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Abstract
A research agenda is currently developing around predicting the functional response of ecosystems to
local alterations of biodiversity associatedwith anthropogenic activity, but existing conceptual and
empirical frameworks do not serve this areawell asmost lack ecological realism.Here, in order to
advance credible projections of future ecosystems, we use a trait-basedmodel formarine benthic
communities to informhow increasing trawling pressure changes the biological-mediation of seabed
functioning. Our simulations reveal that local loss of species, and the associated compensatory
community response, lead tomultiple and disparate biogeochemical alterations that are contingent
on relative vulnerabilities to extinction, environmental and biological context, and the level of
functional redundancywithin replacement taxa. Consequently, we find that small changes in faunal
mediation caused by community re-organisation can disproportionately affect some biogeochemical
components (macronutrients), whilst having less effect on others (carbon, pigments). Our
observations indicate that the vulnerability of communities to future human-induced change is better
established by identifying the relativemagnitude and direction of covariance between community
response and effect traits. Hence, projections that primarily focus on themost commonormost
productive species are unlikely to prove reliable in identifying themost likely ecological outcome
necessary to supportmanagement strategies.

1. Introduction

Thewidespread reorganisation of ecological communities associatedwith anthropogenic activity and climate
change are heightening concerns about the likely consequences for ecosystems [1, 2]. Despite some consistency
in the evidence over the directional effects of biodiversity on ecosystem functioning [3], a disconnect between
field observations and expectation based on theory and empirical investigation [4] frustrates efforts to project
themost likely ecosystem futures. Onemajor difficulty is that community responses to disturbance are not
randomand reflect a variety of compensatory interactions amongst surviving species that are dependent on
prevailing conditions [5]. Hence, the response of a community is largelymediated by individual response traits
that define a species capacity towithstand net environmental conditions [6] and, to a lesser extent, by their effect
traits that govern howorganisms interact with the environment [7]. Recent simulations suggest that themost
likely ecological outcome is conditional on the collinearity amongst response and effect traits [8] and how these
traits covary with the risk of extinction imposed by short- and long-term environmental forcing [9]. Thismeans
that inherent differences in environmental history [10, 11], as well as species-specific variation in functional
contribution [12], level of extinction risk [13] and capacity to compensate [14–16] decouple the response of the
surviving community from the level of taxonomic reorganisation [17, 18]. Hence, it is important to recognise
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that the capacity of species and communities to respond to environmental influence can be constrained by the
trophic structure and level of functional redundancy, in particular the degree of positive versus negative species
interactions [8, 19], that are expressedwithin the surviving community. These, in turn, are dependent on
environmental context [20, 21], biological circumstance (e.g. competitive release) [22, 23], and/or the a priori
experience of species to recent abiotic and biotic conditions [24] that can lead to individual changes in behaviour
[25]; all of which are compounded, and can change in relative importance, at larger temporal and spatial scales
[26, 27]. Accounting for these sources of variationwhen considering community functional responses to extant
or anticipated perturbation have, however, received little attention despite calls for the development ofmore
realistic scenarios [28] that are grounded by theory and/orfield observation [29, 30]. Amore systematic
integration of these features in conceptual and empirical research frameworks is needed, because it is likely to
accelerate the implementation of practical solutions [1].

Recent developments in theory [14, 31, 32], observations [33] and emerging experimental evidence [15, 16]
emphasise the importance of population dynamics and compensatorymechanisms inmoderating the ecological
repercussions of altered biodiversity, but thesemechanisms have seldombeen evaluated in natural systems
undergoing progressive forcing [34]. Intuitively, the vulnerability of a natural system is a function of the type and
the extent of the response of the surviving community which, in turn, is ultimately contingent on the
perturbation that has triggered the response and thewider environmental context [24, 35]. Considering
appropriate compensatory features within a projection, therefore, is difficult to achieve in practice because the
response of the community is not always foreseeable; it is controlled by a complex array of interwoven drivers
that are not yet fully understood andwhichmay include some level of ecological surprise [36, 37]. Common
practice has been to explore a range of possibilities that span all imaginable outcomes [14] but, as ameans of
homing in on themost likely outcome, this approach lacks an objectiveway of scenario selection and, in any
case, insufficiently captures the complexity and context-dependence of an ecological response. Investigations of
species performance along natural diversity gradients [28, 29] have been instrumental in narrowing the number
of possibilities, and are useful in stimulating reflective debate aboutwhat constitutes amost likely scenario [38].
From these narratives, refined and refocussed experimental designs have emergedwhich are beginning to
provide resultsmore alignedwith realistic biodiversity loss [39–41]. Impetus to formulate bettermodel
projections [42, 43] that encapsulate, preserve and propagate this realism from small-scale experimentation to
the landscape level of natural systems [44, 45] is needed to support decisionmakers and policy platforms [46].

Expert knowledge is a critical factor in improving the ecological realism ofmodelling frameworks and tools
[42], but requires themerger of perspectives fromdifferent disciplines [47, 48]. Recent extensive integrative
research programmes that embrace this philosophy (e.g. Shelf sea biogeochemistry; [49]) , allowmechanistic
insight (i.e. ecosystemprocesses) to be combinedwith environmental and ecological status (i.e. communities),
and confrontmodels with empirically grounded information to generate stronger predictive relationships [50].
Here, we use a trait-basedmodel ofmarine benthic communities to investigate change in the biological-
mediation of seabed functioning (carbon and nutrient cycling) under an increasing gradient of chronic trawling
pressure.We control for confounding variables by using empirical data collected under comparable
environmental conditions at the same time of the year, whilst allowing for the influence of context by
constraining themodel by sediment type.Our a priori expectationwas that the biologicalmediation of carbon
and nutrient cyclingwould differ with sediment type, irrespective of species composition, and that projections of
the ecosystem consequences of altered biodiversity within these environments would not follow the same
trajectory pattern. Further, we anticipated that the average body-size of the community would decrease with
increased levels of trawling pressure [51, 52] and, because of the importance of body size in determining a species
functional contribution [53, 54], would lead to an accelerating decline in seabed functions as trawling pressure
increases. Realisation of these expectationswould emphasize the importance of context in determining the
ecological consequences of altered biodiversity. In addition, it would highlight the need to identify and
incorporate sources of post-extinction compensatory dynamics and environmental change in projections of
biodiversity-ecosystem futures.

2.Methods

2.1. Study location andmodel parameters
Weuse a comprehensive benthic survey of 55 stations in the southern part of the Celtic Sea shelf (∼2200 km2,
50° 16.37–50° 29.62N, 6° 8.03–7° 11.41W; [49]; data S1 and table S1 (available online at stacks.iop.org/ERC/3/
045001/mmedia)), to parameterizemodels that predict how alterations to biodiversity associatedwith trawling
pressure affect seabed function. The selected stations contrast in sediment type andmacrofaunal community
structure, but exhibitminimal variation inwater depth, temperature, salinity, and tidal/wave dynamics. To
account for differences in the level of forcing a communitymay experience, wematched each station to estimates
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of trawling pressure (table S2) derived from aggregated vesselmonitoring system (VMS) data for bottom trawled
gears (vessel speed 1–6 knots from2009 to 2014, standardised by year; [55]).

2.1.1.Modelling tool
Using a probabilistic trait-basedmodel developed for exploring the effects of local extinction scenarios and the
associated compensatory response of natural communities [9, 14, 56], we predict how altered diversity
associatedwith trawling activity is likely to affect seabed functioning.We establish the relationships between an
index of community-level bioturbation potential (BPc; [9]), estimated from per capita contributions of
sediment-dwelling invertebrates to sediment reworking based on average body-size, abundance, activity level
(Mi) and sediment reworkingmode (Ri), andmeasurements of representative biogeochemicalmetrics
(24 biogeochemical parameters; tables 1, S1). Statistically significant relationships (mud, n=6; sand, n=8;
table 1)were used to explore how changes in trawling pressuremost likely alter faunalmediation of
biogeochemical processes at the seafloor.

As bottom trawling activity disassembles communities through the selective removal of specific taxa [57] and
influences the compensatory response of the surviving community [58, 59], ourmodel selectively eliminates
taxa from the immediate species pool before simulating the response of the surviving community through
compensatorymechanisms established for the regional species pool (achieved using a probability-based order
derived from a gradient of trawling pressure; code S1). Specifically, as taxa are sequentially extirpated and the
surviving taxa compensate (increase in biomass) to accommodate the release of resources, a revised community
bioturbation potential is calculated, and empirically derived relationships are used to estimate associated
biogeochemicalmetrics. The simulation continues until all taxawithin the assemblage become locally extinct.
As alteration of natural communities associatedwith trawling pressuremay be offset by taxa from awider area
[60], we allow for taxa present in the regional species pool that were not present in the starting assemblage
to be introduced and compensate. This added feature explicitly recognises that a natural community can be
qualitatively different along a gradient of disturbance as themost vulnerable species are progressively replaced by
less vulnerable taxa from the surrounding area [57, 61]. 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 niche space is

Table 1.The relationship between bioturbation potential of the community (BPc) and biogeochemicalmetrics inmud and sand
sediments based on a spatial survey of 55 stations in theCeltic Sea (see tables S1–S2). The direction of changewith increasing BPc
(slope), type of transformation, variance explained (R2) and statistical significance (p-value: *>0.05, **>0.01 and ***>0.001)
are indicated.

