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ABSTRACT

Aim Fine-scale population structure is often unaccounted for in the delineation

of conservation units, potentially compromising long-term species persistence.

Identifying biogeographic and environmental drivers of population boundaries

is therefore of key conservation concern. We aimed to explore barriers to

dispersal for the harvested yellow anaconda (Eunectes notaeus) using an ecologi-

cal niche model. Our secondary aim was to test the relative geographic and

environmental contributions of a multisource occurrence data set in species

range predictions.

Location Paraguay River drainage, central South America.

Methods We developed an ecological niche model for the yellow anaconda

using Maxent and a multisource species occurrence data set. Following nine

iterations of model development, nine environmental variables were selected

for model inclusion. We used the models to identify potential barriers to

dispersal and employed jackknifing to identify the primary environmental

variables that best explain barrier presence. We assessed the geographic and

environmental overlap of models built with each data subset.

Results Characterization of suitable habitat was found to be most powerful in

northern Argentina and southern Paraguay. A persistent barrier to dispersal

was identified in northern Argentina and corresponded to the presence of dry

Cambisol soils. Data subsets were found to contribute different information to

the final model in terms of geographic and environmental space.

Main Conclusions Ecologically meaningful barriers to dispersal support recent

genetic hypotheses of population subdivision. These barriers should be consid-

ered when delineating species management units to ensure sustainable harvest

levels. Multisource data sets may produce more powerful niche predictions and

represent a useful resource for data-poor species. Further, model results should

be interpreted alongside complementary analyses for more effective conserva-

tion strategies.

Keywords

Biogeographic barriers, conservation units, ecological niche model, multiple

data sources, South America, yellow anaconda.

INTRODUCTION

Rapid anthropogenic change is driving biodiversity loss at an

unprecedented rate, resulting in measurable impacts to eco-

system diversity and function (Butchart et al., 2010). Risk of

global and local extinction disproportionately impact species

with narrow climatic and ecological requirements, as well as

limited dispersal ability (Williams et al., 2007; Svenning

et al., 2009; Carvalho et al., 2010). These factors may also

subdivide species into demographically isolated populations

with greater sensitivity to demographic fluctuations, includ-

ing those resulting from anthropogenic disturbance (Avise,

2000; Amato et al., 2009). Loss of evolutionary lineages

unique to certain areas may occur if population structure is
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not accounted for in the delineation of species management

units; in the long-term, this has the potential to compromise

the persistence of the species (Amato et al., 2009; Hekkala

et al., 2011). Consequently, to ensure the sustainability of

any management programme, it is key to identify and pre-

serve distinct populations and suitable habitat (Noss et al.,

1997). It then becomes essential to characterize environmen-

tal agents with the potential to promote and constrain

dispersal, and which therefore drive population structure

(Amato et al., 2009).

The yellow anaconda (Eunectes notaeus) is one of four

extant species of anaconda in South America and is the larg-

est snake species inhabiting Argentina (Waller et al., 2007).

In general, reptiles are under particular threat due to their

high physiological sensitivity to ambient temperature

(Bennet, 1990; Mitchell & Janzen, 2010; McConnachie et al.,

2011), low dispersal ability and obligate adaptation of some

species to freshwater habitat (McMenamin et al., 2008;

Pauwels et al., 2008). Representative of this group, Eunectes

spp. are highly dependent upon inland freshwater habitats

(Pizzatto et al., 2007), and the known range of E. notaeus

primarily encompasses the Paraguay River drainage, from the

Pantanal Region in Bolivia, Paraguay and Brazil, to north-

eastern Argentina where it reaches its southernmost distribu-

tion (Waller et al., 2007).

In addition, reptiles are known to suffer intensive extrac-

tion for a variety of uses, chiefly the food and skin trades

(Cox et al., 2006; Pauwels et al., 2008). Trade of E. notaeus

has been considered among the most extensive of any Neo-

tropical species (Waller & Miccuci, 1993) with snakes sold

for their skins, as pets or for traditional medicine (Alves &

Filho, 2007). Up to 320,000 units were traded world-wide

from 1980 to 1999 and Paraguay and Argentina represented

the first and second largest respective suppliers, until most

trade was effectively banned in 1999 (Waller et al., 2007).

