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Abstract. Geodiversity is recognized as one of the most im-
portant drivers of ecosystem characteristics and biodiversity
globally. However, in the northern Neotropics, the contribu-
tion of highly diverse landscapes, environmental conditions,
and geological history in structuring large-scale patterns of
aquatic environments and aquatic species associations re-
mains poorly understood. We evaluated the relationships
among geodiversity, limnological conditions, and freshwa-
ter ostracodes from southern Mexico to Nicaragua. A cluster
analysis (CA), based on geological, geochemical, mineralog-
ical, and water-column physical and chemical characteristics
of 76 aquatic ecosystems (karst, volcanic, tectonic) revealed
two main limnological regions: (1) karst plateaus of the Yu-
catan Peninsula and northern Guatemala, and (2) volcanic
terrains of the Guatemalan highlands, mid-elevation sites in
El Salvador and Honduras, and the Nicaraguan lowlands.
In addition, seven subregions were recognized, demonstrat-
ing a high heterogeneity of aquatic environments. Principal
component analysis (PCA) identified water chemistry (ionic

composition) and mineralogy as most influential for aquatic
ecosystem classification. Multi-parametric analyses, based
on biological data, revealed that ostracode species associa-
tions represent disjunct faunas. Five species associations, dis-
tributed according to limnological regions, were recognized.
Structural equation modeling (SEM) revealed that geodiver-
sity explains limnological patterns of the study area. Limnol-
ogy further explained species composition, but not species
richness. The influence of conductivity and elevation were
individually evaluated in SEM and were statistically sig-
nificant for ostracode species composition, though not for
species richness. We conclude that geodiversity has a cen-
tral influence on the limnological conditions of aquatic sys-
tems, which in turn influence ostracode species composition
in lakes of the northern Neotropical region.
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1 Introduction

Geodiversity is defined as the natural variety of geological
(bedrock), geomorphological (elevation), soil features and
assemblages (mineralogy, sedimentology), fossils, and hy-
drological features of a landscape (Gray, 2004, 2019; Schrodt
et al., 2019). Geodiversity influences aspects of regional or
local climate (Vartanyan, 2006b; Hu et al., 2020), and by
interacting with the biosphere and the atmosphere, can also
contribute, through sediment delivery, to the input of nutri-
ents into ecosystems and determine the chemical composi-
tion of environments (Vartanyan, 2006a; Bravo-Cuevas et al.,
2021). Geodiversity of a given region can be evaluated from
different perspectives by using selected indicators such as el-
evation or a broad range of measured elements (Gray, 2018;
Zarnetske et al., 2019; Bravo-Cuevas et al., 2021; de Paula et
al., 2021).

Biodiversity, defined as the variety of life forms in a place
on Earth (Huston, 1995), is strongly related to geodiversity,
as species are and have been distributed in response to land-
scape features in the geological time (Mittelbach et al., 2007,
Etienne and Apol, 2009; Smith et al., 2010; Bryson et al.,
2013; Gillespie and Roderick, 2014; Steinbauer et al., 2016).
Linkages between biodiversity and geodiversity are com-
plex and usually difficult to track, since geodiversity patterns
and ecological processes may be discernible only to a cer-
tain geographical extent, from landscapes to territories (Zar-
netske et al., 2019; Alahuhta et al., 2020; Ren et al., 2021).
Understanding causal relationships between geodiversity pa-
rameters and biodiversity patterns is currently a priority and
a hot topic globally because of their relevance for conser-
vation (bio- and geoconservation; Crofts, 2019), ecosystem
management (Bravo-Cuevas et al., 2021), and prediction of
ecosystem responses to future climate scenarios (Martiny et
al., 2006; Hulsey et al., 2010; Jiménez-Alfaro et al., 2018).

In areas with highly dynamic and complex biological sys-
tems, such as tropical regions (Rull, 2011; Antonelli et al.,
2018; Matzke-Karasz et al., 2019; Moguel et al., 2021), it is
difficult to discern the spatial and temporal contribution of ei-
ther individual or joint geodiversity-related factors that have
shaped the regional species pool (Rossetti and Toledo, 2006).

The northern Neotropical region extends from central—
southern Mexico to Central America and includes the
Caribbean. It is characterized by a dynamic geological his-
tory, caused by the interplay of the North American, Cocos,
and Caribbean tectonic plates (Molnar and Sykes, 1969; Mar-
shall, 2007). The region is characterized by broad ranges of
elevation and soil types, displays frequent volcanic and seis-
mic activity, and has been subjected to repeated marine re-
gressions and transgressions (Brezonik and Fox, 1974; Horn
and Haberyan, 1993; Umada et al., 1999; Haberyan et al.,
2003; Obrist-Farner et al., 2021).

Numerous studies have attempted to elucidate the indirect
relationship between geodiversity and biodiversity and iden-
tify the factors that account for the current biogeographic
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patterns in the northern Neotropics (Wallace, 1853; Patton et
al., 1994; Gillespie and Roderick, 2014). Most evidence from
terrestrial taxa suggests in situ diversification, resulting from
repeated colonization events by North and South American
taxa, before and after the closure of the Isthmus of Panama,
estimated to have occurred between 15 and 4 Ma (Bacon et
al., 2015; Montes et al., 2015). Molecular evidence suggests
that extant Mesoamerican terrestrial taxa (i.e., angiosperms,
ferns, birds, reptiles, and mammals) originated primarily in
the Amazon Basin, with ancestors arriving by dispersal dur-
ing the last 10 Myr (Antonelli et al., 2018).

These large-scale species movements between the Ameri-
can continents were mainly associated with large-amplitude
Pleistocene climate fluctuations such as glacial and inter-
glacial cycles and episodes of shorter, centennial to millen-
nial fluctuations, including the Last Glacial Maximum, Hein-
rich, and Dansgaard—Oeschger stadials (Behling et al., 2000;
Carnaval and Moritz, 2008; Bouimetarhan et al., 2018; Baker
etal., 2001, 2020).

In aquatic environments of the northern Neotropics, rela-
tionships between geodiversity and biodiversity are less well
known than those that operate in terrestrial environments.
The limnological conditions of a region, defined as the set of
physical, chemical, and biological components of inland wa-
ters, and its interactions with terrestrial, atmospheric, anthro-
pogenic, and geological elements (Last, 2002; Azim, 2009;
McCullough et al., 2021), are key to understanding such re-
lationships. Limnological conditions represent the interface
between geodiversity and biodiversity in aquatic environ-
ments and are generally accepted as a fundamental driver of
the diversification and distribution of aquatic species (Mata-
moros et al., 2015).