Biogeochemistry
Transformation Slope p-value R2

Mud Sand Mud Sand Mud Sand Mud Sand

OPD Log Log 0.3333 −0.6248 0.242 0.225 0.027 0.1325

C:N Log Log 0.0038 0.0560 0.941 0.721 −0.06 −0.14

OC Arc Sin Arc Sin −0.1669 0.0341 0.008** 0.64 0.322 −0.121

ON Arc Sin Arc Sin −0.0156 0.0039 0.002** 0.519 0.426 −0.082

Chla Log Log −0.1138 0.4979 0.579 0.046* −0.04 0.430

Phaeo Log Log −0.4297 0.5901 0.016* 0.007** 0.267 0.678

[TOxN]—U Log — −0.2717 −0.273 0.127 0.067 0.086 0.362

[TOxN]—L Log Log −0.0029 −28.78 0.038* 0.012* 0.196 0.624

[NO2]—U Log — 0.0281 −0.3192 0.876 0.153 −0.06 0.193

[NO2]—L Log Log −0.1196 −0.3536 0.513 0.397 −0.03 −0.024

ΔNO3—U — Log −0.6254 −1.4362 0.518 0.004** −0.41 0.728

ΔNO3—L — Log 0.8667 −2.802 0.190 0.039* 0.066 0.622

[SiO2]—U Log Log 0.4705 1.2564 0.125 0.038* 0.087 0.462

[SiO2]—L Log — −0.0002 1.5426 0.784 0.017* −0.057 0.579

ΔSiO2 -U Log Log 0.8305 42.05 0.019* 0.016* 0.271 0.661

ΔSiO2—L Log Log −0.0942 1.84 0.768 0.178 −0.064 0.249

[NH4]—U Log — 0.3811 5.24 0.295 0.109 0.01 0.266

[NH4]—L Log — −0.1061 40.61 0.57 0.074 −0.04 0.344

ΔNH4—U Log — 0.9324 5.107 0.029* 0.146 0.22 0.31

ΔNH4—L Log Log −0.5670 2.432 0.1428 0.127 0.093 0.35

[PO4]—U Log Log 0.1183 1.940 0.747 0.436 −0.06 −0.46

[PO4]—L Log Log 0.3493 0.891 0.0846 0.283 0.123 0.051

ΔPO4—U Log — 0.5572 0.872 0.247 0.309 0.026 0.045

ΔPO4—L Log Log 0.3366 0.65 0.274 0.331 0.021 0.017
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released.Once a taxon becomes locally extinct, however, ourmodels do not allow the extirpated taxa to
compensate a second time aswe assume conditions are no longer supportive (code S2).

2.1.2. Simulation scenarios
As the impact of trawling pressure will depend on local community structure, and because biogeochemical
processes are strongly influenced by local environmental conditions [62], we categorised stations by sediment
type (mud versus sand).We estimated the consequences of trawling pressure on sediment-dwelling invertebrate
communities by deriving a vulnerability for each taxon based on proportional representation across the gradient
of trawling pressure. For each sediment type, we defined four levels of trawling intensity (F1, 100–300 h.kw/y,
hereafter low; F2, 300–1300 h.kw/y, hereaftermedium; F3, 1300–2000 h.kw/y, hereaftermoderate; F4,
>2000 h.kw/h, hereafter high) and a reference (F0, 0–100 h.kw/y) location (table S2). To determine a taxon-
specific vulnerability for the focal level of trawling pressure, we calculated the difference between themean
macrofaunal biomass and abundance of each trawling intensity level within each sediment type and the
reference location (higher differences indicate increased levels of local extinction).We used these taxon-specific
vulnerabilities to establish the probability of local extinction and, reciprocally, compensation of each taxon. This
means that a taxonwith a high vulnerability score has both a high probability of going extinct and a low
probability to compensate. Thismethodologywas used for each of the 16 trawling scenarios (comprising
biomass- and abundance-based vulnerability, two types of sediment and four levels of bottom trawling intensity;
table S3, table S4), each run for 1000 simulations scenario−1 (code S1).

2.1.3. Statistical analyses
Weused a series of linearmodels to derive themetric-specific relationship between community-level
bioturbation potential (BPc) and indicators of biogeochemical performance (n=24) in sand andmud
sediments (table S1). Similarly, the vulnerability of taxon-specific contributions to biogeochemical performance
was evaluated using linearmodels to explore the relationships betweenBPi (bioturbation potential of an
individual) and taxon vulnerability (abundance- or biomass-based; table S3). Initial linearmodels were assessed
visually for normality (Q–Qplot), homogeneity of variance (plotted residual versus fitted values) aswell as for
influential data points (Cook’s distance). Data were log or arc sine transformed to improvefit and satisfy
parametric statistical assumptions and, where necessary, a constant was added to allow transformation.

To account for the non-linear nature of the response of the biogeochemical projection along the gradient of
decreasing species richness, we summarise each simulated biodiversity-function relationship usingGeneralised
AdditiveModels (GAMs). By using a smoothing function of species richness with trawling pressure as an
interaction term, the relationship between biogeochemicalmetrics and species richness can differ under each
intensity of trawling pressure.We also calculated theCoefficient of Variation (CV) around each prediction. This
is preferential to other commonly usedmeasurements of dispersion, such as standard deviation, because CV
permits the comparison of all of our biogeochemicalmetrics free from scale effects.

All statistical analysis, data exploration and plottingwere performed using the R statistical and programming
environment [63] and theR packages ‘mgcv’ (Generalised AdditiveModels; [64]) and ‘tidyverse’ (data
exploration and plotting; [65]).

3. Results

3.1. Biologicalmediation of the seabed biogeochemistry
Wefind that bioturbation potential relates to a subset of biogeochemistrymetrics, dependent on sediment
type (mud, 6 significant, 18 non-significant; sand, 8 significant, 16 non-significant; table 1). Only three
biogeochemicalmetrics (phaeopigment, [TOxN]-L,ΔSiO2-U) related to bioturbation potential in bothmud
and sand. In general, we achieved a better goodness offit in sand (R2, range−0.46–0.728,median=0.288) than
we did inmud (R2, range−0.41–0.426,median=0.027), although it is not possible tomake direct comparisons
because of differences in the number of stations between sediment type categories (code S1). An increase in BPc
was associatedwith a decrease in particulate carbon-relatedmetrics inmud (Linear regression slope:OC,
−0.17;ON,−0.02; Phaeo,−0.43; table 1) but an increase in particulate carbon-relatedmetrics in sand (Linear
regression slope: Chla, 0.50; Phaeo, 0.59; table 1). In addition, higher BPc values in bothmud and sand showed a
tendency to be associatedwith a greater slope (i.e. greater rate of change in concentration) for silicates in the
uppermost region of the sediment profile (ΔSiO2-U) and increase in SiO2 concentration in sand ([SiO2]-U and
[SiO2]-L), suggesting that silicates are being relocated fromdepth to shallower layers. The increase in the slope
for ammonium (ΔNH4-U)may also indicate a similar transportmechanism. BPc is negatively correlated to total
oxidised nitrogen (TOxN) in the lower region of the sediment profile ([TOxN]-L) in bothmud and sand
sediments and, as the slope of nitrate (ΔNO3-U andΔNO3-L)decreases across the sediment profile in sand
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(although not inmud), it suggests that increased rates of denitrification are occurring closer to the sediment-
water interface.We found no evidence that phosphate-relatedmetrics (PO4) are associatedwith changes in
BPc (table 1).

3.2. Vulnerability of taxa
Abundance-based taxa vulnerability indicates, for themost part, that taxa-specific contributions to BPc are
not expected to changewith trawling pressure (insignificant regression slopes, figure 1). However, when
vulnerability was estimated using biomass, wefind that taxa that contribute least to bioturbation are selectively
removedwhilst those that contributemost aremore likely to remain (significant negative regression slopes,
figure 1).We provide the full list of BPi values ordered by vulnerability to trawling pressure for all 16 local
extinction scenarios (figure S1).

3.3. Projected ecosystem futures
Ourmodels predict that the loss of taxa and concomitant compensatory community responses associatedwith
changes in trawling pressure lead to substantive changes inmultiple biogeochemicalmetrics in bothmud
(figure 2, for full probabilistic distribution, see figure S2) and sand (figure 3, for full probabilistic distribution, see
figure S3) environments. Irrespective of scenario,most of the change in biogeochemical performance occurs as
thefirst few taxa (typically less than 10) are extirpated, with further species loss having very little additional
effect on the level of biogeochemical functioning (solid line,figures 2 and 3). Coefficient of variation of the
probabilistic distribution for each level of species richness indicates that these biogeochemical outcomes are not
subject to substantial variation other than at the lowest levels of species richness (shaded areas,figures 2 and 3).
Hence, based on ourmodel projections, the expectation is that increased trawling pressure will lead to a decrease
inmud, and increase in sand, of carbon-relatedmetrics, a decrease in total oxidised nitrogen inmud and sand, a
decrease in nitrates in sand, and an increase in ammonium inmud. Silicate concentrations are projected to

Figure 1. Linear relationships between the relative vulnerability of species to trawling pressure and the log transformed bioturbation
potential of an individual (BPi) in (a), (b)mud and (b), (c) sand sediment communities in theCeltic sea. Species vulnerability to low
(F0–F1, red), medium (F0–F2, green), moderate (F0–F3, cyan) and high (F0–F4, purple) levels of trawling pressure are based on
proportional changes in (a), (c) abundance and (b), (d) biomass. Significance levels were (a)non-significant, (b)negative for F0–F3
(p=0.006**) and F0–F4 (p=0.0013**), (c)negative for F0–F2 (p=0.04*), and (d)negative for F0–F1, F0–F2 and F0–F3
(p<0.001***, p=0.024*, p<0.001***).

