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Abstract

Mangrove forest phenology titeregional scaldave beemoorly investigate@nd its driving factors
remain uncleamMulti-temporal renote sensing represents a key tool to investigagetation
phenolog, particularly in environments with limited accessibility and lacknagitu measurements.
This paper presents the first characterisation of mangrove forest phenology from the Yucatan
Peninsula, south east Mexico. We useg/éartime-seriesof four vegettion indices EVI, NDVI,
gNDVI and NDWI) derived from MODIS surface reflectartoeestimate penologicalparameters
which were therrompared withn situ climatic variables, salinity and litterfalllhe Discrete Fourier
Transform (DFT)was used to smooth the raw data and four phenolggacametersvereestimated
startof seasorfSOS),time of maximumgreennesgMax Green)gendof seasofEOS)andlength of
season (LOS\Litterfall showed a distinct seasonal pattern with higher i@eisg the end of the dry
season and during the wet seaddtterfall was positively correlated with temperatre0.88,
p<0.01)and salinity (=0.70,p<0.0J). Theresults revealethat although mangroves are evergreen
species the mangrove forest lodemr greennesseasonalityvhichis negatively correlated with
litterfall and generally lagged behind maximum rainfélie dates of phenological metrics varied
depending on the choice of vegetation indices reflecting the sensitivity of each index towdgparti

aspect of vegetation growtNDWI, an index associated to canopy water content and soil moisture

had advanced dates of SOS, Max Green and EOS while gNDVI, an index primarily related to canopy

chlorophyll content had delayed dat8©S ranged betweelay of the yearlOY) 144 (late dry

season) and DOY 220 (rainy season) while the EOS occurred between DOY 1@4y(sedson) to

DOY 160 (early rainy season). The length of the growing season ranged between 228 and 264 days.

Sites receivingagreater amont of rainfall between January and Mastfowedan advanced SOS and
Max GreenThis phenological characterisatiomuseful to understand the mangrove forest dynamics
atthelandscape scakndto monitor the status of mangrova additiontheresults wil serve as

baseline against which to compare future changes in mangrove phenology due to natural or

anthropogenic causes.
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1. Introduction
Mangroves are a taxonomically diverse assemblage of tree species which have common
morphological, biochemical, physogical and reproductive adaptations that allows them to colonise
and develop in saline, hypoxic environmef#bkongi, 2016) These asnblages form intertidal
forestswhich are one of the most carbon rich ecosystébmhato et al.2011)because of theligh
productivity (Twilley and Day, 1999)apid sediment accretigBouillon etal., 2008)and low
respiration rateBarr et al., 2010)Vegetationphenology defined ashe growing cycle of plants and
involving recurring biological events such as leaf unfolding and development, flowering, leaf
senescence and litterféllljoku, 2014) regulates the timing of plant photosynthetic actieityl

influencedirectly theannualvegetatiorcarbon uptakeVegetation phenology has besfocus of

attention in recent years due to a strong and measurable link between biological events and climate

(Cleland et al., 2007; Richardson et al., 2013; Dannenberg et al., 2015)

Historically, vegetation phenology was based on fielcbrds of key biological events such as
budburst, flowering, seed satdleaf senescendg&itter and Fitter, 2002Recently, a network of
finer esol uti on digital cameras installed in t
to monitor vegetation phenolog@RRichardson et al2007) While this method reduces the subjectivity
of human observations, it is limited kg relatively small spatiabxtentacross the globgMizunuma

et al., 2013; Klosterman et al., 201AJternatively,as the reflectance properties of vegetated land
varies seasonally in relation to vegetation phenologysyetematic, multtemporaldata collectedyp
optical satellitesensos offer a unigue mechanism to monitor vegetatignamics ashis approach
allows monitoringof an entire ecosystem rather than individual t(&eed et al., 2009; White et al.,
1997, 1999)This has led to thase of a newfield known adand surface phenolody.SP) (Hanes et

al., 2014)

In the lastfew decadesl.SP, which uses timeseries bsatellitederived vegetation indicekas
received considerable attention given its potentiahtaracteris¢he interactions between vegetation

and climate at broageographicascalesPioneer work irthetemperate latitudeof the American

he

f
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continent showed #t the start of vegetation greening was controlled byggason temperature

