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Abstract. How environmental change affects a species’ plypeois crucial not only for taxonomy and biodivéysi
assessments but also for their application as ¢p@leological indicators. Previous investigatiodslr@ssing the impact of
climate and hydrochemical regime on ostracod valeephology have yielded quite contrasting resiteguently identified
ecological factors influencing carapace shape aieity, cation and sulphate concentrations andlaiky. Here, we present
a thorough approach integrating data from carapatine and surface details of the ubiquitous Nautral cytheroidean
ostracod specie€ytheridella ilosvayi, as well as several climatic and hydrochemicalatdes, in order to investigate a
potential link between morphology and environmergahditions. A previous study lately demonstrateshsiderable
biogeographical variation in valve morphology amdrfigridian, Mexican and Brazilian populations ofstispecies. We
hypothesize that the climatic differences betwémenrégions it inhabits and associated differencés/drochemical regimes
have influenced valve morphology and eventually tediogeographically distinctive groups. Generdideast-squares
Procrustes Analyses based on outline and strudeaaires were applied to left and right valveadilt females and males.
The analyses identified relative carapace lengtth simape symmetry as most important morphologicalrattieristics
representing shape change across all datasetsblbakpartial least-squares analyses and multggeassions indicate strong
relationships between morphological and environalenariables, specifically with temperature sealignaannual
precipitation and chloride and sulphate concemtnati We hypothesize that increased temperaturesa#y slowed down
growth rates during colder months, potentially dggng the development of shortened valves with-deleloped brood
pouches. Differences in chloride and sulphate autngtons, related to fluctuations in precipitatiane considered to affect
valve development via controlling osmoregulatiod aarapace calcification. These factors represtmrio unknown drivers
for ostracod ecophenotypy and emphasise that emaeatal predictors for morphological variabilityearot consistent across
non-marine ostracods.
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1 Introduction

Understanding how species respond to environmefitahge is crucial for their application as proxies past climate
fluctuations as well as forecasting future dynandasl distribution of species. Morphological diversiepresents a key
5 character for the interpretation of faunal chan@®agner and Erwin, 2006) and ecological shifts (Malet al., 2010) and
urges discussions about speciation and extinctiongsses through time (e.g., Ciampaglio, 2004 feBshces in shape and
size among species have been shown to relate \ihges of environmental parameter, in particul#ferénces in
temperature across various clades (e.g., Loelr, @040; Maan and Seehausen, 2011; Danner anchBag 2015). Within
freshwater invertebrates, ecophenotypic responsééan documented for a variety of species, bathnteand fossil (e.g.,
10 Hellberg et al., 2001; Zieritz and Aldridge, 2008pue et al., 2013; Neubauer et al., 2013; Cleweingl., 2015).
Ostracods represent a model group for the stud@cophenotypical variation in response to envirortaleshange (Anadén
et al., 2002; Frenzel et al., 2012; Furstenbed].e2015; van der Meeren et al., 2010). Due t@ tacitic valves, they have
an excellent fossil record and are utilized as gu@@avironmental and biostratigraphic indicatorsgd@dn et al., 2002). A
number of studies has shown that ornamentationingpdieve pore shape, and carapace size are ltokedvironmental
15 factors, e.g., salinity, temperature, water depith mautrient availability (van Harten, 1975; Yinat, 1999; Majoran et al.,
2000; van Harten, 2000; Anadén et al., 2002; Friesnzé Boomer, 2005; Medley et al., 2007; Marco-Begbal., 2013; Meyer
et al., 2016; Boomer et al., 2017). Especially vilie rise of morphometric techniques, investigatiatso dealing with
carapace shape variation in relation to environales@riables have increased (Yin et al., 1999;8#l$ et al., 2002; Baltanas
et al., 2003; van der Meeren et al., 2010; Ramad.eR017; Grossi et al., 2017). Yet, the use ofphological data, even
20 those based on morphometric analyses (Baltands 2082; Baltanas et al., 2003; van der Meereal.eR010; Grossi et al.,
2017), has been restricted to either landmark-basedtline-based studies but have rarely usech@awmtion of both (e.g.,
Ramos et al., 2017). Few studies integrate geogragladients into their statistical analyses and-esponding climate
variables or a reduced number of predictor varmhblMoreover, shape-environment relationships amenconly identified
based on simple linear regressions or qualitatbseovations on multivariate ordination methods.
25

