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ABSTRACT

1. Wetlands are increasingly threatened by anthropogenic actions worldwide. Genetic
monitoring of associated wildlife provides valuable data to support their conservation.
Waterbirds such as the wood stork (Mycteria americana) are good bioindicators of
wetlands disturbances and destruction.

2. This study investigates past and contemporary levels of genetic diversity,
differentiation and demographic processes in 236 wood storks from two major wetlands in
Brazil in which breeding colonies are concentrated, using nine microsatellite loci and a
237-bp untranslated fragment of the mitochondrial Control Region.

3. Amapa populations (northern region) showed slightly higher levels of genetic diversity
than Pantanal populations (central western region) and both populations had a low number
of effective breeders.

4. Results from assignment tests, F-statistics, AMOVA, spatial and non-spatial Bayesian
clustering analyses support the hypothesis of ongoing gene flow among colonies within
regions, but significant differentiation between regions.

5. The better supported Bayesian coalescent models based on both markers indicated that
the northern population exchanged migrants with unsampled populations, and that the
central western population was founded by individuals from the north. Mitochondrial
estimates revealed that the timing of population divergence broadly overlapped the Last
Glacial Maximum (LGM), and that the central western population expanded more recently
than the northern population.

6. The results support the hypothesis that the coastal wetlands in northern Brazil
remained stable enough to shelter large wood stork populations during the LGM and storks
colonized freshwater wetlands in the central western region following deglacial warming.
7. Conservation policies and protective measures should consider Amapa and Pantanal
wood stork populations as genetically differentiated units and priority should be given to
Amapa populations which represent the source gene pool. Continuous genetic monitoring
of wood storks could help detect genetic signs of changes in demographic trends that could

reflect alterations or degradation in wetlands.

Keywords: birds, genetics, indicator species, wetlands.
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INTRODUCTION

Wetlands constitute a complex interface between aquatic and terrestrial environments (Junk
et al., 2014; Kingsford, Basset, & Jackson, 2016), and can be either riverine, palustrine,
lacustrine, estuarine, groundwater dependent or constructed wetlands (Kingsford et al.,
2016). These ecosystems currently cover only 1.1% of the Earth’s surface (Kingsford et al.,
2016), and approximately 20% of the surface of South America (Junk, 2013). Recent
estimates report that wetlands provide more than 25% of highly valuable and essential
ecosystem services (Kingsford ef al., 2016). Wetlands also provide a habitat for many
species of birds, mammals and other vertebrates, which depend on these environments for
breeding, nesting, roosting and foraging (Brandolin, Avalos, & de Angelo, 2013). Despite
their value, wetlands are heavily impacted by anthropogenic activities and climate change, and
are increasingly modified, reduced, fragmented or destroyed (Brandolin et al., 2013; Junk,
2013). Hence, wetlands are declining throughout the world and the rates of loss of these
environments in South America are the highest of any continent (Kingsford et al., 2016).
Past climatic fluctuations in wetlands may as well have exerted an impact on the
demographic dynamics of the wildlife dependent on these ecosystems, causing extinction
and recolonization events (Gray ef al., 2013). In face of current threats to wetlands and
associated species, population genetic studies can provide valuable data to assist
conservationists and contribute to habitat protection and management policies, thereby
supporting ecosystem conservation (Faulks, Kerezsy, Unmack, Johnson, & Hughes, 2016;

Willoughby et al., 2015).

Waterbirds such as storks, herons, egrets, ibises and spoonbills, are conspicuous
inhabitants of wetlands. These birds are very sensitive to environmental changes and
alterations in the hydrological cycle of wetlands and are good bioindicators of the status of
these ecosystems (Amat & Green, 2010; Del Lama, Dosualdo Rocha, Figueiredo Jardim,
Tsai, & Frederick, 2011; Frederick, Gawlik, Ogden, Cook, & Lusk, 2009; Kushlan, 1993;
Mistry, Berardi, & Simpson, 2008). Waterbirds are therefore regarded as good models to
explore the effects of contemporary environmental changes on population demography
(Gray, Hagy, Nyman, & Stafford, 2013). In the wild, waterbirds can be relatively easily

accessed at their breeding sites for the purposes of population genetic monitoring. Natural
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populations of waterbirds can be either panmictic or exhibit genetic structure, which occurs
when a population is composed of subpopulations that differ in genetic composition
(Chakraborty, 1993). Assessing levels of genetic diversity and the degree of gene exchange
(or isolation) between subpopulations can offer clues regarding historical and contemporary
events as well as aspects of the ecology and behavior of waterbirds (Friesen, Burg, &
McCoy, 2007; Geraci et al., 2012; Reudink ef al., 2011). Thus, gathering genetic
information on waterbirds that breed in threatened wetlands can help identify past and
current demographic trends, predict the potential fate of populations, and contribute to

defining the conservation status of species.