(White et al., 1997)Moulin et al.(1997)conductedneof the first attemptsot map global vegetation
phenology using thAdvancel Very High Resolution Radiometer (NOAA/AVHRRt P x 1°
resolution.The study revealed patterns in the global vegetation phenmtaggd to seasonal

variation in climate. For examplthe start ovegetation greenness in temperate deciduous forests was
strongly influenced by temperature, whereas savannahs were more influenced by Thimfall
capdility to study global vegetation dynamicereasess more advanced sensors and new
algorithms becomavailable Zhang et al.(2006)mapped global vegetation phenologwdiner

spatial resolution (1 km x Bm) achieving more @distic results using the Enhanced Vegetation Index
(EVI) derived from theModerate Resolution Imaging Spextidiometer (MODIS)In the last decade
numerousstudies have been carried out to analyse patterns in vegetation phenclogyrantal and
regional scalesta variety oflatitudes includingheboreal ecosysterfXu et al., 2013; Jeganathan et
al., 2014) Europe(Stockli and Vidale, 2004; Rodriguézaliano et al., 201, India(Dash et al.,

2010)and the Amazon ForeéXiao et al., 2005b)

Despiteincreasingnterestin the use of remote sensittgcharacterisgegetation phenologynost
studies ofmangrove phenolaggrely ontraditionalfield methodsconsisting orin situ collectionof
different components ditterfall (e.g. leaves, branches, flowers gmdpagule}(Leach and Burgin,
1985) Studies of this natureere documented imangrove forestacrosghe globe(see Table 1)and
thosestudieshave indicated that litterfall dynamiesid reproductive phenology of mangroves is
driven by a complex interaction of ecological (species composition, competition, reproductive
strategy), climatic (air temperature, precipitation, evaporation, hours of sun, wind apeéledhal
environmentafactors fresh water inputs, tideflooding, soil salinity, soil nutrientsand natural
disturbancesg.g, hurricanes)Moreover, these studies revealkdt although mangrovese
evergreen specigbatproduce litterfalland replace old leavesntinuousy throughout the yeahey
generallypresent peakof leaf fall, leaf emergence and reproductive structures in theemason.
There are caseBowever where this pattern can be bimodal, witieleaf fall peak in the dry season

and one in the wet ason.



93 Although heabovestudies provide a local perspective of the interaction between mangroves and

94  physical driversthere are some limitationSor instance, lengroves are often distribatacross

95 hundreds okilometresof coastlinesThus spatially estricted studies do netipport observation of

96 the phenology phases over tmmpleteextent ofthe forestin addition, a common characteristit

97 those studies ithe limited time spajranging between tb 4 yearsThis relatively short period

98 preventobserving intelannual variation and trends in phenological metind how they are driven

99 by any climatic factorsSpatially continuous and temporally rich information on mangrove phenology
100 would beuseful tocharacterisenangrove foest dynamics ahelandscape scale amehderstandheir

101 contribution to biogeochemical cycles.

102 To date therdas beemo characterisation ahangrove forestghenologyusing remote sensing data.
103 Inthis paperwe estimateand magphenol@ical metrics from timeseries oimedium resolution

104 satellitesensoimageryin a mangrove forest in the S& Mexico andnvestigateheir relationship

105 with environmentatrivers The olectives of thisresearchwereto (i) estimate pherogical

106 parameters using a tinseries of MODISregetation indices to explore the consistency among them
107 (i) map the spatial distribution of phenological met strt of growing season, time of maximum
108 greenness, end of growing season and end of Seasdi(iii) characteris¢he relationship between

109 phenology dynamics and environmerdelers

110
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Table 1. Field studies addressing mangrove forest phenology.

Country Reference

Australia Coupland et al., 2005; Duke, 1990

Borneo Sukardjo et al., 2@

Brazil Mehlig, 2006;Fernandes, 1999

India Upadhyay and Mishra, 2010; Wafar et al., 199

Japan Kamruzzaman et al., 2016; Sharma et al., 201.