5

Environ. Res. Commun. 3 (2021) 045001 CGarcia et al



increase across thewhole sediment profile in sand and in the uppermost layers ofmud.However, it is notable
that some biogeochemicalmetric projections are less variable than others (lower CV values, figures 2 and 3). In
mud, for example, carbon and pigment-relatedmetrics exhibit consistently lowerCV values relative to those of
the nutrients. Hence, a small change in BPc can translate into a disproportional change in nutrients whilst, at the
same time, having little effect on sediment carbon and pigments (table 1,figure S2). In sand, with the exception
of the silicates where projections aremore variable,mostmetrics have comparable CV values (table 1,figure S3).

Relative differences in themagnitude of change in trawling pressure are projected to beminimal, both in
terms ofmain trend and predictability. Inmost scenarios, and for all biogeochemicalmetrics, outcomes align
irrespective of the level of trawling pressure.

3.4. Functional contributions of surviving taxa
Our projections across all scenarios indicate that the taxa contributingmost to biogeochemicalmetrics (mud,
figures 4; sand, 5) transition from those of the pre-extinction community (inmud, the ribbonwormsNemertea,

Figure 2.Predicted relative changes in standardised biogeochemical parameters (indicated above each panel, the suffixes ‘-L’ and ‘-U’
indicates the lowermost and uppermost region of the sediment profile, see table S1) following local extinction and post-extinction
biomass compensation inmud sediment communities associatedwith trawling pressure (Low, F0–F1, red;Medium, F0–F2, green;
Moderate, F0–F3, cyan; andHigh, F0–F4, purple). Positive, negative and zero valuesmeans respectively increase, decrease or no
change compared to average at each iteration. Simulations (n=1000 per panel, seefigure S2) are representedwith a generalised
additivemodel (GAM, solid lines) and the coefficient of variation (CV, shaded areas) for (a) abundance-based and (b) biomass-based
vulnerability to trawling pressure.

Figure 3.Predicted changes in standardised biogeochemical parameters (indicated above each panel, the suffixes ‘-L’ and ‘-U’ indicate
the lowermost and uppermost region of the sediment profile, see table S1) following local extinction and post-extinction biomass
compensation in sand sediment communities associatedwith trawling pressure (Low, F0–F1, red;Medium, F0–F2, green;Moderate,
F0–F3, cyan; andHigh, F0–F4, purple). Positive, negative and zero valuesmeans respectively increase, decrease or no change
compared to average at each iteration. Simulations (n=1000 per panel, see figure S3) are representedwith a generalised additive
model (GAM, solid lines) and the coefficient of variation (CV, shaded areas) for (a) abundance-based and (b) biomass-based
vulnerability to trawling pressure.
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the decapod crustaceanGoneplax rhomboides, the polychaeteNephtys histricis; in sand, the polychaetesDitrupa
arietina andGlyphohesione klatti), to those of the post-extinction community (inmud, the peracarid crustaceans
Ampelisca spinipes, Urothoe elegans andVaunthompsonia cristata, the polychaetes Scoloplos armiger,Aonides
paucibranchiata and the bivalvemolluscAbra nitida; in sand, the polychaetes Spiophanes kroyeri,Prionospio
fallax, Scalibregma inflatum andGlycinde nordmanni). Taxa that were important in the transitory phase (inmud,

Figure 4.Change in the bioturbation potential of the community (BPc, upper panels) generated following post-extinction taxonomic
reorganisation (lower panels) associatedwith (a), (e) Low (F0–F1, (b), (f)Medium (F0–F2), (c), (g)Moderate (F0–F3) and (d), (h)High
(F0–F4) levels of trawling pressure formud communities assuming (a)–(d) abundance or (e)–(h) biomass based vulnerability. In the
upper panels, colour intensity (cold towarm coloration; grey—blue) reflects an increasing density (low to high) of data points, whilst
in the lower panels colour shading (low—high, white—dark blue) represents the relative contributions of individual taxa to BPc at
each sequential level of local extinction, only a subset of twenty taxa that overall contributemost are represented.

Figure 5.Change in the bioturbation potential of the community (BPc, upper panels) generated following post-extinction taxonomic
reorganisation (lower panels) associatedwith (a), (e) Low (F0–F1, (b), (f)Medium (F0–F2), (c), (g)Moderate (F0–F3) and (d), (h)High
(F0–F4) levels of trawling pressure for sand communities assuming (a)–(d) abundance or (e)–(h) biomass based vulnerability. In the
upper panels, colour intensity (cold towarm coloration; grey—blue) reflects an increasing density (low to high) of data points, whilst
in the lower panels colour shading (low—high, white - dark blue) represents the relative contributions of individual taxa to BPc at each
sequential level of local extinction, only a subset of twenty taxa that overall contributemost are represented.

7

Environ. Res. Commun. 3 (2021) 045001 CGarcia et al



the polychaetesHarmothoe antilopes, Scalibregma inflatum and the urchin Echinocyamus pusillus; in sand, the
polychaetesDipolydora coeca,Oxydromus flexuosus and the peracarid crustaceanVaunthompsonia cristata)
introduce variability in BPc (top panel infigures 4 and 5). The distinction between these transitions is clearer
under abundance-based vulnerability than it is under biomass-based vulnerability, where each contributing
taxon is better delineated and effects are less variable. The rather flat pattern of BPc values following initial taxa
losses indicate high levels of functional redundancy in the intermediate subset of taxa. Nevertheless, a consistent
feature of the projected post-extinction communities, regardless of scenario, is that the surviving assemblage
yields a higher BPc relative to that of pre-extinction condition, evenwhen replacement taxa have a lower BPi
(figure S1).

4.Discussion

Using a trait-basedmodel formarine benthic communities that supports improved levels of ecological realism,
we have demonstrated that species loss associatedwith changes in trawling pressure can lead to previously
unidentified contrasts in the biological-mediation of the seabed that are likely to have significant functional
repercussions. Ourmodel projections confirm the role of the surviving community in compensating for the loss
of, or reduction in, functionally important species [14, 15], and reiterate that the degree of community response
reflects the level of covariation between species traits and extinction risk [8, 9]. However, our data also emphasise
the importance of context [10, 20] in determining species vulnerability [34] and post-extinction response trait
expression [12]. Thismeans that the reorganisation of communities associatedwith a specific type ormagnitude
of disturbance is not pre-determined, but subject to variation, such that the resulting level of functioning
depends on differences in themultiple underlyingmechanisms that control, for example, the various facets of
sediment biogeochemistry. This interpretation is consistent with previous observations in the literature where,
despite some aligned outcomes (aRPD; [66, 67]; carbon and pigments; [56, 68, 69]; macronutrient; [70–72];
denitrification; [35, 69, 70, 73]), differences in context within [35, 68] and across [70, 73] spatial areas explain
apparent discordance between bioturbation potential and variousmetrics [69, 73], mechanisms [69, 74, 75]
and/or components of seabed function [76]. Lack of clear and consistent relationships between traitsmay
render a predictive approach difficult but such instances are not expected to be common in natural systems [77].
In reality,many components of contextmoderate the relationship between community reorganisation and
ecosystem response, including stressor-related extinction risks [78, 79], trophic relationships [80, 81],
population dynamics [82, 83], species diversity [84], resource availability [85] and geography [86]. These
contextual actors are often seen as something thatmust be rigorously controlled for, or excluded, but embracing
this source of variationwhen implementing realistic scenarios of local species loss is likely to be beneficial [39].
Moving forward, the challenge becomes one of identifying which plausible [77, 87] and relevant [88]
combination of traits are themost appropriate for specific ecosystem functions [69, 70], whilst recognising that
metric-function relationsmight not necessarily be generically relatable. Elected traits are likely to be response-
[89] and function- [78] specific and, as our results indicate, the assessment of species vulnerabilitymay demand
measures based on abundance and/or biomass.