Recent research has indicated that E. notaeus exhibits partic-

ular ecological attributes, such as high reproductive rate and

short generation time, which enabled it to withstand the high

and unregulated harvest levels of the past (Waller et al.,

2007).

However, genetic evidence of strong population structure

within northern Argentina suggests the presence of barriers

to dispersal (Mendez et al., 2007; McCartney-Melstad et al.,

2012). Specifically, genetic distance measures using three

distinct regions of the mitochondrial genome suggest the

existence of several demographically distinct populations

within the Provinces of Formosa and Corrientes in northern

Argentina (Mendez et al., 2007; McCartney-Melstad et al.,

2012; Fig. 1). The observed population structure is attributed

to the relative autonomy of different wetland systems in this

region, absence of suitable habitat throughout the wide lati-

tudinal range of the species and patterns of historic coloniza-

tion (McCartney-Melstad et al., 2012). It is likely, however,

that some dispersal connections have been altered relatively

recently due to the dynamic nature of the wetland habitat

(Ginzburg et al., 2005; McCartney-Melstad et al., 2012). In

light of the management concerns raised by the evidence of

demographically independent populations in the region,

improved understanding of the biogeography, distribution,

habitat suitability and potential barriers to dispersal, is of

key interest to the conservation and management of this

species.

Ecological niche models offer valuable insights into the

environmental drivers of species biogeography and distribu-

tion and can therefore be used to infer potential barriers to

dispersal (Walteri & Guralnick, 2008; Burbrink et al., 2012).

When combined with other sources of information, niche

models represent powerful tools for informing species con-

servation and management (Raxworthy et al., 2003; Marni

et al., 2009; Urbina-Cardona & Flores-Villela, 2010). How-

ever, the usefulness of such models is often constrained by a

lack of validation by species experts and limited sample sizes

(Pearson et al., 2007). Particularly for lesser known species

(Guisan et al., 2006), there is a need to maximize sample size

by developing integrated data sets comprising information

from multiple sources. Likewise, extensive expert input

throughout the modelling process is necessary to ensure

enhanced biological realism and therefore increased confi-

dence in the interpretation and application of the model

(Anderson et al., 2003).

Here, we develop an ecological niche model for the yellow

anaconda using an expert-validated, integrated species occur-

rence data set derived from multiple data sources. We then

use the model to characterize the ecological niche of the yel-

low anaconda and to explore environmental barriers to dis-

persal, in order to better delineate species management units.

Finally, we quantify the geographic and environmental over-

lap of habitat suitability predictions originating from models

built using the different sources of occurrence data to assess

the value of using integrated data sets in ecological niche

modelling.

METHODS

Study region and species occurrence

The yellow anaconda is an aquatic, generalist snake species

restricted mainly to river floodplains and wetlands (Hender-

son et al., 1995). The known range of the species encom-

passes about 15 degrees in latitude throughout the Paraguay

and lower Paran�a River drainages from Bolivia and Central

Brazil (ca. 15°S) in the north, to north-eastern Argentina

(ca. 30°S) in the south (Henderson et al., 1995). This vast

region exhibits the largest wetland systems of South America,

from the Pantanal area in Brazil and Bolivia, and continuing

south through the Wet Chaco ecoregion, in Paraguay and

Argentina.

We were able to collate a species occurrence data set com-

prising 204 records. Of these, 19 records originated from

peer-reviewed literature and databases, 57 from recent field

observations and 128 from expert-validated museum records.

All records were rechecked for taxonomy and georeferencing
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precision. Any museum records purporting localities counter

to the best available knowledge of the distribution of E. nota-

eus were not included. Four extreme locality outliers were

removed due to possible errors in the data, and redundancies

in the database were eliminated ensuring that only one

record was included for each Lat-Lon position (Fig. 1).

Environmental variables

The selection of environmental variables for the final model

was based on expert guidance and followed a three-stage

approach. Initially, variables were selected based on their

biological relevance to E. notaeus. Second, a correlation

matrix was constructed for variables comprising continuous

data, and when a pair of variables were highly correlated

(Pearson correlation coefficient value > 0.7), we removed

one of the variables from the analysis. Finally, variables were

subjected to the jackknife procedure implemented in Maxent

(Philips et al., 2006) for assessing variable importance and

were retained or removed as a result of their relative contri-

bution to the model. During stages two and three, no vari-

ables were removed if they were deemed to be of singular

biological importance to the species.

