
), Xx= Nsp_active), col = "darkorchid4") +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(Alive_Vulnerabi
lity), x= Nsp_active), col = "grey42") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# aes(Nsp_active, Log(ALLExtSpExtProb), label = paste
(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),
# geom = "label _npc", size = 3, col ="purple"”, Llabel.

y.npc = "top", label.x.npc = "left") +
# ggpubr::stat _cor(npcy = 0.9, npcx = 0.05,

# aes(Nsp_active, log(Alive Vulnerability), Label =
paste(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label_npc", size = 3, col ="grey42", Llabel.
y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept = 10, col = "red", linetype = "dashed", size = @
.8) +

geom _vline(xintercept = 41, col = "green", size = 0.8) +

geom_text(size = 12,x = 65, vy = -6.1, label = "d") +

scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +

scale_x_continuous(limits = c(0,70)) +

theme_classic()+

theme(legend.position="right") +

labs(y = "Vulnerability",

x = "Species Richness") + plot_layout(tag level = 'new')

plot8 <- Xs_Bl14 BPc %>%
filter(!is.na(Nsp_active)) %>%
ggplot(., aes(x=Nsp_active,y=log(Alive Vulnerability)))+
geom_point(colour="grey",alpha=0.05, size = 1)+
geom_point(aes(y=log(ExtSpExtProb)), alpha=0.05, color = "blue", size



= 1) +
geom_point(aes(y=log(CoExtSpExtProb)), alpha=0.05, colour = "yellow2",
size = 1) +
geom_smooth(size= 4,method = 1
x= Nsp_active), col = "blue") +
geom_smooth(size= 4,method = 1lm, se
lity), x= Nsp_active), col = "grey40"
geom_smooth(size= 4,method = 1lm, se

m, se = TRUE, aes(y =log(ExtSpExtProb),

TRUE, aes(y =log(Alive Vulnerabi
+
TRUE, aes(y =log(CoExtSpExtProb)

I~ 1l

, Xx= Nsp_active), col = "yellow3") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# aes(Nsp_active, Llog(ExtSpExtProb), label = paste(..
r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label_npc", size = 3, col ="blue", Llabel.y.

npc = "top", label.x.npc = "left") +
#  ggpubr::stat_cor(npcy = 0.9, npcx = 0.05,

# aes(Nsp_active, Log(CoExtSpExtProb), Llabel = past
e(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label _npc", size = 3, col ="yellow2", Label
.y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept = 10, col = "red", linetype = "dashed", size = @
.8) +

geom_vline(xintercept = 41, col = "green", size = 0.8) +

geom_text(size = 12,x = 65, y = -6.1, label = "j") +
scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +
scale_x_continuous(limits = c(0,70)) +
theme_classic()+
theme(legend.position="right") +
labs(x = "Species Richness") + plot_layout(tag level = 'new')

plot9 <- B14 B13 BPc %>%

filter(!is.na(Nsp_active)) %>%

group_by(Simulation, Nsp, Nsp_active) %>%

summarise(Alive Vulnerability = Alive Vulnerability,

ALLExtSpExtProb = mean(c(ExtSpExtProb,CoExtSpExtProb), na.rm

=T)) %>%

ggplot(.,aes(x=Nsp_active,y=1log(Alive_Vulnerability)))+

geom_point(colour="grey",alpha=0.05, size = 1)+

geom_point(aes(y=log(Al1ExtSpExtProb)), alpha=0.05, col = "purple", si
ze = 1) +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(AllExtSpExtProb
), x= Nsp_active), col = "darkorchid4") +

geom_smooth(size= 4,method = 1lm, se = TRUE, aes(y =log(Alive_Vulnerabi
lity), x= Nsp_active), col = "grey42") +

# ggpubr::stat_cor(npcy = .95, npcx = 0.05,

# aes(Nsp_active, Log(ALLExtSpExtProb), Label = paste
(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),
# geom = "label _npc", size = 3, col ="purple", Label.

y.npc = "top", label.x.npc = "left") +
# ggpubr::stat_cor(npcy = 0.9, npcx = 0.05,

# aes(Nsp_active, Llog(Alive Vulnerability), Llabel =
paste(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label_npc", size = 3, col ="grey42", Llabel.
y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept = 11, col = "red", linetype = "dashed", size = @

