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Abstract
1. Identifying the ecological factors that determine the spread of invasive species is
key to adequately managing endangered species in freshwater ecosystems.
Invasive species are a main threat to turtles, which are targets of major
conservation efforts worldwide.
2. In freshwater ecosystems of the south-western USA, invasive bullfrog (Lithobates
catesbeianus) and crayfish species (Faxonius virilis and Procambarus clarkii)
represent a major risk to the desert mud turtle (Kinosternon sonoriense sonoriense),
state-listed as a Species of Greatest Conservation Need in Arizona. As a species in
the early stages of population decline, the desert mud turtle is a top candidate for
the development of management plans to decrease extinction risk.
3. An invasion risk assessment tool was built from available occurrence data for K. s.
sonoriense and the invasive bullfrog and crayfish species in Arizona using 5,886
de-duplicated records from public databases and reports from the Arizona Game
and Fish Department. The occurrence density of K. s. sonoriense was calculated
state-wide to define populations in which the level of invasion by bullfrog and
crayfish was assessed. The environmental factors associated with the abundance
of invasive species in populations of K. s. sonoriense were then analysed.
4. A higher prevalence of crayfish and bullfrog was detected in turtle populations
located in perennial streams. Invasive abundance was significantly higher in turtle
populations at higher elevation and closer to the main river trunk for both
invasive taxa. Higher bullfrog abundance was detected near human settlements,
whereas crayfish were more abundant further from human settlements.
5. These results will inform which populations of K. s. sonoriense require intensive
surveying and control of invasive species to maintain the health of native desert mud
turtle populations. This study provides valuable information regarding the
environmental conditions associated with the abundance of invasive species
threatening turtle populations, helping to develop science-based management of
freshwater ecosystems.
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I N T RO DU CT I O N

could stabilize populations of the desert mud turtle before their
conservation status deteriorates to that of its sister subspecies (Stone,

Invasive species pose a major threat to aquatic biodiversity (Gurevitch

Congdon & Smith, 2014).

& Padilla, 2004; Didham et al., 2005) and freshwater ecosystems are

In Arizona, K. s. sonoriense (hereafter, desert mud turtle) is

vulnerable to invasion, especially in arid climates (Davis, Kerezsy &

adversely affected by invasive species, particularly by two species of

Nicol, 2017). Invasive species can have minor to major effects that

crayfish (Faxonius virilis and Procambarus clarkii) and the American

can drive native species to extinction, including modifying the physical

bullfrog (Lithobates catesbeianus), which originated from eastern North

or chemical freshwater conditions and altering trophic dynamics

America and are widely distributed in freshwater ecosystems across

(Carpenter, Stanley & Vander Zanden, 2011). Furthermore, invasive

the south-western USA (Rosen & Schwalbe, 1995; Carpenter, 2005;

species can have additive effects on native freshwater species

Hensley et al., 2010). These three species are highly successful

through predation, competition or disease transmission (Rahel &

generalists that have invaded freshwater systems globally and exert

Olden, 2008; Gallardo et al., 2016). The first step towards the

adverse impacts on native biota by altering ecosystem dynamics and

conservation and management of freshwater species is to develop

trophic interactions (Adams & Pearl, 2007; Ficetola, Thuiller &

tools to identify, manage and eradicate invasive species with the aim

Miaud, 2007; Gherardi, 2007; Gherardi et al., 2011). In addition to

of improving native species preservation and recovering native

indirect bottom-up effects, all three of these invasive species prey

ecosystem health and services (Prior et al., 2018). Different ecological

upon hatchling mud turtles and decrease population recruitment

factors such as climate, geography, hydrology, biological interactions

(Akins & Jones, 2010; Hensley et al., 2010). Bullfrogs can also carry

and human disturbance can determine invasion dynamics at different

and may transmit diseases that affect turtles, such as ranaviruses

spatiotemporal scales (Milbau et al., 2009). Thus, understanding the

(Winzeler et al., 2015; Chinchar & Duffus, 2019).

interactions and ecological characteristics that affect invasion is

Several factors are expected to determine the distribution and

critical for developing science-based management of invasive species.

abundance of these invasive species across the arid south west.