A consistent feature of ourmodel projections, irrespective of scenario and in commonwithfield
observations, is that the loss of species leads to an increase in functioning [35, 59]. A naïve interpretationmight
be that this is counterintuitive and contradictory to established consensus [4], but the importance of negative
covariance between response and effect revealed in our simulations indicates that the faunalmediation of
biogeochemical cycling is not solely governed by positive species interactions [90], it can be furthermoderated
by changing circumstances that alter species composition, dominance and dynamics [12, 21, 91, 92]. Increasing
bioturbation activity stimulates (older) organicmattermineralisation inmud sediments, but a transition to
interface feeding in sand sediments promotes the translocation of (fresh) carbon from thewater column into the
sediment profile [93]. Furthermore, shallowermacronutrient processes indicate fastermetabolization rates that
are commonly related to an increased aerobic environment associatedwith faunalmediation [94] but known to
bemore critical inmud than in sandwhere advection prevails [95, 96]. Here, in accordancewith previous
findings [9, 53, 54], wefind that trait biomass strongly associates with functioning such as biogeochemical
cycling and that taxa-level biomass is proportional to the relative contribution that each taxonmakes to
community function [97]. Inmud, the compensating communitymostly belongs to the same functional group
as the extirpated taxa, such that the net gain in function corresponds to a gain in average individual body-mass
that follows a sharp decrease in the abundance of a small-sized taxon (ribbonworms,Nemertea, 5mg) relative to
othermuch larger co-dominant species (e.g. decapod crustaceanGoneplax rhomboides, 464.6mg; gastropod
Euspira fusca, 222.6mg) from the starting community. In sand, however, the simulated gain is best explained by
transition in functional group dominance, from lessmobile species that inhabit the uppermost layers of
sediment to species that aremoremobile and generate deepermixing. As the extinction continues beyond the
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first few extirpations, these effects diminish as the functional contrasts between species areminimised.Hence,
the compensatory response of the remaining community yields a higher level of functioning that is largely
insensitive to further species loss because of high levels of functional redundancy that buffers against further
change in ecosystemproperties [34, 98].

Mechanisms generating functional redundancy are known to depend on environmental context and the
factors driving local extinctionwhichmeans, in turn, that contrasting organism responses will reflect the
driver of species loss [99, 100]. Although some generalisation exists, taxa bearing traits related to ecological
generalisation and smaller size are expected to fare better under global change [6, 101]. Other driver-response
relationships can bemore specific; for example, temperature rise promotes fast life-histories [102, 103],
acidification favours the lack of calcified structure [104] and direct development (i.e. non-planktonic) and
crawlingmovements increase as salinity decreases [105]. Our projections suggest that compensation following
bottom trawling is primarily undertaken by taxa belonging to the same functional groups (slow biodiffusers,
Mi/Ri 3–4; surficialmodifiers,Mi/Ri 3–2; and conveyor belt feeders,Mi/Ri, 2–3, sensu [9]). This is broadly in
agreementwith expectations that sessile or lowmobility taxa living at and/or around the sediment-water
interface (Mi andRi lower than 2) are predominantly impacted by bottom trawling [57, 106] and is consistent
with previous findings [52, 57] that emphasise the importance of functional redundancy exercised by smaller-
sized species. Nevertheless, functioning does not appear to be as sensitive to extinction per se as it does to the loss
of specific taxonomic groups because high levels of functioning have been reported for low levels of species
richness [17, 97, 107]. Fewer taxa, however,means that the overall functional contribution of the community
largely stems from a smaller subset of available trait combinations [104]; here, slowmoving, deep biodiffusers, a
situationwhich ultimately could threaten community resilience over the longer-term [1, 34]. Further, this
narrowing of trait expressionmay also generate a secondary loss of biodiversity resulting from changes in
trophic interactions [108], facilitation [109], behaviour [25] or trait expression [12]. Indeed, the discrepancies
between taxa richness and diversity and level of functioning call for a rethinking ofmanagement priorities that
mainly focus onmaintaining biodiversity levels [110, 111].

Whilst innovative practical solutions to improve the condition and resilience of ecosystems remain in their
infancy formarine benthic systems [112], interventions aimed at sustaining or improving ecosystem functioning
are being appliedwithout appreciation of the cascading effects thesemay have acrossmultifunctional
ecosystems [113, 114]. Progression in this area will require better understanding of themechanistic basis of trait
expression and how species traits covary with the risk of extinction [9], whilst emphasising the importance of
context and post-perturbationmechanisms in determining the functional consequences of altered biodiversity
[115]. Rather thanmanagement or conservation efforts that primarily focus on themost biodiverse habitats, or
themost commonor productive species, ourfindings suggest that tailoredmanagement strategies that
incorporate the dynamics of ecosystem responses to specific circumstances [99] andwhich enable the tracking of
progress in recovery scenarios are likely to be of greater societal benefit [116].

Acknowledgments

We thank the crew and scientists aboardRSSDiscovery cruiseDY021.We thank Briony Silburn andTomHull
(Cefas, Lowestoft) for sampling and rawdata analysis and theMarineManagementOrganisation for providing
the bottomfishing data from theUKFisheries Administrations, and SteveWiddicombe (PlymouthMarine
Laboratory) formacrofaunal survey data. Finally, we thank SteveMorris andMartin Lilley for their constructive
comments on the latest version of themanuscript. The views expressed are those of the author(s) and do not
necessarily represent those ofNERCorDefra.

Data availability statement

The data that support thefindings of this study are openly available at the followingURL/DOI:https://doi.org/
https://www.bodc.ac.uk/data/bodc_database/nodb/project/17041/.

Competing interests

The authors declare no competing financial interests.

9

Environ. Res. Commun. 3 (2021) 045001 CGarcia et al

https://doi.org/https://www.bodc.ac.uk/data/bodc_database/nodb/project/17041/
https://doi.org/https://www.bodc.ac.uk/data/bodc_database/nodb/project/17041/


Funding

Supported byWork Package 2 of the Shelf Sea Biogeochemistry Programme (NE/K001906/1, 2011–2017),
jointly funded by theNatural Environment ResearchCouncil (NERC) and theDepartment for Environment,
Food andRural Affairs (Defra) in theUK.

Authors’ contributions

C.G., S.G.B. andM.S. conceived the ideas and designed the study, with assistance fromR.P., J.A.G. andD.S. on
biogeochemistry. C.G. formulated code formodel simulations and completed all statistical analyses. C.G. and
M.S. led thewriting of themanuscript and all authors contributed critically to subsequent drafts and gave final
approval for publication.

ORCID iDs

ClementGarcia https://orcid.org/0000-0001-5916-8914
Martin Solan https://orcid.org/0000-0001-9924-5574
StefanG. Bolam https://orcid.org/0000-0001-6604-4741
David Sivyer https://orcid.org/0000-0001-7538-5281
Ruth Parker https://orcid.org/0000-0003-4130-5997
JasminAGodbold https://orcid.org/0000-0001-5558-8188

References

[1] NaeemS,Duffy J E andZavaleta E 2012The functions of biological diversity in an age of extinction Science 336 1401–6
[2] TilmanD, Isbell F andCowles JM2014 Biodiversity and ecosystem functioningAnnuRev Ecol Evol Syst. 45 471–93
[3] Duffy J E,GodwinCMandCardinale B J 2017 Biodiversity effects in thewild are common and as strong as key drivers of productivity

Nature [Internet]. 549 261–4
[4] Cardinale B J et al 2012 Biodiversity loss and its impact on humanityNature 486 59–67
[5] Harries P J, KauffmanEG andHansenTA 1996Models for biotic survival followingmass extinctionGeol. Soc. Spec. Publ. 102 41–60
[6] Payne J L, BushAM,HeimNA,KnopeML andMcCauleyD J 2016 Ecological selectivity of the emergingmass extinction in the

oceans Science 353 1284–6
[7] NaeemS andBunkerDE 2009TraitNet: furthering biodiversity research through the curation, discovery, and sharing of species trait

dataBiodiversity, Ecosystem Functioning, andHumanWellbeing: An Ecological and Economic Perspective ed SNaeem,DEBunker,
AHector,MLoreau andCPerrings (Oxford: OxfordUniversity Press) pp 281–8

[8] Heilpern SA,Weeks BC andNaeemS 2018 Predicting ecosystem vulnerability to biodiversity loss from community composition
Ecology. 99 1099–107

[9] SolanM,Cardinale B J, DowningA L, Engelhardt K aM, Ruesink J L and SrivastavaD S 2004 Extinction and EcosystemFunction in
theMarine Benthos Science 306 1177–80

[10] WohlgemuthD, SolanMandGodbold J a 2017 Species contributions to ecosystem process and function can be population dependent
andmodified by biotic and abiotic settingProc R Soc B Biol Sci [Internet]. 284 20162805

[11] RyoM,Aguilar-Trigueros CA, Pinek L,Muller L AHandRilligMC2019 Basic principles of temporal dynamicsTrends Ecol Evol
[Internet] 34 723–33

[12] Cassidy C,Grange L J, Garcia C, BolamSG andGodbold J A 2020 Species interactions and environmental context affect intraspecific
behavioural trait variation and ecosystem function Proc R Soc B Biol Sci. 287 20192143

[13] ReddinC J, Natscher P, Kocsis AT, PortnerH-O andKiesslingW2020Marine clade sensitivities to climate change conform across
timescalesNatClimChang. 10 249–53

[14] ThomsenMS,Garcia C, BolamSG, Parker R,Godbold J A and SolanM2017Consequences of biodiversity loss diverge from
expectation due to post-extinction compensatory responses Sci. Rep. 7 43695

[15] ThomsenMS,Godbold J A, Garcia C, BolamSG, Parker R and SolanM2019Compensatory responses can alter the form of the
biodiversity-function relation curveProc R Soc B Biol Sci. 286 20190287