Here, we apply a thorough approach integrating fiata carapace outline and surface details, asagefleveral climatic and
hydrochemical variables, in order to investigatgotential link between morphology and environmentaiditions. Subject
of study are valves of the Neotropical cytheroidesimacod speci€Sytheridellailosvayi Daday, 1905. Wrozyna et al. (2016)
and Wrozyna et al., (under review) lately demonsttaonsiderable biogeographical variation in vah@phology among
30 Floridian, Mexican and Brazilian populations of ttspecies. Morphological differences in populati@fi<C. ilosvayi are
discernible for both valves and appendages, foftahd juvenile (A-1 to A-3) stages and across seseiggesting that

morphological divergence is a result of long-tefiogleographic isolation (Wrozyna et al. submittétlhile the morphological



Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-390
Manuscript under review for journal Biogeosciences
Discussion started: 10 November 2017

(© Author(s) 2017. CC BY 4.0 License.

10

15

20

25

aspects of the biogeographic variabilityGnilosvayi are well understood, the causes for the regioifferednces have not
been investigated. So far, is the knowledge of beaptypical characteristics of ostracods restritdefdw species and/or few
environmental variables. Moreover, the limited amodern analytical methods and insufficient eoninental data allowing
thorough representation of natural variability basfined the possibility to identify the fundamedntevers of shape variation.
We hypothesize that the climatic differences betwtbe regions inhabited ytheridella ilosvayi and associated differences
in hydrochemical regimes have influenced valve rhotpgy and finally led to biogeographically distiive groups. We apply
two-block partial least squares analyses and nieltggression analyses, in order to test for catian between the two sets

of parameters (morphology, environment) and totiflethe morphological characteristics and enviremtal variables that

contribute most to the relationship

2 Material and Methods
2.1 Material

Specimens o€. ilosvayi derive from several sampling campaigns in Floraxico and Brazil during 2009-2015 (Fig. 1).
A detailed list of the sampled localities is avaitin Appendix S1. Only adult valves were utilizadhis study, providing a

sufficient number of left and right valves acrosghbsexes. Right and left valves were investigateparately due to

dimorphism in size and shape (Wrozyna et al., 20B4yond that, females and males were analyzedatepabecause a

large part of within-valve variation has been shawdepend on sexual differences (such as themqees# brood pouches in
females; Wrozyna et al., 2016).

2.2 Predictor variables

Altogether 15 variables were included in the aredysSimultaneously to water sampling, field variab{electrical
conductivity, water temperature and pH) were mesbur situ at all sample sites using a WTW multi-sensor pr(¥elti
3420 Set C). Water samples were promptly filtrateidgia syringe filter with a filter pore size of 046 and stored until
analysis. Major ions were measured at the laboratenter of Joanneum Research in Graz by ion chiagrephy (Dionex
ICS-3000). As the variables measured per samptatga only provide a snapshot of the local ecalagconditions, the set
of variables was supplemented with bioclimatic daten the WorldCLIM database (WorldClim, 2017), piding data on
monthly to yearly scales. From the many variableslable we included annual mean temperature [BOP(), mean diurnal
range [°C] (BIO2; mean of monthly maximum-minimuemiperature), temperature seasonality [°C] (BICQahdard deviation
*100), annual precipitation [mm] (BIO12) and pretation seasonality (BIO15; coefficient of variatp each with a spatial

resolution of 30. We chose not to include all bioclimatic variabbesause many of them are highly correlated, cgussues
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for the regressions. Bioclimatic variables and o@mnce data were linked in ESRI ArcGIS v. 10.4 hta tool "Extract Multi

Values to Points". Environmental variables are juted in Appendix S2.

2.3 Methods
2.3.1 Generalized Procrustes Analysis

Two main approaches are available for geometricplmametric analyses, one focusing on point-data,@neutlines and
surfaces. Landmarks allow to study shape variatiGds configuration of clearly defined homologqgints in 2D or 3D

space (Bookstein, 1996; Webster and Sheets, 20Llne-based morphometric analyses, on the othied hdeal with open
or closed curves or curve segments and largelyenedghformation from homologous points (Kuhl andrdbia, 1982;

Lohmann, 1983; Haines and Crampton, 2000; Sheetk, #006). The majority of morphometric analysé®stracods has
focused on outline methods (e.g., Danielopol ¢t24108; Tanaka, 2009; Namiotko et al., 2012; Gigeal., 2015) mainly
because of lacking homologous points in most norineaaxa (Baltanas et al., 2002). To overcomeirtisafficiency of

addressing only a part of the morphological specttiie method of sliding semilandmarks was develdBedkstein, 1991;
1997; Gunz and Mitteroecker, 2013). Semilandmarier ca convenient way to quantify two- or three-dimsional

homologous curves and surfaces, and to analyze tigether with traditional landmarks (Gunz and bhtecker, 2013).