Initially, 22 environmental parameters were considered for

inclusion in the ecological niche model. Yellow anacondas

follow the subtropical and temperate climates accompanying

the extensive floodplains of the Paran�a and Paraguay Rivers

(Giraudo & Arzamendia, 2003), possibly favouring the ther-

mal refuge that these large water masses provide during the

local winter (Waller et al., 1994). The freshwater ecosystems

of the Paraguay River drainage, as most wetlands, result from

the interplay between terrain slope, soil type and water bal-

ance. However, the hydrological dynamics of the drainage

are also tightly influenced by the great latitudinal and longi-

tudinal variation in precipitation and temperature and the

characteristic north to south orientation of the principal

rivers connecting it. To account for the broad influence of

temperature and rainfall, we compiled climate data from the

km

Figure 1 Distribution of species

occurrence records for Eunectes notaeus

(n = 204). Provinces of Argentina are

indicated: PF, Province of Formosa; PCh,

Province of Chaco; PCo, Province of

Corrientes. Symbols indicate the original

source of the records: ‘Database/

Literature’ (n = 19); ‘Museum’

(n = 128); ‘Observations’ (n = 57).

Museum and observation records

underwent expert-validation prior to

being used in this study. Shaded area

indicates the ‘training area’ derived from

terrestrial and freshwater ecoregions of

the world that was used to define the

study extent for the Maxent model.
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Worldclim database (Hijmans et al., 2005), comprising a set

of 19 global climate coverages with a spatial resolution of

one square kilometre. To further characterize wetland

habitat, we generated a ‘distance to water body’ parameter

based on coverage of inland water features for South

America (DCW, 1992; ISCGM, 2006) and included data on

soil type derived from the Harmonized World Soil Database

(FAO/IIASA/ISRIC/ISSCAS/JRC, 2012) and freshwater

ecoregions (TNC, 2009).

Finally, a subsection of the overall study area was selected

to train the model. This ‘training area’ (Fig. 1) represents the

geographic area from which background pixels are chosen at

random for calibrating the Maxent model (Philips et al.,

2006). These presence and pseudoabsence data are also used

to establish measures of model performance (Philips et al.,

2006). We defined the training area through expert selection

of both terrestrial and freshwater ecoregions (TNC, 2009)

deemed to encompass the area accessible to E. notaeus

(Anderson & Raza, 2010).

Ecological niche model

A maximum-entropy approach for ecological niche model-

ling was undertaken using Maxent version 3.3.3e (Philips

et al., 2006; Philips & Dudik, 2008). Maxent is a machine

learning method that estimates a species’ ecological niche by

finding the probability distribution of maximum entropy

(i.e. that closest to uniform), subject to constraints represent-

ing incomplete information about the distribution (Philips

et al., 2006). The model evaluates the habitat suitability of

each grid cell as a function of the environmental variables

within that cell. Recent comparative analysis of ecological

niche models has shown Maxent to be among the best per-

forming methods, demonstrating good performance with

presence-only data over a range of data set sizes (Elith et al.,

2006; Pearson et al., 2007; Wisz et al., 2008).

A multistage modelling approach was employed in order

to ensure the highest possible confidence in the final model

given the data available. Each round of model outputs was

provided to an expert in anaconda natural history and bioge-

ography (T. Waller) for an accuracy assessment and for

recommendations on the next set of variables to be tested.

For all model runs, the logistic output of Maxent was used,

with predictions ranging from 0 (unsuitable habitat, low

probability of occurrence) to 1 (suitable habitat, high proba-

bility of occurrence). Duplicate records in the same 1-km

grid cell were removed meaning that 155 of the original 204

presence records were included in the final model (Database/

Literature = 12; Observations = 43; Museum = 100). There

were no instances of occurrence records originating from

different data sources co-occurring in the same 1-km grid

cell. Default linear, quadratic, product, threshold and hinge

features were selected with a default convergence threshold

(10�5) and a maximum number of 500 iterations under five-

fold cross-validation (20% records withheld as test data, 80%

records used as training data) across five replicates. We used

AUC (the area under the receiver operating characteristic

curve; Manel et al., 2001) scores as a threshold independent

measure for model validation.