Nearly one-half of the world's turtles are listed as threatened by

Elevation can limit dispersal and is correlated with environmental

IUCN criteria and they are therefore a target of major conservation

variables such as temperature, topography and stream order (Dyer

efforts worldwide (Stanford et al., 2020). Multiple factors are driving

et al., 2013; Peterson et al., 2013). For freshwater species living in

chelonian population declines including climate change, habitat loss,

desert ecosystems, the proximity and persistence of main water

illegal trade for meat and the pet industry, impacts of invasive species

sources may also be relevant for invasive abundance (Peterson

and synergistic interactions among these threats. Turtles are long

et al., 2013; Nolen et al., 2014). In addition, the distance to human

lived and reach high densities, and their decline and loss can be

disturbance sources (such as roads or human settlements) may be

especially damaging in freshwater ecosystems where they provide

associated with higher propagule pressure and therefore be a good

ecosystem functions such as nutrient cycling, soil bioturbation and

predictor of the presence and abundance of invasive species

water quality regulation (Lovich et al., 2018; Santori et al., 2020).

(Capinha, Brotons & Anastácio, 2013; Anderson, 2019; Mouser,

Invasive species can adversely affect native turtle populations by

Mollenhauer & Brewer, 2019). These individual factors may affect

competition, predation and habitat modification, and by acting as

invasive species distributions and densities both directly and

disease vectors (e.g. Mycoplasma, ranavirus, herpesvirus; Stanford

interactively.

et al., 2020). Therefore, one major strategy to manage turtles against

Removal of invasive crayfish and bullfrogs has proved difficult,

the impacts of invasive species is to identify and characterize invasive

time consuming, and expensive. Thus, the development of risk

species impacts on native freshwater turtle populations.

assessment tools is necessary to identify the invasion prevalence of

In the freshwater systems of the arid south-western USA, the

these species across the range of the desert mud turtle in order to

native Sonora mud turtle (Kinosternon sonoriense) is widely distributed

prioritize areas in which to target management efforts. This risk

in ponds, rivers and streams. This is one of the most arid-dwelling

assessment tool can also be used to design studies to understand the

species in the genus Kinosternon (Hensley et al., 2010; Iverson, Le &

ecological impacts of different invasion levels on turtle populations,

Ingram, 2013; Butler et al., 2016). Two subspecies have been

and in particular to design studies that will reveal the source localities

described: K. s. sonoriense (desert mud turtle) and K. s. longifemorale

for the invasions to mitigate against future invasions (e.g. using

(Sonoyta mud turtle), with the latter listed as Endangered under the

genetic data). This study used 86 years of data from four different

US Federal Endangered Species Act and Critically Endangered by the

sources that consisted of 5,886 de-duplicated and georeferenced GPS

International Union for Conservation of Nature (IUCN; Rosen &

locality records. These data were aggregated to build a risk

Stone, 2017); it occurs in only five locations across the USA–Mexico

assessment tool for freshwater invasive species focusing on native

border. The K. s. sonoriense subspecies is categorized as a Species of

desert mud turtle populations in Arizona. The main objectives were to

Greatest Conservation Need in the Arizona State Wildlife Action Plan

characterize the invasion level of bullfrogs and crayfish throughout

(Arizona Game and Fish Department, 2012) and Near Threatened by

the distribution of desert mud turtle populations, and to determine

the IUCN (van Dijk, 2011). Therefore, K. s. sonoriense is a top

which of the tested environmental variables explain the abundance of

candidate for the development of management plans to decrease its

invasive species in order to guide and improve management

extinction risk, as intervention and effective management at this stage

strategies.
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METHODS

2.2

2.1 | Occurrence and environmental data
acquisition and curation

Invasion risk assessment of turtle populations

|

Two approaches were used to assess the invasion risk. First, desert
mud turtle populations were defined using the kernel density function
in ArcGIS and convex polygons were generated around areas that had
2