Kenya Slim et al., 1996

Malaysia Hoque et al., 2015; Akmar and Juliana, 2012

Mexico AgrazHernandez et al., 2011; Utrek@pez and
MorenoCasasola, 200&ké-Castillo et al.,
2006; ArreolaLizarraga et al., 2004; Day et al.,
1987; LopezPortillo and Ezcurra, 1985

Panama CeronSouza et al., 2014

SouthAfrica Rajkaran and Adams, 2007

United States of America

Castafeddloya et al., 2013
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Fig. 1. Study area showing eight ground sampling stations distributed along the Yucatan Peninsula

coastline. The figure depicts the spatial distribution of the mangrove fogsten
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2. Methods

2.1.Study area
Yucatan Peninsulis located inSEMexico (Fig. 1). To thewestandnorththe YucatanPeninsulais
bordered by the Gulf of Mexicand to tke eastit is bordered by the Caribbean SEhe area
compriseghe states o€ampeche, Yucatan and Quintana Rexcept for a narrow fringef dry
climate in the north wegsee Fig. $-S3), the climate of the Yucatan Peninsula is predominantly hot
and humid with little precipitation all year and a distinct rainy season in su(Roger Orellana et
al., 2009) The region experiences three seasardry season from March to May, a rainy season

from June to October aratold seasorfrom November to FebruaijerreraSilveira & al., 1999)

The mean annual temperature ranges from 26.5 to 25.5 C and mean annual precipitation ranges from

600 mm to 1100 mrRoger Orellana et al., 200Mlangroveforest in the YicatanPeninsulais found
on aflat karstic substratehat facilitates the infiltratioof rainfall resulting in the absence of runoff
and the lack of impeantstreams above the surfa@tope et al., 1997The vertical and horizontal
range of the tides is variable across the study ardeedledepends on the morphology of a
particular location. For the Yucatan Peninsthlatidal range is estimated to be between 0.06 mto 1.
m (HerreraSilveira and Morale©jeda, 201Q)The mangrove foress separated from the sea by a
sand barrier and é@xtendsn a fringe of varying widthparallel to the coastoveringan area of
approximatehy423,75lhawhich represents 5 % of Me x i ¢ o 6 CONABIO,RO0B)V e
Four specie®f mangrovedominatethe landscapdRhizophora mangle, Laguncularia racemosa,
Avicennia germinans and Conocarpus ereciise National Commission for Knowledge and Use of
Biodiversity (CONABIO)has gorogranme for mapping and monitoring mangrove forest based on
aerial photography arfthe spatialresolution satellitsensoiimagery which is updated every five

years.

5

cover



161 2.2.Data processing

162 Four major steps were followed inghesearclassummarized ifrig. 2 (i) remote sensing data
163 pre-processingandcomputatiorof vegetation indicegi) time-series smoothingndestimationof
164 phenological metriggiii) in situdata collection andomparison ofn situdata withmangrove
165 phenology
166 Input data )
167 j:/ R-emote Se-ns.in-g.\‘-}4 =.'. Field Data
Data / -
168
MODIS
/ MOD0%A1 |
169 Pre-processing ; ; . In situ data collection
MODIS Quality Assessment 2009-2011
Surface
Reflectance - Yy Biophysical
Product ‘ ‘ " ao0020m /] and
170 EVI,NDVI,GNDVI,GNDWI e climatic
i 2009-2011 variables
Raw | Temp
‘ us /20002011 /
171 — | salinity  /
‘ Fast-Fourier Transform
172 Raw VIs P —
. mooth series
smoothing /“smooth i 2009-2011 —>
' Vis  /
173
Phenological Phenzﬁfi;atlm:etrics
174 metrics v
extraction and Phenological metrics
calendar maps median maps Comparison of
smoothed series
175 SOS, EOS, LEN, with ground data

MAX, MAXY, CUM, AMP

176  Fig. 2. Schematic diagramiustrating the methodologipllowed in thisresearch

177  Although there is a phenology product readily available it was not used in this research for several
178 reasons. The MODIS Land Cover Dynamik8JD12Q2 also known as the MODIS phenology

179 product whichprimarily uses MODIS EVloffers a global characterisation of vegetation phenology.
180 However, according to the MODIS team the quality assurance layer of this product is not working as

181 intended. In additiorthe use of a standard product prevents the computation of other vegetation
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indices which can provide complementary information about mangrove forest biophysical variables

such as canopy water thickness and chlorophyll content. Further, the use of a sieodizat limits

the userds control over tderes and egtimatingtphenodogyfmetrics. s mo o t
An exploratory analysis revealed that for the study areaVi®i®12Q2productseems to capture the

start of greening seaso8@9 at spuious peaks at thigrst half of the timeseries(Fig. S12514).