The present study focuses on the wood stork Mycteria americana Linnaeus, 1758, a
long-legged wading bird that has been used as a model to help monitor and protect some of
the ecosystems in which it inhabits (Frederick et al., 2009). Native to the Americas, this
species breeds in spatially restricted colonies associated with freshwater and estuarine
wetlands ranging from the southeastern United States to northern Argentina (BirdLife
International, 2012). Wood storks can rapidly abandon traditional breeding sites if changes
in water levels preclude efficient foraging to fulfill their energy requirements in the
reproductive season (Bryan, Meyer, Tomlinson, Lauritsen, & Brooks, 2012; Frederick &
Meyer, 2008). Even minor shifts in the hydrological regime constitute a threat to the fate of
populations by imposing serious negative effects on nesting and foraging ecology (Griffin,
Morris, Rodgers, & Snyder, 2008) and hindering the ability of parents to raise their young
(Bryan et al., 2012). Although currently listed as ‘least concern’, decreasing population
trends worldwide highlight the need to reconsider the conservation status of the wood stork
in much of its distribution range (BirdLife International, 2012). Populations breeding in the
US have recently been re-categorized as ‘threatened’, mostly due to continual habitat loss,
modification and fragmentation (North Florida Ecological Services Field Office, 2014). In
Brazil, most wood storks breeding colonies are concentrated in the Pantanal wetland
(Antas, 1994; Cardoso, 2011) and the northern coastal region (Mifio & Del Lama, 2014).
Some isolated colonies are located outside those areas in the states of Minas Gerais and
Babhia, but are opportunistically occupied and abandoned after a few breeding cycles (S. N.

Del Lama, pers. comm., April 2016). The major wetlands in which wood storks reproduce
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in Brazil are differentially affected by anthropogenic impacts: the Brazilian Pantanal in the
central western region of the country is highly menaced by land conversion for pastures,
agriculture, and dam building, and undergoes heavy pesticide use, as well as other threats
(De Pinho & Marini, 2012; Junk et al., 2006); the coastal wetlands of Amapa state in the
northern region still represent a more or less pristine ecosystem, with more than half legally

protected in the form of conservation units (Ministério Publico do Estado do Amapa, 2011).

In an effort to provide data to support the conservation and management of the
species and its associated ecosystems in Brazil, the aim of the present study was to
investigate the population genetics of wood storks that breed in colonies in the Amapa
coastal wetlands and the Pantanal freshwater wetland. Both nuclear and mitochondrial
markers were comparatively analyzed to explore hypothesis regarding genetic
differentiation and past demographic history of populations established in these important
wetlands subjected to different forms of anthropogenic pressure. The main objectives were
to: 1) evaluate levels of genetic differentiation in order to define conservation units; and 2)
assess past demographic processes in order to identify the source population. The first
hypothesis assumes that there is some degree of regional breeding-site phylopatry in this
species (Coulter, Rodgers, Ogden, & Depkin, 1999; Frederick & Meyer, 2008; Frederick &
Ogden, 1997); thus, the expectation is that populations from different regions will exhibit
higher levels of differentiation than populations within regions. Assuming that the
Equatorial region of Brazil remained humid enough during the Last Glacial Maximum
(LGM: circa 20,000 yr BP) to harbor wetlands (Aleixo, 2004), the second hypothesis states
that wood stork populations occupied these restricted areas at the time and then expanded
their range during interglacial periods; thus, the expectation is that northern populations in
the Amapa coastal wetlands (Amazon region) represent source genetic pools. If Pantanal
populations derive from Amapa populations, Pantanal colonies are expected to exhibit

lower levels of genetic diversity.

METHODS

Study sites and sampling
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Wood stork were sampled from three breeding colonies situated in the coastal wetlands of
the state of Amapa (northern Brazil) and eight colonies situated in the Pantanal floodplain
in the states of Mato Grosso and Mato Grosso do Sul (central western Brazil) (Fig. 1, Table
S1 in Supporting Information). Larger colonies are more stable over time (Tsai, Reichert,
Frederick, & Meyer, 2016) and were chosen for sampling; the number of breeding pairs in
these colonies ranged between 200 and 2000. The Amapa wetlands are environmentally
heterogeneous due to the interaction between regular tide pulses and freshwater inflow
(Junk et al., 2006). This region has a super-humid tropical climate with mean annual
temperature of ~26.6 °C and a yearly rainfall regime defining a short dry season (three
months) (Sant’anna Neto, Galvani, & Vieira, 2015; Torres & EI-Robrini, 2006). Wood
stork colonies in Amapa are established during the peak of the dry period, on temporal tidal
flood plains, and nests are made in shrubs and trees. The Pantanal is the world’s largest
tropical wetland, with 90% of its area situated in the central western region of Brazil
(138,000 km2). This alluvial plain has a warm savannah climate, with mean annual
temperature of ~25 °C and a seasonal hydrological cycle, with a wet season extending from
December to May, followed by a six-month dry season (Junk et al., 2014). In the Pantanal,
wood storks breed annually during the dry period, nesting on trees and shrubs in riparian
forest and open wood savanna habitats. In both Brazilian regions, nests are irregularly
distributed in patches of vegetation, reflecting the disposition of shrubs and trees suitable
for nesting. Thus, to obtain a representative sample, nestlings were sampled from nests
throughout the colony, covering most of its surface. Nests were accessed with climbing
equipment or ladders. Blood (0.10 ml) was taken from the brachial vein of nestlings aged
two to three weeks (n = 236; one per nest) using sterile disposable syringes with 3% EDTA
as anticoagulant, stored in sterile microtubes containing absolute ethanol and kept at -20 °C

until processing.