The model’s regularization parameter penalizes the coeffi-

cients to values that balance model fit and model complexity.

Varying this parameter therefore enables an exploration of the

trade-off between these measures. A higher regularization

value results in a model less dependent on the empirical

means of the sampling localities and which is therefore more

suited to extrapolation. However, such ‘relaxed’ models may

not adequately fit the data. Conversely, a lower regularization

value results in a model highly dependent on the conditions

at sampling localities and therefore causes the model to be

more vulnerable to over-prediction due to high model com-

plexity. As the regularization parameter can strongly influence

the final model output, we used AUC scores to assess model

performance across a range of model fit parameters: regulari-

zation was equal to 1 in initial model iterations, and the final

variable set was run using five regularization values (0.5, 1, 2,

5, 10). The AUC score was highest for the final model with a

regularization parameter value of 0.5. Therefore, this regulari-

zation value was used in all subsequent models.

Identifying barriers to dispersal

The Maxent probability surface was reclassified to binary

presence/absence grids to more clearly visualize unsuitable

habitat representing potential barriers to dispersal. Because

there are several alternative thresholds that may be selected

for reclassifying continuous data to binary predictions (Free-

man & Moisen, 2008), we calculated multiple thresholds for

the five replicates: (i) minimum training presence (MTP),

for which the suitability associated with the least suitable

training presence record is used as the threshold. MTP uses

all training points and so is preferred if data quality is high;

(ii) 10th percentile training presence (TPTP), for which the

suitability threshold associated with the presence record that

occurs at the 10th percentile of presence records is used as

the threshold. TPTP allows 10% of presence records to be

omitted and therefore can be useful if errors in the data set

are suspected; (iii) maximum training sensitivity plus speci-

ficity (MXTR), describes the threshold that maximizes the

sum of sensitivity (rate of false negatives) and specificity

(rate of false positives) and therefore minimizes the mean of

the error rate for positive and negative observations; (iv)

equal training sensitivity and specificity (EQTR); and (v)

equal test sensitivity and specificity (EQTE), which describes

the threshold at which false negatives are equally as likely as

false positives in the training and test data sets, respectively.

To further investigate the effect of the threshold value on

barrier presence, a sensitivity analysis was conducted by

reclassifying the final model output using threshold values at

0.02 intervals. The interval size was selected as appropriate

following preliminary sensitivity tests. Subsequently, jackknif-

ing of environmental variables, as implemented in the

Maxent software, was undertaken. These ‘leave-one-out models’
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were run under final model settings and across the multiple

thresholds described above (with the exception of MTP, for

which the predicted distribution was too broad to adequately

characterize fine-scale biogeographic barriers) to explore the

contribution of each environmental variable to the presence

of the observed barrier.

Contribution of occurrence records

The contribution of each data type to the model was assessed

by comparing the overlap of the geographic and environmen-

tal space sampled by the each of the data subsets. The spatially

unique occurrence records (i.e. records that fell in distinct

grid cells at our resolution of analysis) that were used in the

final model were partitioned into three subsets: ‘Database/

Literature’ (n = 12), ‘Observations’ (n = 43) and ‘Museum’

(n = 100). Subsampling without replacement was used to

standardize sample size across data subsets for comparison.

Four sets of 12 random samples were generated for the

‘Observations’ data, and eight sets of 12 random samples were

generated for the ‘Museum’ data. These randomly selected sets

were then run once under final model conditions and reclassi-

fied to binary grids of suitable/unsuitable habitat using the

tenth percentile training presence threshold (TPTP). Although

application of multiple thresholds was necessary for identify-

ing barriers to dispersal (previous section), a single threshold

was sufficient here to test the contribution of different data

types.

To assess the amount of geographic overlap between models

built using alternative data sets, pairwise measurements of the

percentage overlap of the habitat classed as suitable between

each data subset were conducted. Results were then averaged

across all random subsets to summarize the degree of similar-

ity between the models build using the different data types.

