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Abstract

Somatic growthis an integrated, individuddased response émvironmental conditions,
especidly inrectotherms.Growth dynamicsof large, mobile animals are particularly usefsl
bio-indicators ofenvironmentathange at regional scaleWe assembled growth rate data from
throughout.the.West Atlantic for green turtl€elonia mydas, which are long-lived, highly
migratory, primarily herbivorousnegaconsumers thahay migrate over hundreds to thousands
of kilometers. Our dataset, the largest ewampiled for sea turtles, has 9690 growth increments
from 30 sites fronBermuda to Uruguafrom 1973 to 2015. Using generalized additive mixed
models we evaluatedovariats that could affect growth ratebody size, diet, and year have
significant.effects on growth. Growihcreasesn early years until 1999, theteclinesby 26%

to 2015. The temporal (year) effect is of particular interest becausearnivorous speciex

sea turtles=hawksbills Eretmochelys imbricata, and loggerhead€§aretta caretta — exhibited
similar significant declines in growth rates starting in 180the West Atlanticbased on
previous studiesThesesynchronous declines in productivaynong three sea turtle species
across a trophic spectrum provide strong evidémagnecological regime shifERS)in the
Atlantic is driving growth dynamics. The ERS resulted from a synergy of the 1997/1998 EI
Nifio Southern. Oscillation (ENS®)the strongest on record — combined with an unprecedented
warming-raterover the lasivo to threedecades Further support is provided by the strong
correlations between annualized mean growth rates of green turtlbsthséda surface
temperatures (SST) in the West Atlantic for years of declining growth(rate$.94) and the
Multivariate ENSOIndex (MEI)for all years { = 0.74). Grangecausality analysis also
supports the latter findingWe discussnultiple stressorshat couldreinforce and prolong the

effect ofthe ERS. This study demonstrates the importance of region-wide collaborations.
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Introduction

Marine systems have undergareatchanges irecosystem functioandspecies
distribution and abundanae the AnthropocenéJacksoret al., 2001;Lotzeet al., 2006;Alheit
2009; Halperret al., 2015;McCauleyet al., 2015). Some ofthese changes have resulteain
resulted fromecological regime shifteERS) defined by Convergt al. (2015) as “dramatic,
abrupt changes in the community structure that are persistent in time, encompass multiple
variables,"and‘include key structural speeiésdependently of the mechanisms causing them.”
Many studies have evaluated the changes that result from ERS in structure and function of
ecosystems; biogeography, phenology, and abundance of species; and foodwebs or
trophodynamiesréferences in Alhei& Bakun, 2010;Rochaet al., 2015; Younget al., 2015.
However, fewer studies have addressed longterm physiological changes at tleahdviel
across regionallandscapes in this era of changing seas. Here we evaluate somatic growth
dynamics of the green turtl€ljel onia mydas) throughout the Wedgitlantic across more than
four decades (1973-2015).

Somatiegrowth rates of ectotherme &aluable bidandicatos of environmental change
becauseheir growth dynamics are strongly influenced by environmental conditionaranah
integraedresponse to changes in these conditi@®ea turtles are lorliyved, highly migratory
megaconsumers andrethereforeexcellent models for such environmental monitoring. Green
turtles, hawksbillsEretmochelys imbricata), and loggerhead€éretta caretta) spend deades in
neritic habitats growing to sexual maturity. During this immature period, indigiduay move

hundreds te'thousands of kilometers among foraging grdivhaisick & Limpus, 1997)

Many=of the authors of the present study collaborated on earlier studies of somattic grow

dynamics(in West Atlantic hawksbil{Bjorndalet al., 2019 and Northwest Atlantic loggerheads
(Bjorndalet al., 2013) based on captunearkrecapture data anging a similar modeling
approach These studies revealdthtgrowth ratesor hawksbills and loggerheads exhibited
similar, continuingdeclinesbeginning in 1997 The samgattern of decline was reported for
North Atlantic’loggerheads based on a different technique (skeletochronology) afedeantif

sample of legerheads (Avend al., 2015). Hawksbills and loggerheads are primarily

carnivorous, although they feed on different types of prey. Hawksbills feed mostly on sponges,

corallimorpharians, zoanthids, and sea anemones associated with coral reefs (raferences

Kruegeret al., 2011). Loggerheads prey most commonly on slow-mooeirggssilehard

This article is protected by copyright. All rights reserved



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

Bjorndalet al., -- 6

shelled benthic invertebrataddpkins-Murphyet al., 2003.