During the last 50 years, anthropogenic influences on lim-
nological conditions of aquatic environments have altered
biodiversity and species distributions because of the modi-
fication of natural conditions (Albert and Reis, 2011; Wehrt-
mann et al., 2016; Franco-Gaviria et al., 2018). Currently,
most aquatic environments in the northern Neotropics are
used as potable water sources and for agriculture; in large
lakes, fishing and aquaculture have caused eutrophication
and introduced invasive species (e.g., Oreochromis niloti-
cus). In addition, some lakes located close to urban centers
and farmlands are used as disposal sites for waste waters,
agrochemicals, and mine residues (McKaye et al., 1995; Soto
et al., 2020). The high heterogeneity of geodiversity in the
northern Neotropics, and the poor knowledge of the limno-
logical conditions of aquatic ecosystems in the region make it
difficult to (1) understand the complex relations among geo-
diversity, water-column physicochemical variables, and bio-
logical characteristics (community composition and species
richness), and (2) distinguish different limnological regions
and determine their geographic coverage.

Freshwater ostracodes are a well-suited group to evaluate
past and present drivers of species distribution in the north-
ern Neotropics. Ostracodes are bivalved microcrustaceans
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that are abundant, diverse, and widely distributed in aquatic
ecosystems (Pérez et al., 2011b, 2013; Cohuo et al., 2016,
2020; Macario-Gonzalez et al., 2018; Echeverria-Galindo et
al., 2019). This taxonomic group shows levels of endemism
(restricted distribution) as high as 74 %, sometimes confined
to a single lake, or found in surface waters throughout the re-
gion (Cohuo et al., 2016). In sediment sequences from lakes
of the northern Neotropics, ostracode remains are abundant,
particularly in late Pleistocene deposits (Pérez et al., 2011b,
2013; Cohuo et al., 2020). The greatest limitation for us-
ing freshwater ostracodes to identify drivers of species dis-
tribution in the northern Neotropics is the scarcity of inte-
grated and comparable regional studies, for which detailed
spatial and temporal limnological and biological data were
collected.

In this study using a set of selected geodiversity vari-
ables (geology, mineralogy), measured limnological condi-
tions (physical and chemical variables of water) and biologi-
cal data of freshwater ostracodes from southeast Mexico to
Nicaragua, we aim to answer two main questions: (1) To
what extent does geodiversity control limnological variables
and thus define limnological regions? (2) How do geodiver-
sity and limnological conditions influence biological rich-
ness and diversity of ostracode species?

2 Materials and methods
2.1 Study area

Our study area covers the northernmost Neotropics, rang-
ing from southern Mexico (Yucatan Peninsula) to Nicaragua
(Fig. 1). This region is considered a biodiversity hotspot
(Mesoamerican hotspot; Myers et al., 2000), with more than
5000 endemic vascular plants (De Albuquerque et al., 2015),
and about 1120 bird (~ 200 endemic), 440 mammal (65 en-
demic), 690 reptile (~ 240 endemic), 550 amphibians (~ 350
endemic), and 500 fish species (~ 350 endemic) (CEPF,
2021). Species from North and South America converge in
this region (Myers et al., 2000; Ojeda et al., 2003; DeClerck
et al., 2010; Rull, 2011). The orography is highly irregular,
and elevations range from sea level to more than 4500 m a.s.l.
(Molnar and Sykes, 1969; Marshall et al., 2003; Marshall,
2007). Tectonic plate interactions are responsible for active
volcanism along the Central American Volcanic Arc and high
seismic activity (Marshall et al., 2003, 2007). The climate
is typically tropical (Koppen-type group A-climate “tropi-
cal/megathermal climate”, Peel et al., 2007) and predomi-
nantly warm at low elevations (26 °C mean annual tempera-
ture) (Waliser et al., 1999). Because of the irregular orogra-
phy, at least a dozen climate subzones are distinguished (Tay-
lor and Alfaro, 2005). Mean annual precipitation in the study
area ranges from < 500 to > 3000 mm and is highly sea-
sonal, governed by the seasonal migration of the Intertrop-
ical Convergence Zone (ITCZ). The northern position of the
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ITCZ during summer results in the so-called “rainy sea-
son”, during which precipitation increases from ~ 240 mm
in April to more than 1600 mm in September—October (Has-
tenrath, 1967; Magafia et al., 1999). The hurricane season ex-
tends from July to December and is an important contributor
to the humidity budget because on average, 300 mmd~! of
rain falls during tropical storms and hurricanes (Jury, 2011).
The region is rich in aquatic systems that are of different
origins, shapes, and hydrological dynamics, as well as wa-
ter chemistry and sediment composition. The karst Yucatdn
Peninsula, for example, with about 8000 cenotes (sinkholes),
many lakes, and both surface and subterranean rivers, is con-
sidered a unique hydrological region (Schmitter-Soto et al.,
2002a; Alcocer and Bernal-Brooks, 2010). In Central Amer-
ica, lakes and wetlands cover more than 8 % of the total
land area (Ellison, 2004). The most important aquatic ecosys-
tems in the northern Neotropics include coastal, tectonic, and
volcanic lakes, such as crater lakes and maars, karst wa-
terbodies including lakes, cenotes, and aguadas (water ac-
cumulated in topographic depressions under canopy cover),
flooded caves, subterranean rivers, and both permanent and
ephemeral ponds (Brezonik and Fox, 1974; Pérez et al.,
2011a; Delgado-Martinez et al., 2018; Echeverria-Galindo et
al., 2019; Obrist-Farner and Rice, 2019).

2.2 Sampling aquatic environments in the northern
Neotropics

A total of 76 aquatic ecosystems located in 5 countries across
the northern Neotropical region (Fig. 1) were sampled during
July—October 2013, coinciding with the rainy season in the
region. These systems are situated on the Yucatan Peninsula,
Mexico (n = 28), Guatemala (n = 26), El Salvador (n = 14),
Honduras (n = 5), and Nicaragua (n = 3) (Fig. 1). For all wa-
ter bodies, limnological conditions such as temperature, dis-
solved oxygen, pH, and conductivity were measured in situ
with a WTW Multi Set 350i multi-parameter probe at a water
depth of 0.5 m. The maximum water depth at each site was
measured with an echosounder Fishfinder GPSMAP 178C.
The location of each site, including elevation, latitude, and
longitude, was determined with a navigator Garmin GPSmap
60c.

Water samples for analysis of major anions (C1~, SO4>~,
CO32~, HCO3 ™) and cations (Ca’T, K, Mg?t, Na™) were
collected at water depths of 0.5m below surface using a
Ruttner-type water sampling bottle. All water samples were
filtered in situ using a 0.45 ym pore-sized Whatman glass mi-
crofiber filter. For the cation analysis, filtered samples were
acidified with HNOj3 to pH 2. Waters were stored under re-
frigeration until analysis.

Biological samples were collected from the littoral zone
and the deepest area of the profundal zone. In most lakes,
we collected five samples in the littoral areas, using a 250 um
mesh hand net and five surface sediment samples collected
from the littoral to the deepest area with an Ekman grab.
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Figure 1. Simplified geological map of the northern Neotropical region showing the locations of the 76 studied aquatic ecosystems. Colors
indicate geological units based on bedrock type and age of the sediments. Geological data were obtained from Garrity and Soller (2009).
Black dots and numbers represent sampling localities. Detailed information on sampling sites can be found in Table S1. Legend: K —
Cretaceous sedimentary rocks; Kg — Cretaceous plutonic rocks; PZ, PZvf, PZx — Paleozoic sedimentary rocks; Q — Quaternary sedimentary
rocks; Qvf, Qvm, TQv — Quaternary volcanic rocks; T — Tertiary sedimentary rocks of undetermined age; TRJ — Jurassic sedimentary rocks;
eT — Eocene sedimentary rocks; mT — Miocene sedimentary rocks; mTvfi — Miocene volcanic rocks; nT — Eocene sedimentary rocks; oT —

Oligocene sedimentary rocks; paT, pgT — Paleocene sedimentary rocks.