For K. s. sonoriense and the invasive bullfrog (L. catesbeianus) and

a turtle density higher than 0.005 occurrences km

crayfish species (F. virilis, P. clarkii), occurrence records since 1935

of invasive species was then counted within these areas. Second, a

were obtained from 376 Arizona Game and Fish Department reports,

5 km buffer was generated from each occurrence point of K. s.

the public citizen science databases iNaturalist and iMapInvasives

sonoriense, and the abundance of bullfrog and crayfish occurrences

and Arizona State University collections (Table 1). Citizen science

was calculated as the sum of occurrences within that 5 km area. Both

databases, such as iNaturalist or iMapInvasives, help improve

crayfish species were analysed together, because they are ecologically

geographical modelling and the detection of invasive species, and

similar and affect turtle populations in similar ways (Twardochleb,

other studies have proved the utility of these tools to define

Olden & Larson, 2013).

. The abundance

management strategies (Maynard-Bean et al., 2020; Werenkraut,
Baudino & Roy, 2020). To avoid pseudoreplication by counting
records from different times in the same location, data points were
de-duplicated, leaving only one record per locality. The original/

2.3 | Variables associated with invasive species
abundance in turtle populations

de-duplicated datasets had 2,091/1,354 occurrences for mud turtle,
5,170/1,537 for bullfrog, and 6,563/2,995 for crayfish (Table 1,

Generalized linear models (GLMs) were used to assess which

Figure 1a).

environmental variables (elevation, human disturbance, distance to

Occurrence data were plotted with the geographic information

rivers and stream persistence) at turtle occurrence points were

system software ArcGIS v10.6 (Esri Inc., 2018; Figure 1a) using the

associated with the abundance of bullfrog or crayfish records within

WGS84 coordinate system. The digital elevation model from the

5 km of those occurrences. To evaluate which proxy of human

WorldClim database (Fick & Hijmans, 2017) and a rivers and

disturbance was a better predictor of invasive species abundance,

streams layer for Arizona (Arizona State Land Department, 1993)

distance to the nearest road and distance to the nearest city or town

were

Census

were analysed in separate models. The response variable was the

Bureau, 2019) and the Arizona city point layer (AZGeo Data

number of invasive records in a specific turtle locality, and data were

Hub, 2020) were added as proxies for human disturbance. Water

therefore analysed with a Poisson point processes model (Warton &

flow accumulation was calculated in ArcGIS v10.6 using the

Shepherd, 2010). When analysing ecological count data, it is likely

elevation layer. For this, the ‘Fill’ tool was used to fill missing pixel

that models violate assumptions of over-dispersion (i.e. model

data in the elevation raster, then ‘Flow direction’ was used to

residuals

estimate the water flow direction through the landscape given

Campbell, 2021). Therefore, over-dispersion was tested with the

elevation, and finally the ‘Flow accumulation’ tool was used to

‘dispersiontest’ function from the ‘AER’ package (Zeileis &

calculate the amount of flow accumulated in each cell of the final

Kleiber, 2008) in the R software 3.6.3 (R Core Team, 2020). As data

raster. For each occurrence point of the three taxa,

included.