.8) +



geom_vline(xintercept = 27, col = "green", size = 0.8) +

geom_text(size = 12,x = 65, y = -6.1, label = "e") +

scale_ y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +

scale_x_continuous(limits = c(0,70)) +

theme_classic()+

theme(legend.position="right") +

labs(y = "Vulnerability",

x = "Species Richness") + plot layout(tag level = 'new')

plot10 <- B14_B13_BPc %>%
filter(!is.na(Nsp_active)) %>%
ggplot(., aes(x=Nsp_active,y=1log(Alive_Vulnerability)))+
geom_point(colour="grey",alpha=0.05, size = 1)+
geom_point(aes(y=log(ExtSpExtProb)), alpha=0.05, color = "blue", size
=1) +
geom_point(aes(y=log(CoExtSpExtProb)), alpha=0.05, colour = "yellow2",
size = 1) +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(ExtSpExtProb),
x= Nsp_active), col = "blue") +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(Alive_Vulnerabi
lity), x= Nsp_active), col = "grey40") +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(CoExtSpExtProb)
, ¥x= Nsp_active), col = "yellow3") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# aes(Nsp_active, Llog(ExtSpExtProb), label = paste(..
r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label_npc", size = 3, col ="blue", Llabel.y.

npc = "top", label.x.npc = "left") +
# ggpubr::stat_cor(npcy = 0.9, npcx = 0.05,

# aes(Nsp_active, Llog(CoExtSpExtProb), Label = past
e(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label npc", size = 3, col ="yellow2", Label
.y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept = 11, col = "red", linetype = "dashed", size = @
.8) +

geom_vline(xintercept = 27, col = "green", size = 0.8) +

geom_text(size = 12,x = 65, y = -6.1, label = "k") +
scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +
scale_x_continuous(limits = c(0,70)) +
theme_classic()+
theme(legend.position="right") +
labs(x = "Species Richness") + plot_layout(tag level = 'new')

plotll <- B17 _B13 BPc %>%

filter(!is.na(Nsp_active)) %>%

group_by(Simulation, Nsp, Nsp_active) %>%

summarise(Alive Vulnerability = Alive_Vulnerability,

ALLExtSpExtProb = mean(c(ExtSpExtProb,CoExtSpExtProb), na.rm

=T)) %>%

ggplot(.,aes(x=Nsp_active,y=1log(Alive_Vulnerability)))+

geom_point(colour="grey",alpha=0.05, size = 1)+

geom _point(aes(y=log(Al1ExtSpExtProb)), alpha=0.05, col = "purple", si
ze = 1) +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(AllExtSpExtProb



), x= Nsp_active), col = "darkorchid4") +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(Alive_Vulnerabi
lity), x= Nsp_active), col = "grey42") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# aes(Nsp_active, Log(ALLExtSpExtProb), Label = paste
(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),
# geom = "label_npc", size = 3, col ="purple", Llabel.

y.npc = "top", label.x.npc = "left") +
# ggpubr::stat_cor(npcy = 0.9, npcx = 0.05,

# aes(Nsp_active, Llog(Alive Vulnerability), Llabel =
paste(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label _npc", size = 3, col ="grey42", Label.
y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept = 11, col = "red", linetype = "dashed", size = @
.8) +

geom_vline(xintercept = 52, col = "green", size = 0.8) +

geom_text(size = 12,x = 65, y = -6.1, label = "f") +

scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +

scale_x_continuous(limits = c(0,70)) +

theme_classic()+

theme(legend.position="right") +

labs(y = "Vulnerability",

x = "Species Richness") + plot_layout(tag level = 'new')

plot12 <- B17_B13_BPc %>%
filter(!is.na(Nsp_active)) %>%
ggplot(., aes(x=Nsp_active,y=log(Alive Vulnerability)))+
geom_point(colour="grey",alpha=0.05, size = 1)+
geom_point(aes(y=log(ExtSpExtProb)), alpha=0.01, color = "blue", size
=1) +
geom_point(aes(y=log(CoExtSpExtProb)), alpha =0.01, colour = "yellow2"
, Size = 1) +

geom_smooth(size= 4,method = 1m, se = TRUE, aes(y =log(ExtSpExtProb),
x= Nsp_active), col = "blue") +
geom_smooth(size= 4,method = 1lm, se = TRUE, aes(y =log(Alive Vulnerabi