In our case, valve morphology was captured usiognabination of landmarks and semilandmarks. Eiglits were chosen
as landmarks (LM): anterior pore tubuli (LM 1-$pé-I) and the dorsal dip point of the posterionveture (LM 6, type-Il),

as well as to delimitate maximum anterior and pamteurvatures (LM 7-8, type-lll). Carapace outliwas defined by two
curves between LM 7 and 8, each comprising 30 ésfaiutly spaced semilandmarks (Fig. 2; see alsazWiet al., 2016).
All points were set on digitized SEM images usihg program TpsDig v. 2.17 (Rohlf, 2013). The slidfile determining

sliding direction of the semilandmarks during th®dPustes alignment was created in TpsUtil v. 1(B8hlf, 2015). A

generalized least-squares Procrustes Analysis, atimgpconsensus configuration, partial warps ardtive warps, was
performed in TpsRelw v. 1.65 (Rohlf, 2016) Thin{plapline deformation grids were used to visualieeiations of selected
configurations from the mean and to identify morplyical characteristics that account for differesxeenong geographic
regions. For details on the method see (Rohlf diog,S1990) and (Bookstein, 1996).

We ran preliminary analyses for each dataset tatifye major outliers that may bias the morphometaicalyses by
overemphasizing particular directions in the moggaze (and associated morphological charactejisBash distortion may

severely impede sound interpretation of follow-tatistical analyses.

2.3.2 Statistics

In order to study the covariance between shapati@miand environmental variables, two-block patéast-squares analyses

(PLS) were performed using software PAST 3.14 (Hamet al., 2001). As a great advantage over otféénation methods
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such as principal components analysis, this metligrégards within-block variation that may maskaesn-block covariance
(Mitteroecker and Bookstein, 2011, 2008). Usingralative warps in the PLS might severely bias ph#tern, because —
contrary to their descending significance in teahexplaining shape variation — they would be &datqually by the analysis.
Therefore, we restricted the morphological blocRW 1-20, which account for at least 98.6% of titaltshape variation in
all four datasets. The environmental variables Weg#0-transformed to constrain the orders of magiei involved. PLS was
computed based on the covariance matrix.

To detect which parameters contribute to shapetran, multiple regression analyses were conduotedelected relative
warps in the statistical environment R v. 3.3.Z@te Team, 2016). Only warps 1) along which biogephic differentiation
was observed, 2) with an amount of shape varidtigher than 10% of the total variation, and 3) thgielding high loading
values in the PLS analysis were considered. Theleet®on criteria were chosen in order to preveainf misinterpreting
seemingly strong relationships between shape avidoemental variables. Since the environmental petars are likely to
be highly correlated, eventual models includingvalliables might be strongly skewed and susceptiblaisinterpretation.
Therefore, we employed a stepwise selection ofibtes based on the variance inflation factor (Vi#)ich is an estimator
of multicollinearity among variables (Quinn and Kigh, 2002). As a rule of thumb, VIF values gre#tan ten indicate the
presence of multicollinearity (Quinn and KeoughQ2)f) some authors even consider values aboveyideece of collinearity
(Heiberger and Holland, 2004). The applied functieratively removes collinear variables by caltnigthe VIF of variables
against each other (for the script see (ljaz, 20R3)ackage ‘fmsb’ v. 0.5.2 (Nakazawa, 2015) isuneggl for this procedure.
VIF values were calculated with package ‘HH’ v.-32 (Heiberger, 2016). To enhance the models furthmiltiple
regressions using backward stepwise selection alpation of the Akaike Information Criterion (Al@Jere performed with
the remaining set of factors.

Normality of model residuals was tested with Shapifilk tests. In case normality was not achievesjdual distributions
were assessed qualitatively using Q-Q-plots; ohighe majority of cases match the expected distidby a model was
considered significant. Finally, we used the R paek ‘hier.part’ v. 1.0-4 (Walsh and Mac Nally, 2018 evaluate the

independent contribution of each predictor to tleelced) models.