DNA extraction, genotyping and sequencing

Genomic DNA was isolated using proteinase K digestion, followed by a standard phenol-
chloroform procedure (Sambrook & Russell, 2001). Samples were amplified by polymerase

chain reaction (PCR) at nine species-specific microsatellites (Table S2), following



167
168
169
170
171
172
173
174
175
176
177
178
179

180

181

182
183
184
185
186
187
188
189
190
191
192
193
194
195

This is the peer reviewed version of the article, which has been published in final form at
http://onlinelibrary.wiley.com/doi/10.1002/aqc.2791. This article may be used for non-
commercial purposes in accordance with Wiley Terms and Conditions for Self-Archiving.

Tomasulo-Seccomandi et al. (2003) and using fluorescent primers (IDT, lowa, USA).
PCRs were conducted in a Veriti® thermal cycler (Applied Biosystems®, Foster City, CA,
USA) and genotypic data were collected using a MegaBACE®1000 automatic sequencer,
with ET 550-R as the internal size standard (GE Healthcare, Piscataway, NY, USA).
Alleles were scored using the MegaBACE Fragment Profiler® v1.2 (GE Healthcare,
Piscataway, NY, USA). A subset of samples was amplified at a fragment of the
mitochondrial Control Region (mtDNA CR) following Lopes et al. (2011). Sequencing was
performed in ABI Prism 3700/3730 machines using the Big-Dye Terminator Cycle kit
(Perkin Elmer, Walthan, MA, USA). Sequences were aligned and visually verified using
CodonCode Aligner v2.0.5 (CodonCode Corporation) and BIOEDIT 7.0.9 (Hall, 1999).
Coding fragments were trimmed out from all sequences, and further analyses were carried
out with 237-bp fragments of untranslated mtDNA CR, in contrast to a previous study
(Lopes et al. 2011) that also included translated fragments.

Genetic diversity, number of effective breeders and recent demographic changes

Genotypes were checked for null alleles, stuttering and scoring errors using MICRO-
CHECKER v2.2.3 (Van Oosterhout, Hutchinson, Wills, & Shipley, 2004), adjusting allele
frequencies with the Brookfield 1 method (Brookfield, 1996) to account for null alleles.
The number of alleles per locus, number of private alleles, observed heterozygosity (Ho),
unbiased expected heterozygosity (UHEg) and inbreeding coefficients were computed in
GENALEX v6.5 (Peakall & Smouse, 2012). Allelic richness was estimated in FSTAT
v2.9.3.2 (Goudet, 1995). Linkage between loci and deviations from Hardy-Weinberg
equilibrium (HWE) were assessed in GENEPOP v4.2 (Rousset, 2008) with 1,000
dememorizations, 1,000 batches and 10,000 iterations. To account for multiple
comparisons, significance levels were corrected with the Bonferroni procedure (Rice,
1989). Recent reductions in population size were investigated using two-tailed Wilcoxon
tests in BOTTLENECK v1.2.02 (Piry, Luikart, & Cornuet, 1999), assuming a two-phase
mutation model (70% single-step mutations and 30% multistep mutations) with 10,000

iterations. The effective number of breeders (V) was estimated using the sibship
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assignment method implemented in COLONY v2.0.6.1 (Jones & Wang, 2010; Wang, 2009,

2013), assuming a sibship prior of 2 for each parent and jackknifing among loci.

The number of polymorphic sites (PS), average number of pairwise nucleotide
differences (k), haplotype diversity (%) and nucleotide diversity () (Nei, 1987) were
computed using DNASP v5.10.01 (Librado & Rozas, 2009). Relationships among
haplotypes were assessed using a TCS network model (Clement, Posada, & Crandall, 2000)
visualized in POPART (Leigh & Bryant, 2015). Standard tests of selective neutrality, R,
(Ramos-Onsins & Rozas, 2002), D (Tajima, 1989) and Fs (Fu, 1997), and associated 95%
confidence intervals, were computed in DNASP with 1,000 simulations and a neutral
infinite-sites model assuming a large constant population size (Hudson, 1990). Selective
neutrality was rejected when significant small R, (P <0.05) and significant negative

Fs(P<0.02) values were obtained.