[16] PanQ et al 2016 Effects of functional diversity loss on ecosystem functions are influenced by compensation Ecology. 97 2293–302
[17] Alvarez SA, Gibbs S J, BownPR, KimH, ShewardRMandRidgwell A 2019Diversity decoupled from ecosystem function and

resilience duringmass extinction recoveryNature [Internet] 574 242–5
[18] Oliver TH et al 2015 Biodiversity and resilience of ecosystem functionsTrends Ecol. Evol. 30 673–84
[19] Heilpern SA, AnujanK,Osuri A andNaeemS 2020Positive correlations in species functional contributions drive the response of

multifunctionality to biodiversity lossProc R Soc B Biol Sci. 287 20192501
[20] Gammal J, JarnstromM, BernardG,Norkko J andNorkkoA2019 Environmental contextmediates biodiversity—ecosystem

functioning relationships in coastal soft- sediment habitatsEcosystems 22 137–51
[21] O’ConnorNE, BrackenMES, CroweTP andDonohue I 2015Nutrient enrichment alters the consequences of species loss J Ecol. 103

862–70
[22] LarsenMH, JensenKT andMouritsenKN2011Climate influences parasite-mediated competitive release Parasitology. 138 1436–41
[23] McIntyre P B, Jones L E, Flecker A S andVanniM J 2007 Fish extinctions alter nutrient recycling in tropical freshwaters ProcNatl Acad

Sci U SA. 104 4461–6
[24] Godbold J A and SolanM2013 Long-term effects of warming and ocean acidification aremodified by seasonal variation in species

responses and environmental conditions Philos Trans R Soc B Biol Sci. 368 20130186

10

Environ. Res. Commun. 3 (2021) 045001 CGarcia et al

https://orcid.org/0000-0001-5916-8914
https://orcid.org/0000-0001-5916-8914
https://orcid.org/0000-0001-5916-8914
https://orcid.org/0000-0001-5916-8914
https://orcid.org/0000-0001-9924-5574
https://orcid.org/0000-0001-9924-5574
https://orcid.org/0000-0001-9924-5574
https://orcid.org/0000-0001-9924-5574
https://orcid.org/0000-0001-6604-4741
https://orcid.org/0000-0001-6604-4741
https://orcid.org/0000-0001-6604-4741
https://orcid.org/0000-0001-6604-4741
https://orcid.org/0000-0001-7538-5281
https://orcid.org/0000-0001-7538-5281
https://orcid.org/0000-0001-7538-5281
https://orcid.org/0000-0001-7538-5281
https://orcid.org/0000-0003-4130-5997
https://orcid.org/0000-0003-4130-5997
https://orcid.org/0000-0003-4130-5997
https://orcid.org/0000-0003-4130-5997
https://orcid.org/0000-0001-5558-8188
https://orcid.org/0000-0001-5558-8188
https://orcid.org/0000-0001-5558-8188
https://orcid.org/0000-0001-5558-8188
https://doi.org/10.1126/science.1215855
https://doi.org/10.1126/science.1215855
https://doi.org/10.1126/science.1215855
https://doi.org/10.1146/annurev-ecolsys-120213-091917
https://doi.org/10.1146/annurev-ecolsys-120213-091917
https://doi.org/10.1146/annurev-ecolsys-120213-091917
https://doi.org/10.1038/nature23886
https://doi.org/10.1038/nature23886
https://doi.org/10.1038/nature23886
https://doi.org/10.1038/nature11148
https://doi.org/10.1038/nature11148
https://doi.org/10.1038/nature11148
https://doi.org/10.1144/GSL.SP.1996.001.01.03
https://doi.org/10.1144/GSL.SP.1996.001.01.03
https://doi.org/10.1144/GSL.SP.1996.001.01.03
https://doi.org/10.1126/science.aaf2416
https://doi.org/10.1126/science.aaf2416
https://doi.org/10.1126/science.aaf2416
https://doi.org/10.1093/acprof:oso/9780199547951.003.0020
https://doi.org/10.1093/acprof:oso/9780199547951.003.0020
https://doi.org/10.1093/acprof:oso/9780199547951.003.0020
https://doi.org/10.1002/ecy.2219
https://doi.org/10.1002/ecy.2219
https://doi.org/10.1002/ecy.2219
https://doi.org/10.1126/science.1103960
https://doi.org/10.1126/science.1103960
https://doi.org/10.1126/science.1103960
https://doi.org/10.1098/rspb.2016.2805
https://doi.org/10.1016/j.tree.2019.03.007
https://doi.org/10.1016/j.tree.2019.03.007
https://doi.org/10.1016/j.tree.2019.03.007
https://doi.org/10.1098/rspb.2019.2143
https://doi.org/10.1038/s41558-020-0690-7
https://doi.org/10.1038/s41558-020-0690-7
https://doi.org/10.1038/s41558-020-0690-7
https://doi.org/10.1038/srep43695
https://doi.org/10.1098/rspb.2019.0287
https://doi.org/10.1002/ecy.1460
https://doi.org/10.1002/ecy.1460
https://doi.org/10.1002/ecy.1460
https://doi.org/10.1038/s41586-019-1590-8
https://doi.org/10.1038/s41586-019-1590-8
https://doi.org/10.1038/s41586-019-1590-8
https://doi.org/10.1016/j.tree.2015.08.009
https://doi.org/10.1016/j.tree.2015.08.009
https://doi.org/10.1016/j.tree.2015.08.009
https://doi.org/10.1098/rspb.2019.2501
https://doi.org/10.1007/s10021-018-0258-9
https://doi.org/10.1007/s10021-018-0258-9
https://doi.org/10.1007/s10021-018-0258-9
https://doi.org/10.1111/1365-2745.12415
https://doi.org/10.1111/1365-2745.12415
https://doi.org/10.1111/1365-2745.12415
https://doi.org/10.1111/1365-2745.12415
https://doi.org/10.1017/S0031182011001193
https://doi.org/10.1017/S0031182011001193
https://doi.org/10.1017/S0031182011001193
https://doi.org/10.1073/pnas.0608148104
https://doi.org/10.1073/pnas.0608148104
https://doi.org/10.1073/pnas.0608148104
https://doi.org/10.1098/rstb.2013.0186


[25] Terui A, Finlay J C,HansenAT andKozarek J L 2019Quantifying cryptic function loss during community disassembly J. Appl. Ecol.
56 2710–22

[26] Thompson P L, Isbell F, LoreauM,O’connorM I andGonzalez A 2018The strength of the biodiversity-ecosystem function
relationship depends on spatial scale Proc R Soc B Biol Sci. 285 1–9

[27] Godbold J A and SolanM2009Relative importance of biodiversity and the abiotic environment inmediating an ecosystem process
Mar Ecol Prog Ser. 396 273–82

[28] NaeemS 2008Advancing realism in biodiversity researchTrends Ecol. Evol. 23 414–6
[29] BrackenMES, Friberg S E, Gonzalez-Dorantes C a. andWilliams S L 2008 Functional consequences of realistic biodiversity changes

in amarine ecosystem ProcNatl Acad Sci [Internet]. 105 924–8
[30] DolbethM,CrespoD, Leston S and SolanM2019Realistic scenarios of environmental disturbance lead to functionally important

changes in benthic species-environment interactionsMar Environ Res [Internet]. 150 104770
[31] Gonzalez A and LoreauM2009TheCauses andConsequences of CompensatoryDynamics in Ecological CommunitiesAnnuRev Ecol

Evol Syst [Internet]. 40 393–414
[32] Gross K andCardinale B J 2005The functional consequences of randomvs. ordered species extinctions Ecol Lett. 8 409–18
[33] Larsen TH,WilliamsNMandKremenC2005 Extinction order and altered community structure rapidly disrupt ecosystem

functioning Ecol Lett. 8 538–47
[34] McLeanM et al 2019Trait structure and redundancy determine sensitivity to disturbance inmarine fish communitiesGlob. Chang.

Biol. 25 3424–37
[35] SciberrasM et al 2017Mediation of nitrogen by post-disturbance shelf communities experiencing organicmatter enrichment

Biogeochemistry. 135 135–53
[36] Filbee-Dexter K, Pittman J, HaigHA,Alexander SM, SymonsCC andBurkeM J 2017Quantifying ecological and social drivers of

ecological surpriseEcosphere. 8 1–12
[37] Filbee-Dexter K et al 2018Quantifying ecological and social drivers of ecological surprise J. Appl. Ecol. 55 2135–46
[38] Duffy J E et al 2009 Forecasting decline in ecosystem services under realistic scenarios of extinctionBiodiversity, ecosystem functioning,

& humanwellbeing. ed SNaeem,DEBunker, AHector,MLoreau andCPerrings (Oxford:OxfordUniversity Press) pp 60–77
[39] BrackenMES andWilliams S L 2013Realistic changes in seaweed biodiversity affectmultiple ecosystem functions on a rocky shore

Ecology. 94 1944–54
[40] Lähteenmäki S et al 2015MESOCLOSURES - increasing realism inmesocosm studies of ecosystem functioningMethods Ecol Evol. 6

916–24
[41] Wolf AA andZavaleta E S 2015 Species traits outweigh nested structure in driving the effects of realistic biodiversity loss on

productivity Ecology. 96 90–8
[42] Reside AE et al 2019 Beyond themodel: expert knowledge improves predictions of species’ fates under climate changeEcol Appl. 29

1–15
[43] GrimmV,AyllónD andRailsback S F 2017Next-generation individual-basedmodels integrate biodiversity and ecosystems: yes we

can, and yeswemustEcosystems. 20 229–36
[44] Snelgrove PVR, Thrush S F,WallDHandNorkkoA 2014Real world biodiversity—ecosystem functioning : a seafloor perspective