3 Results

The relative warps analysis yielded different restdr males and females, while patterns were lgrgensistent within sexes
(Fig. 3, 4). Along the first three relative warp®//), Mexican females have little overlap with Bitei/Floridian ones. Only
some of the specimens from Punta Laguna in nort¥iaoatan seem to be morphologically closer to fleeidfian group and
cluster apart in the analyses of both valves. Beawand Floridian individuals have a distinctlgher overlap and differentiate
only little along RW 2. A clear differentiation waih both clusters, like in the Mexican group, iskimg. Group differentiation
in male valves is quite contrary: Floridian speaisidave little overlap with Brazilian ones in botives along RW 1, while

Mexican specimens are hardly separable from egffearp along any of the first 3 RWs. However, thiéedéntiation between
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some Punta Laguna valves and remaining Mexicarpaaes along RW 1 is comparable to the patterngdxbéor females.
Mexican and Brazilian males show slight biogeogiaputifferentiation along RW 2 (left valves) and R¥\{right valves),
respectively. No clustering is observed for higivarps in either sex or valve.

Similar to the patterns posed by the scatter pkitape variation along RWs is largely consisterhiwivalves but differs
slightly between sexes. (Here we display only atesg which biogeographic discrimination is obsen®ee Wrozyna et al.
2016 for within-group variation) The most importanorphological characteristic representing shaegh along RW 1 in
both females and males and right and left valwerglative carapace length (Fig. 3, 4). However gkact expression differs
between sexes: valve outline in males varies betwémngate-elliptical and short-asymmetrical witgly inflated anterior
part, and between elongate-elliptical and shortramgtrical with distinctly inflated posterior regidne., brood pouch) in
females. In addition to outline differences, theifion of the anteriormost pore conulus (LM 2) shif dorso-ventral direction
consistently in both valves and sexes. In femaltssy the position of the dorsal dip point of thesteoior curvature (LM 6)
varies in dorso-ventral direction. Shape variaitimg RW 2 is in females similar as for RW 1 butve different combination
of traits: negative scores correspond to elongakeeg with inflated posterior and slightly shifte 2 and LM 6 in dorso-
ventral direction. In mal€ytheridella, only left valves show weak biogeographic difféi@ion along RW 2, representing
shape differences from elongate-elliptical to dliglasymmetrical with higher dorsal margin and tteesal dip point of the
posterior curvature (LM 6) shifted towards posteridhe only differentiation along RW 3 is for mat@ght valves,
corresponding mostly to shell elongation and kelith the relative positions of pore conuli.

The PLS analyses show clear relationships betwemphological and environmental variables, with mresults across
both valves and sexes. The first PLS axis explagtsveen 68.7% and 77.9% of the total variation, reag values are
consistently higher for females (LV: 77.5%; RV: %) than for males (LV: 68.7%; RV: 71.5%). In aliuf analyses,
Brazilian specimens are widely separated from Eian/Mexican ones, corresponding to a clear difféation along both
environmental and morphological scores. Left valokEfemales and left and right valves of males odifflian specimens
exhibit negative scores on both PLS axes correspgnith shape and environmental variables. Femalgday inverse
distributions for Brazilian and Mexican specimefieridian and Mexican groups overlap little but sistently in all analyses
while the specimens of Florida tend to have smatieiation ranges than Mexican groups (Fig 5).

The loadings for morphological variables yield damgly high values for RW 1; RW 2 is important b analyses except
male right valves; RW 3 contributes to variationniale valves but hardly in females. Higher warpsewgot considered
because of their minor influence on shape variatiotine lack of biogeographic separation. See Talite a summary of the
results.

Following warps fulfil the selection criteria dedid in the methods section for consideration inntiudtiple regressions: RW
1 for all four datasets; RW 2 for female right defi valves and male left valves; RW 3 for malehtignd left valves. Hence,
nine regression analyses were carried out. Sh&lilics tests of model residuals indicate normalidy &nalyses of males but
not females (Table 2). Inspection of Q-Q-plots g&l, however, that in all models the majority a§esmatch the expected
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distributions, which is why the models for femades still considered significant (see Appendix S&ven out of nine models
are significant (P < 0.05); the models for RW 2 &W 3 for male left valves are not (P = 0.08 arel®07, respectively).
Only a limited set of predictor variables is retadrout of the originally 15 variables in each mo&sven parameters do not
contribute to any models: NaC&*, Mg?*, HCOs,, and conductivity, mean annual temperature anciitation seasonality.
Of the remaining factors, temperature seasonaigne of the most important predictors in almadstaldels, accounting for
at least 28.7% in all models with RW 1. Temperatseasonality is highest in Florida, closely follaivby Brazil, and
considerably less in Mexico, reflecting the distioo between Mexican and Floridian/Brazilian popidilas along RW 1.
Similarly, annual precipitation and the anions @hd SG* contribute significantly to many models, corresgiog to
differences in the hydrological regimes. Less exai®mn power provides pH, ‘K water temperature, and mean diurnal