Collection sites were distributed at regularly spaced inter-
vals across the systems and were mostly characterized by
submersed vegetation. For sediment samples, to ensure we
collect only extant specimens, we only analyzed the up-
permost 3 cm of each grab. In six large lakes, approximate
to or exceeding an area of 100 kmz, such as Atitlan, Am-
atitlan (Guatemala), Coatepeque, Ilopango (El Salvador),
Nicaragua, and Masaya (Nicaragua), seven water and seven
sediment samples were taken.

2.3 Environmental variables: water chemistry,
sediment geochemistry, mineralogy, and geology

Water chemistry analysis: lonic composition was analyzed
following Armienta et al. (2008). Bicarbonate was measured
by acid titration to pH 4.6, using a mixed indicator of methyl
red and bromocresol green. Concentrations of calcium and
magnesium were obtained by complexometric titration with
EDTA, whereas sodium and potassium were measured by
atomic emission spectroscopy. Chloride was potentiometri-
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cally determined using an ion-selective electrode, adding a
5M solution of NaNOs3 as an ionic strength adjuster. Sul-
fate was determined by turbidimetry. Analytical quality was
checked by ionic charge balance and most samples were bal-
anced, with < 5 % error. Major ion concentrations were ex-
pressed in mgL ™!, but the data were transformed to meqL ™!
and percentages to determine anion and cation dominance
and water type and test the charge balance. Sodium and
potassium were summed. Ternary plots were constructed us-
ing the PAST 4.03 software (Hammer et al., 2001).
Geochemical analysis: Total carbon (TC) and total nitro-
gen (TN) contents in sediments were determined by combus-
tion under oxygen saturation with a LECO TruSpec Macro
CHN analyzer. Total inorganic carbon (TIC) was quantified
with a Woesthoff Carmhograph C-16 after dissolution with
phosphoric acid (45 % H3PO4) and detection of the CO;-
induced conductivity change in NaOH. Total organic carbon
(TOC) was calculated by subtracting TIC from TC.
Mineralogical analysis: Qualitative and semi-quantitative
mineralogical compounds in sediments were examined by Xx-
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ray diffraction with a RIGAKU Miniflex600. For the identi-
fication and semi-quantification of the minerogenic compo-
nents, the software Philips Highscore was used. All sediment
analyses used are described in detail in Vogel et al. (2016).

Geological analysis: The geological map of North and
Central America generated by the Geological Society of
America (GSA) (Reed et al., 2005) and adapted and con-
verted to a geographic information system (GIS) by Garrity
and Soller (2009), was used to identify geological regions in
our study area. The ArcGIS software was used to identify ge-
ological attributes of sampling sites such as bedrock type and
age of sediments. Three major types of bedrock were distin-
guished: sedimentary, volcanic, and plutonic rocks. Ten ge-
ologic periods and epochs, respectively, were defined: Juras-
sic, Cretaceous, Tertiary of undetermined age, Paleogene of
undetermined age, Paleocene, Eocene, Oligocene, Neogene
of undetermined age, Miocene, and Quaternary.

2.4 Limnological regionalization using cluster analysis
and PCA

The final data set included 23 variables, of which 21 were nu-
merical and the remaining 2 were categorical (Table S1 in the
Supplement). Numerical variables included elevation, physi-
cal and chemical properties of water (temperature, dissolved
oxygen, pH, conductivity, CO32_, HCOy, SO42_, Cl—,Nat,
K+, Ca?t, and Mg?"), sediment geochemistry (total car-
bon (TC), total inorganic carbon (TIC), total organic carbon
(TOC), total nitrogen (TN)), and mineralogy (quartz, carbon-
ate, phyllosilicates, and feldspars). Categorical data were ge-
ological properties represented by bedrock type and age of
sediments.

Prior to the statistical analysis, numerical data were
log-transformed, except for pH, which is already a log-
transformed value, to achieve an approximate normal distri-
bution of variables. Normality was verified for all variables
using the Shapiro—Wilk test. Missing data represented < 8 %
of the data set and were substituted with the mean value of
the respective variable (Jakobsen et al., 2017).

We performed a cluster analysis (CA) to define groups of
lakes based on the similarity of their measured attributes.
For this analysis, we included all numerical variables. We
used the unweighted pair group method with arithmetic mean
(UPGMA) for the CA, and Euclidean distance to investigate
the grouping similarity of sampling points. Calculations were
conducted in R software (R Core Team, 2017), using the Ve-
gan package (Oksanen et al., 2017).

We then used a Principal component analysis (PCA) for
each of the main groups discriminated by the cluster, to iden-
tify correlated and explanatory variables of the data sets. For
each group, the first PCA run included all 23 variables mea-
sured (numerical and categorical), and those represented by
superimposed arrows in the graphs were considered corre-
lated and excluded from further statistical analysis. A sec-
ond PCA run, using uncorrelated variables, was used to iden-
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tify explanatory variables of the data sets. The PCAmixdata
package implemented in R software (Chavent et al., 2014)
was used because of its ability to handle quantitative and cat-
egorical data simultaneously. The loading values for all pa-
rameters were obtained using normalized rotation.

To provide a graphical representation of the most mean-
ingful variables of the data sets detected in the PCA, we cre-
ated an environmental variable-specific map using kriging
interpolation. Resulting maps represent measured data and
estimates from unmeasured locations. The software Surfer®
from Golden Software, LLC (https://www.goldensoftware.
com, last access: 2 April 2022) was used for calculations.

2.5 Biological analysis: ostracode abundances,
identification, and statistics

Ostracode extraction and counting were carried out using
15cm? of wet sediment. Specimens were picked using a Le-
ica MZ75 stereomicroscope and sorted according to exter-
nal morphology. Only adult specimens, represented by sin-
gle valves, empty carapaces or complete organisms (cara-
pace and soft body) were counted. For morphotypes iden-
tification to species level, at least three individual adult
specimens with complete soft parts were dissected. Iden-
tification using more than a single organism is appropri-
ate in ostracodes, given morphological plasticity and mu-
tations that can modify morphology in single specimens.
Individuals were dissected using distilled water and glyc-
erin (3 %) under a stereomicroscope. Selected shells from
identified species were photographed with a Zeiss Axio Im-
ager 2 microscope. Shells were stored in micropaleonto-
logic slides. Dissected soft parts were mounted on individual
slides with Hydromatrix®. Species-level identification was
conducted using species keys provided by Karanovic (2012).
Taxonomic classification follows Cohuo et al. (2016). Undis-
sected material was preserved in Eppendorf plastic vials with
70 % ethanol and is currently available at the ostracode col-
lection of the Instituto Tecnolégico de Chetumal, Mexico.
The Shannon diversity index, used for species diversity met-
rics, was calculated with PAST 4.03 software (Hammer et al.,
2001).