The

Arizona

road

network

(US

have

an

excess

of

variability;

Richards,

2008;

the

were over-dispersed, a log link function for a quasi-Poisson

corresponding elevation, the distance to the nearest human

probability distribution in the response variables was used. The

settlement, the distance to the nearest road, the distance to the

analyses were run both with and without interaction terms to

closest main river trunk, flow accumulation and the stream

evaluate whether nonlinear additive effects between variables

persistence (i.e. perennial or intermittent) of the closest stream

provided more explanatory power to the models. As the relationships

were measured (Figure 2).

detected between invasive species abundance and elevation and

TABLE 1

Description of the data sources used in this study and the number of raw and filtered occurrences per source
Number of filtered occurrences (number of raw occurrences)

Data Source

Reference

Time period

Desert mud turtle

Bullfrog

Crayfish

iNaturalist

Ueda (2021)

2001–2020

198 (281)

290 (309)

115 (119)

iMap Invasives

NatureServe (2021)

1981–2015

NA

NA

530 (1,742)

ASU Collections

Arizona State University Biocollections (2020)

1935–2020

221 (578)

NA

NA

AZGFD reports

376 reports + departmental database

1935–2020

935 (1,232)

1,247 (4,861)

2,350 (4,702)

1,354 (2,091)

1,327 (5,170)

2,995 (6,563)

Total:

Abbreviations: ASU, Arizona State University; AZGFD, Arizona Game and Fish Department.

4

ARAYA-DONOSO ET AL.

F I G U R E 1 (a) Occurrence data for the three
focal taxa in Arizona: Kinosternon sonoriense
sonoriense (red), Lithobates catesbeianus (blue) and
crayfish (Faxonius virilis and Procambarus clarkii,
yellow). (b) Desert mud turtle populations defined
by a kernel density > 0.005 turtle occurrences
km 2

distance to the main river were not independent from flow
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accumulation, the association between flow accumulation and
abundance of invasive records, within 5 km from turtle occurrences,

Based on species occurrences and the environmental covariate data

was also tested with a GLM using a quasi-Poisson probability

from the whole de-duplicated dataset, the average (and range)

distribution. Models were compared and evaluated by leave-one-out

elevations were 1,165 (343–1,912) masl for K. s. sonoriense, 1,249

cross validation (LOOCV), and the prediction error was calculated

(29–2,560) masl for bullfrog, and 1,659 (47–2,770) masl for crayfish.

with the ‘boot’ package (Canty, 2002). The best model for each

The average distance to the nearest road was 10.27 (0–38.21) km for

response variable was selected by the lowest LOOCV error score. In

K. s. sonoriense, 8.85 (0–62.25) km for bullfrog and 9.25 (0–39.58) km

order to evaluate a possible temporal trend in which relationships

for crayfish. The average distance to the nearest city was 7.96

between variables may have changed over time, the data were

(0.044–24.82) km for K. s. sonoriense, 6.31 (0.02–38.2) km for bullfrog

separated into two subsets corresponding to invasive records before

and 11.18 (0–60.72) km for crayfish. The average distance to the

1999 (210 and 146 records for bullfrog and crayfish respectively) and

main river was 10.08 (0–33.01) km for K. s. sonoriense, 10.52

from 1999 to 2019 (1,327 and 2,849 records for bullfrog and crayfish

(0–45.58) km for bullfrog and 8.53 (0–37.27) km for crayfish. The

respectively), and analyses were additionally run for each temporal

occurrence count regarding stream persistence for K. s. sonoriense was

dataset separately. All statistical analyses were performed in R.

639 in intermittent and 301 in perennial streams, for bullfrog it was
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F I G U R E 2 Environmental variables used in the study to determine factors associated with the abundance of bullfrogs and crayfish. Variables
are: (a) elevation, (b) distance to the main river trunk, (c) distance to the nearest human settlement and (d) stream persistence (intermittent or
perennial)

1,137 in intermittent and 400 in perennial streams and for crayfish

persistence (LOOCV error = 25.59; see Tables S1–S3 for the other

635 in intermittent and 2,360 in perennial streams.

models). A significant positive relationship was detected with

The kernel density defined 16 mud turtle populations (Figure 1b),

elevation (Figure 4b), distance to the nearest city (Figure 4d) and river

and in those populations the bullfrog abundance ranged from 0 to

persistence (perennial > intermittent; Figure 5d) and a significant

332 occurrences and crayfish occurrence count ranged from 0 to 517.

negative relationship with distance to the main river (Figure 5b).