temperature range. It is noteworthy that anionsasented by Chnd SG? are obviously much more important than cations.

4 Discussion

Variation in temperature seasonality, annual pitatipn and anions (CISQ?) explain a large portion of shape variation in
Cytheridella, which is mostly related to relative carapace ferand outline shape. Narrow elongate shapes, asichose
occurring in Mexico, correspond to relatively lowasonality and precipitation but high anion conaiuns. Opposite
conditions favor the formation of short, asymmeitricalves typical for specimens from Florida ané8l Secondary shape
variations differentiating between elongated vahwih slightly wider posterior and short, symmedtivalves (i.e., RW2) are
attributed to higher and lower annual precipitati@spectively.

The link between shape variation and environmesgatitions is a well-studied branch of ostracodg|daut studies have
yielded quite contrasting results. Frequently idfiert ecological factors are salinity (Yin et @999; Yin et al., 2001; Grossi
etal., 2017) and hydrochemical regime, mirroredigy*, C2* and K contents (Ramos et al., 2017) or alkalinity arigisate,
respectively (van der Meeren et al., 2010). Morpbilal response to the same environmental factgrewan differ between
environments (e.g., Yin et al., 1999), complicatstigightforward explanation models.

4.1 Potential environmental drivers of valve shapeariation

The geographical range Gfitheridella coincides with the Neotropical region which spangde latitudinal range from ~30°N
to ~30°S. This range involves a latitudinal declinenean annual temperature, which mainly corredpdao differences in
annual minimum temperature (Lewis, 1996). Both iBlnand southern Brazil are characterized by higheual temperature
gradients compared to Mexico. Annual minimum andimam temperatures in Florida and S-Brazil rangeveen 16°C and

3°C and 10°C and 30°C, respectively. Minimum andimam temperatures vary between 19°C and 33°C @#rData.org,

2017).

Temperature has a direct effect on other enviroahgrarameters such as salinity and oxygenatiothefwater. Water

temperature is one of the most important variabféecting metabolism, oxygen consumption, growtbjting and survival