+
TRUE, aes(y =log(CoExtSpExtProb)

I~ 1

lity), x= Nsp_active), col = "grey40"
geom_smooth(size= 4,method = 1lm, se

, ¥= Nsp_active), col = "yellow3") +

# ggpubr::stat_cor(npcy = 0.95, npcx = 0.05,

# aes(Nsp_active, Llog(ExtSpExtProb), Llabel = paste(..
r.label.., ..rr.label.., ..p.label.., sep = "~~~")),

# geom = "label_npc", size = 3, col ="blue", label.y.

npc = "top", label.x.npc = "left") +
# ggpubr::stat_cor(npcy = 0.9, npcx = 0.05,

# aes(Nsp_active, log(CoExtSpExtProb), Llabel = past
e(..r.label.., ..rr.label.., ..p.label.., sep = "~~~")),
# geom = "label npc", size = 3, col ="yellow2", Label

.y.npc = "top", label.x.npc = "left") +

geom_vline(xintercept 11, col = "red", linetype = "dashed", size = ©
.8) +

geom_vline(xintercept = 52, col = "green", size = 0.8) +

geom_text(size = 12,x = 65, y = -6.1, label = "1") +

scale_y continuous(name = expression(low %<-% "Climate change pressure
(log)" %->% high), limits = c(-6.5,-4)) +

scale_x_continuous(limits = c(0,70)) +



theme classic()+

theme( "right") +

labs( "Species Richness")
Vulnerability plots <- wrap_elements(grid::textGrob("B17-B16", 6
g 9, grid: :gpar( 16))) +

wrap_elements(grid: :textGrob("B16-B15", 6, 9, grid:
:gpar( 16))) +

wrap_elements(grid::textGrob("B15-Xs", 6, 9, grid::
gpar( 16))) +

wrap_elements(grid: :textGrob("Xs-B14", 6, 9, grid::
gpar( 16))) +

wrap_elements(grid: :textGrob("B14-B13", 6, 9, grid:
:gpar( 16))) +

plot_spacer() +

wrap_elements(grid: :textGrob("B17-B13", 6, 9, grid:
:gpar( 16))) +

(plotl + theme( element_blank(), element_b
lank(), element_blank(), element_text(

16))) +

(plot3 + theme( element_blank(), element_b
lank(), element_blank(), element_blank()))
+

(plot5 + theme( element_blank(), element_b
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Appendix E

# Vulnerability plots <- Vulnerability plots & theme(axis.title.y = elem
ent _blank(), axis.title.x = element blank(),

# axis.text.x = element text(size = 6),
# axis.text.y = element_text(size = 6))
ggsave(

"2018 vulnerability superplot.tiff",
plot = Vulnerability_plots,
device = tiff,

scale = 2,
width = 24,
height = 160,
units = c("cm"),
dpi = 300

)
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Glossary of Terms

Anthropocene...........ccceeueee the proposed geologic time period in which human activities have

had a dominant impact on Earth’s systems.

Arctic.....oooovvciieeeee e, the region surrounding the North Pole with proposed boundaries

delineated by the AMAP

Benthos............ccccevvvvvvvvvnnnns the community of organisms that live on, in, or near the bottom of a
water body
Biodiversity..........c..ccceeunnee. the extent of genetic, taxonomic, and ecological diversity over a

specific spatial and temporal scale

Biodiversity-ecosystem function (BEF) the relationship between the biodiversity within an
ecosystem and the resulting functioning or performance of that
ecosystem, encompassing the understanding that the composition,
richness, and functional traits of species contribute to its stability,

productivity, nutrient cycling, and other ecological processes

Biological trait ..................... a morpho-physio-phenological characteristic of an individual
organism which contributes to the overall fitness of the individual.

Examples include body size, growth rate, feeding rate, biomass

Biomineralisation................. the process by which mineral crystals are deposited in the matrix of

living organisms, often to harden or stiffen existing tissues
Carbon sequestration.......... the process of capture and long-term storage of atmospheric carbon

Coral paleoclimatology ....... the use of geochemical records from the skeletons of fossil or
modern corals to reconstruct tropical climate variability during the

time the coral lived
Denitrification...................... the microbial reduction of NOs to N,O, and of N,O to N>

Diversity.......ccccccovcvveeeinnnenn. the variation within a specific genetic, taxonomic or ecological group

across a predefined spatial and temporal scale

Early warning signal ............ (indicator) statistical characteristic that allow prediction of a regime
shift
Ecological resilience ............ capacity of an ecosystem to absorb and adapt to disturbances while

maintaining its essential structure and function



Ecosystem engineer ............