There were high invasion levels for both taxa in the central-northern

When testing for a relationship between invasive abundance and flow

part of the mud turtle's distribution (in the Phoenix metropolitan area;

accumulation, a significant negative relationship was detected for

populations 2, 3, 6 and 7; Figure 3) and in the south-eastern part of

bullfrogs and no significant relationship was detected for crayfish

Arizona (near the city of Tucson; populations 13–15; Figure 3); there

(Figure S1), which suggests no downstream accumulation of invasive

were three uninvaded or low-invaded mud turtle populations

species. Models separating the dataset by time intervals produced

(i.e. fewer than six observations of invasive species; populations 1, 5

equivalent results to those including the full dataset, except that

and 12; Figure 3). Within 5 km from turtle records, the mean bullfrog

crayfish abundance records before 1999 only had a significant

abundance was 27.96 (range 0–101) and the mean crayfish

negative relationship with distance to the nearest city (Table S4). This

abundance was 15.17 (range 0–371).

could be due to a lower number of observations and reduced

The best model for bullfrog abundance within 5 km from turtle

statistical power.

occurrences included elevation, distance to the main river, distance to
the nearest city and river persistence (LOOCV error = 16.99; see
Tables S1–S3 for the other models). The GLM detected a significant

3.1

|

Caveats and data limitations

positive relationship with elevation (Figure 4a) and with river
persistence (perennial > intermittent; Figure 5c), and a significant

There are caveats and limitations regarding the data and analyses

negative relationship with distance to the nearest city (Figure 4c) and

performed in this study. The models used occurrence data of

distance to the main river (Figure 5a). The best model for crayfish

presences detected for the species and true absences were not

abundance within 5 km from turtle records also included elevation,

included, which means the results may be affected by sampling effort

distance to the main river, distance to the nearest city and river

where more frequented areas have higher abundances. However,

6

ARAYA-DONOSO ET AL.

F I G U R E 3 Bullfrog and crayfish
abundances. Numbered polygons represent
populations of Kinosternon s. sonoriense
defined in Figure 1b. Number of occurrences
within 5 km from turtle records are shown for
(a) bullfrogs and (b) crayfish in colour (blue,
yellow), where darker colours represent
higher abundance at that site. Polygons of
mud turtle populations are shaded in grey
according to the aggregate number of
occurrences within that population, where
darker grey represents higher numbers of
bullfrogs and crayfish in panels a and b,
respectively

point process models are recommended to analyse presence-only

might differ, which could bias the detection in each field

data (Warton & Shepherd, 2010; Renner et al., 2015), especially as

observation. Nevertheless, these are inherent limitations of the

they provide clarity about which variable is being modelled (in this

data, but these observations are perhaps the most common

case the number of presence records). Although true absence data

resources that agencies have for developing effective management

were not available, the presence data should represent a true and

strategies and are therefore of utmost importance. Despite these

cumulative biological signal (from 1935 to 2021).

limitations, the models provided good statistical power and reveal

Analysing the dataset by time intervals showed that results

how ecological variables are associated with the abundance of

were generally consistent; however, a change in the relationship

invasive species in turtle populations. The LOOCV error estimates

between crayfish abundance and distance to cities may correspond

were high and R2 values were relatively low, suggesting that the

to a possible temporal effect. Alternatively, this could be the result

models may be overfitted (Table 2) despite de-duplicating the

of differences in the number of observations between the datasets,

dataset. This may simply be another limitation of the data, and

or differences in sampling effort or sampling locations over time. In

could be improved by incorporating sample effort and true

addition, the original sampling or detection methods across taxa

absences into future studies.
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F I G U R E 4 Relationship between bullfrog and crayfish abundance within 5 km of Kinosternon s. sonoriense occurrences and elevation (a, b)
and their distances to nearest human settlement (c, d), respectively. The red dotted line represents the quasi-Poisson regression. The asterisk
represents significant relationships
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DISCUSSION

preferentially colonize more distant streams or whether they are
outcompeted or have poor survival in more frequented areas.