7
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of crustaceans (Le Moullac and Haffner, 2000 aridremces therein). Increases in temperature carit i@ssignificantly
shortened intermolt periods, higher molting rateeZquita et al., 1999; Brylawski and Miller, 200@)creased growth
increments (Martens, 1985; Iguchi and Ikeda, 2@0%) reduction in maturation time (Pdckl, 1992). #pect that higher
temperature seasonality induced prolonged moltesyist populations of. ilosvayi by extending intermolt periods during
5 colder seasons. How these changes affected vadye s, however, not understood at present.
Precipitation causes declines in nutrients and ptemphysical disturbance of the water column (&igdo and Giani, 2009).
Moreover, changes in precipitation directly inflaenhydrochemical composition, input of sedimentganic components
and contaminants and lake level (Mortsch and Qui®®6; Whitehead et al., 2009). Indirect influemepresent, e.g., the
control on aquatic plants, which represent impdrtanicro)habitats and/or food sources (Lacoul arekBman, 2006). The
10 annual cycle of precipitation over most of Southekiwa is monsoon-like with great contrasts betwearier and summer
(Grimm et al., 2007). In the region the Brazilimmgples derive from the peak rainy season is theawgnter, a mid-latitude
regime, where the rainfall is due to frontal peagdn associated with migratory extratropical cyes (Grimm et al., 1998).
The amount of rainfall in Yucatan is associatechveiéasonal migration of the Intertropical Conveogerone and less by
spatially oriented tropical convective activityge.Hodell et al., 2008). Florida, in particularuBwern Florida, where most of
15 the sampled areas derive from, receives maximumigptation during northern hemisphere summer framvectional and
tropical storms (Schmidt et al., 2001). The anmuratipitation amounts for the sampled areas are ¥896—-1492 mm per
year in Brazil higher on average than in Floridd &ucatan, with 1185-1430 mm and 1125-1359 mm.edsfly. Since
the annual amounts of the regions are very sintilaight be more plausible that precipitation sewsity has an influence on
carapace shape d@ytheridella through seasonally restricted nutrient inputs leanges of the hydrochemistry. Annual
20 precipitation should be therefore considered wihtion since it is difficult to deduce a causabtieinship with carapace
shape.
lonic composition of the host water is vital forlaification and growth rates of ostracods (Mezquétaal., 1999). The
relationship between hydrochemistry and phenotypitability is poorly understood, however. A latsttidy of Kim et al.
(Kim et al., 2015) shows that increased levelsldfgzcount for decreased carapace growth ratespr@onged intermolt
25 periods, and smaller carapaces. Carapace shapgeshhave been moreover associated with changea®inMy?* and pH
(Ramos et al., 2017). Our analyses, however, redeairrelations neither with ions related to foliorabf carbonate, such as
HCOs, C&*, and Md@*, nor with pH. Only chloride and sulfate conteriggficantly explain carapace shape variation.
Natural sources of Cin freshwater derive from marine sprays transfigriVaCl into the atmosphere and are transported as
aerosol by wind, and washed out by precipitatiod tre weathering of rocks. Additionally large amwsuaf chloride are
30 derived anthropogenically from farming and wastéew@roduction (Muller and Géachter, 2012). Sulfea@ derive through
runoff from mining and agricultural areas, mobitiza from pyrite deposits by oxygen intrusion dgridesiccation and
weathering of rocks containing Sulphur (Holmer &tadrkholm, 2001; Lamers et al., 2002). Sulfate eots in groundwaters
and surface waters result from dissolution of gypsund anhydrite occurrences (Perry et al., 200@)naiming with seawater

(Sacks et al., 1995). In Yucatan, a gypsum-richtiggraphic unit occurs providing a solution-enhahsabsurface drainage

8
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pathway for a broad region extending along theeeastoast and from east to west in the southern(parry et al., 2009).
The chloride content of groundwater is the restithixing with seawater (Mondal et al., 2010). Adliitally, a Ci gradient
extends from southeast to northwest providing gahyehigher chloride contents (Perry et al., 20@)ncentration gradients
of SO and Clin Florida occur from inland to coastal areas ai as with depth (Sacks et al., 1995), explainhegrelatively
higher amount of chloride and sulfate. The compgridw values for south Brazilian sampling locatois not surprising
given that such coastal water bodies are ofterbfedroundwater (Santos et al., 2008) that are datachby bicarbonate
waters and low chloride and sulfate contents (GalteGaldo and Arcifa, 1988; Viero et al., 2009). The detelatelationship
between morphotypes and chloride and sulfate cts)teespectively, could thus mirror the hydrochexhicompositions
resulting from different hydrogeological conditiooisthe regions.

(van der Meeren et al., 2010) found ostracod vahlape variability to be significantly correlatedttwthe ratio between
alkalinity and sulfate. As the ratio was inversediated to solute concentration, the authors hygsitled that carapace shape
may be linked to changes in the lake water balancelative climatic moisture, or changes in thaerses of solutes delivered
to the environmenV¥arying anionic composition has also been considlév affect osmoregulation and calcification (Maiza
et al., 1999). As hyperosmotic organisms, freshivas¢racods are obliged to pump ions inwards (rgeid” and Ci) and
water outwards to maintain a stable internal imoiccentration higher than that of the ambient w@tégihrauch et al., 2004).
Chloride is obtained from the environment through@O;/Cl- antiport pump. The organism needs to precipitateite but
also pump HC® outwards to maintain the internal €Cbncentration (Mezquita et al., 1999). These asthesumed that even
small genetic differences affect varied ecophysgjimal responses to temperature and water chemigtigh may be a key
factor for the explanation of different biogeograalh patterns of non-marine ostracods. Especih#yttade-off between ionic
regulation and calcification is considered to pakey role in ostracod speciation (Mezquita etl#199).