In 1997/1998, an ERS occurred in the Atlantic as a result of a synergy between the abrupt
warming from the strongeB Nifio Southern Oscillation (ENSO) event ever recorded and the
unprecedented warming rate over the last two to three de(ddddssonet al., 2008;Reid &
Beaugrand,2012; IPCC, 2014; Beaugrana., 2015 Wijffels et al., 2016). The decline in
hawksbill and loggerhead growth rates may have been a response to this ERS. A study of
somatic'growth dynamics of the primarily herbivorous green turtle would riheeaktent to
which patterns‘of regional changes in productivity faabss trophic levelslf growth in green
turtles follows the same pattethe probability that thgrowth dynamic®f all three specieare
responsesstowidespread climatic drivers am@&ERSwvould be geatly increased Thereforeywe
assembled-growttate datdor West Atlantic green turtlagsulting in the largesh(= 9690
growth increments, longest (from 1973 through 2015),maost widespreadrom Bermuda to
Uruguay)dataset ever compiled for sea turtles.

In this paper, we hawviree objectives: (1) evaluate West Atlantic green turtle growth
dynamics withegeneralized additive mixed models, (2) compare the temporal dgrdmgreen
turtles with'ithese of West Atlathawksbills and North Atlantic loggerheads, and (3) explore
relationships of temporarowthtrajectories wittMultivariate EI Nfio Southern Oscillation
Index(ME}"and sea surface temperat(®T) These drivers were selected because they are
the mostikely drivers of the ERS in the late 19908artinsonet al., 2008;Reid & Beaugrand,
2012; Beaugranet al., 2015).

Materials and«M ethods

Data assembly

Green turtle growth rate data were combined from 30 projects in the Westd(kigtil).

Some ofthese data have been published in studies for individual sites, but never in regional
assessments. TJurtles were captured by a variety of methods in foraging areas in neritic habitats
and not on.nesting beaches. Turtles were tagged, usually with flipper tags, for individua
identification.,,Data used in this study are capture date and location (latitude/longitude), carapace
length (CL, the most common measure of body size in sea tyrded primary diet at each site.

Sex is known for a small fraction of individuals so is not used in our analyses. Body size for

each growth increment is the average of CL at capture and recapture (Ch&lduphzus,
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1997). Negative growth rates, whigdsult from either measurement error or damage to
carapace margins, are included in analyses to avoid systematic bias.

When the growth data were first assembled, durations @itegge) of the growth
increments varied from 1 to 7636 d. Including growth increments with short or long durations
can introduce,substantial error. Short durations may only capture the fastestest slow
seasonal growth rates, resulting in large errors when extrapolated to estimates of annual growth
or the change“in sizaay beso small that measurement error is a large proportion of actual
growth. During‘long durations, average @y not represent a good estimate of body size for
the interval. Ta set the minimum and maximum durations for our analyses ovectbl
Bjorndd etal «(2016) to determine the limits within which duration did not significantly affect
our growth'model. We created a dataset in which 60 days was the minimum durati@6o0)
and, based on the generalized additive mixed model (bedeterminedhat 330 and 1644 d
were the minimum and maximum values. Our minimum value is the same as the standard that
has been used for many years in sea turtle studies (Chaloupka & Limpus, 1997), giving further
support tosthesstandard minimum. To increase sangee |uccessive growth increments for
individual turtles below the 330 d limit were combined to exceed the minimum durdtem w
possible.

Satistical.methods

Generalized additive nonparametric regression models with fixed and random-effects
often referred to as generalized additive mixed models (GAMivgre used to explore somatic
growth rates™=This modeling approach allows for flexible specification of bothasmddink
functions, enables arbitrary specification of the functional form for each continocaisate
included in the model, and accounts for mixed effects from multiple measurements on the same
sampling unit such as location (Fahrmeit.&g 2001). Our model used scaled Studgstat)
likelihood based on findings from a gamboostLSS model as in Gétradn(2016) that showed
Student-t likelihood is better than Gaussian for our model.

The . GAMMSs were fitted using the following: (1) thin #aregression splines to model
nonlinear covariate effects; (2) a twlomensional Duchospline surface smoother to account
for structured spatial effects attributable to the geospatial location (latitude, longitude) of each
projectsite; (3) a tensor praatt of a 2D Duchorspline surface and a time effect with cubic
regression spline basis to account for any spatial trend in time (Malra2012), where time is

This article is protected by copyright. All rights reserved
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blocks of years (= epochs); and (4) projegpeécific heterogeneity incorporated as a random
effect term to account for the multilevel sampling structure of the dataset. This spatially explicit
GAMM is generally referred to as a geoadditive GAMM (Kammé&nwand 2003). All
GAMM models were fitted using thegcv package for R (Wood & Scheipl, 2014) with the
smoothness.parameters estimated using REML (\W2@@b).