Trends Ecol Evol [Internet]. 29 398–405
[45] Manning P et al 2019Transferring biodiversity-ecosystem function research to themanagement of ‘real-world’ ecosystemsAdv Ecol

Res. 61 323–56
[46] Perrings C,DuraiappahA, Larigauderie A andmooneyH 2011The biodiversity and ecosystem services science-policy interface

Science 331 1139–40
[47] Glamann J,Hanspach J, AbsonD J, Collier N and Fischer J 2017The intersection of food security and biodiversity conservation: a

reviewReg EnvironChang. 17 1303–13
[48] Snelgrove PVR et al 2017Global CarbonCycling on aHeterogeneous SeafloorTrends Ecol. Evol. 33 96–105
[49] ThompsonCEL et al 2017An approach for the identification of exemplar sites for scaling up targeted field observations of benthic

biogeochemistry in heterogeneous environmentsBiogeochemistry. 135 1–34
[50] Curtsdotter A, BanksHT, Banks J E, BayMand JonssonM2019 Ecosystem function in predator ‐ prey foodwebs ‐ confronting

dynamicmodels with empirical data Ecosystem function in Predator–prey foodwebs—confronting dynamic J AnimEcol. 88 196–210
[51] Hiddink JG, Jennings S, KaiserM J,Queirós aM,DupliseaDE and PietG J 2006Cumulative impacts of seabed trawl disturbance on

benthic biomass, production, and species richness in different habitatsCan J Fish Aquat Sci [Internet]. 63 721–36
[52] HinzH, PrietoV andKaiserM J 2009Trawl distrubance on benthic communities: chronic effects and experimental predications Ecol

Appl. 19 761–73
[53] SéguinA,Harvey É, Archambault P,Nozais C andGravelD 2014 Body size as a predictor of species loss effect on ecosystem

functioning Sci. Rep. 4 1–5
[54] NorkkoA,Villnäs A,Norkko J, Valanko S and PilditchC 2013 Sizematters: Implications of the loss of large individuals for ecosystem

function Sci. Rep. 3 1–7
[55] Lee J, SouthAB and Jennings S 2010Developing reliable, repeatable, and accessiblemethods to provide high-resolution estimates of

fishing-effort distributions fromvesselmonitoring system (VMS) data ICES J.Mar. Sci. 67 1260–71
[56] SolanM, Scott F, DulvyNK,Godbold J A and Parker R 2012 Incorporating extinction risk and realistic biodiversity futures:

implementation of trait-based extinction scenariosMarine Biodiversity and Ecosystem Functioning. edMSolan, R J Aspden and
DMPaterson (Oxford:OxfordUniversity Press) 127–48

[57] SciberrasM et al 2018Response of benthic fauna to experimental bottomfishing: A globalmeta-analysis Fish Fish. 19 698–715
[58] SköldM et al 2018 Effects of chronic bottom trawling on soft-seafloormacrofauna in theKattegatMarEcol Prog Ser. 586 41–55
[59] Hale R et al 2017Mediation ofmacronutrients and carbon by post-disturbance shelf sea sediment communitiesBiogeochemistry. 135

121–33
[60] PutmanN2018MarinemigrationsCurr Biol [Internet]. 28R972–6
[61] Jennings S andKaiserM J 1998The Effects of Fishing onMarine EcosystemsAdvMar Biol [Internet]. 34 201–352
[62] SciberrasM et al 2016 Impacts of bottomfishing on the sediment infaunal community and biogeochemistry of cohesive and non-

cohesive sediments Limnol. Oceanogr. 61 2076–89
[63] Core TeamR2019R: A language and environment for statistical computing [Internet]. (Vienna, Austria: R Foundation for Statistical

Computing;) (https://www.R-project.org/)
[64] Wood SN2017Generalized AdditiveModels: An Introduction with R (Text in Statistical Science) 2ndEdition (Boca Raton: Chapman

andHall/CRC) 496

11

Environ. Res. Commun. 3 (2021) 045001 CGarcia et al

https://doi.org/10.1111/1365-2664.13507
https://doi.org/10.1111/1365-2664.13507
https://doi.org/10.1111/1365-2664.13507
https://doi.org/10.1098/rspb.2018.0038
https://doi.org/10.1098/rspb.2018.0038
https://doi.org/10.1098/rspb.2018.0038
https://doi.org/10.3354/meps08401
https://doi.org/10.3354/meps08401
https://doi.org/10.3354/meps08401
https://doi.org/10.1016/j.tree.2008.05.003
https://doi.org/10.1016/j.tree.2008.05.003
https://doi.org/10.1016/j.tree.2008.05.003
https://doi.org/10.1073/pnas.0704103105
https://doi.org/10.1073/pnas.0704103105
https://doi.org/10.1073/pnas.0704103105
https://doi.org/10.1016/j.marenvres.2019.104770
https://doi.org/10.1146/annurev.ecolsys.39.110707.173349
https://doi.org/10.1146/annurev.ecolsys.39.110707.173349
https://doi.org/10.1146/annurev.ecolsys.39.110707.173349
https://doi.org/10.1111/j.1461-0248.2005.00733.x
https://doi.org/10.1111/j.1461-0248.2005.00733.x
https://doi.org/10.1111/j.1461-0248.2005.00733.x
https://doi.org/10.1111/j.1461-0248.2005.00749.x
https://doi.org/10.1111/j.1461-0248.2005.00749.x
https://doi.org/10.1111/j.1461-0248.2005.00749.x
https://doi.org/10.1111/gcb.14662
https://doi.org/10.1111/gcb.14662
https://doi.org/10.1111/gcb.14662
https://doi.org/10.1007/s10533-017-0370-5
https://doi.org/10.1007/s10533-017-0370-5
https://doi.org/10.1007/s10533-017-0370-5
https://doi.org/10.1111/1365-2664.13171
https://doi.org/10.1111/1365-2664.13171
https://doi.org/10.1111/1365-2664.13171
https://doi.org/10.1111/1365-2664.13171
https://doi.org/10.1111/1365-2664.13171
https://doi.org/10.1111/1365-2664.13171
https://doi.org/10.1093/acprof:oso/9780199547951.003.0005
https://doi.org/10.1093/acprof:oso/9780199547951.003.0005
https://doi.org/10.1093/acprof:oso/9780199547951.003.0005
https://doi.org/10.1890/12-2182.1
https://doi.org/10.1890/12-2182.1
https://doi.org/10.1890/12-2182.1
https://doi.org/10.1111/2041-210X.12367
https://doi.org/10.1111/2041-210X.12367
https://doi.org/10.1111/2041-210X.12367
https://doi.org/10.1111/2041-210X.12367
https://doi.org/10.1890/14-0131.1
https://doi.org/10.1890/14-0131.1
https://doi.org/10.1890/14-0131.1
https://doi.org/10.1002/eap.1824
https://doi.org/10.1002/eap.1824
https://doi.org/10.1002/eap.1824
https://doi.org/10.1002/eap.1824
https://doi.org/10.1007/s10021-016-0071-2
https://doi.org/10.1007/s10021-016-0071-2
https://doi.org/10.1007/s10021-016-0071-2
https://doi.org/10.1016/j.tree.2014.05.002
https://doi.org/10.1016/j.tree.2014.05.002
https://doi.org/10.1016/j.tree.2014.05.002
https://doi.org/10.1016/bs.aecr.2019.06.009
https://doi.org/10.1016/bs.aecr.2019.06.009
https://doi.org/10.1016/bs.aecr.2019.06.009
https://doi.org/10.1126/science.1202400
https://doi.org/10.1126/science.1202400
https://doi.org/10.1126/science.1202400
https://doi.org/10.1007/s10113-015-0873-3
https://doi.org/10.1007/s10113-015-0873-3
https://doi.org/10.1007/s10113-015-0873-3
https://doi.org/10.1016/j.tree.2017.11.004
https://doi.org/10.1016/j.tree.2017.11.004
https://doi.org/10.1016/j.tree.2017.11.004
https://doi.org/10.1007/s10533-017-0366-1
https://doi.org/10.1007/s10533-017-0366-1
https://doi.org/10.1007/s10533-017-0366-1
https://doi.org/10.1111/1365-2656.12892
https://doi.org/10.1111/1365-2656.12892
https://doi.org/10.1111/1365-2656.12892
https://doi.org/10.1139/f05-266
https://doi.org/10.1139/f05-266
https://doi.org/10.1139/f05-266
https://doi.org/10.1890/08-0351.1
https://doi.org/10.1890/08-0351.1
https://doi.org/10.1890/08-0351.1
https://doi.org/10.1038/srep04616
https://doi.org/10.1038/srep04616
https://doi.org/10.1038/srep04616
https://doi.org/10.1038/srep02646
https://doi.org/10.1038/srep02646
https://doi.org/10.1038/srep02646
https://doi.org/10.1093/icesjms/fsq010
https://doi.org/10.1093/icesjms/fsq010
https://doi.org/10.1093/icesjms/fsq010
https://doi.org/10.1093/acprof:oso/9780199642250.003.0010
https://doi.org/10.1093/acprof:oso/9780199642250.003.0010
https://doi.org/10.1093/acprof:oso/9780199642250.003.0010
https://doi.org/10.1111/faf.12283
https://doi.org/10.1111/faf.12283
https://doi.org/10.1111/faf.12283
https://doi.org/10.3354/meps12434
https://doi.org/10.3354/meps12434
https://doi.org/10.3354/meps12434
https://doi.org/10.1007/s10533-017-0350-9
https://doi.org/10.1007/s10533-017-0350-9
https://doi.org/10.1007/s10533-017-0350-9
https://doi.org/10.1007/s10533-017-0350-9
https://doi.org/10.1016/j.cub.2018.07.036
https://doi.org/10.1016/j.cub.2018.07.036
https://doi.org/10.1016/j.cub.2018.07.036
https://doi.org/10.1016/S0065-2881(08)602126
https://doi.org/10.1016/S0065-2881(08)602126
https://doi.org/10.1016/S0065-2881(08)602126
https://doi.org/10.1002/lno.10354
https://doi.org/10.1002/lno.10354
https://doi.org/10.1002/lno.10354
https://www.R-project.org/
https://doi.org/10.1201/9781315370279