Ostracode species associations: Species associations were
examined by means of non-metric multidimensional scaling
(NMDS) (Legendre and Legendre, 1998). This procedure
generates an ordination in a two-dimensional space, repre-
senting the pairwise dissimilarity between species according
to their occurrences. We used the Bray—Curtis dissimilarity
coefficient on a presence—absence database (Sgrensen—Dice
coefficient), since count data were highly heterogenous (with
species presence in subsets of samples and absences in most
of the database), to which NMDS is sensitive. Only species
with at least two occurrences were included in this analy-
sis. In the NMDS graph, species associations were deter-
mined with a hierarchical CA based on Ward distances. To
test the significance between species groups discriminated

Biogeosciences, 19, 5167-5185, 2022
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in the NMDS, a permutational multivariate analysis of vari-
ance (PERMANOVA) was performed. We used a permuta-
tion with 9999 replicates and applied the Bonferroni correc-
tion. Calculations were done with R software, using the Ve-
gan package (Oksanen et al., 2017).

2.6 Structural equation modeling (SEM)

To disentangle the relationships between the geodiversity and
limnological conditions with species composition (as a func-
tion of distribution) and richness we used structural equation
modeling (SEM), the R software, and the package Lavaan
(Rosseel, 2012). This is a multivariate statistical technique
that enables one to model pre-defined causal relationships
between observed (measured parameters) and latent vari-
ables which are not observed directly but rather mathematical
modeled from observed variables (e.g., geodiversity and lim-
nological conditions) and tests their statistical significance
(Fan et al., 2016; Sarstedt and Ringle, 2020). Our concep-
tual model for SEM was based on the assumption that geo-
diversity variables in the northern Neotropics are heteroge-
nous. Consequently, limnological conditions of aquatic sys-
tems were partially or entirely influenced by underlying geo-
diversity. At the regional scale, geodiversity and limnologi-
cal conditions were expected to exert a direct or indirect in-
fluence on ostracode species richness and composition. The
individual influence of variables that display environmental
gradients such as elevation, conductivity, and TOC, were also
tested in the models evaluated. In such cases, the variables
were excluded from the construction of latent variables in
the respective model. For this conceptual framework, “geo-
diversity” (latent and exogenous variables) was constructed
with all or a subset of geological (bedrock type and age and
elevation) and mineralogical variables. ‘“Limnological con-
ditions” (latent and endogenous variables) were constructed
using geochemistry, and physical and chemical variables of
water (major anion and cation, temperature, pH, and con-
ductivity). Species richness was treated as an observed vari-
able, and the latent variable “species composition” was con-
structed using NMDS associations. Using a covariance ma-
trix with a set of uncorrelated variables, we fitted five mod-
els using this conceptual framework. For all models, statis-
tical significance was tested with root mean square error of
approximation (RMSEA), comparative fit index (CFI) and
standardized root mean squared residuals (SRMR). The pre-
dictive power of the model (R-square) was measured based
on the amount of variation of the biological data. The most
parsimonious model fitting our data set was selected as the
explanatory model (Sect. S1 in the Supplement).
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3 Results

3.1 Limnological regionalization in the northern
Neotropics

The cluster analysis (CA) identified two main groups that
represent limnological regions (Fig. 2). The first group (YG:
Yucatan and Guatemala) consists of lowland lakes from
the Yucatan Peninsula (Mexico), the Petén district (northern
Guatemala) and the Pacific lowlands of southern Guatemala.
The second group (GSHN: Guatemala, Salvador, Honduras,
Nicaragua) consists of Guatemalan highland lakes, El Sal-
vador and Honduras mid-elevation lakes, and Nicaraguan
lowland lakes.

Table S1 shows a list of all the studied aquatic ecosystems
located in the YG and GSHN limnological regions and sub-
regions, as well as detailed results of water physicochemical,
geochemical, mineralogical, and geological measurements
for all studied water ecosystems.

For the YG region, the first PCA run identified 13 uncor-
related variables. The second PCA run clearly explained the
variation of the data set (Fig. 3a). The first (PC1) and sec-
ond (PC2) components explained 38 % of the total variance
of the data set (Fig. 3a and Table S2.1 in the Supplement).
The PC1 accounted for 23.4 %, and the PC2 for 14.6 % of
the total variance, respectively. The biplot based on compo-
nent 1 and 2 indicated that conductivity (ranging from 175 to
3479 uScm™") and related ion sodium (Na™), chloride (Cl),
and magnesium (Mg”*") were the variables that exhibit the
highest correlations (< 0.64) with the first principal compo-
nent (Fig. 3a—c). Thus, they represented the most influential
variables differentiating aquatic ecosystems in the YG re-
gion. The pH, ranging from 6.9 to 9.9, was highly correlated
(> 0.73) with the second component (PC2), suggesting that
it is the second most influential variable of the YG aquatic
environments (Fig. 3a and d and Table S2.1). Figure 3b-d
show regional distribution of the most meaningful variables
for the YG region.

For the GSHN region, the PCA based on 13 uncorre-
lated variables, explained 49.6 % of the total variance of
the data set, within the first (PC1) and second (PC2) com-
ponents (Fig. 4a and Table S2.2 in the Supplement). The
first component (PC1) accounted for 26.8 % and PC2 for
22.8 % of the total variance. The PCA biplot based on com-
ponents 1 and 2, respectively, showed that water ionic com-
position, particularly content of bicarbonates (HCO; , rang-
ing from 4 to 373 mgL~!), sodium (Na*, ranging from 2
to 180 mgL’l), and chloride, were the most influential in
discriminating aquatic systems in the GSHN region, as it
correlated > 0.62 with the first component (Fig. 4a—c and
Table S2.2). Geochemical and geological variables such as
TOC (ranging from 5 % to 22.9 %), age and bedrock were
the second most influential variables as they are strongly cor-
related with the second component (> 0.75) (Fig. 4a and d).
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Figure 2. (a) Cluster analysis dendrogram of the 76 studied aquatic ecosystems using 23 water physicochemical, sediment geochemistry,
mineralogical, and geological variables. Blue line indicates cut-off criterion for cluster partition. Two major groups and seven subgroups were
detected and named according to their position in the study area: Yucatdn Peninsula/Northern Guatemala (YG) and Guatemala highlands,
El Salvador, Honduras, Nicaragua (GSHN). In order to provide a graphic representation of cluster grouping, a color bar was assigned to
each group and lakes within these groups were plotted on the (b) YG map and (¢) GSHN map using the same color. Full lake name codes
presented in cluster and maps are given in Table S1. Numbers of lake name codes correspond to that in Fig. 1.

Figure 4b—d show the spatial distribution of meaningful vari-
ables for the GSHN region.

Water ionic dominance was graphically evaluated with
ternary plots (Figs. S1 and S2 in the Supplement) and infor-
mation on lake water types is shown in Table S1. Here, we
highlight the most relevant characteristics for YG and GSHN
limnological subregions.