We use@ mixed longitudinal sampling design (sampling with partial replacet@ibd);
(33%) of 3958 individual turtles were recaptured more than once. In our GAMM as)alyese
assess sifixedeffects and one random effect (project collecting the dat&80) on one
response variable (somatic growth rate). Of the six fixed effects, twa(dleTL type) are each
four-level factors. Diet is the primary diet for the site: seagrass, algae, seagrass/algae mix, and
omnivorous: CL type ithe specificCL metricused(seeAppendix S1 in Supporting
Information) The other four fixed effects arertinuous covariates (mean CL of growth
increment, mean year of growth increment, duration of growth increment, and location on a
latitude/longitude surface or a location/temporal interaction)teivtean CL is the arithmetic
mean ofstraightCL notch to ip (SCLnt,seeFig. S1-1 in Appendix SISupporting Information
at initial capture and recapture. Mean year is the calendar year of the midpoint of the recapture
interval. “This approach introduces little error in calendar year assignmensbet2% of
growth reeords had durations <2 yr. Recapture interval was included to eaadydtias from
variable durations. For the spatio-temporal interaction, we use an irgereetn of location by
epoch. The four epochs have nearly equal sample sizes basedoryear (1974-1999, 2000-
2006, 20072010, 2011-2015). Number of growth increments in each epoch is 1470, 1421, 1486,
and 1824, respectively. We conducted two GAMM analysespatial model and a spatio
temporal modet to explore the importance ofam-temporal interaction. In GAMM analyses,
each covariate Is conditioned on all other covariates. For example, any diféeire@teof
turtles in different regions or different years would be accounted for in assessments of spatial or
temporal effects

The R'code for the spatio-temporal model is: mdatggam <- gam(grow.rate ~et +
cl.type + s(mean.size) + s(mean.year, k=4) + s(duration) + te(lon, lat, by=decade, bs="ds",
m=c(1,.5)) + s(project, bs="re"), family=scat(link="identity"), method="REML").

Annualizedmean growth rates are expressed as standardized values ([Annual value

mean of annual values]/SD of annual values) to allow direct comparison among ¢hsethre

This article is protected by copyright. All rights reserved
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149 turtle speciesTo evaluate whethehe significant regiotwide effect of mean year on growth

150 rateswas related to the two drivers proposed forAtlantic ERSbeginning in the mid-1990s

151 (ENSO and ocean heatingye related annualized mean growth rates generated from our GAMM
152 analysis tolie MEland SST We selected the MED represent ENS®ecause it is currently

153 considered.the most representative index (Mazzasedlla, 2013) and reflects ecological

154 changes well because it integrates six variables in the eastern tropical Pacifia©agaoxy

155 for theENSQ"SST, surface air temperature, deael pressure, two components of surface

156 winds, andtotal cloudiness of the sky (Mazzaretla., 2013). dimate teleconnection between
157 the Pacific and Atlantic is strong withe ENSO affea@hg Atlantic SST, rainfall, and associated
158 regionalscaleseceamtmosphere anomalies in our study region (Giaretial., 2001; Spillman

159 etal. 2011yGouiranct al., 2014) and Atlantic warming possibly triggering ENSO events in the
160 Pacific (Hamet al., 2013).

161 We sourced MEI bimonthly data from 1950 to present

162 (http://www.esrl.noaa.gov/psd/enso/meil/table.html) and annualized the bimomibk/to an

163 annualized+index. We then ran a GAMM with autoregressive (AR1) error to reveal any

164 underlying‘annual trend since 1950 and lag plotted the GAMM trend MEI against annualized
165 meangrowth rates for O- to 1§ lags withastsa package for R (Stoffer, 2014). We followed a
166 similar approach with SST data. Because of the variation in temporal and spati@ge of our
167 growth data, rather than use the SST values for the entire region, we used meal&Sifora
168 625km? afound three sites (Bermuda; Inagua, The BahaamasFernando de Noronha, Brazil)
169 (Fig. 1). These three sites represent 53% of the growth increments in our study, 100% of the
170 temporal range, and the latitudinal range of 93% of our study sites. SST data wesd foun

171 NOAA OISST (Optimum Interpolation Sea Surface Temperature) AVHRR (Addbvery

172 High Resaolution Radiometer) satellite data-K25 x 25-km (1/4 degree)

173  https://lwww.ncdc.noaa.gov/oi3stSST data begin in 1982 when the satellite started recording
174 data.