[65] WickhamH2017Welcome to the tidyverse Journal of Open Source Software 4 1686
[66] Birchenough SNR, Parker R E,McManus E andBarry J 2012Combining bioturbation and redoxmetrics: Potential tools for assessing

seabed function Ecol. Indic. 12 8–16
[67] ZhangQ, Li J, HuG andZhang Z 2019 Bioturbation potential of amacrofaunal community in Bohai Bay, northernChinaMar Pollut

Bull [Internet]. 140 281–6
[68] MorysC, PowilleitM and Forster S 2017 Bioturbation in relation to the depth distribution ofmacrozoobenthos in the southwestern

Baltic SeaMar Ecol Prog Ser. 579 19–36
[69] FoshtomiMY et al 2015The link betweenmicrobial diversity and nitrogen cycling inmarine sediments ismodulated bymacrofaunal

bioturbation PLoSOne 10 1–20
[70] BraeckmanU et al 2014Variable Importance ofMacrofaunal Functional Biodiversity for Biogeochemical Cycling in Temperate

Coastal Sediments Ecosystems. 17 720–37
[71] Norkko J, Gammal J,Hewitt J E, JosefsonAB, Carstensen J andNorkkoA2015 Seafloor ecosystem function relationships: in situ

patterns of change across gradients of increasing hypoxic stressEcosystems. 18 1424–39
[72] WredeA, AndresenH, Asmus R,Wiltshire KHandBrey T 2019Macrofaunal irrigation traits enhance predictability of nutrient fluxes

across the sediment-water interfaceMar Ecol Prog Ser. 632 27–42
[73] vanColenC et al 2012Organism-sediment interactions govern post-hypoxia recovery of ecosystem functioning PLoSOne 7 e49795
[74] GoginaM,Morys C, Forster S, GräweU, FriedlandR andZettlerML 2017Towards benthic ecosystem functioningmaps:

Quantifying bioturbation potential in theGerman part of the Baltic Sea Ecol. Indic. 73 574–88
[75] WredeA,Dannheim J, Gutow L andBrey T 2017Who reallymatters: influence of GermanBight key bioturbators on biogeochemical

cycling and sediment turnover J ExpMar Bio Ecol [Internet]. 488 92–101
[76] Painting S J et al 2013Development of indicators of ecosystem functioning in a temperate shelf sea: A combined fieldwork and

modelling approachBiogeochemistry. 113 237–57
[77] Dwyer JM and LaughlinDC2017Constraints on trait combinations explain climatic drivers of biodiversity: the importance of trait

covariance in community assembly Ecol Lett. 20 872–82
[78] Ellis J I et al 2017Multiple stressor effects onmarine infauna: responses of estuarine taxa and functional traits to sedimentation,

nutrient andmetal loading Sci. Rep. 7 1–16
[79] Mensens C,De Laender F, JanssenCR, SabbeK andDeTrochM2017Different response–effect trait relationships underlie

contrasting responses to two chemical stressors J Ecol. 105 1598–609
[80] Schneider FD andBroseU2013 Beyond diversity: hownested predator effects control ecosystem functions J AnimEcol. 82 64–71
[81] Schneider FD, Scheu S andBroseU2012 Bodymass constraints on feeding rates determine the consequences of predator loss Ecol

Lett. 15 436–43
[82] Davies TW, Jenkins S R, KinghamR,Hawkins S J andHiddink JG 2012 Extirpation-resistant species do not always compensate for

the decline in ecosystemprocesses associatedwith biodiversity loss J Ecol. 100 1475–81
[83] FloresO,Hérault B,DelcampM,Garnier É andGourlet-Fleury S 2014 Functional traits help predict post-disturbance demography of

tropical treesPLoSOne 9 e105022
[84] RumeuB et al 2017 Predicting the consequences of disperser extinction: richnessmatters themost when abundance is low Funct Ecol.

31 1910–20
[85] Báez S andHomeier J 2018 Functional traits determine tree growth and ecosystemproductivity of a tropicalmontane forest: Insights

from a long-termnutrientmanipulation experiment. GlobChangBiol. 24 399–409
[86] PocockM JO2011Can traits predict species’ vulnerability?A test with farmland passerines in two continents Proc R Soc B Biol Sci.

278 1532–8
[87] Dwyer JM and LaughlinDC2017 Selection on trait combinations along environmental gradients J Veg Sci. 28 672–3
[88] Funk J L et al 2017Revisiting theHolyGrail: Using plant functional traits to understand ecological processesBiol Rev. 92 1156–73
[89] Griffin-NolanR J et al 2018Trait selection and community weighting are key to understanding ecosystem responses to changing

precipitation regimes Funct Ecol. 32 1746–56
[90] Langenheder S, BullingMT, Prosser J I and SolanM2012Role of functionally dominant species in varying environmental regimes:

evidence for the performance-enhancing effect of biodiversityBMCEcol. 12 1–10
[91] Godbold J A, BullingMTand SolanM2011Habitat structuremediates biodiversity effects on ecosystemproperties Proc R Soc B Biol

Sci [Internet]. 278 2510–8
[92] WohlgemuthD, SolanMandGodbold J A 2016 Specific arrangements of species dominance can bemore influential than evenness in

maintaining ecosystemprocess and function Sci. Rep. 6 6–13
[93] Aller RC andCochran J K 2019The critical role of bioturbation for particle dynamics, priming potential, and organic c

remineralization inmarine sediments: Local and basin scales Front Earth Sci. 7 1–14
[94] VolkenbornN, Polerecky L,Hedtkamp S I C,Van Beusekom J EE andDeBeerD 2007 Bioturbation and bioirrigation extend the open

exchange regions in permeable sediments Limnol. Oceanogr. 52 1898–909
[95] Woulds C, Bouillon S, CowieG L,Drake E,Middelburg J J andWitte U 2016 Patterns of carbon processing at the seafloor: the role of

faunal andmicrobial communities inmoderating carbon flowsBiogeosciences. 13 4343–57
[96] Middelburg J J 2018Reviews and syntheses: to the bottomof carbon processing at the seafloorBiogeosciences. 15 413–27
[97] Davies TW, Jenkins S R, KinghamR,Kenworthy J,Hawkins S J andHiddink JG 2011Dominance, biomass and extinction resistance

determine the consequences of biodiversity loss formultiple coastal ecosystemprocesses PLoSOne 6 e28362
[98] Mouillot D et al 2014 Functional over-redundancy and high functional vulnerability in globalfish faunas on tropical reefs ProcNatl

Acad Sci U SA. 111 13757–62
[99] Fetzer I, Johst K, Schawea R, Banitz T,HarmsHandChatzinotas A 2015The extent of functional redundancy changes as species’ roles

shift in different environments ProcNatl Acad Sci U SA. 112 14888–93
[100] WatsonG J 2018 ‘Winners’ and ‘losers’ in theAnthropocene: Understanding adaptation through phenotypic plasticity Funct Ecol. 32

1906–7
[101] Angert A L, Crozier LG, Rissler L J, Gilman S E, Tewksbury J J andChuncoA J 2011Do species’ traits predict recent shifts at expanding

range edges?Ecol Lett. 14 677–89
[102] Beukhof E et al 2019Marine fish traits follow fast-slow continuumacross oceans Sci. Rep. 9 17878
[103] McLeanM et al 2018AClimate-driven functional inversion of connectedmarine ecosystemsCurr Biol. 28 3654–60
[104] TeixidóN et al 2018 Functional biodiversity loss along natural CO2 gradientsNatCommun [Internet]. 9 1–9
[105] Törnroos A et al 2015Marine benthic ecological functioning over decreasing taxonomic richness J Sea Res [Internet]. 98 49–56