Genetic structure

The distribution of nuclear and mitochondrial variation was inspected on different
hierarchical levels (within colonies, among colonies and between regions) using analysis of
molecular variance (AMOVA) (Excoffier, Smouse, & Quattro, 1992) in GENALEX v6.5
and estimating pairwise @g7 between colonies and regions in ARLEQUIN v3.5 (Excoffier &
Lischer, 2010). Genetic differentiation at nuclear markers was investigated by conducting
frequency-based assignment tests (Paetkau, Slade, Burden, & Estoup, 2004) in GENALEX
v6.5 and at mtDNA by computing 8 (Weir & Cockerham, 1984) in FSTAT v2.9.3.2 (Goudet,
1995). Significance levels were adjusted using the Bonferroni procedure (Rice, 1989).
Genetic differentiation was also inspected through microsatellites-based Bayesian
clustering analyses, in STRUCTURE V2.3.4 (Pritchard, Stephens, & Donnelly, 2000), using a
dataset with separate samples (K =1 to 15) as well as pooling colonies into regions (north
and central west, K =1 to 3). The running parameters were no a priori information on
sampling location, admixture model, correlated allele frequencies, degree of admixture
inferred from the data, A of one, 10° runs of the Markov Chain Monte Carlo process, burn-
in of 10* and five independent runs with 20 iterations for each K. The most likely number

of differentiated populations (clusters) was determined applying the method proposed by
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Evanno, Regnaut, and Goudet (2005) to STRUCTURE outputs using STRUCTURE HARVESTER
v0.6.1 (Earl & vonHoldt, 2012). Complementary Bayesian spatial clustering analyses were
performed in TESS v3 (Caye, Deist, Martins, Michel, & Francois, 2016), incorporating
linear global trend surfaces in the prior distribution and considering both CAR and BYM
models, which address spatial autocorrelation and complex spatiotemporal processes (e.g.,
massive migration and local mating), respectively (Durand, Jay, Gaggiotti, & Francois,
2009). Ten exploratory runs of TESS were conducted to determine the maximum number of
clusters (K max.), setting 10,000 sweeps, a burn-in of 5,000 and starting with a neighbor
joining tree. Thirty runs were then conducted for each K, setting 50,000 sweeps and a burn-
in of 10,000. The model with the lowest value for the deviance information criterion (DIC)
and stabilizing at the lowest number of clusters was chosen as the one that best explained
the genetic variation in the data. The results of all cluster analyses were visualized

graphically using POPHELPER V.1 (Francis, 2017).

Historical demography

Demographic processes were inferred by mismatch analyses carried out by comparing the
distribution of observed pairwise nucleotide differences among mtDNA haplotypes versus
the expected distribution under a model of sudden population expansion (Rogers &
Harpending, 1992; Schneider & Excoffier, 1999). Analyses were run in ARLEQUIN V3.5,
computing the sum of squared deviations (SSD) and the raggedness index (r)

(Harpending, 1994) and their respective confidence intervals, using 10,000 replicates of the
parametric bootstrap procedure. Time since population expansion (¢) in mutational units
was estimated using the formula 7 =t /2u (Rogers & Harpending, 1992), in which u is the
mutation rate of the assayed fragment and fau (t) is the mode of the mismatch distribution
obtained for each sample. Divergence rates were set at 2%, 6% and 10% (Div/MY) to
account for uncertainties in the mutation rate of the assayed fragment (Lopes, Brito,
Henrique-Silva, & Del Lama, 2006). To express time since expansion in years before
present (YBP), a generation time of four years was used based on the age of the wood stork

at first breeding (Coulter et al., 1999; Lopes et al., 2006).
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Main past demographic scenarios were modeled for populations using an
approximate Bayesian computation (ABC) framework based on information gathered from
the literature and previous analyses. Initially, five demographic scenarios were simulated,
with different combinations of colonization events followed by either population stability
or exponential population growth, and different migration parameters, totaling 14 candidate
models. Data simulations (100,000 for each model) were performed with the scripts given
in Perez, Bonatelli, Moraes, and Carstens (2016), using empirical sample sizes. Priors for
the parameters were drawn from simulated uniform distributions: divergence time (7) was
drawn from a distribution of 11,000 to 25,000 years and the effective population size of the
ancient population (N.) was drawn from a distribution of 50 to 10,000 individuals. The
mutation rate of microsatellites was set at 1.1x10, as determined for Gallus gallus (Hillel
et al. 2003), and transformed into theta values (). Priors related to specific models were
also sampled from uniform distributions: the migration rate (M) was drawn from a
distribution of 0.1 to 10 individuals per generation; for models simulating long dispersal,
population contraction rates during colonization (6rF-A) were computed as the ratio
between the 6 in the ancient population (drawn from 0.001 to 0.1) and the magnitude of
population expansion after colonization (ArC-A), calculated as the ratio between the current
@ and that of the ancient population (sampled from 0.01 to 1). After the first run with 14
initial models, a second ABC run was performed, following a hierarchical procedure
(Fagundes et al., 2007), by choosing the five best performing models (ranked by PP) tested
in the first run. This procedure is adequate for determining the behavior of the best model
in relation to different sets of models (Pelletier & Carstens, 2014). The model that yielded
the highest PP and Bayes’ factor of relative support (BF) values in the second run was

chosen as the one better that best fit the genetic data.