2.2.1. Remote sensing data ppeocessing andomputation oegetatiorindices

To investigate the mangrove phenology tieisearclemployed a fifteetyear timeserieg(2000:2014)
of ModerateResolution Imaging Spectroradiomef®tODIS) land surface reflectance produ8tday
compositeMODO09A1 at 500 m spatial resolutiotile h09v06courtesy of the NASA EOSDIS Land
Processes Distributed Active Archive Center (LP DAAC; see https://Ipdaac ogyside tiles were
reprojected usinthe MODIS Reprojection Toolln addition quality assessme@QA) was applied to
eachpixel usingthe 32-bit QA band Only thosepixels that met the following criteria were included
in the analysis: MODLAND QAoroduced at ideal quality, the highest data quality for all reflectance
bands, atmospheric and adjacency correction performed.

Vegetation indices haygeendemonstrated to be a useful tool in assessing vegetation biophysical
variablesTherefore, in thisesearcHour vegetation indices were used to investigate mangrove
biophysical variables and to track their seasonality. The indices used\Neentalized Difference
Vegetation IndexNDVI), Enhanced Vegetation IndekYI), Green Normalized Vegetation Index
(gNDVI) andNormalized Difference Water IndeNDWI). The NDVIis perhaps the most widely
employed index in vegetation phenoldgydole et al., 2016; Julien and Sobrino, 2Qa8hich allows
comparison with previoustudies Although NDVI is usedvidely it tends to saturate at high biomass
or at high chlorophyll concentratipwhich isespeciallfikely for mangrovesand it isaffected by

soil backgroundatmospheri@ffects and aerosolEVI has an improved sensitivity to high biomass
while it compensates for soil backgrousmadatmospheric effestusingthe canopy background
adjustmen(L=1), the coefficients of aerosol resistan€e=6, C,=7.5 and the gain factolG=2.5

(Huete et al., 2002pNDVI usesthe greerband of MODIS andhas been more directly related to leaf

10



209 chlorophyll concentratiofGitelson et al., 1996 NDWI is less sensitive thadDVI to atmospheric
210 scattering and is related to vegetation moisture co(@ad, 1996)The indices are computed as

211 follows:

212 0m'O'C® . - Eq.(2)
213 0 0®0O—— Eq.(2)
214 "Q6 0w 'O—ro Eq.(3)
215 0 0®O0—— Eq.(4)

216 For MODO09A1 data, band corresponds to the reflectance in the red region of the spe(@ad670
217 nm), band 2 represents the near infrared reflectance8B3 hm) band 3representthe blue region
218 of the spectrum (45879nm) and band4 and 5 correspond tbhegreen (54555 nm) and SWIR
219 (12301250)regions respectivelysee documentaticat https://Ipdaac.usgs.gpun addition nor
220 mangrove pixels were masked out using the mangrove distribution shapefetd by the

221  NationalCommissiorfor Knowledge and Use of Biodiversity (CONABIO, 2013). The dataset was
222  produced using SPGT imagery from 201@vith aspatial resolutiomf 10 m.Further, only MODIS
223 pixels that had more than 60% mangrove cover wer insthe analyses.