12

Environ. Res. Commun. 3 (2021) 045001 CGarcia et al

https://doi.org/10.21105/joss.01686
https://doi.org/10.1016/j.ecolind.2011.03.015
https://doi.org/10.1016/j.ecolind.2011.03.015
https://doi.org/10.1016/j.ecolind.2011.03.015
https://doi.org/10.1016/j.marpolbul.2019.01.063
https://doi.org/10.1016/j.marpolbul.2019.01.063
https://doi.org/10.1016/j.marpolbul.2019.01.063
https://doi.org/10.3354/meps12236
https://doi.org/10.3354/meps12236
https://doi.org/10.3354/meps12236
https://doi.org/10.1371/journal.pone.0130116
https://doi.org/10.1371/journal.pone.0130116
https://doi.org/10.1371/journal.pone.0130116
https://doi.org/10.1007/s10021-014-9755-7
https://doi.org/10.1007/s10021-014-9755-7
https://doi.org/10.1007/s10021-014-9755-7
https://doi.org/10.1007/s10021-015-9909-2
https://doi.org/10.1007/s10021-015-9909-2
https://doi.org/10.1007/s10021-015-9909-2
https://doi.org/10.3354/meps13165
https://doi.org/10.3354/meps13165
https://doi.org/10.3354/meps13165
https://doi.org/10.1371/journal.pone.0049795
https://doi.org/10.1016/j.ecolind.2016.10.025
https://doi.org/10.1016/j.ecolind.2016.10.025
https://doi.org/10.1016/j.ecolind.2016.10.025
https://doi.org/10.1016/j.jembe.2017.01.001
https://doi.org/10.1016/j.jembe.2017.01.001
https://doi.org/10.1016/j.jembe.2017.01.001
https://doi.org/10.1007/s10533-012-9774-4
https://doi.org/10.1007/s10533-012-9774-4
https://doi.org/10.1007/s10533-012-9774-4
https://doi.org/10.1111/ele.12781
https://doi.org/10.1111/ele.12781
https://doi.org/10.1111/ele.12781
https://doi.org/10.1038/s41598-017-12323-5
https://doi.org/10.1038/s41598-017-12323-5
https://doi.org/10.1038/s41598-017-12323-5
https://doi.org/10.1111/1365-2745.12777
https://doi.org/10.1111/1365-2745.12777
https://doi.org/10.1111/1365-2745.12777
https://doi.org/10.1111/1365-2656.12010
https://doi.org/10.1111/1365-2656.12010
https://doi.org/10.1111/1365-2656.12010
https://doi.org/10.1111/j.1461-0248.2012.01750.x
https://doi.org/10.1111/j.1461-0248.2012.01750.x
https://doi.org/10.1111/j.1461-0248.2012.01750.x
https://doi.org/10.1111/j.1365-2745.2012.02012.x
https://doi.org/10.1111/j.1365-2745.2012.02012.x
https://doi.org/10.1111/j.1365-2745.2012.02012.x
https://doi.org/10.1371/journal.pone.0105022
https://doi.org/10.1111/1365-2435.12897
https://doi.org/10.1111/1365-2435.12897
https://doi.org/10.1111/1365-2435.12897
https://doi.org/10.1111/gcb.13905
https://doi.org/10.1111/gcb.13905
https://doi.org/10.1111/gcb.13905
https://doi.org/10.1098/rspb.2010.1971
https://doi.org/10.1098/rspb.2010.1971
https://doi.org/10.1098/rspb.2010.1971
https://doi.org/10.1111/jvs.12567
https://doi.org/10.1111/jvs.12567
https://doi.org/10.1111/jvs.12567
https://doi.org/10.1111/brv.12275
https://doi.org/10.1111/brv.12275
https://doi.org/10.1111/brv.12275
https://doi.org/10.1111/1365-2435.13135
https://doi.org/10.1111/1365-2435.13135
https://doi.org/10.1111/1365-2435.13135
https://doi.org/10.1186/1472-6785-12-14
https://doi.org/10.1186/1472-6785-12-14
https://doi.org/10.1186/1472-6785-12-14
https://doi.org/10.1098/rspb.2010.2414
https://doi.org/10.1098/rspb.2010.2414
https://doi.org/10.1098/rspb.2010.2414
https://doi.org/10.1038/srep39325
https://doi.org/10.1038/srep39325
https://doi.org/10.1038/srep39325
https://doi.org/10.3389/feart.2019.00157
https://doi.org/10.3389/feart.2019.00157
https://doi.org/10.3389/feart.2019.00157
https://doi.org/10.4319/lo.2007.52.5.1898
https://doi.org/10.4319/lo.2007.52.5.1898
https://doi.org/10.4319/lo.2007.52.5.1898
https://doi.org/10.5194/bg-13-4343-2016
https://doi.org/10.5194/bg-13-4343-2016
https://doi.org/10.5194/bg-13-4343-2016
https://doi.org/10.5194/bg-15-413-2018
https://doi.org/10.5194/bg-15-413-2018
https://doi.org/10.5194/bg-15-413-2018
https://doi.org/10.1371/journal.pone.0028362
https://doi.org/10.1073/pnas.1317625111
https://doi.org/10.1073/pnas.1317625111
https://doi.org/10.1073/pnas.1317625111
https://doi.org/10.1073/pnas.1505587112
https://doi.org/10.1073/pnas.1505587112
https://doi.org/10.1073/pnas.1505587112
https://doi.org/10.1111/1365-2435.13108
https://doi.org/10.1111/1365-2435.13108
https://doi.org/10.1111/1365-2435.13108
https://doi.org/10.1111/1365-2435.13108
https://doi.org/10.1111/j.1461-0248.2011.01620.x
https://doi.org/10.1111/j.1461-0248.2011.01620.x
https://doi.org/10.1111/j.1461-0248.2011.01620.x
https://doi.org/10.1038/s41598-019-53998-2
https://doi.org/10.1016/j.cub.2018.09.050
https://doi.org/10.1016/j.cub.2018.09.050
https://doi.org/10.1016/j.cub.2018.09.050
https://doi.org/10.1038/s41467-018-07592-1
https://doi.org/10.1038/s41467-018-07592-1
https://doi.org/10.1038/s41467-018-07592-1
https://doi.org/10.1016/j.seares.2014.04.010
https://doi.org/10.1016/j.seares.2014.04.010
https://doi.org/10.1016/j.seares.2014.04.010


[106] Hiddink JG et al 2017Global analysis of depletion and recovery of seabed biota after bottom trawling disturbanceProcNatl Acad Sci U
SA. 114 8301–6

[107] Edie SM, Jablonski D andValentine JW2018Contrasting responses of functional diversity tomajor losses in taxonomic diversity
ProcNatl Acad Sci U SA. 115 732–7

[108] Estes J A et al 2011Trophic downgrading of planet earth Science 333 301–6
[109] TeagleH and SmaleDA2018Climate-driven substitution of habitat-forming species leads to reduced biodiversity within a temperate

marine communityDiversDistrib. 24 1367–80
[110] Díaz S et al 2019 Pervasive human-driven decline of life on Earth points to the need for transformative change Science 366 eaax3100
[111] KeithDA et al 2013 Scientific Foundations for an IUCNRed List of Ecosystems PLoSOne 8 e62111
[112] SolanM, Bennett EM,MumbyP J, Leyland J andGodbold J A 2020 Benthic-based contributions to climate changemitigation and

adaptation Philos Trans R Soc B Biol Sci. 375 20190107
[113] Hector A andBagchi R 2007 Biodiversity and ecosystemmultifunctionalityNature 448 188–90
[114] Gamfeldt L andRoger F 2017Revisiting the biodiversity-ecosystemmultifunctionality relationshipNat Ecol Evol. 1 0168
[115] PimientoC et al 2020 Functional diversity ofmarinemegafauna in the Anthropocene Sci. Adv. 6
[116] Watson J EM,KeithDA, Strassburg BBN,VenterO,Williams B andNicholson E 2020 Set a global target for ecosystemsNature 578

360–2

13

Environ. Res. Commun. 3 (2021) 045001 CGarcia et al

https://doi.org/10.1073/pnas.1618858114
https://doi.org/10.1073/pnas.1618858114
https://doi.org/10.1073/pnas.1618858114
https://doi.org/10.1073/pnas.1717636115
https://doi.org/10.1073/pnas.1717636115
https://doi.org/10.1073/pnas.1717636115
https://doi.org/10.1126/science.1205106
https://doi.org/10.1126/science.1205106
https://doi.org/10.1126/science.1205106
https://doi.org/10.1111/ddi.12775
https://doi.org/10.1111/ddi.12775
https://doi.org/10.1111/ddi.12775
https://doi.org/10.1126/science.aax3100
https://doi.org/10.1371/journal.pone.0062111
https://doi.org/10.1098/rstb.2019.0107
https://doi.org/10.1038/nature05947
https://doi.org/10.1038/nature05947
https://doi.org/10.1038/nature05947
https://doi.org/10.1038/s41559-017-0168
https://doi.org/10.1126/sciadv.aay7650
https://doi.org/10.1038/d41586-020-00446-1
https://doi.org/10.1038/d41586-020-00446-1
https://doi.org/10.1038/d41586-020-00446-1
https://doi.org/10.1038/d41586-020-00446-1

	1. Introduction
	2. Methods
	2.1. Study location and model parameters
	2.1.1. Modelling tool
	2.1.2. Simulation scenarios
	2.1.3. Statistical analyses


	3. Results
	3.1. Biological mediation of the seabed biogeochemistry
	3.2. Vulnerability of taxa
	3.3. Projected ecosystem futures
	3.4. Functional contributions of surviving taxa

	4. Discussion
	Acknowledgments
	Data availability statement
	Competing interests
	Funding
	Authors’ contributions
	References