175 We . also explored the relationship between somatic growth rates and MEI using a

176 statistical forecasting approackor instance, does an environmental driver such as MEI

177 improve the forecasting performance of expected somatic growth rates for West Atlaatic
178 turtles? A common tesof this forecasting performance is Grangausality analysis (Enders
179 1995;Triaccg 2005). This analysis no way assessésie causality and refers only to forecast
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ability while also assuming a linear dependence between the response variablepaedidtor
(Mariusz 2015). See Appendix S1 (Supporting Information) for details of the Graagsality

analysis.

Results

Dataset and. GAMM results

Green turtles'were sampled in mixed stock foraging aggregations that includeftartieall

five Atlantic'regional management units (Bjorn@aBolten 2008; Wallacest al., 2010). Our

initial datasetrf = 9690) with a 60 d minimum duration for growtitiements was revised to a
dataset with duratiorfsom 330to 1640 d. Our final dataset has 6201 growth increments for
3958 individual green turtles. Number of growth increments for individual turtles vianmasLf

to 10 with a mean= SD of 1.6+ 1.1. Gowth rates from all growth increments vary freth9

to 11.9 cm/yrwith a meart SD of 3.4% 2.0 cm/yr. Green turtles were captured from 1973
through 2025yand mean year of growth increments is from 1974 through 2015. SCLnt values
from all turtle captues 6= 12,402) vary from 23.2 to 117.0 cm, and mean SCLnt values for all
growth incrementsn(= 6201) range from 24.6 to 117.0 cm. Mean CL of growth increments did
not changeover time (linear regressior, 6201,P = 0.289).

Im"a.comparison of thepatiatonly and the spatitemporal GAMM analyses, the spatio
temporal interaction is significant for each of the four epoPhs @.007), so we only present
results fromsthe: spatitemporal model (Fig2, Fig. S2-1 in Appendix S2 Supporting
Information). The spatietemporal model explains 34.3% of the model deviance and is an
adequate fit to the data with significant nonlinear effects. Including th@<eatporal
interaction,.in the model only increases the deviance explained by 1.3%. Of the saratev
in the model, four of the six fixed effects and the one random effect (projectgrafieant.

Mean"CL is a significant fixed effedP( 0.0001; Fig. 2). Growth rates initially
increase from"25 to ~40 cm SCLptpbably as a result of incresgbnutrient gain as new recruits
improve.doraging behavior, diet selection, and digestive procesSnowth rates thedecline to
a size of about:90 cm SCLnt at which size green turtles approach maturity and growth rates slow
as resource allocation isihad from growth to reproductionThe slope of the decline becomes
substantially steeper around 70 cm SCLnt, perhaps because of changes in halsiédéectimt,

and food intake with increasing body size. A graph of predicted growth rates (cm/yadl plott
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against mean CL is presented in Fig. S2-2 (in Appendix S2 Supporting Informdtam).
discussion osize-specific growth dynamics ség@pendix S3 Supporting Information.

Mean year of the growth increment also has a significant eRect)(0001; Fig. B).

Growth rates increase from 1974 to 1999, although the 95% confidence interval is broad until
~1985. After.1999, growth rates exhibit a steady decline. This decline is nottafebiainges

in CL becauseas noted abovepvariatesn the GAMM are conditioned on each other and mean
CL values'@'not change over yearSeeFig. S23 (in Appendix SBSupporting Informationfor

a graph of'predicted growth rat@sn/yr) plotted against mean year.

Growth rates differ significantly among diedtegories (Fig.@. Green turtles on
seagrass dietsigrow more rapidly than green turtles on mixed seagrass/algae, algae, and
omnivorous‘dietsK < 0.0001,P = 0.009, and® = 0.033, respectively). There are no significant
differences ama@ng growth rates on seagrass/algae, algae and omnivoroushats) dhe
difference between seagrass/algae and @pgpeaches significance (Fig)2 For discussion of
role of diet.in growth dynamics see Appendix S3 (Supporting Information).

Thersspatietemporal interaction was significant for all epocRs<(0.007; Fig.S2-1 in
Appendix 2 Supporting Informatidmnd is confounded with all remaining heterogeneity in
growth rates not accounted for by the six other covariates in our model (body size, mgan year
duration,diet type, CL type, and project). Differences in growth rates indicefegl iIS21 (in
Appendix 2 Supporting Information) by differences in color within an epoch and among epochs
represent sitspecific responses to other covariates not included in our model (e.g., food quality
or quantity)=Ifiwe could include other meaningful covariates in our model, the spaporal
plots presented hereould probablypresent differet patterns.

The nonsignificant fixed effects are duratiéh=0.076) and CL typeR(> 0.235 for all
comparisons). We set the range of recapture durations from 330 to 1644 d so that duration
would not affect the model (Fig. 2d). Lack of significant difference among the foure@xics
(Fig. 2e) justifies combining the growth data for the four measurement types.