Overlap in the environmental space sampled by each data type

was assessed for the two environmental variables that were

found to contribute most to the final model: precipitation sea-

sonality and soil type. Values for each of these variables were

extracted to the original spatially unique occurrence records

of each data type used in the final model (i.e. Database/Litera-

ture = 12; Observations = 43; Museum = 100). 1000 random

localities were sampled within the range of habitat classed as

‘suitable’ by the Maxent model, and values for precipitation

seasonality and soil type were extracted at these random local-

ities. Differences in the mean and range of precipitation sea-

sonality for each data subset were explored using boxplots and

Student’s t-tests. The range of soil types sampled by each data

subset was explored using histograms. All statistical analyses

were implemented using the R statistical package.

RESULTS

Niche characterization

Nine of the original 22 environmental variables were

included in the final model (see Table S1 in Appendix).

Cross-validation suggested that the Maxent model is rela-

tively robust as the AUC calculated for the test data was high

(mean: 0.926; range: 0.893–0.954) and similar to that of the

training data (mean: 0.962; range: 0.958–0.967). While all

variables were deemed relevant for defining the ecological

niche of E. notaeus, the model summary statistics comprising

the average values over the five replicates (Table S1 in

Appendix) demonstrate that the three most influential

variables are precipitation seasonality (31.1% contribution to

the model), soil type (13.8%) and mean temperature of the

coldest quarter (12.5%).

The habitat suitability surface indicates a number of highly

suitable areas for E. notaeus, particularly in the north-

easternmost region of Argentina, within the vicinity of the

Paraguay River in central Paraguay, and northwards towards

the Pantanal region of Brazil (Fig. 2a; Fig. S1 in Appendix).

The ecological niche in the northernmost regions is not as

well characterized by the model (Fig. 2a). For example, yellow

anaconda is a common species in most of the Pantanal

region of Brazil (Str€ussmann & Sazima, 1993; Str€ussmann,

1997), yet suitable habitat was only identified in the western-

most part of this region. This is most likely due to a relative

lack of occurrence records in northern parts of the species’

known range.

Barriers to dispersal

Given that the model performs less well in the northern por-

tion of the species range, we focus on exploring potential

dispersal barriers in northern Argentina (Fig. 2b). Within

Argentina, areas of low suitability identified by the model

correspond to habitat where E. notaeus is known to be

absent (Waller, T., unpublished data). Notably, the boundary

representing the known southern extent of the species range

between a high suitability area in central areas of the

Formosa Province and a low suitability area directly to the

south emulates the transition from wetlands to the extensive

dry savannas and forested uplands found in the Province of

Chaco south of Formosa (Fig. S1 in Appendix). The model is

therefore showing good ability to identify barriers to dispersal

within this limited region.

We identified a new potential barrier to dispersal within

Argentina that was persistent across reclassification thresh-

olds (Fig. 2b; Table S2 in Appendix). The barrier represents

a linear feature that runs parallel to the Bermejo River and

continues to the mid-Paran�a River, interrupted only by the

descending Paraguay–Paran�a axis. The barrier therefore sepa-

rates the highly suitable habitat found in the eastern region

of Formosa Province from Chaco Province to the south, as

well as south-eastern Paraguay from Corrientes Province in

Argentina. Sensitivity analysis showed the barrier to be

resolved from west to east as threshold value increases, and

is present in some form from a threshold value of 0.06 and

is fully present at 0.24 (Fig. 2b; Table S2 in Appendix).

Jackknife tests revealed that a single environmental vari-

able, soil type, was responsible for the presence of the barrier
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(Table S3 in Appendix). The soil type was identified as the

FAO soil group Cambisols, which are characterized by a tex-

ture of sandy loam and lack a layer of accumulated clay,

humus, soluble salts or iron and aluminium oxides (Driessen

et al., 2001). This contrasts with the soil types deemed suit-

able habitat by the model, such as Fluvisols, which are found

typically in river floodplains and deltas consistent with the

freshwater habitat preferences of E. notaeus. As such, the

presence of dry and sandy Cambisols soil appears to repre-

sent an ecologically meaningful barrier to dispersal for the

species in northern Argentina.