3.2 The YG region composed by karst aquatic systems

In the YG limnological region, four subregions were identi-
fied in the cluster analysis. The first subregion (YG1; n =9)
within YG included systems located in central-southern Yu-
catdn and in the northern Petén district in Guatemala (Fig. 2).
Lakes are located in the lowlands (< 170 m a.s.1.) and most of
them are relatively shallow (< 16 m depth), such as Bacalar,
Encantada, Sabana Chetumal, Rosario, Salpetén, Chichan-
canab, except for Lake Petexbatin (40 m depth) and Lachua
(378 m depth). The latter constitutes the deepest lake in the
study area. Waters of these systems are dominated primarily

https://doi.org/10.5194/bg-19-5167-2022

by sulfates, followed by calcium and magnesium. The YG
limnological subregion YG2 (n = 15) contained lakes that
are mostly restricted to the Guatemalan lowlands (Fig. 2).
Most of these systems are large lakes, including Lake Petén
Itz4, one of the largest (100 kmz), deepest (165 m), and oldest
(~ 400 ka) lakes of the northern Neotropics. Lake waters are
dominated by carbonates, and therefore calcium prevails in
these lakes. Aquatic systems located in the central and north-
ern portion of the Yucatdn Peninsula were grouped in YG3
(n = 11) (Fig. 2). Colac, Sabak ha, Mucuyche, Oxol4, Gruta
Miguel Hidalgo, and Yumku are cenotes in northern Yucatan,
and lakes Yalahau, Caobas, Kand, Sefior, and Muyil are lo-
cated in the central-northern Peninsula. Carbonates domi-
nate lake waters and chloride shows high values. Limnologi-
cal subregion YG4 (n = 10) was constituted of lakes located
in the central-southern Yucatdn Peninsula (Fig. 2). Lakes are
relatively large, shallow, and far from the Caribbean and Gulf
of Mexico coasts, at least > 60 km, e.g., Silvituc and Chacan-
bacab. Waters are dominated by carbonates and calcium.

Biogeosciences, 19, 5167-5185, 2022
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Figure 3. (a) PCA biplot based on 13 variables from 45 aquatic ecosystems of the Yucatdn Peninsula and northern Guatemala (YG limnolog-
ical region). Conductivity and related ions were the most meaningful variables characterizing aquatic ecosystems as they explain 23.4 % of
the total variance. The second most important variable is pH, accounting for 14.6 % of the total variance. Arrows represent variables. Spatial
representations of meaningful variables are presented in (b—d) interpolated maps of conductivity (b); chloride (c); pH (d). Abbreviations are
as follows: temperature (temp) (°C), conductivity (cond) (uS cm_l), magnesium (Mg2+), chloride (C17), bicarbonate (HCO3 ™), potassium
(K1), calcium (Caz+), sodium (Nat), sulfates (SO42_) dissolved oxygen (DO) (pmolL_l) and total organic carbon (TOC). Major ions
concentrations are expressed in mg L~!. Blue numbers in maps represent measured values, black numbers are interpolated values.

The mineralogical analysis reveals that most lakes are
dominated by carbonates in the YG limnological region.
In subregions YG1 and YG3 (central and northern Yucatin
Peninsula), most lake sediments have calcite as the dominant
mineral (Table S1 and Fig. S2). Lakes Chichancanab and
Salpetén both belong to YG but show carbonates with a co-
dominance of phyllosilicates and gypsum. Lakes from YG2
are mainly dominated by phyllosilicates and feldspars. The
mineralogical composition of lake sediments of the YG4 sub-
group varies. Sediments of the lakes such as Vallehermoso,
Emiliano Zapata, and Chacanbacab are dominated by phyl-
losilicates with or without feldspars. Sediments of lakes such
as Miguel Hidalgo, on the other hand, are dominated by car-
bonates, with calcite as main mineral, whereas Lake Silvituc
is characterized by exotic minerals such as silver and gold
(Table S1).

3.3 The GSHN limnological region is composed by
volcanic aquatic systems

In the GSHN region, three subregions were identified by CA.
Lakes of GSHN1 (n = 16) are located in Central America at
low and middle elevations, ranging from 17 to 689 ma.s.l.

Biogeosciences, 19, 5167-5185, 2022

Lake waters show a clear dominance of carbonates, followed
by sodium, potassium, and magnesium (Table S1 and Fig. 4).
The GSHN2 is composed of three of the largest lakes in Cen-
tral America: Ilopango, Coatepeque, and Nicaragua. These
three lakes originated from volcanic activity. Lakes Ilopango
and Coatepeque are caldera lakes, whereas Lake Nicaragua
surrounds Volcanoes Concepcién and Maderas. There is no
clear pattern for ions in the water column, but sodium and
potassium dominated, followed by magnesium. The GSHN3
(n = 12) is formed mainly by crater lakes located in the high-
lands of Guatemala, Honduras, and El Salvador. Most lake
waters are dominated by bicarbonates, followed by magne-
sium, whereas Chiligatoro, Chicabal, and Alegria are domi-
nated by sulfates (Table S1).

Sediment mineralogy of Central American lakes (GSHN
region) shows that most subgroups are dominated by
feldspars. Co-dominance with other minerals such as phyl-
losilicates and carbonates occurs. The GSHN1 combined
lakes are dominated by phyllosilicates and feldspars, whereas
quartz is the dominant mineral in lakes Yojoa and Ticamaya
(Honduras). The GSHN?2 region included large lakes domi-
nated by feldspars. In Lake Nicaragua, this dominance is also

https://doi.org/10.5194/bg-19-5167-2022
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Figure 4. (a) PCA biplot based on 13 variables from 31 aquatic ecosystems of central-southern Guatemala, El Salvador, Honduras and
Nicaragua (GSHN limnological region). Ionic composition of HCO3~, Na™, and C1~ were the most meaningful variables characterizing
aquatic ecosystems, as they explain 26.8 % of the total variance. Sediment geochemistry and geology were the second most important vari-
ables, accounting for 22.8 % of the total variance. Arrows represent variables. Spatial representations of meaningful variables are presented
in (b—d): interpolated maps of bicarbonates (b); sodium (c); TOC (d). Abbreviations are as follows: conductivity (cond) (uS cmfl), mag-
nesium (Mg2+), sodium (Na™T), chloride (C17), bicarbonate (HCO3 ™), carbonates (C032_), calcium (Ca2+), total nitrogen (TN), and total
organic carbon (TOC). Major ion concentrations are expressed in mg L~!. Blue numbers in maps represent measured values, black numbers

are interpolated values.

shared with phyllosilicates. For the GSHN3, we detected two
main mineral assemblages. The first is dominated by phyl-
losilicates and feldspars, with clay minerals and feldspars as
main minerals, and the second is dominated by feldspars and
phyllosilicates.