Science-based management of invasive species is a powerful

Crayfish and bullfrog invasion were more prevalent in turtle

approach to focus conservation efforts on the areas of most need in

populations situated near permanent (perennial) streams, which is

order to improve the status of vulnerable populations. In this study,

consistent with studies reporting that these invasive species require

5,886 de-duplicated locality records were compiled from state and

persistent water bodies to sustain stable populations (Cruz &

public databases and the invasion level of invasive bullfrog and

Rebelo, 2007; Peterson et al., 2013). Although bullfrog abundance

crayfish species was assessed within populations of the desert mud

was significantly higher within turtle populations in permanent

turtle, a Species of Greatest Conservation Need in Arizona.

streams, the total number of bullfrog records (in and out of turtle

Associations of invasive abundance and four environmental variables

populations) was higher in intermittent streams (1,137 vs 400). The

were also assessed. The models showed good explanatory power but

association of crayfish with perennial streams was much stronger than

lower predictive power, suggesting that the models may be somewhat

for bullfrogs. This pattern is not surprising as crayfish are more water-

overfitted, which is a limitation of this data type (see Section 3). The

dependent for dispersal, which limits their dispersal only to areas of

results showed that both invasive taxa were more abundant in

the drainage networks that have perennially flowing branches, or via

persistent streams, near the main trunk of a river than in tributaries,

human transfers (e.g. to use as bait). In contrast, bullfrogs are less

and at higher elevations, although these last two variables are

water dependent than crayfish for dispersal (Gherardi, Barbaresi &

correlated (R = 0.492; P < 0.001). Bullfrogs and crayfish showed

Salvi, 2000; Smith & Green, 2005), allowing them to colonize new

opposite patterns regarding distance to human settlements: bullfrogs

intermittent streams once they begin flowing again, which may

were more abundant in turtle populations near human settlements

explain the higher median bullfrog occurrence in intermittent streams.

and crayfish were more abundant in turtle populations further from

Bullfrogs can use temporary water bodies, but they require

cities or towns. From the data it is unclear whether crayfish

permanent water for reproduction (Gahl, Calhoun & Graves, 2009), so

8
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F I G U R E 5 Relationship between bullfrog and crayfish abundance within 5 km of Kinosternon s. sonoriense occurrences, and distance to the
main river trunk (a, b) and in relation to stream persistence (c, d). The red dotted line in panels a and b represents the quasi-Poisson regression.
The asterisk represents significant relationships

Bullfrog

Crayfish

Variable

Estimate

p

Elevation

0.0013

<0.001

0.0018

<0.001

0.10

<0.001

0.072

<0.001

Distance to human settlement
Distance to river

0,046

Stream persistence

0.44

R2

0.19

LOOCV error

16.99

Estimate

p

<0.001

0.061

<0.001

<0.001

1.50

<0.001

0.43
25.59

T A B L E 2 Generalized linear models
used to test the relationship between
environmental variables and bullfrog and
crayfish abundances within 5 km of
Kinosternon s. sonoriense occurrences.
Distance to the nearest human
settlement was used as a proxy of human
disturbance, and models do not include
interaction. These models had the lowest
LOOCV error (see Tables S1–S3 for
alternative models)

Abbreviation: LOOCV, Leave-one-out cross validation.

intermittent streams are unlikely to be used over periods of long

Sepúlveda et al., 2015), this is unlikely to explain the results because

drought in Arizona.