Comparison of data partitions

Geographic overlap of suitable habitat defined by the TPTP

threshold was generally low and varied between the models

built with each of the data subsets: ‘Database/Literature’

versus ‘Observations’ = 20.05% (range = 15.91–24.99, four

samples); ‘Database/Literature’ versus ‘Museum’ = 16.76%

(range = 3.33–22.29, eight samples); and ‘Observations’ ver-

sus ‘Museum’ = 23.35% (range = 3.27–39.49, 32 samples).

The environmental space sampled by each of the data

subsets also differed. No significant differences were found

between the mean precipitation seasonality values sampled

by each of the subsets of raw occurrence data when pairwise

comparisons were made using Student’s t-tests (‘Database/

Literature’: mean = 3.92, range = 3.00–6.00; ‘Observations’:

mean = 3.56, range = 1.00–5.00; ‘Museum’: mean = 3.47,

range=1.00–7.00; P > 0.05 for all pairwise Student t-tests; see

Fig. 3). In contrast, for values sampled using 1000 random

points within the area classified as ‘suitable’ habitat, highly

significant differences were observed in mean precipitation

seasonality sampled by each data subset (‘Database/Litera-

ture’: mean=3.06, range = 0.00–15.00; ‘Observations’:

mean = 3.46, range = 1.00–8.00; ‘Museum’: mean = 3.60,

range = 0.00–7.00; P < 0.001 for all pairwise Student’s

t-tests; see Fig. 3).

Differences in the sampling of soil type were also observed

(Fig. 4). For the raw occurrence records, the numbers of soil

types sampled by each data subset were: ‘Database/Litera-

ture’ = 6; ‘Observations’ = 10; and ‘Museum’ = 11. In pair-

wise comparisons, ‘Database/Literature’ and ‘Observations’

Training area

>10% threshold

km 0 250 500 1000 km 0 37.5 75 150

TPTP
Max 
Training

Equal 
Training

Equal Test

MTP

Province 
of Corrientes

Province 
of Chaco

Province 
of Formosa

Paraguay

East

Central

West

(a) (b)

Figure 2 (a) Distribution of suitable habitat defined by the 10th percentile training presence (TPTP) threshold superimposed on the

model training area. Suitable habitat is distributed primarily in northern Argentina and Paraguay where the majority of species

occurrence records were concentrated. (b) Effect of threshold value on presence of ecological barrier. Average Maxent thresholds for the

final model are shown: TPTP, 10th percentile training presence; Equal training sensitivity and specificity; Maximum (Max) training and

sensitivity plus specificity; Equal test sensitivity and specificity; MTP, Minimum training presence. Areas (West, Central, East) used to

qualitatively assess the presence of the barrier for the sensitivity analysis (Table S2 in Appendix) are indicated by the arrows.
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shared four soil types; ‘Database/Literature’ and ‘Museum’

shared six soil types; and ‘Observations’ and ‘Museum’

shared eight soil types (Fig. 4a–c). Of these comparisons, the

‘Museum’ subset included all soil types sampled by the

‘Database/Literature’ and ‘Observations’ subsets, and one

additional soil type. The number of soil types sampled was

increased when 1,000 randomly generated locations were

used: ‘Database/Literature’ = 24; ‘Observations’ = 17; and

‘Museum’ = 17. There was also more redundancy in pairwise

comparisons of the soil type sampled, with all data subsets

sharing the same seventeen soil types (Fig. 4d–f). The ‘Data-

base/Literature’ subset sampled an additional seven soil

types.

DISCUSSION

The use of an integrated species occurrence data set

employed within an ecological niche modelling framework

and validated by expert opinion has enabled the characteriza-

tion of suitable habitat for yellow anaconda in northern

Argentina and the Paraguay River drainage, and the identifi-

cation of a meaningful ecological barrier to dispersal for this

species. These findings are concordant with published genetic

evidence of effective migration and population structure of

yellow anacondas in northern Argentina (Mendez et al.,

2007; McCartney-Melstad et al., 2012). Insights into the

environmental factors potentially driving population subdivi-

sion in this species are essential for delineating appropriate

management units and have direct relevance to the sustain-

able harvest programme currently being implemented in

northern Argentina (Micucci & Waller, 2007).