From the empirical and simulated mtDNA sequence data, a set of summary statistics
(SuSts) was computed: the proportion of polymorphic sites (r), the number of segregating
sites (S), Tajima’s D and 6y statistic (Fay & Wu, 2000) using a custom PERL script written
by N. Takebayashi (available at:
http://raven.iab.alaska.edu/~ntakebay/teaching/programming/coalsim/scripts/msSS.pl). The

simulated nuclear data were converted into microsatellite alleles using 'microsat' (available

10
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at: http://massey.genomicus.com/software.html#microsat) and further formatted using a
script from Perez ef al. (2016) to compute the number of alleles (4), expected
heterozygozity (Hg) and a migration parameter (nM) (Excoffier, Laval, & Schneider, 2007,
Garza & Williamson, 2001) in ARLEQUIN (Excoffier & Lischer, 2010). Pairwise Fsrvalues
were computed between populations for both the simulated and empirical data. The
empirical SuSts were employed for running the ABC modeling with the best method
(chosen as described above) using the R package abc v1.4 (Csilléry, Frangois, & Blum,
2012) with a threshold level of 0.005, resulting in 14,000 simulations retained in the
posterior probabilities.

Population genetic parameters were estimated using neural networks, transforming
parameters with a logit correction and setting the priors as interval boundaries to ensure
that the estimates would lie within these boundaries. For 7 and Ne, present in all models,
estimation was conditional on the overall posterior probabilities. Specific parameters of the
best model were estimated using only the simulations for that model. The performance of

the ABC procedure was assessed by posterior predictive checks.

RESULTS

Nuclear diversity, effective number of breeders, recent demographic processes and

structure

Populations in both regions exhibited moderate microsatellite diversity; Amapa exhibited
slightly higher levels of UHg (Table 1, Table S2 in Supporting Information). There was no
evidence of linkage between any loci. Significant deviation from HWE was detected at
locus WSu 20 and WSu 24 in four Pantanal colonies and at loci WSu 08, WSu 09 and WSu
20 in all Amapa colonies (Table S2 in Supporting Information). Only locus WSu 20
evidenced null alleles in most samples (mean null frequency = 0.21), but removing this
locus from the dataset did not significantly change the results of the subsequent population
genetic analyses. Thus, the final analyses involved a dataset with all nine loci using
adjusted allele frequencies at WSu 20.

The N, was 25 (95% CI: 15 to 44) for Amapa colonies and 22 (95% CI: 13 to 40)

for Pantanal colonies. There was no evidence of a recent reduction in population size that

11
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could have affected genetic diversity in any population (all Ps > 0.1) (Table S3 in
Supporting Information). When colonies were set as the potential source in the assignment
tests, on average, only 8.05% of the storks were assigned to their colonies of origin (Fig. S1
in Supporting Information). However, when regions were set as the source, on average,
63.13% of storks were correctly assigned to their regions of origin (Fig. S1 in Supporting
Information). AMOVA using the entire dataset showed that most nuclear diversity was
distributed within (86.00%, P = 0.001) and among individuals (13.00%, P = 0.001).
However, when pooling individuals from colonies within regions, genetic diversity was
significantly partitioned between regions (1.00%, P = 0.001). None of the pairwise Fsr
values between colonies within regions were significant (Table S4 in Supporting
Information), indicating a lack of a strong nuclear structure. However, significant
differentiation between regions was found when pooling genotypes from colonies into
regions (Fsy=0.006, P=0.01).

The STRUCTURE results revealed that, when colonies were analyzed separately, the
highest Delta K (1.73) occurred at K = 10 (Table S5 in Supporting Information), with
additional peaks at K = 8 and K = 3 (Fig. 2A). However, when pooling genotypes from
colonies into regions, the proportion of individuals strongly assigned to clusters was
maximized at K =2 [LnP(K) =-2990.98] and the highest Delta K (3.86) was obtained for
two population clusters (Fig. S2 in Supporting Information). Likewise, TESS results
supported two main genetic components (Fig. 2B) — one from each region —, with genetic
contributions from unsampled populations, as indicated by the model with the highest
likelihood, as well as the lowest and most stable DIC values (K = 10) (Fig. S3 in
Supporting Information).

Mitochondrial diversity, demographic processes and genetic structure

Fourteen polymorphic sites defined 13 haplotypes in the overall sample. The Amapa and
Pantanal populations had ten and seven haplotypes, respectively (Table 2). The most
frequent and widespread haplotype (A023) occurred in 19 individuals from Amapa and 11
individuals from Pantanal (Fig. S4 in Supporting Information). Colonies from both regions

shared most haplotypes, five haplotypes were private to Amapa and three other haplotypes

12
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were unique to Pantanal. Amapa had slightly higher haplotype and nucleotide diversities
than Pantanal (Table 2). Haplotypes from both regions occupy both interior and terminal
positions of the network (Fig. S4 in Supporting Information). There was low but significant
differentiation between Amapa and Pantanal (dgr=0.18, P <0.001), and AMOVA
revealed that 8.11% of the variation was significantly distributed between regions (P <

0.001). Similarly, 8 was low (0.005) and significant (P = 0.05).