flow accumulation was not a significant predictor of invasive

Crayfish and bullfrogs were more abundant closer to main river

abundance (Figure S2). This result suggests that further work should

channels, probably reflecting ecological differences. This could also be

test whether these trunks are the main locations where the species

an artefact of their point of invasion or introduction being in larger

are artificially introduced into the waterways. It may also be that flow

channels; however, detailed information about the sources of

accumulation patterns are different or less relevant in arid

introduction is not currently available for Arizona. Although the

environments where many streams flow intermittently.

downstream spread of invasive species has been described previously

A significant relationship was detected for elevation, with both

(Light, 2003; Bubb, Thom & Lucas, 2004; Kerby et al., 2005;

crayfish and bullfrogs more abundant at higher elevations. Nori

9
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et al. (2011) found that the high elevations of the Andes Mountains in

against which the health of populations in other areas can be

north-western Argentina limited bullfrog invasion, and elevation

compared. This is important for assessing the conservation status of

appears also to limit crayfish dispersal or persistence (Light, 2003; Cruz

the species. Fourth, the delineation of turtle populations based on

& Rebelo, 2007). However, other studies have found higher probability

invasion level, from high and low invasive pressures, can be used to

of occurrence of some crayfish species at higher elevations (> 400 m;

study the demographic and health consequences to turtles in these

Dyer et al., 2013; Mouser, Mollenhauer & Brewer, 2019). In this study,

co-existing areas and improve monitoring programmes. As eradication

higher abundance of bullfrogs and crayfish were detected at higher

of the invaders may be cost-prohibitive, studying invasion intensity

elevations (even above 1,000 masl), which might be explained by an

can identify density thresholds where turtles can maintain healthy,

indirect association of higher elevations with suitable conditions for

self-sustaining populations in the presence of invasives, allowing a

these species, such as other climatic, physicochemical or biological

management strategy of control at a given density of invasion instead

parameters (e.g. temperature; Seiler & Turner, 2004; Ficetola, Thuiller

of the goal of full eradication. Sampling genetic information from the

& Miaud, 2007; Adams & Marks, 2016).

invasive populations could reveal source–sink dynamics and help

Considering proxies for human disturbance, models using

determine where these invasive species are being introduced to the

distance to the nearest city instead of distance to roads had higher

system and whether these invasions are continuing or are historical.

predictive power (Table 2, Table S1). Furthermore, areas near cities

The ecological knowledge generated in this study is essential for

also presented higher abundance of invasive species (Figure 3).

managing these invasive species (Adams & Pearl, 2007; Gherardi

Proximity to cities may be a better descriptor of human disturbance

et al., 2011). Control efforts could be prioritized on locations

and it is possible that areas closer to cities might put higher propagule

matching

pressure on invasive species (Hamer & McDonnell, 2008). A negative

abundance of invasive species (persistent streams, closer to the main

relationship was reported for bullfrog abundance, where higher

river, near human settlements and in high elevation) and that have not

abundances occurred closer to cities, consistent with expectations.

yet been colonized, and therefore prevent further spread of these

Other studies have also reported higher invasive abundance in more

species.

the environmental

features associated with

higher

disturbed environments (Riley et al., 2005; Ficetola, Thuiller &

Other studies have used geospatial data to assess threats to

Miaud, 2007; Sepúlveda et al., 2015; Sepulveda, 2018). In contrast,

turtle populations. Santori et al. (2018) used community science data

crayfish abundance was significantly positively correlated with

to assess the mortality of the eastern long-necked turtle, Chelodina

distance from cities, where lower abundances were recorded closer to

longicollis, associated with roads. Nicholson et al. (2020) used museum

cities. However, a significant negative relationship was detected

data to assess the effects of roads and invasive bullfrogs on western

between distance from cities and crayfish abundance for early records

pond turtle populations. Ryberg et al. (2017) integrated habitat

of crayfish (before 1999; Table S4). This change in the relationship

modelling with data on land use change to assess the conservation

may correspond to a temporal effect of crayfish dispersing and

status of the western chicken turtle (Deirochelys reticularia miaria).