Ecosystem function.............

Ecosystem process .............

Ecosystem service................

Ectotherm.........ccovvvvueennn.

Effect trait...........ccoeeeveeeenee.

Epifauna.............ccccovveeeeen.

Extinction.........ccccceeeeveenennne.

Functional diversity.............

Functional group .................

Functional redundancy .......
Functional trait...................

Genotype........cooeveieiiieiinnnne.

Infauna .........ccccceeeeeeiieeiennnee,

organism or structure produced by organisms that alter substrate,
flow regime, geochemical setting, food supply, or predation pressure

for associated organisms

a change in energy and matter over time and space through
biological activity, that sustain one or multiple ecosystem services.
Examples include productivity, decomposition, nutrient cycling,

carbon sequestration

the biological, chemical, and physical activities or interactions that
occur within an ecosystem, influencing the flow of energy and matter

(see ‘ecosystem function’).
a benefit that humans obtain from ecosystems

(ectothermic) an organism unable to regulate body temperatures

independently from the ambient state

a biological trait that via their expression, influences ecosystem

processes

benthic fauna that live on the sediment surface or hard substrates

found on the seafloor

a decline in an organism’s population to the point that it no longer

exists
animal organism
diversity based on species ecological traits rather than taxonomy

organisms with similar trophic, morphological, physiological,

behavioural, biochemical, or environmental responses
species or aspects of the ecological system that perform similar roles
see ‘effect trait’

the complete genetic makeup of an individual organism that consists

of the inherited set of genes that it carries within its DNA

benthic fauna that live within the sediment matrix

Inter-specific trait variability (variation) the difference or similarities in the values of biological

traits between different species that result from the development

and adaptation of species to environmental change



Intra-specific trait variability (variation) the difference or similarities in the values of biological
traits within one species that result from the development and

adaptation of organisms to environmental change

Large Marine Ecosystem (LME) extensive regions of ocean space (>= 200,000 km?) that are
defined based on ecological criteria, including bathymetry,
hydrography, productivity, and the interconnectedness of

populations. Arctic LMEs are set out by the PAME working group
Macrofauna.............ccc.c...... animal organisms over 1mm in size

Macrozoobenthos ............... the invertebrate community living in or on the sediment or hard
substrates and retained on a 1 mm mesh sieve. Examples include

crustaceans, polychaetes, bivalves

Megafauna........................... animal organisms over 1cm in size, but is typically used only to

describe marine mammals and large fish

Meiofauna ..............cceueeee. animal organisms from 0.06 to 1mm in size. Examples include
nematodes, foraminiferans, gastrotiches, harpacticoids, or

ostracodes

Microfauna ......................... animal organisms smaller than 0.06 mm. Examples include bacteria,

ciliates, and flagellates.
Mineralisation ..........cc....... the process of degrading organic material

Multifunctionality ............... the potential for individual organisms to contribute to more than one

ecosystem function

Niche partitioning................ (shifting) the process by which natural selection drives competing

species into different patterns of resource use or different niches
Patch.......cccovviiiiiciieecnen, a spatial aggregation of resources

Phenotype .........ccvvvvenneenn. the observable physical and behavioural traits of an organism that
are a result of the interaction between its genotype and the

environment

Phenotypic plasticity............ the ability of individual genotypes to produce different phenotypes

when exposed to different environmental conditions
Polynya .......ccocoevvviieeinnnnnn, ice-free sea surrounded by sea ice

Regime shift....................... ecosystem threshold is crossed due to due to a sudden change in

feedbacks



Resistance..........cccccceeeeeennnn. capacity of ecology to remain unchanged in the face of disturbance

Response trait ..................... a biological trait that determines how an organism reacts to a
disturbance or a change in abiotic or biotic processes in its

environment

Upwelling ... wind-driven and/or topographic-induced motion of dense, cooler,

and usually nutrient-rich water toward the ocean surface
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