Environmental drivers of population subdivisions

Our finding that precipitation seasonality was the most influ-

ential model variable indicates its importance in driving the

hydrology of the study region. Soil type was the second most

important variable and appears to represent a suitable proxy

for the presence of freshwater habitat (e.g. low porosity, clay

soils) or its absence (e.g. high porosity, sandy soils). The

high contribution of soil type indicates the importance of

selecting environmental variables based on their relevance to

the specific study species and considering the inclusion of

data sources outside of the 19 bioclimatic variables provided

by WorldClim. Mean temperature of the coldest quarter was

the third most influential variable in our model and suggests

the anaconda’s physiological intolerance to low temperature

is a key determinant of the distribution.

Within northern Argentina, potential environmental barri-

ers to dispersal were evident. Of particular interest is the

linear barrier running west to east between Formosa Province

and Chaco Province in north-west Argentina, and between

Corrientes Province in north-east Argentina and Paraguay

(Fig. 2b). Our finding that this barrier corresponds to the

presence of dry, sandy Cambisols soil (Table S3 in Appendix)

is consistent with our hypothesis that habitats which impede

or prevent dispersal are likely to correspond with dry and

upland environments given the species’ reliance on freshwa-

ter. The barrier is therefore likely to be ecologically meaning-

ful as the preferred wetland habitat of E. notaeus is absent in

these areas and therefore is likely to be of utility in the delin-

eation of a species management unit in this region.

Consistent with the barrier described here, population

genetic studies have elucidated significant genetic divergence

between yellow anaconda populations in Formosa relative to

those in Corrientes (Mendez et al., 2007; McCartney-Melstad

et al., 2012). This would be expected if levels of gene flow

between the two areas were limited in some way, and the

presence of the barrier provides a potential mechanism for

explaining the observed population structure. While the pres-

ence of such dry areas is likely to impede dispersal for fresh-

water obligate species, the ability of yellow anaconda to

disperse along rivers both up and downstream (Waller, 1986;

Waller & Miccuci, 1993) may mean that this barrier is not

absolute, with snakes bypassing dry areas by dispersing along

the Paraguay–Paran�a River axis. Indeed, recent research has

shown that gene flow between anaconda populations posi-

tively correlates with distance along the rivers connecting

them, rather than Euclidean distance, and that migration

occurs both up and downstream (McCartney-Melstad et al.,

2012). Yet the presence of dry areas is still likely to limit dis-

persal between the two regions and may reduce the number

of successful migrants to an extent capable of driving genetic

differentiation.
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Figure 3 Boxplot showing the mean and range of precipitation

seasonality sampled by each of the data subsets. Data sets are

denoted as follows: D, ‘Database/Literature’ (n = 12); O,

‘Observations’ (n = 43); M, ‘Museum’ (n = 100). Results from

the analysis of the raw occurrence data included in the Maxent

model are presented to the left of the dashed line. To the right

of the dashed line, r indicates results from random locations

(n = 1000 for all data subsets) sampled within the area defined

as ‘suitable’ habitat by the tenth percentile training presence

(TPTP) threshold.
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As the riverine system of the Paraguay–Paran�a River drain-

age is extremely dynamic both spatially and temporally, with

past evidence of dramatic landscape reconfiguration (Castell-

anos, 1965; Giraudo & Arzamendia, 2003) that involved sev-

eral changes in the river courses and even reconnections with

other major rivers in the region (i.e. the Amazon and

Uruguay Rivers), populations of E. notaeus have likely experi-

enced relatively recent fragmentation due to shifts in habitat

that either promote or constrain dispersal. For instance, the

Andes-originated Pilcomayo River, that has historically

affected most of the Formosa Province with its changing

floodplain, is thought to have driven the progress of the

species to the west, as new habitat forms by progressive flood-

ing of the forests of the Dry Chaco ecoregion (Ginzburg

et al., 2005; Waller et al., 2007), and the reactivation of old

dry river beds creates new potential migratory connections.