4.2 Genetic diversity or ecophenotypic plasticity?

Phenotypic variation in ostracods is considereteftect either genotypic or ecophenotypic variapitit a combination of
both (Martens et al., 1998; Yin et al., 1999; Ana@bal., 2002; Frenzel and Boomer, 2005; Boomat.g2017; Grossi et al.,
2017). A recent study on valve outline variabilitya non-marine ostracod demonstrated that differern carapace shape
do not correspond to genetic clades (Koenders. e2@16). However, caution is advised when comgapatterns among
species, since different species react differeatly have different potentials for ecophenotypid¢atem (Anadoén et al., 2002;
Frenzel and Boomer, 2005). Nonetheless, the hemeindented morphological differences in carapace eshampong
populations from Mexico, Florida and Brazil, whiafe consistent to patterns shown for appendagesp@® Wrozyna et al.,
under review), may argue for genetic differentiati®his hypothesis is supported by the fact thétrts are assumed to be
more conservative to environmental influences (Rarkl., 2002; Park and Ricketts, 2003). Similady(Koenders et al.,
2016), we therefore assume that the observed mimgibal cluster correspond to cryptic species. Wnaeet al. (submitted)
tentatively ascribes the currently widespread ithistion of the Cytheridellailosvayi species group” to passive dispersal via

birds. Local populations are considered to havetdhto prevailing environmental conditions, folledvby morphological

9



Biogeosciences Discuss., https://doi.org/10.5194/bg-2017-390
Manuscript under review for journal Biogeosciences
Discussion started: 10 November 2017

(© Author(s) 2017. CC BY 4.0 License.

10

15

20

25

30

and, eventually, genetic divergence. This highlgcspative scenario needs to be tested using maledata, which are not
available at present however.

The relationship between genotype and environmégitrdiffer among species, geographical regionstarmuigh time (see,
e.g., Sanchez-Gonzalez et al., 2004; Koenders,e2@16). Concluding from our statistical resuttgsiclearly implied that
morphological disparity o€ytheridella is controlled by environmental factors. Howevée tlistribution and the variation
range of regional clusters reveal some opposindiéatns. For instance, Florida and Brazil showlear differentiation on
RW2 what could correspond partially to the diffdarannual precipitation amounts. Following this, Mex should occur at
most positive scores on the RW 2 axes due to loamstial precipitation amounts (Table 1). But, Marispecimens are
widely distributed on RW 2 with a clear gap diffetiating two groups. The smaller segregated grarpprises specimens
with similar (shortened) valve shapes as the Hamidjroup but co-occur with the elongated morphesym one lake (i.e.,
Punta Laguna) (Wrozyna et al., under review). Cqueatially, the two morphotypes indicate oppositagnitudes of
environmental factors. Regulation of valve shapeabdity exclusively by environmental parametess thus, rather
improbable.

Since morphological variability of the appendagefiects, the pattern revealed by hard parts itssumed that regional
morphotypes ofCytheridella represent (cryptic) morphospecies. Wrozyna et(salbmitted) provide a hypothesis that
widespread distribution d®ytheridella may have originated through, e.g., passive disparsd how local populations may
have adapted to local environmental conditions mamied by successive morphological divergence erehtually
speciation.

A higher morphological similarity between FloridadaBrazil can be explained by interconnection esthregions through,
e.g., avian dispersal. Ecological conditions in Mexe.g., higher or more variable salinity) cohlave been promoted the
evolution of new species (with more elongated oetl) which have occupied all available niches prérng colonization
through other species. This model allows to expilagco-occurrence of two different morphotype®¢sps) in one lake. It

cannot be ruled out that temperature seasonalitychioride and sulfate concentrations have cortiithto these processes.

5 Conclusion

The comparison of our results and a large numbprefious studies witnesses the difficile natureaphenotypic response
to varying climatic and ecological conditions inghwater ostracods. Shape variatioBytheridella, mostly related to relative
carapace length and outline shape, is mainly exgtaby temperature seasonality, annual precipitatia chloride and sulfate
compositions. Increased temperature seasonaligracteristic for Florida and south Brazil, are é¢desed to account for
slower growth rates during colder months and masetieiggered the development of shortened valvels well-developed
brood pouches. Differences in chloride and sulfatecentrations, which are also related to flucaretiin precipitation, might

have affected valve development via controlling osrgulation and carapace calcification. These exgtian models are,
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however, tentative as physiological studies oririfiesence of changing ecological conditions in noarine ostracods are still
scanty.