Results of sea turtle growth studies are often presented fonI@rapace length size
classes. Torallow our results to be compared with stineies, we have provided gevalues
in Table S2-1 (in Appendix S2upporting Information)

Drivers of mean year effect
Annualized mean growth rates increase to a high value in 1999 and then decline by 26% to 2015
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242 (Fig.3a). The correlation of this pattern with SST values from 1982 to 2015 is modevrate (
243  0.43to -0.54 with O to 1¥r lags;Fig. -4 in Appendix SSupporting Information

244  Correlation improves greatlyhen data are restricted to years with stable aetining growth

245 starting in 1997r = -0.94 for 0-yr lag; Fig. # There is an apparent threshold temperature
246 between 25:9.°C and 26.C below which growth rates tend to increase with increasing SST and
247 above which growth rates decline as SST increases.

248 Annualized mean growth rates for all years (1974 to 2015) correlate strorgly44)

249 with annualized' MEI with 2- to 4-yr distributed lags (Fig. 5). An inverse-precisiayhiesl

250 GAMM (Fig. S2-5 in Appendix S2 Supporting Informatipwith 3-yr lagged MEI accounts for
251 ~52% of the yvariance in the annualizedangrowth rates.We found a statistically significant
252 2-year lag between annualized MEI and annualized somatic growth rates using the-Granger
253 causality tesfVAR(p = 2) model was best fit for p ranging from 1:1QeBt= 93.1, df = ¢(1,66),
254 P < 0.0001]. Forecasting performance declined rapidly with increasing lelgs 3Thus,

255 including MEI from 2 years prior significantly improves the forecast performahpeedicting

256 current somatic growth above and beyond just simply using the growth rates themgbises.
257 finding is censistent with the simpler lagged plot apprd&adp 5). Our results indicate that

258 green turtle.,growth rates decrease with increasinge®®Ve a threshold between 25.9 and 26.0
259 °C (Figs..&p, 4 and increase with increasing MEI (Fi@sa.c, 5 and Fig. S2-5 in Appendix S2
260 Supporting Information

261

262 Discussion

263 Region-widedrivers of sea turtle growth declines

264 The significant regionalecreasén green turtle growth ratedter 1999confirms that the pattern
265 of decreasing'growth rates in sea turtles beginning in the late 1990s and contitléngesent
266 s consistent across trophic levelSimilar declines occur in annualized mean growth rates in
267 two carnivorous speciesWest Atlantic hawksbills (Fig3d) and North Atlantic loggerheads
268  (Fig. 3eif)— following the highest growth rates in 1997. The growth functions for hawksbills
269 (Fig. 3d) and loggerheads (Fige)3were based on studies using captuegkrecapture data and
270 analyses similar to those in the present study (Bjoretdadl, 2013, 2016). The second

271 loggerhead function (Figf) was generated based on a very different approsiciy

272 skeletochronology, different analyses, atifferent loggerheadatase{Avenset al., 2015)that
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273 reinforcesthe observed declingresented here. The difét initial years of the declinesnong
274 the three sea turtle specimay represent different lag times in responding to environmental
275 forces among the three species, but 1997 also falls within the 95% confidence fotehe

276 highest growth rates in gga turtles in 1999 (Fig. 3a). One difference in these growth functions
277 is the upturn.in one of the loggerhead studies (FepaBer 2007but the confidence interval at
278 that pointwould allow for a continued decline in growth rates.

279 Basedon theimilar growth dynamics among three sea turtle species across a trophic
280 spectrumandon strong correlations with MEI and SST, we conclude that the declining growth
281 trajectories are most likely a resulttbE ERS that occurred in the late 1990%he ERSs

282 Dbelieved tosbearesult ofthe synergistic effect of two strong thermal processdésupt warming
283 during the'strong ENSO event of 1997/1998 and the intensification of waratergver the last
284  two to three decadé€Martinsonet al., 2008;Reid & Beaugrand2012; IPCC, 2014; Beaugrand
285 etal., 2015 Wijffels et al., 2016). During this ERS, abrupt ecological changes occurred in the
286 Atlantic from the North Sea to the Antarctic shelf, including substantial loss of Antarctic sea ice
287 extreme globalibleaching event of corals, and shifts in distribution and phenology in pogulati
288 of phytoplankton, zooplanktomolluscs, echinodermfish, and seabirds (Hoegh-Guldberg,

289 2007; Martinsoret al., 2008; Luczalet al., 2011; Beaugraned al., 2013, 2015; Orteget al.,

290 2013).