Historical demography

Assuming neutrality of the assayed untranslated mtDNA sequence, demographic stability
could not be rejected due to non-significant Fis, D and R2 values (Table 2). However, the
negative Fu's Fsand the unimodal pattern of the mismatch distribution curve suggest
population expansion in Amapa (Fig. S5 in Supporting Information). Mitochondrial
estimates revealed that the Pantanal population expanded more recently (Table 2).

The results of cross-validation tests of demographic coalescent models showed that
seven PCA axes explained 95% of the variation contained in the SuSt and accurately
retrieved the best simulated model among the 14 candidates (data not shown). The models
assuming panmixia were not supported (Table 3). The best scenario (Model 11) assumes
that the Amapa population exchanged genes with unsampled populations and that the
Pantanal population was founded by genes from the Amapa population (Table 3, Fig. S6 in
Supporting Information). This scenario yielded the highest posterior probabilities and very
high values for Bayes’ Factor of relative support, both considering the full set of candidate
models as well as when compared to the reduced set of models (Table 3). Posterior
predictive checks showed that nearly all SuSts yielded simulated datasets containing the
empirical values, which indicates a good fit between both datasets (Table S6). Past
demographic parameter estimates showed that the Amapa and Pantanal populations
diverged during the LGM (parameter 7, Table 4) from a large source population, as shown
by the Ne in the upper range of the simulated values (Table 4). During the founder event,
the Pantanal population was reduced to less than 10% (parameter 6rF-A P, Table 4) and
then underwent moderate exponential growth (parameter 9rC-4 P). The Amapa population

also experienced exponential growth, and is currently larger than the Pantanal population
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(parameter OrC-A AP, Table 4). Coalescent simulations also showed that gene migration of
moderate magnitude likely existed between the Amapa population and unsampled

populations (parameter nM, Table 4).

DISCUSSION

Using molecular markers with different modes of inheritance, the present study revealed
significant genetic differentiation among wood stork populations settled in two major
wetlands located in northern and central western Brazil. The coalescent analyses support
genetic exchange between the Amapa population and unsampled populations, as well as
demographic expansion and changes in population size that broadly overlapped the LGM.
These results have implications for the conservation of wood stork populations and wetland

management policies in Brazil.

Genetic diversity, effective population size and recent demography

Wood storks breeding colonies in the Amapé and Pantanal wetlands have moderate
microsatellite diversity (Table 1), within the range observed in jabiru storks (Jabiru
mycteria) in the Brazilian Pantanal (Lopes ef al., 2011), Oriental storks (Ciconia boyciana)
in China (Huang & Zhou, 2011) and white storks (Ciconia ciconia) in Europe (Shephard,
Galbusera, Hellemans, Jusic, & Akhandaf, 2009; Shephard, Ogden, Tryjanowski, Olsson,
& Galbusera, 2013). Storks therefore appear to conform to the trend of low-moderate
nuclear genetic diversity described for waterbirds (mean He: 0.44 to 0.83; see Table S1 in
Eo, Doyle, & DeWoody, 2011). The smaller effective population sizes, lower annual
reproductive rates and longer life expectancies of these birds, reported to live up to 18 years
in nature (Animal Diversity Web, 2016), may explain the low diversity pattern observed
(Eo et al., 2011). Wood stork populations from Amapé and Pantanal showed low levels of
mtDNA diversity (Table 2) and lower haplotype diversity than jabiru storks from Pantanal
(Lopes et al., 2011), white storks from Europe (Shephard ef al., 2013) and Oriental storks
from China (Zan et al., 2008). According to the mitochondrial theory of ageing, species
with a long lifespan would have lower mutation rates due to reduced oxidative damage in

the mitochondria, which would translate to low levels of mtDNA diversity (Nabholz,
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Glémin, & Galtier, 2009). The Amapa wood stork population harbors slightly higher levels
of nuclear and mtDNA diversity than the Pantanal population, as expected if the former
was source. Coalescent modeling also showed that the Pantanal population was reduced to

less than 10% of its current size during past colonization events.

Neither marker showed signs of a recent bottleneck in the populations examined.
Thus, it seems that the ongoing threats that increasingly affect Brazilian wetlands may not
have yet significantly reduced the genetic variation of wood stork colonies. However,
estimates of the effective number of breeders in Amapa and Pantanal populations were
rather low, suggesting that only a few reproductive wood storks may be contributing to the
gene pools. Thus, these colonies may be prone to genetic depletion, which could hinder

population survival in the long term (Willoughby ef al., 2015).