224 2.2.2. Time-series smoothingndphenological metricestimation

225 Timeseries smoothing

226  Time-seriesof remote sensindata contaimoise due to atmospheric conditipagrosoland clouds
227 atthe time of data acquisition. Therefdtés necessaryo removethis contamination byising curve
228 fitting methodswhich smooth the data and estim#te underlying signgbrior to estimating

229 phenological metrics. Severshoothingmethods are usesbmmonlyranging from relativelyisple
230 techniquesisch aghemedian filter(Reed et al., 1994)r movingaverage to more complex

231 algorithms includiag the Savitzty-Golay, Asymmetric Gaussian, Double LogistindDiscreteFourier
232  Transform(DFT) methodgJonsson and Eklundh, 2002; Zhang et al., 2003; Atkinson 20aR)
233 TheDFT algorithmwas selectetb decompose the mangrove sigbatausét has consistently

234 produced smaller root mean square error (RM&H))een the input and fitted dateer a variety of

11
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vegetation types including evergreen vegetatfkinson et al., 2012)The principle behin®dFT is

that any complex vegetation growdjcle can be decomposedarm series of sinusoids of different
frequencies and a constddakubauskas et al., 2001; Wagenseil and Samimi, 2006; Atkinson et al.,
2012) The sinusoids with their frequencies (harmonics) are then suthmoedjha procesknown as
Inverse Fourier Transformatida form a complexsmooth wave that resembles the original input
profile with the high frequency noise removétie Inverse Fourier Transform has the advantage of
requiring minimum user inpytt only needs the uséo decide the number of harmonics to reconstruct
the profilg. This techniqudas been usadidely to smoothiime-seriesof satellitesensoidata

covering a wide range of environmefRoerink et al., 2000; Jakubauskas et al., 260dody and
Johnson, 2001; Dash et al., 2010; Jeganathan et al., 2010a, 2010b; Atkinson et al., 2012; V.
RodriguezGaliano et al., 20180). Typically one to fiveharmonics are recommendedetficiently
reconstructhe natural annual phenological prefilGeerken, 2009)An exploratory analysis revealed
that he firstfour harmonicolus the measatisfactorilyreconstruadthe phenological profilg€Fig.
S11-S14); therefore, four harmonics plus the mean were used in inethégrchPrior to

reconstructing the timseries with DFT, obvious dropouts from the raw input tsages are

removed. Then, the removed dropout is replaced by a moving average which soraider
neighbouring valuesn this way the new interpolated value preserves the trend of its temporal
neighbours. There is a limit for the number of missing values that are interpolated. If there is more
than a month of consecutive missing values the-fiaries is discarded and no phenatagmetrics

are estimated.

12



256 Phenological metricsstimation
257  DataprocessingDFT based smoothing amghenological metricestimationbased orbash et al.
258 (2010 andAtkinson et al(2012)were developed and implementedhe R Programming Language

259 (R Core Team, 2015)

260 1]
261
262 08 (b)
0.8
263 9 (a) (c)
c
264 = \/v
265 £0.6]
©
T (d)
266 o } I
>
267 0.4
268
269 02 | { 4 1
270 Jan Apr Jul Oct Jan Apr Jul Nov

Months
271  Fig. 3. Graphical illustration of phenological metriestimationusing DFT and inflection
272  point algorithms: (a) start of green up season (SOS), (b) time of maximum greenness (Max
273  Green), (c) end of growing season (EOS) and (d) lengthogfigg season (LOSErey solid
274  line representa raw data pixel profile and théabk solid line repreents the smoothed seriesing
275  four harmonics plus the meahhe pixel profile was extracted from the season 220101 at the
276 coordinate®0.66601N, -90.35937W.

277

13



278 The 15year timeseries was divided intb4 seasonsFor each seasdaur phenobgical metrics were
279 estimated start ofgrowing seasofSOS) end of growing seasq&OS) length of seasofLOS), time
280 of maximum vegetatiogreenness (Max Gree(Big. 3). Several methods are usecdesiimate

281 phenologicametricsfrom smooth pixel profiles such as threshold based, trend derivative methods
282 and inflection point method&eed et al., 1994; J6nsson and Eklundh, 2002, 2004; Dash et al., 2010)
283 In thisresearchthe inflection point method was adopted becaldees not assume a paefined

284  value as transition date and it is easy to impleniém.SOS was defined as tvaley point at the

285 start of the increasing trend in the vegetation index values kbfofiest half of the smooth curve,