291 The correlation between MEI and the green turtle growth function is stren.74)

292 throughout the study period whereas SST is moderately corredlate@.64)with the entire

293 growth funetion but strongly negativetprrelated i = -0.94) with the declining growth function
294 in years follewing the El Nifio year and above the threshold between 25.9 an€2610e°

295 cause ofhis thresholds not known. It does not appear to be a threshold for green turtle

296 functioning &ee discussion of thermal effects belaw)ess maximum SST valussrpass the

297 optimal thermal,zone of green turtles in their habitatgears with an annualized value of 26 °C
298 The decline in hawksbill growth rates was also strongly correlated withinguSST in

299 the Caribbean and declinifdEl values with a better fit with the latter (Bjornded al., 2016).

300 The MEI and SST effestwereattributed to indirect negative effects of rising temperatures on
301 foraging habitats (primarily coral reefs) andypogganisms.Similar explorations of climatic

302 indices were not conducted in the loggerhead growth study although water temperature was
303 suggested as a primary driver for the decline in growth rates (Bjciralal2013).
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304 Multiple Stressors

305 Effects of ERS can be reinforced and prolonged by synergistic interactions of enultipl
306 stressors (Converst al., 2015). The decline isea turtle growth rates may be a result of

307 multiple stressors that are directly related to MEI or coincidef@ampeaature can affect growth
308 rates either.directly, through physiological processes of sea turtles, or indineatigheffects
309 on quality'and.quantity of food resources. Direct effects seem unlikely becausaxtheim

310 SST valuesare'well within the therhaativity range for sea turtles (Spotdaal., 1997).

311 Thereforeyanytemperature influence would probably be indirect through effects @tshatoit
312 food resources, as reported for hawksbill growth rates (Bjost@dhl 2016). Different

313 aggregatioa ofigreen turtles will not all exhibit the same temporal pattern in growth dynamics as
314 the regioawideresponse in this study because of local differences in strength of stressors and
315 the proximity ofithe green turtles to the edge of their thermal niche (Beawgjra@n®015).

316 In our study, 63% and 22% of growth incremeants for turtles with primary diets of

317 seagrasse@gnost commonlyfhalassia testudinum) and seagrass/algae, respectively. Many
318 reports existiofiseagrasses living near their thermal maxinteoth temperate and tropical

319 speciegCollier& Waycott, 2014; Thomsodt al., 2015; Pedersest al., 2016). Increasing

320 temperatures can have direttects on physiological functions such as photosynthesis and
321 reproduction (Bulthuis, 198 Bhort & Neckles, 1999)Optimal temperatures for maximum

322 productivity ofT. testudinum range from 28 to 31C (Leeet al., 2007), and théreshold forT.

323 testudinumunder sustained exposure is ~33 °C (Ketchl., 2007) Direct thermal effects om.
324 testudinummmay,seem unlikely with high values of monthly SST at 30 °C in our study region.
325 However,Tatestudinum meadows often grow in shallow, protectedevatthat may experience
326 water temperatures well above regional monthly SST and abowptih®althermalzone of the
327 seagrassspecially at low tides (Colli& Waycott, 2014).Many indirect effects of increased
328 temperatures.on productivitynortality, abundance, and distribution sfagrasses have been
329 identified, including decrease in light penetration resulting from theimdalked eutrophication,
330 changes inssalinity, andcreased epiphytic algae, water depfits/totoxins, and incidence of
331 diseasegShort.& Neckles1999; Kochet al., 2007).

332 Sea turtle foraging habitats are negatively impacted by many anthropogerti ieffec
333 addition to rising temperaturéReeset al. 2016). The great increase in human populations in
334 coastal areas (Norsin et al., 2016) brings a plethora of threats to sea turtles and their habitats
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335 on continental shelves. Net human migration to coastal areas both globally and iof amzal

336 reefs remained constant in the 1970s and 1980s and increasedigrimtl¥990s byactors of

337 2.7 and 5, respectively (Norsiniet al., 2016). The timing of fls migration fits with the

338 initiation of declines in sea turtle growth rates in the late 1990s and the dramatic decline in
339 seagrass pastures. Annual rates of loss of seagrass pastures have increased over the past decades
340 resulting inthedoss of substantsagrass area since the 1990s (Waytatt, 2009;Mcleod et

341 al., 201%1)."These are global seagrass losses, but within our study mEagnass loss has been
342 substantial (Short &Vyllie-Echeverria, 1996). A network of 52 seagrass (primarily

343 testudinum) sampling sites across the Greater Caribbeamvesrstoredoy CARICOMPfrom

344 1993 to the present (van Tussenbreiedd., 2014). Of the 35 sites that allowed longterm

345 monitoring,"15¢(43%) had clear trends indicating environmental deterioration and 25 (71%)
346 exhibited at least one of the six indicators of environmental deterioration (vaenbussket al .,

347 2014).