Genetic structure

Previous studies based only on one type of molecular marker found low levels of genetic
structure between wood stork breeding colonies located in the Brazilian Pantanal (Del
Lama, Lopes, & Del Lama, 2002; Lopes, Rocha, & Del Lama, 2004; Lopes et al., 2006;
Lopes et al., 2011; Rocha, Del Lama, & Regitano, 2004). In agreement, the results of
genetic estimation, assignment tests, Bayesian clustering and coalescent models performed
in the present study support ongoing gene flow between wood stork colonies within the
Pantanal as well as among those settled within the Amapé wetlands. ABC coalescent
analyses also showed that Amapa population may exchange migrants with unsampled
populations (Table 3). In northern South America, breeding colonies of wood storks can be
found in Guyana (Mistry et al., 2008), Suriname (Spaans & de Jong, 1982), Colombia
(Arango, 2014), the Llanos grassland of Venezuela (Vilella & Baldassarre, 2010) and
Ecuador (Coulter et al., 1999; Santander, Mufioz, & Lara, 2006). Further genetic studies
including samples from northern South America are needed to broaden knowledge on the
effective dispersal of wood storks.

Despite ongoing gene flow among colonies within regions and no apparent barriers
to gene exchange, data from the present study also show that wood stork populations from

different Brazilian regions are significantly structured and do not constitute a panmictic
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unit. The concurrent results of the assignment tests, AMOVA, significant Fs7 (Table S4 in
Supporting Information) and @sr values and Bayesian clustering analyses (Fig. 2; Fig. S2
in Supporting Information; Fig. S3 in Supporting Information) suggest the existence of two
main genetic components: one comprising storks breeding in the Amapa coastal wetlands in
northern Brazil, and another comprising those breeding in the Pantanal freshwater wetland
in central western Brazil. Furthermore, the ABC analyses did not support any of the models
which assumed a single panmictic population (Table 3; Fig. S5 in Supporting Information),
reinforcing the existence of genetic differentiation. Collectively, these results support the
hypothesis of regional breeding-site phylopatry (Coulter et al., 1999; Frederick & Meyer,
2008; Frederick & Ogden, 1997). Significant population structure in the absence of clear
barriers to gene flow has also been found in the roseate spoonbill (Platalea ajaja) (Miho &
Del Lama, 2014) and the great egret (4rdea alba egretta) (Corréa, Del Lama, Rossi de
Souza, & Mifio, 2016) inhabiting the same breeding colonies in both regions. Such a
pattern common to three highly dispersive waterbirds suggests that some unidentified factor
may be limiting genetic exchange between individuals inhabiting the two Brazilian regions

analyzed.

Demographic history

Evidence from the present study supports the hypothesis that wood stork populations in
northern Brazil established earlier and remained stable during the climatic changes of the
LGM. The Amapa population exhibited a more ancient pattern of expansion (18.73 kyr BP;
Table 2) and diverged from the Pantanal population between 11 and 23 kyr BP (Table 4),
overlapping the period after the LGM. The relatively large mean simulated coalescent
estimates of ancient population size may reflect the historical presence of a large population
in the equatorial region of Brazil (Table 4). Taken together, these findings suggest that the
Amapa wetland remained stable enough for many years, sheltering healthy wood stork
breeding populations. Although the effects of Quaternary climatic and hydrological
changes on different South American biomes are a matter of continuous research and
debate, most paleoclimatic reconstructions of the Neotropics currently accept that

seasonally dry forests, open woodlands and savannas once dominated the landscape
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(Sant’anna Neto et al., 2015). Highly concordant paleopalynological and paleo-sedimental
records suggest that a more humid climate contributed to the persistence of wetlands in the
equatorial regions of South America during the LGM (Sant’anna Neto ef al., 2015). At the
time, savannas would have expanded and dominated the northern portion of the country in
the Brazilian Amazon, where the state of Amapa is located (see Fig. 4.1 in Sant’anna Neto
et al., 2015). In the central western region of Brazil, deglacial warming began immediately
following the LGM and was marked by the onset of a wetter climate (Sant’anna Neto ef al.,
2015). A sharp shift to wetter and humid conditions occurred between 12.8 and 12.2 kyr
BP, when the Pantanal wetland was a shallow body of water (Whitney et al., 2011).
Mitochondrial estimates in wood storks indicate a more recent demographic expansion in
the Pantanal sample (Table 2) and ABC analyses strongly support the founding of the
Pantanal population by individuals from Amapa (Table 3). These results broadly agree with
the timing of past events in both Brazilian regions examined, including the geological
formation of the Pantanal floodplain (Assine & Soares, 2004; Junk et al., 2014).
Collectively, therefore, the results suggest that wood storks could have continuously
occupied the coastal wetlands of Amapa during the LGM, and migrated southward when
deglacial warming began, colonizing the Pantanal freshwater wetland. A similar pattern of
more ancient demographic changes in Amapa and a more recent expansion in the Pantanal
has been found for roseate spoonbills (Mifio & Del Lama, 2014) and great egrets (Corréa et
al.,2016). Such findings of a similar historical demography in species with foraging
patterns and colonial reproduction comparable to the wood stork suggest that these

organisms may respond similarly to future climate changes.