286  while the EOS was defined as the valley point at the end of the decreasing trend in the vegetation
287 indexvalues after the first half of the curfeig. 3). The process consisté @éxtracting the dominant
288 peak Max Greenin the curve anderatingbackwardsand forward to findhe SOS and EOS (see

289 Dash et al., 201fbr more detail) LOS wasdefined as the difference between EOS and $Fo@lly,
290 thephenology characterisationaps wer@&reatedoy computingthe mediarfrom the 14 seasons

291 2.2.3. Insitudata collection andomparison ofn situdata withmangrove phenology

292 In situdata collection

293 Thisresearchused data produced by tregionalprogrammefor characterisation and monitoring of
294  mangrove ecosystems in the Gulf of Mexico and Mexican Caribbean: Yucatan Pefrilestdsa

295 Silveira et al., 2014)A field campaign was conducted from January 2009 to Octoberi@dBlsites
296 locatedalong the coast of Yucatan Resulawithin MODIS tile hO9vO6(Fig. 1, TableS1). The

297 objectivewas to characterisand to establish a baseline for moriitgr the mangrove forest of the
298 region(HerreraSilveira et al., 2014)The monitoring involved monthliy situ measurements of

299 interstitial salinity and litterfallRainfall and temperature data were obtained from automatic

300 meteorological stations. In thissearchonlythose sites with meteorological data (Table S1) were
301 used in the analys because one the main objectiwes to examine the link between climatic

302 variables and mangrove forest phenoloye fieldwork wasonducted by the Centre of Research
303 and Advancedbtudies (CINVESTAV) campus Merida, Yucatand it wadunded by theNational

304 Commission for the Knowledge and Use of Biodiver6@®PNABIO). Two permanent sampling plots
305 of 10 m by 10 m were established at each Bitee litterfall traps were located at each sampling plot

14
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at 1.3 m height from the ground. The vegetative mateswal collected monthlyt was then

dehydrated for 72 houendlitterfall components were separated. Dry litterfadisweighed and
representg in grams per square meper monthTemperature and rainfallatawerecollected from
automatic meteorological stations locastthe nearestown. The stations recorded the mean of the
meteorological variables every 10 minuseglwere expressed asonthly meas. Monthly
measurements offiterstitialwatersalinity were conducted at each sitsinga YSI-30 multiprobe

sensor (YSI, Xylem Inc., Yellow Springs, Ohio, U.9;Ahe water was sampled 30 cm depth and
expresseih grams per kilogram

Compaison ofin situdata with mangrove phenology

Thein situdata described abovesweused for two purposes. First, litterfall was employed to validate
the mangrove phenology information derived from satedli@sordata. Second, physical variables
(rainfall, temperature and salinity) were used to identifyfdlceorsdriving mangrove phenology.
Spearmaf@ gnk correlation analyswasconducted between Vs, litterfall, rainfall, temperature
using the monthly mean afl sites to explore the relationskipetween climatic variables and
mangrove greenness and between climatic variables and litterfall. In addition, Sgeaamian
correlation analysis was carried out to examine the relationship between cumulativeanaihfal
phenologicametrics SOS, Max Greeatross sites (eight sites) and years (2009 to 201d9sess the
influence of climatic variables on the main phenological events in the mangrove &preatmaf s
rank correlation was used because normality éndhita ané linear relationship could not be assumed
in all cases and because building a predictive modelbeyond the scope of the analyBiata

analysis was carried out in(R Core Team, 2015)

3. Results

3.1.Relationshipbetween litterfall, physical variables amggetation indices temporal profiles
Fig. 4shows the seasonal variatiprofiles of monthlylitterfall, soil interstitial salinitytemperature,
rainfall andvegetation indiceat one representative ground saimgktation located in the north west
of Yucatan Peninsula from January 2009 to October 2@t this site during thein situdata
collectionperiod airtemperaturéncreased from March to August with a concomitant increase in

15
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salinity. From January to May rainfakémairedbelow 50 mm Moreover, a increment in rainfall
appeasto be followed byadecrease in salinity. This seasonal pattern seems to be consistent across
all sampling sites (Fig.4sS10).