348 Although some seagrass loss is from natural causes sualriaaines, earthquakes, and
349 foraging activities by a variety of species, the vast majority of loss is fronoaotenic

350 activities. ‘Industrial and agricultural raff resulting in eutrophication, coastal infrastructure

351 development, dredging, aquaculture development, algal blooms, trawling, and boat demage
352 some of the"more important human activities that destroy seagrass pasturesdlQr2006;

353 Grechetal., 2012; Wellset al., 2015). The CARICOMP program identified increased teredstr
354 run-off of fertilizers, sewage, and sediments as the primary negative anthropogenic effects in the
355 region (Lintens&Fisher 2004). The introduction of the invasive seagka®phila stipulacea

356 in the easternsCaribbe@hanother potential stressandthe combined environmental

357 degradation may induddropapillomatosis, green turtle disease that can reach high incidence
358 (for discussion of both, see Appendix S3 in Supporting Informatida)seagrass ecosystems

359 decline, green.turtles will shift tother diets of algae and invertebrates, if available. Based on
360 our study, these diets suppsibvwer green turtle growth rategbusthe decline in growth rates

361 will be exacerbated

362 Anthropogenic degradation of foraging grounds of hawksbills and loggerheads are also
363 well documented. Hawksbills are closely associated with coral reefs, and extent and health of
364 reef habitats in the West Atlantic have suffered serious de¢hekesences in Jacksenal.,

365 2014). ral bleaching, acidification, and diseases interact synergistically with local stressors
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366 such as sedimentation, eutrophication, and overfishing to extend the effects of the ERS
367 (Ateweberharet al., 2013). Loggerheads are thmost generalist of sea turtle species (Bglten
368 2003) and occupy many habitats including seagrass pastures, hard bottom and soft bottom
369 habitats. Although diverse habitat use makes loggerheads less vulnerable to hsthitztiaie
370 they are notimmune. Trawl fisheries and loggerhead foraging areas often avawafishing
371 drasticallydegrades bottom habitaaind removes loggerhead prey (Bjorndal, 198#ional

372 Research"Counci2002). All sea turtlehabitats ar@lsoseriously degraded by accumimet of
373 anthropogenicdebris. Ingestion of marine debris by sea turtles has inénetieelhst few

374 decades (Nelmet al., 2015) and can decrease nutrient gain in sea turtles through nutrient
375 dilution whichdecrease growth rates (McCauley & Bjorndal, 1999).

376 Density“dependence may be a factor in the decline of growth rates after the late 1990s
377 becausa&Vest Atlanticgreen turtle populatioreppear to be increasimgabundanc¢€Chaloupka
378 etal., 2008;Weberet al., 2014;GarciaCruzet al., 2015. Also, as stated above, quality and
379 quantity of\foraging areas for sea turtles are declining, thus lowering the populagizofe

380 green turtlest-which density-dependent effects would be invokeddencefor density

381 dependentregulation of growth rateasskeported fothreegreen turtle study sise(The

382 Bahamasklorida, USA, and México; Bjorndat al., 2000; Kubiset al., 2009 Labrada

383 Martagdnetal. 2017), but no evidence of a density-dependent effect was found in a green turtle
384 aggregation in PuertRico (Patfcio et al., 2014). Density dependence cannot be the major
385 driver because the three speaésea turtlesvould not simultaneously reach the population
386 levels at whichydensity dependence would begin to regulate somatic growth on aniegion-
387 basis. Modern'populations of hawksbills in the West Atlantic are a fractiontoffitas

388 population sizes as a result of historic oggploitation (Meylar& Donnelly, 1999;

389 McClenacharet al., 2006). Increases in nest abundance for hawksbills redortedme areas
390 inrecent years.have not been sufficient to recover these densities, evenrcgnsedections in
391 reef habitats (NMFS USFWS 2013; Campbell, 2014).

392 We_eonclude that the declining growth rates in sea turtles are most likely a result of
393 ERS that oecurred in the late 1990s and exacerbated by the cumulative impacts of ongoing
394 anthropogenic degradation of foraging habitats in the redd@termining the relative

395 importance of individual stressors on growth rates igoesible at this timand deserves

396 further researchRegardless of the mechanisms, the summary conclusion that productivity of sea
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turtles islower at warmertemperatures is not good news in an age of warming seas.
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Figure Legends
Fig. 1. Location of study sites based on dataset with recapture duraB@0scband 4644 d (

=6201). 1 =Bermuda(= 845); 2 -5 = Florida East Coast, USA € 878); 6 = Dry Tortugas,
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612 Florida, USA 0 =53); 7 = St. Joseph Bay, Florida, USAH64); 8 = Mansfield Channel,