Conservation implications

Genetic monitoring of waterbird populations can support conservation of Brazilian
wetlands. Following recent guidelines for the use of genetic monitoring to rank
conservation priorities (Willoughby et al., 2015), this study contributes novel genetic data
to assist in the conservation of wood storks breeding in such ecosystems. The populations
studied here breed in Brazilian wetlands which are important biodiversity reservoirs as well

as stopover and breeding sites for a variety of birds (Junk et al., 2014). However, these
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wetlands are subjected to different types and levels of anthropogenic pressure. The
Brazilian portion of the Pantanal is highly threatened: only 5% of its surface is currently
protected by the Ramsar Convention (Ramsar Sites, 2017). This wetland is mainly
managed by private land owners and is strongly impacted by habitat conversion and
deforestation for cattle grazing, agriculture, hydroelectric projects, and water pollution (De
Pinho & Marini, 2012; Junk ef al., 2006). In contrast, the Amapa coastal wetlands are
legally protected in the form of conservation units, which cover approximately 62% of the
state, including a recently declared Ramsar site (Ministério Publico do Estado do Amapa,
2011). However, deterioration stemming from dam building, urban development and global
climate change also menace the Amapa wetlands (Junk ez al., 2014). Moreover, recent
changes in the Brazilian “forest code” implemented in 2012 significantly reduced the
surface of the mandatory permanent protection zones of wetlands (Wittmann et al., 2015).
Hence, it is expected that the coastal wetlands of Amapa will be impacted by the concurrent
effects of deforestation, accelerating climate change and other anthropogenic disturbances
that are taking place in the Amazon basin and surrounding areas, which will bring drier
conditions to the region (Swann, Longo, Knox, Lee, & Moorcroft, 2015). Increasing habitat
destruction, modification and pollution in wetlands (Junk etz al., 2014) can reduce
population size and further cause genetic deterioration of associated wildlife (Willoughby
et al., 2015). Thus, the continuity of wood stork populations in the Amapé and Pantanal

wetlands is of considerable concern.

The present study identified different genetic pools of wood storks breeding in
Brazil: solid evidence indicates that colonies established in the Amapa coastal wetlands and
those in the Pantanal freshwater wetland should be regarded as separate groups of
interbreeding individuals. This pattern of genetic differentiation could be partially
explained by past population movements in response to palacoclimatic changes in wetlands.
Thus, the novel information contributed here can help predict responses to future
environmental changes as well as estimate probabilities of population survival. A pattern
similar to that observed in this study has been previously reported for other waterbirds

inhabiting the same wetlands (Corréa ef al., 2016; Mino & Del Lama, 2014). This multi-
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species genetic pattern should be taken into account to support future protection measures,

management strategies and conservation policies directed at species and wetlands.

Previous studies on wood stork breeding colonies settled in the Pantanal have
resulted in changes in management practices, mainly in the state of Mato Grosso. For
example, eco-touristic practices involving visitation to colonies have changed after studies
involving wood storks (Bouton, 1999; Bouton, Frederick, Rocha, Barbosa Dos Santos, &
Bouton, 2005). Such studies also influenced the design of the 25™ Article of State Law
9,096 of 2009, which prohibits catching small fishes up to 1,000 meters from breeding
colonies, in order to preserve the feeding items of foraging adult waterbirds and their
nestlings. In addition, the state government of Mato Grosso supported research aimed at
locating new breeding colonies of waterbirds (Cardoso, 2011). The exchange of
information between scientists and local authorities has provided good results regarding the
conservation of this region of the Pantanal. This scheme should also be implemented in the
state of Mato Grosso do Sul. It is highly likely that the Brazilian environmental authorities
will be sympathetic to this approach since it is within the scope of the National Strategic
Plan for Protected Areas (PNAP) (Republica Federativa do Brasil, Decreto N° 5.758, 2006)

and has proven to be very effective in the Pantanal area.

Results from the present study also revealed that Amapa wood stork populations
belong to the source gene pool and should therefore be given high conservation priority.
This novel information can be used by the Brazilian National Wetland Committee (Comité
Nacional de Zonas Umidas, CNZU) to help formulate conservation strategies and
determine areas that may potentially become new Ramsar sites. A prerequisite of the CNZU
is that Ramsar sites lie only within protected areas (Ramsar Sites, 2017; Witmann ef al.,
2015). Thus, expanding the national network of Ramsar sites in the Amapa wetlands is a
realistic proposal and would be an efficient measure to preserve the source gene pool of the
species. Furthermore, this study revealed that Amapa populations may be exchanging
migrants with other unsampled populations, which underscores their utmost importance for
enabling continuous gene flow between breeding colonies in neighboring areas of northern
South America. By preserving the processes that generate and shape genetic diversity in

Ramsar sites, the Brazilian government would be complying with its commitments of
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evaluating and monitoring protected areas, which is among the goals of the PNAP. Findings
from the present study indicate that such a task can be effectively supported by the genetic

monitoring of waterbird populations.
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Figure S1. Histograms showing results of assignment tests.
Figure S2. Plot of Delta K vs. K obtained from STRUCTURE results.

Figure S3. Plot of Deviance Information Criterion (DIC) vs. K max resulting from spatial

Bayesian clustering analyses in TESS.
Figure S4. TCS network of mitochondrial haplotypes.
Figure SS. Graphics showing results of mismatch analyses.

Figure S6. Graphic representation of ABC models of past demographic changes.
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