3.1.1. Litterfall and physical variables
Litterfall production is continuous throughout the year inrttengrove forest of Yucatan Peninsula
Minimum values of litterfall were recorded between December and Feloluiding the cold season
Two peaks in litterfallvere observed, one between ApaihdJune and the second between August
andOctober. The first @akin litterfall corresponds to the end of dry season and beginning of rainy
season while the second peak corresponds to the late rainy feigsdia) Both peaks are composed
of leaves, stemandreproductive structurebutreproductive structures are ma@mmonin the
second litterfall peakA large positivecorrelation(r=0.88,p<0.01) was observed betwelterfall
andtemperatureamoderate significant positive correlati(n0.70,p<0.01)was observetietween
litterfall andsalinity while aweakand na significant correlationrE0.25,p>0.1)was observed

between litterfall and rainfall
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Fig. 4. Seasonal variatioin vegetation indices, litterfa(), salinity (b), temperaturéc) and rainfall
(d) at the ground station Interna locatedhe north west ofhe Yucatan Peninsula between January

2009 and October 2011.

3.1.2. Litterfall and vegetatiomdicesprofiles
In Fig. 4, the vegetation indices profiles were averagedtimy to match the temporal resolution of
the litterfall dataThe temporal pattern of vegetation indise®wsthatthe seasonality of mangrove
forest growth is unimodal in natyri¢ presents a continuous decrease from January to March 2009,
reachinga minimum between April and June; then vegetation indices increase steadily from July to
SeptembermMangrove greenness had broadly a negative correlation with litigréaibds of
minimum greenness were coinciderith maximum litterfall, andsignificantnegative correlations
were observed for gNDVPp&0.05)(Fig. 5). Further, mangrove greenness appéafag behind the
second peak of litterfall by two to three monthBevegetation indices seasoipattern described is

consistent acrosdl sampling sies (Fig. 8-S10.
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Fig. 5. Scatterplots desciitig the relationship between monthly vegetation indices values and
monthly values of four physicai situvariables: litterfall, rainfall, temperature and salirfrigm
January 2009 to October 201+84). Dominant correlations are observed for EVI, gNDVI and

NDVI.
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Fig. 6. Distribution of phenological metrics for the mangrove forest of Yucatan Peninsula. The green,
red, oranga&nd blue boxes denote EVI, NDVI, gNDVI and NDM#&spectively. The boxplots are

ordered from earlier to later dat@s minimum to maximundepending on the phenological mefric

The letters on the plots denote the phenological metrics as follov&0&) (b) Max Green, (c) EOS

and (d) LOS. The middle line of the box represents the median, the lower and upper boundaries of the
box are located at the first and third quartitspectivelyand the bars indicate maximum and

minimum values.

In generalthe temporal profileof the four vegetation indices wemnegativéy correlaedwith the

physical variable$Fig. 5). Temperature and salinity were significant for NDVI, EVI and gNDVI

(p<0.05). Maximum NDVI, EVI and gNDVI seem to lag behind maximum ralinfig two to three

months Fig. 4 Fig. $4-S10). NDWI and rainfallhave awveak positive, but not significantcorrelation.
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3.2.Regional mangrove phenology
Fig. 6illustratesthe distributionof the mediarof the phenological variableterived from the calendar
maps To examinethe spatial distributionf the phenological variables, calendar maps of M,
Green EOSand LOSwerecreatedoy computingthe mediarfrom the 14seasons. For brevitgnly
the EVI phenological maps aesentedn themain pape(Fig. 7-10) and thanaps folNDVI,
gNDVI and NDWiIare presented as supplementary figures Fi§:S26.
Thedatesof phenological variabledepend upon the choice of \Qverall, the timing of SOS, Green
Max and EOS is reached first by NDWI, next by EVI, then by NDVI and finally by gNB. 6a-
c). SOSoccurredat DOY 144 (third week of May), DOY 184 (July), DOY 200 (rdidly) and DOY

220 (August) for NDWI, EVI, NDVI and gNDVIrespectively.

Fig. 7. Spatial distribution oEVI SOS in the mangrove forest of Yucatan Peninsula. The
map shows the integrated medfanthe period 2002014.The top figuras amap of the

entire study areayhile atthe bottom, from left to righthe figure shows a zoom of the west,
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