613 Texas, USAIl = 14); 9 = Laguna Madre, Texas, USAH 15); 10 = Campeche, México £

614 17); 11 = Akumal, Méxicor(= 80); 12 = Cayman Islasdn = 9); 13 — 16 = Bahamas North &
615 Central 6=1111); 17 = Great Inagua, Bahamas:(1119); 18 = Turks and Caicos Islands(
616 15); 19 — 20.= Puerto Rica € 284); 21 = British Virgin Islands(= 7); 22 — 23 = US Virgin

617 Islands ( =95); 24 = Pearl &s, Nicaraguan(= 7); 25 = Panaman(= 36); 26 = Bonairen=

618 191); 27 =Fernando de Noronha, Brami(1206); 28 = Atol das Rocas, Brazil£ 89); 29 =

619 Praia do Forte;Brazih(= 39); 30 = Uruguayn= 27).

620

621 Fig. 2. Graphical summary of GAMM analysis. The response variable (mean annual growt
622 rate) is shownon thgaxis as a centered smoothed function scale to ensure valid pointwise 95%
623 confidence bands and allow direct comparisons of effect strength aroeagates. The

624 covariate I1s shown on theaxis: mearSCL (straight carapacdength cm)(a); mean yea(b);

625 diet (S is seagrass, S/A is seagrass and gfgeealgae O is omnivorous)c); duration (yr)(d);

626 CL (carapacerlengjmeasuremertype SNT is straight CL notch to tipgCNT is curved CL

627 notch to tip; SNN is minimum straight CL, CNN is minimum curved CL, see App&idin

628 Supporting.Informationje). Solid curves are the smoothing spline fits conditioned on all other
629 covariates#Dashed lines are pointwise 95% confidence curves around the fits. All covariates are
630 significant except duration and CL type. Rug plot indicates smaller sampletdaiggedody

631 size.

632

633 Fig. 3. Annualized mean growth rates (standardized) for green turtles (a); aedhgala surface
634 temperature (SSTC) (b); annualized Multivariate El Ro Southern Oscillation Index (MEI)
635 (c); annualized mean growth rates for hawksbills (standardized), moddiedBfjorndalet al.

636 (2016) (d),annualized mean growth rates (standadjier loggerheads, modified from

637 Bjorndaletal.(2013) (e); and loggerhead growth rates with centered smoothed GAMM function
638 scale on thg=axis, modified from Avenst al. (2015) (f). For growth rates (a,d,e,f) solid lines
639 are smoothing.spline fits conditioned on all other covariates and dashed lines aresp@béty
640 confidence curves around the fits. For SST and MEI (b,c) solid lines are annualiresiand
641 dashed lines are from GAMM analyses showing underlying annual trend; MEI data9&ihto
642 1974 are not shown so thaaxes are consistent among graphs.
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Fig. 4. Annualized mean growth rates (standardized) of green turtles from 1997 to 2015 (open
circles) against the annualized sea surface temper&8ig°C) with no lag solid line isthe
GAMM trend (see text) Correlation coefficient is in a box within the graph. Note the threshold

between 25:9.and 26.0 °C above which growth rates decline with increasing SST.

Fig. 5. 'Annualized mean growth rates (standardized) of green turtles for 1974 to 2015 (open
circles) lagplotted against the annualized Multivariate El dNBiouthern Oscillation Index

(MEI) with 2-yr lag (a), 3yr lag (b), and 4yr lag (c). Solid lines are the GAMM trends (see
text). Correlation coefficients are in boxes within each graph.

Supportingdnfermation
Additional’'Supporting Information may be found in the online version of this article:
Appendix S1. Supplemental Methods
e Treatment of various carapace length measurements
e Figure:S11. Anterior and posterior pairs ahatomical points for carapace length
measurements
e (Grangereausalityanalysis
Appendix S2. Supplemental Results
e Figure S21. Spatiotemporal interaction plots for tHeur epochs
e Figure S22. Straight carapace length (SCL) growth rate (cm/yr) predimtete
GAMMranalysis plotted against the meanLS€m) of each growth increment
e Figure"S23. Straight carapace length growth rate (cm/yr) predicted by the GAMM
analysis plotted against the megear of each growth increment
e Figure S24. GAMM trends of anualized mean growth rates and annualized sea surface
temperatures
e Figure S25. Predicted yeaspecific standardizestraight carapace lengginowth rates
as a function of 3« lagged annualized Multivariate El i Southern Oscillation Index
e Table S21. Growth rates (cm/yr) for 20msize classes

Appendix S3. Supplemental Discussion
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