3.4 Ostracode species associations and their
relationship with limnological regions

We found ostracode species in 74 of the 76 aquatic systems
we studied in the northern Neotropics. In the volcanic Lake
Alegria (EI Salvador) and the karstic cave San Miguel (Yu-
catdn, Mexico), ostracodes were not observed. Living adult
specimens were encountered in samples from all systems, ex-
cept those from lakes Chicabal, Tekoh, Yaxhd, Verde, and
Cenote Mucuyche, where only empty shells or single valves
were recovered. A taxonomic analysis of species enabled us
to identify 70 species (Table S3 in the Supplement), out of
which 31 were recorded at single sites, whereas the remain-
ing 39 were observed in at least 2 systems. Species richness
ranged between 1 to 9 with an average of 4 species per site,
whereas the maximum value of the Shannon diversity index
(H) was 2.1, corresponding to lakes Bacalar and Petén Itza
and the Candelaria River. For all other lakes, the index aver-
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aged 1.1. The list of ostracode species found in our study is
presented in Table S3.

The NMDS ordination, based on species occurrence data,
revealed five major species associations (OST 1-5) with a
reliable stress value of 0.08 (Fig. 5a) (Clarke, 1993). The
PERMANOVA test showed statistically significant differ-
ences between group centroids (F = 1.19, p = 0.0001), thus
supporting NMDS ordinations. Ostracode groups 1 and 2
are located in the YG limnological region (karst terraces),
and groups 3-5 in the limnological region GSHN (volcanic
Guatemalan highlands and Central American mid-elevations
and lowlands). The first species group (OST1) consisted
of 12 ostracode species, recorded from lakes and cenotes
from the eastern Yucatdn Peninsula (Fig. 5b). Most of these
species are tolerant of high conductivity (particularly related
to Na®™ and C17), such as Heterocypris punctata and Lim-
nocythere floridensis (Fig. 5¢), Cyprideis cf. salebrosa and
Perissocytheridea cf. cribrosa. The second species group
(OST 2) included 11 species, distributed in lakes and ponds
of the southern Yucatdn Peninsula and northern Guatemala
(Fig. 5b). Some of these species (Fig. 5b), such as Cypria
petenensis, Cypretta campechensis and Paracythereis opesta,
are considered endemic (Cohuo et al., 2016). Some oth-
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ers, such as Alicenula serricaudata, Pseudocandona an-
tilliana and Cytheridella ilosvayi, have a wide Neotrop-
ical distribution (Cohuo et al., 2016). The third species
group (OST 3) was integrated of seven species distributed
mainly in mid-elevation lakes from Guatemala, El Sal-
vador, and Honduras (Fig. 5b). Several of these species have
very restricted distributions and correspond to the Stran-
desia, Keysercypria and Cypridopsis genera (Fig. 5c). The
fourth species group (OST 4) is composed of six species:
Heterocypris nicaraguensis, Potamocypris islagrandensis,
Physocypria granadae, Limnocytherina royi, Perissocythere
marginata, and Cyprideis sp., distributed exclusively in lakes
in Nicaragua (Fig. 5a and b). The fifth group (OST 5) in-
cluded only three species from highland lakes of Guatemala:
Chlamydotheca cf. colombiensis, Cypria sp. 4 and Cypridop-
sis sp. 7 (Fig. 5b and c).

3.5 Structural equation modeling: geodiversity,
limnological conditions, and freshwater ostracodes

Five models of the relationships of geodiversity, limnolog-
ical conditions, and species composition and richness were
tested with structural equation modeling (SEM). Four models
used geodiversity only as exogenous variables (models 1-2,
4-5), and in one model (model 3) “limnological conditions”
were also considered as an exogenous variable (two exoge-
nous variables, explaining an endogenous variable). Descrip-
tions of the rationale behind variable selection and relation-
ships tested in each model are found in Sect. S1. Model 1
evaluated the direct influence of geodiversity on limnologi-
cal conditions and the influence of limnological conditions
on species composition and richness, resulting in the follow-
ing metrics of global fit: CFI — 0.63 (values close to 1.00 in-
dicate better fit of the model), RMSEA — 0.19 (values < 0.05
are considered reliable; Fabrigar et al., 1999), and SRMR -
0.12 (values < 0.08 are generally considered a good fit; Hu
and Bentler, 1999). Model 2 tested relationships similar to
model 1, but additionally the relevance of TOC on species
composition and richness, with the following statistics: CFI
—0.79, RMSEA - 0.13, and SRMR - 0.14. Models 1 and
2 received relatively low values of global fit, all below the
threshold of statistical significance. Values of a chi-square
test were < 0.05 in these two models, and they were therefore
rejected as explanatory models. Model 3 evaluated the influ-
ence of geodiversity and limnological conditions on species
composition. These two variables were considered indepen-
dent and without any influence on one another. Metrics of
global fit of this model were better than in models 1 and 2,
(CFI - 0.94, RMSEA - 0.06, and SRMR - 0.14). However,
the data were too small to calculate the statistical signifi-
cance of both exogenous variables, and then, interpretation
of the results is not reliable. This model was also rejected.
Models 4 and 5 evaluated the same relationships between
geodiversity, limnological conditions, and species composi-
tion and richness as in model 1, but additionally, the indi-
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vidual influence of elevation and conductivity (model 4) and
TOC and latitude (model 5) were analyzed. Model 5 received
the following metrics of global fit: CFI — 0.62, RMSEA -
0.20, and SRMR - 0.17, all below the threshold of signif-
icance, and the model was therefore rejected. The optimal
model was model 4 (Fig. 6). This is supported by the fol-
lowing metrics of global fit: CFI — —0.94, RMSEA — —0.01,
and SRMR — —0.03. The optimal model suggests that geo-
diversity strongly influenced limnological conditions, which
in turn explained species composition (distribution) but not
species richness. Elevation and conductivity did not explain
species richness but demonstrated significant influences on
species composition. The direct influence of limnological
conditions on species composition was statistically signifi-
cant, whereas it did not exert an influence on species richness
(p-value > 0.05). All paths in Fig. 6 are statistically signifi-
cant (p-value < 0.05), except for the direct effect of limnol-
ogy, conductivity, and elevation on species richness.

4 Discussion

4.1 Geodiversity defines two main limnological regions
in the northern Neotropics

Our cluster analysis based on 76 lakes and 23 lake attributes
shows limnological regionalization in the northern Neotrop-
ics. Two main regions, corresponding to Yucatdn Peninsula—
northern Guatemala (Group YG) and northern Central Amer-
ica (Group GSHN), were identified (Fig. 2). The group YG is
located in karstic plateaus of sedimentary origin, dominated
by limestone, dolomite, evaporites, and carbonate-rich im-
pact breccia (Hildebrand et al., 1995; Schmitter-Soto et al.,
2002a, b; Vazquez-Dominguez and Arita, 2010). The group
GSHN is located in volcanic bedrock terrains of Guatemala,
El Salvador, Honduras, and Nicaragua, where pyroclastic and
volcanic epiclastic materials, usually reworked, are abun-
dant, reflecting active or past volcanic activity (Dengo et
al., 1970; Stoiber and Carr, 1973; Carr, 1984). The YG and
GSHN groups were further subdivided into four (YG1-4)
and three (GSHN1-3) subgroups, representing limnologi-
cal subregions. This proposed regionalization therefore re-
veals high heterogeneity of aquatic systems in the northern
Neotropics. Multivariate statistics (PCA) show that regions
and subregions can be distinguished by the ionic composi-
tion of waters. Geochemical variables related to sediments,
such as TOC and mineral composition, are recognized as the
second most important characteristics (Figs. 3 and 4).