Temperaturger se, salinity (expressed as electrical conductivity) @H have surprisingly little or no effect on sbagriation
in C. ilosvayi, although these factors have been discussed astanp drivers of ostracod ecophenotypy, varialffgaing
size, ornamentation and shape. The discrepanc@egpianation models suggest that environmentaligied for valve shape
are not consistent across non-marine ostracodsnatuee of the phenotype—environment relationskglyt depends on the
choice of the model taxon and ecosystem. On anaggle, this lack of a general pattern complicageonstruction of
paleoenvironments based on ecophenotypic variation.

Regional differences of climatological and hydrdgeaal conditions could explain a connection betwehloride and sulfate
concentrations with different carapace shapes.,thaselationship(s) between climate, hydrochemisind carapace shape
are not straightforward as anticipated. The vaesfiould have also contributed to the evolvemement species with

different carapace shapes.
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Table 1. Results of multiple regressions. Bio2 — Mealiurnal temperature range (mean of monthly (max -min temperature)), Bio4
— Temperature seasonality (standard deviation * 100Bio12 — Annual precipitation.

Femal | RWA PLS Multip‘le Regressions
esLV
% Reification | Loadings | R4 | P Shapiro- Predictor variables
expla axis 1 Wilks test (P)
ined (77.55%)
RW1 | 33.22 -0.5637 | 0.63] <0.0 | 0.0200 BIO4 (46.2%), S{{19.3%), pH (13.0%)
2 01 Cl, Temp., BIO12
RW2 19.00 0.4798 0.51] <0.0 | 0.0063 BIO12 (43.9%), C(32.9%), K (11.7%)
0 01 SQ, BIO4
RW3 10.72 -0.1850 | n/a
Femal | RWA PLS Multiple Regressions
esRV
% Reification | Loadings | R%q | P Shapiro- Predictor variables
expla axis Wilks test (P)
ined (77.95%)
RW1 40.39 -0.3892 0.59 <0.0 | 0.0079 BIO4 (44.5%), C(20.4%), SQ(18.1%),
3 01 Temp., K, BIO12
RW2 14.89 -0.2373 0.25 <0.0 | 0.0040 BIO12 (48.4%), SO (23.5%), Ci
7 01 (20.1%), BIO4
RW3 10.50 0.1003 | n/a
Males | RWA PLS Multiple Regressions
LV
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% Reification | Loadings | Rzq | P Shapiro- Predictor variables
expla axis Wilks test (P)
ined (67.74%)
RW1 | 24.14 -0.4063 | 0.63 <0.0 | 0.3948 BIO4 (37.3%), CI (34.5%), BIO12
8 01 (15.0%), SQ (10.8%), pH
RW2 22.25 0.2359 0.05/ 0.08 | 0.4130 (not significant)
8 2
RW3 13.92 0.2792 0.04 0.07 | 0.0017 (not significant)
2 4
Males | RWA PLS Multiple Regressions
RV
% Reification | Loadings | RZq | P Shapiro- Predictor variables
expla axis Wilks test (P)
ined (71.55%)
RW1 29.88 -0.3798 0.31 0.00 | 0.2221 BIO12 (31.8%), BIO4 (28.7%), C
8 1 (15.8%), pH (12.5%), K (11.2%)
RW2 12.81 0.0157 n/a
RW3 11.98 0.5502 0.28 <0.0 | 0.2978 BI04 (57.2%), BIO2 (42.8%)
6 01
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Figure 1: Geographic overview of the sampled poputns (modified from Wrozyna et al. 2016). The labeFL-LX* in map A
10 comprises samples FL-LX-1-14 to FL-LX-6-14. For detis, see Table S1.
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Figure 2: Landmark configuration on left and right valves ofCytheridella. Displayed are female valves. Modified after Wrozya et
al., (2016).
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Figure 3: Relative Warps Analyses of left (LV) and ight (RV) valves of females of the first three warp (RW 1 — 3) and the associated
thin-splate splines at minimum and maximum scoresColors refer to the different regions: blue — Florda, green — Mexico, pink —
5 Brazil.
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Figure 4: Relative Warps Analyses of left (LV) andight (RV) valves of males of the first three warpgRW 1 — 3) and the associated
thin-splate splines at minimum and maximum scoresColors refer to the different regions: blue — Florda, green — Mexico, pink —
Brazil.
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Figure 5: Partial least-squares analysis of carapacshape of females and males and environmental vables of left and right valves
(LV and RV, respectively). Colors refer to the diffeent regions: blue — Florida, green — Mexico, pink- Brazil.
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