Understanding how such habitats have changed through time

will assist in the interpretation of biogeographic patterns as

well as facilitate the forecasting of future habitat suitability,

enabling proactive and adaptive management of the species

(Jetz et al., 2007; Fouquet et al., 2010). The ability to assess

both persistence and variance in habitat suitability under sub-

optimal conditions is particularly relevant in light of the

impacts of climate change on wetlands in some parts of the

world (McMenamin et al., 2008). Further work is needed to

elucidate how the riverine system interacts with the

surrounding landscape to influence habitat suitability and

population structure of the yellow anaconda in the region.

Support for integrated data sets

Our findings support the hypothesis that an integrated data

set comprising expert-validated museum records, field obser-

vations and records extracted from the peer-reviewed litera-

ture provides the best predictive ability. Each type of data

was found to sample different geographic and environmental

spaces, and so contribute different information to the predic-

tions of the range of E. notaeus.

In terms of geographic space, we found low and almost

equivalent overlap (~20%) of ‘suitable’ habitat for each of the

data types. This suggests that the inclusion of observational

and museum data contributes substantial additional informa-

tion to the model. As the sample size and distribution of each

data type differed across the study region (Fig. 1), it is to be
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expected that they would capture different information that

would influence the final model outcome. For example, the

‘Museum’ occurrence records are not only the greatest in

number (n = 100), but also sample a broader latitudinal gra-

dient, with a greater number of locations present in Paraguay

and Brazil than the other two data types (Fig. 1).

Findings were more mixed when environmental space was

explored. For precipitation seasonality (Fig. 3), no significant

differences in the mean and range of environmental space

sampled were observed when the raw occurrence data were

considered. In contrast, strong significant differences were

found between the 1000 data points randomly sampled from

the area classified as ‘suitable’ habitat (P-values of all pairwise

t-tests < 0.001). The boxplot (Fig. 3) suggests that it may be

the much larger range of values that are sampled, rather than

variation in the mean, that is driving these statistical differ-

ences. Similarly, the raw and random data points of each of

the data subsets sample different soil types (Fig. 4). For soil

type, there is a greater degree of redundancy among data sub-

sets (e.g. complete overlap in soil types sampled between the

‘Observations’ and ‘Museum’ subsets). This finding is likely in

part due to soil type representing a categorical variable rather

than the continuous variable, meaning large geographic areas

are attributed a single value. Overall, the ‘Database/Literature’

data subset contributes most additional environmental infor-

mation, which may be a function of this model being the least

constrained due to small sample size (n = 12).

In summary, these findings indicate the value of integrat-

ing multiple data types when modelling a species’ ecological

niche. We therefore caution against assumptions that field

observations and museum records should be dismissed due

to fears of low accuracy (Tyre et al., 2003; Newbold, 2010),

providing they undergo a prior procedure of expert valida-

tion, such as that demonstrated by our study.

Management implications

The identification of population subdivisions, and the ecologi-

cal and environmental agents driving such barriers to dispersal,

is crucial for the accurate delineation of management units

(Avise, 2000). Because demographically isolated populations are

less resilient to anthropogenic pressures, such as those imposed

by harvesting, it is essential that management approaches take

population discreteness and environmental barriers to dispersal

into account (Avise, 2000; Amato et al., 2009). This will guard

against evolutionary unique populations being lost and the

genetic diversity of the species being permanently degraded

(Mendez et al., 2007; Amato et al., 2009; Hekkala et al., 2011).

We therefore recommend that the findings of this study be used

to inform the ongoing development and future decisions of the

yellow anaconda management programme in northern

Argentina (Micucci & Waller, 2007). Additional collection and

compilation of georeferenced E. notaeus occurrence data

throughout the Pantanal in Brazil, in Bolivia, and throughout

the Paraguay River drainage, will be important to improve

future model predictions in those regions.

More generally, we support recommendations that ecologi-

cal niche models are employed as a support tool alongside

other approaches when developing species conservation and

management plans (Peterson & Robins, 2003; Chefaoui et al.,

2005; Papes� & Gaubert, 2007). As demonstrated by our study,

integrating different and complementary types of data and

cross-referencing analytical findings will lead to better

informed and therefore more effective conservation strategies.
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