In the YG karst region, lakes are characterized by car-
bonate, calcium and calcite signatures, which is expected
because waters interact with limestone and dolomite-rich
bedrock on the Peninsula (Schmitter-Soto et al., 2002a, b;
Perry et al., 2009). This is also responsible for the domi-
nance of calcium, sodium, and magnesium ions in waters,
which in turn are related to the generally alkaline surface wa-
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ters in most aquatic systems of the region (Alcocer et al.,
1998; Schmitter-Soto et al., 2002a, b) (Fig. 3a and d). In
specific areas, such as YG3, dominance of chloride is also
relevant. This can be explained by two main processes: (1)
marine intrusion and (2) input of subterranean waters that
have interacted with evaporites. The spatial distribution map
of chloride contents in lake waters (Fig. 3c) shows a clear
tendency to higher values on the northern Yucatdn Penin-
sula where marine intrusion is probably the most important
source of chloride (Sanchez-Sanchez et al., 2015; Saint-Loup
et al., 2018). Marine intrusions in northern Yucatidn have
been mapped as far as 100 km inland (Steinich and Marin,
1996). Pérez-Ceballos et al. (2012) found that several water
systems, mainly cenotes, in this same region are character-
ized by marine waters below freshwater lenses, with water
intermixing.

Sulfate is an interesting component of some lakes of the
YGI systems (Socki et al., 2002; Pérez-Ceballos et al.,
2012). The presence of sulfates in lake waters may be at-
tributed to the K/T anhydrite/gypsum-bearing impact breccia
and dissolution of CaSOj of evaporites (Rosencrantz, 1990).
This suggests that lakes with high sulfate contents receive

Biogeosciences, 19, 5167-5185, 2022
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high ground water input, as evaporites are only present at
depths greater than 170 m below surface, or that these lakes
developed along sites with past tectonic activity such as fault-
ing and uplift (Perry et al., 2002). Some lakes from the YG1
with high content of sulfates did, in fact, develop along fault
zones. For example, Lake Chichancanab is associated with
the Sierrita de Ticul fault (Hodell et al., 2005) and Lachua
to the Polochic fault (Erdlac and Anderson, 1982), whereas
other lakes are related to high ground water input, such as the
Bacalar hydrological system (Perry et al., 2009).

High TOC values in sediments of most lakes of YG2 prob-
ably reflect the trophic state of lake waters. Our data con-
firm results by Pérez et al. (2011a), who recorded a TOC
increase from north to south on the Yucatdn Peninsula. This
may be attributed to the combined effect of soil, precipita-
tion, and vegetation type, which changes from north to south.
The northern part of the Yucatdn Peninsula is characterized
by leptosols, which are shallow soils with high amounts of
exposed hard rock and calcareous material (Bautista et al.,
2011; Estrada-Medina et al., 2013). There, precipitation of
about 450 mrnyr_l (Pérez et al., 2011a), gives rise to low-
stature deciduous forests with low biological productivity. In
the south of the Peninsula, where precipitation increases to
> 3200mmyr~! (Pérez et al., 2011a), Luvisols and Verti-
sols, clayey and fertile soils, support the growth of tropical
evergreen forests that generate high amounts of organic mat-
ter runoff, particularly during the rainy season.

In Central American, volcanism is the most common mode
of lake formation. These lakes are classified as caldera lakes,
crater lakes in (partially) active or inactive volcanoes, maar
lakes, or are located in volcanic bedrock basins (Golombek
and Carr, 1978; Newhall and Dzurisin, 1988; Dull et al.,
2001; Vallance and Calvert, 2003) (Table S1). The exis-
tence of at least three limnological subregions highlights
that these lakes are additionally influenced by regional fac-
tors related to orography (elevation), climate and the level
of volcanic activity, including magmatic heat and gas in-
put. Ionic dominance of Central American lakes is highly
variable, but anions Cl~, SO42~, and cations Kt, Mg?*,
Na™ were dominant (Fig. 4a). This ionic composition reveals
that two main processes control water chemistry: (1) active
volcanic activity with strong interaction with lakes, and (2)
precipitation—evaporation rates, especially at high-elevation
sites. Dominance of magnesium, chloride, and sulfates, such
as in GSHN3, can be attributed to volcanic activity and hy-
drothermal systems. Chloride and sulfates are strongly influ-
enced by volcanic gas input, by incorporation of HCl and
SO», and interaction with igneous rocks. Lakes with such
ionic dominance also display high contents of phyllosilicates
and feldspars, which may have formed through dissolution
by hot and likely acid groundwater, heated by hydrothermal
activity. Lakes located in the Trans-Mexican Volcanic Belt
of central Mexico (TMVB; Armienta et al., 2008; Sigala et
al., 2017) have similar ionic and sediment chemical composi-
tion as lakes in Central America. The ionic dominance of the
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currently extinct crater lakes of Volcano Popocatépetl, e.g.,
changed from sulfate to calcium—magnesium dominance and
finally magnesium dominance, resulting from heating of an-
desite rocks after a period of increased volcanic activity
(Armienta et al., 2000, 2008). This suggests that the influ-
ence of active volcanism on lake water chemistry may exert
similar influences along the northern Neotropical region and
American transition zone. High rates of evaporation are an-
ticipated to represent an important driver for water chemistry
in Central America as well, because of the dominance of car-
bonates, bicarbonates, and sodium (GSHN1 subregion). This
ionic composition can be attributed to interaction and weath-
ering of volcanic rocks, capture, and dissolution of CO;, and
high evaporation rates. Although Central America can be
considered a tropical and humid region, high temperatures
and solar radiation, especially at high elevations, may pro-
duce high evaporation rates leading to ion-specific signatures
such as dominance of carbonates—bicarbonates.

Given the origin of discriminating variables in PCA for
both YG and GSHN, we found three main sources con-
trolling limnological conditions in the northern Neotropics:
(1) bedrock type, which determines specific mineral and
ionic composition of lake sediments and host waters; (2) vol-
canic and marine influence, which determines the presence
of dominant and conservative ions such as Mg?* and CI—,
and (3) precipitation—evaporation balance across altitudinal
and latitudinal gradients, which determines the concentra-
tion of solutes and therefore conductivity. This is consis-
tent with results from limnological studies in other regions
of Central America and southern Mexico, which suggested
that geology, through bedrock types and volcanic input to
lakes, and marine interactions, are the most influential factors
for aquatic environments (Loffler, 1972; Haberyan and Horn,
1999; Haberyan et al., 2003; Cervantes-Martinez et al., 2002;
Perry et al., 2002; Schmitter-Soto et al., 2002a; Socki et al.,
2002; Pérez et al., 2011a). Several authors, however, con-
sider additional features relevant for lake classification, such
as temperature, pH, and altitude (orography) (Brezonik and
Fox, 1974; Horn and Haberyan, 1993; Umaia et al., 1999;
Haberyan et al., 2003). In our study, water temperature, pH,
and elevation scored relatively low on the PCA, suggesting
that their influence is relevant only on a local scale. Consid-
ering the determinants of limnological variability of aquatic
systems at both regional and local scales, the interaction with
marine environments and the high variability of aquatic sys-
tem morphology and origin, it is evident that the current
geodiversity is the main factor driving aquatic ecosystem
properties and defining limnological regions in the northern
Neotropics.

4.2 Geodiversity as a determinant of distribution of
freshwater ostracodes in the northern Neotropics

We found ostracode species in almost all the aquatic systems
we studied. Seventy species were recognized, demonstrat-
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ing that this group is abundant and diverse in the northern
Neotropics. The number of species per lake (species rich-
ness) was relatively low. In most sites, we found between
two and six species, and in large lakes, such as Petén Itza
and Nicaragua, we found a maximum of nine species. Di-
versity metrics substantiated this tendency, with values of
the Shannon diversity index always < 2, reflecting low di-
versity in aquatic environments (Margalef, 1957; Chao and
Shen, 2003). Although we do not intend to deeply evaluate
taxonomic and ecological aspects for the northern Neotropi-
cal ostracodes in this study, we detected low species richness
in the study area compared to that in South America and Eu-
rope. In the flood plains of the Upper Parana River, South
America, species richness can be as high as 44 (Higuti et al.,
2017), whereas in Europe, a single lake may host 32 species
(Sluys, 1981; Lorenschat et al., 2014).

This pattern may be influenced by sampling effort, as sam-
pling sites did not always cover the lake extent. In addition,
sampling was conducted in a single climatic period. Ostra-
code phenology, such as differences in hatching time and
functional traits, varied within species and are mostly influ-
enced by photoperiod, conductivity, and water temperature
(Rossi et al., 2013; Rosa et al., 2021). Therefore, the esti-
mated values of biodiversity may partially represent the true
diversity in the region. Low species in Neotropical lakes,
however, was also observed in previous studies in the region.
In Lake Petén Itz4, for example, a maximum of 11 species
was reported by Pérez et al. (2010). In Lake Nicaragua, the
largest lake in Central America, seven species were found
(Hartmann, 1959). In Colombian aquatic systems, such as
the La Fe reservoir (Saldarriaga and Martinez, 2010) and the
Magdalena River basin (Roessler, 1990a, b), the number of
ostracode species is similar to that in Central America (~ 6
species per lake). Therefore, to clarify structural and diver-
sity patterns of ostracodes in the Neotropical region, more
intensive sampling in lakes and rivers is needed. Evidence
from other tropical regions around the world will be valu-
able to understand patterns of ostracode diversity (tropical
vs. temperate) in the Ostracoda group.

The NMDS analysis shows the existence of at least five
species associations in the region (OST1-OSTS5), empha-
sizing that ostracodes do not conform to a faunal unit, but
rather display disjunct faunas (Fig. 5a), similar to what is ob-
served in other studies of ostracodes (Cohuo, et al., 2018)
and freshwater fishes of the region (Miller, 1966; Matamoros
et al., 2015). Ostracode associations are geographically de-
limited, and no overlap was observed (Fig. 5b). Ostracode
groups OST1 and OST2 belong to the YG limnological re-
gion, whereas the OST3, OST4, and OSTS5 associations be-
long to the GHSN limnological region (Fig. 5a and b). Few
species were present in more than three limnological subre-
gions, and these can be considered of wide Neotropical dis-
tribution, e.g., C. ilosvayi and Carebara vidua.

Correspondence between species associations and limno-
logical regions and subregions suggests a major influence of
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physical and chemical properties of lake environments on bi-
ological systems. The SEM analysis exposed the significant
influence of geodiversity on limnological conditions, and of
limnological conditions on species associations, identified in
the NMDS. This illustrates that limnological conditions, par-
ticularly geochemistry, and water chemistry, is the primary
factor responsible for species distributions in the study area.
We were, however, unable to find statistical significance to
explain the relationships between geodiversity and limnolog-
ical conditions with ostracode species richness. This suggest
that the number of species per lake may not be fully gov-
erned by our predictors. For instance, the individual influ-
ence of conductivity and elevation in model 4 and TOC and
latitude in model 5, also failed to explain species richness.
This revealed that other intrinsic or extrinsic factors such his-
torical water level fluctuations and precipitation—evaporation
balance, might instead control species richness. In our SEM
models, we also tested the direct influence of geodiversity
and its indirect influence through limnology on species distri-
bution and richness. The optimal SEM model demonstrated
the significance of paths describing the direct influence of
geodiversity on species richness and composition, but signif-
icance of standardized coefficients was of minor importance
(0.1 and 0.04, respectively). Conversely, strong ties were dis-
covered when we analyzed the indirect effect of geodiversity
(via limnology) on species composition (> 2.0). This implies
that ostracode species composition is more predictable from
limnological variables such as geochemistry and physical
and chemical variables of water than from geodiversity vari-
ables such as bedrock and mineralogy. Our SEM model also
revealed that elevation is an important predictor of species
composition (Fig. 6). The negative correlation suggested that
an increase in elevation causes a decrease in the number of
species per site. Most highland lakes were characterized by
up to three species and, more commonly, by a single species,
except for large lakes Amatitldn and Atitldn in Guatemala.

5 Conclusions

The northern Neotropics is a region characterized by di-
verse environmental conditions, abundant aquatic systems,
and high biodiversity. Our limnological survey of 76 aquatic
environments identified 2 main limnological regions in the
northern Neotropics. The YG region is associated with
karst plateaus in southern Mexico and northern Guatemala,
whereas the GSHN region is associated with landscapes
formed by volcanic activity in southern Guatemala, El Sal-
vador, Honduras, and Nicaragua. At least seven limnological
subregions were identified, illustrating the high heterogene-
ity of aquatic systems in the northern Neotropics. Low ostra-
code species richness in the northern Neotropics seems to be
strongly related to the geological history of the region. The
low number of species per lake contrasts with the number of
species per lake in temperate regions, which is at least 5 times
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higher. The SEM analysis highlights that geodiversity has a
direct influence on limnological regions, and an indirect but
relevant influence on freshwater ostracodes. This is the first
study to integrate data on geodiversity including watershed
geology, sediment mineralogy, limnological conditions such
as physical and chemical characteristics of the water col-
umn, geochemistry, and biota in aquatic ecosystems of south-
ern Mexico and Central America. Further studies should fo-
cus on the establishment of a more detailed regionalization,
by including a greater number of lakes, more environmental
variables, and samples collected at different times throughout
the seasonal cycle.

Data availability. Water  physicochemical, sediment geo-
chemistry, mineralogical and geological data from the 76
aquatic ecosystems sampled in this study are available in
Table S1 in the Supplement and in the Pangaea reposi-
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