establishing to other locations further from cities or human

Here, this study developed a risk assessment tool for a species of

settlements, or the result of different sampling efforts over time.

conservation concern, the desert mud turtle, to inform management

The association of invasive abundance with distance to the main

practices to maintain native turtle populations in the face of invasive

river, elevation and distance to cities may be driven primarily by the

threats. Removal of these non-native species has been achieved in

source(s) of invasion, which is a primary determinant for invasive

small water bodies; the catch–depletion method using different

bullfrog and crayfish presence (Cruz & Rebelo, 2007; Sepúlveda

catching techniques (e.g. hand, spear, net) has been useful in removing

et al., 2015), and may be generating a stronger signal than the effect

bullfrogs

of the ecological variables measured. Exactly where invasive

et al., 2020), whereas pond draining, the use of biocides and electric

individuals were introduced into these drainage networks is not

shock treatments are alternatives to remove crayfish (Holdich,

known, so these models can be used in future research to study

Gydemo & Rogers, 2017; Peay et al., 2019). The information provided

introductions and invasion dynamics in these locations.

by this risk assessment tool, combined with successful removal

The model of invasion level developed here can be used as a risk
assessment tool for turtle conservation. The results presented here

(Louette,

Devisscher

&

Adriaens,

2013;

Kamoroff

methods, could help to improve the health of turtles inhabiting the
waterways of the American Southwest.

have direct implications for invasive species management in four
ways. First, managers could use this model to define turtle

AC KNOW LEDG EME NT S

populations most affected by invasive species and prioritize

This project was funded by the Arizona Game and Fish Department

management actions. Such a prioritization tool is valuable considering

from U.S. Fish and Wildlife Service (USFWS) grant F18AF01162. RAD

limited financial and personnel resources. Second, the model can be

was supported by the doctoral scholarship 72200094 (ANID, Chile)

used to detect uninvaded populations and allow managers to focus

and the College of Liberal Arts and Sciences at Arizona State

efforts on monitoring bullfrog and/or crayfish spread to prevent

University. The authors thank Jeff Sorensen for providing crayfish

invasion, or to catch propagules in early stages of invasion when

records from the Arizona Game and Fish Department's Invertebrate

eradication has a higher chance of success. Third, identification of

Wildlife Program, and Tom R. Jones for valuable comments on the

populations with limited invasion provides an ecosystem baseline

manuscript.

10

ARAYA-DONOSO ET AL.

CONF LICT OF IN TE RE ST
The authors declare no conflict of interest.
DATA AVAI LAB ILITY S TATEMENT
Bullfrog and crayfish occurrence records in Arizona are available in an
Arizona State University Dataverse: 10.48349/ASU/PMLVXF.

ORCID
Raúl Araya-Donoso
Kenro Kusumi
Greer A. Dolby

https://orcid.org/0000-0002-4562-6061

https://orcid.org/0000-0002-1458-4540
https://orcid.org/0000-0002-5923-0690

RE FE R ENC E S
Adams, K.J. & Marks, J.C. (2016). Population response of the invasive
crayfish Orconectes virilis (Decapoda: Astacoidea: Cambaridae) to
restoration: What are the consequences of changes in predatory
regulation and physical habitat in Fossil Creek, Arizona, USA? Journal
of Crustacean Biology, 36(5), 597–606. https://doi.org/10.1163/
1937240X-00002471
Adams, M.J. & Pearl, C.A. (2007). Problems and opportunities managing
invasive bullfrogs: Is there any hope? In: F. Gherardi (Ed.) Biological
Invaders in Inland Waters: Profiles, Distribution, and Threats. Dordrecht:
Springer, pp. 679–693.
Akins, C.M. & Jones, T.R. (2010). Kinosternon sonoriense (Sonoran mud
turtle). Predation. Herpetological Review, 41(4), 485–486.
Anderson, R.B. (2019). Human traffic and habitat complexity are
strong predictors for the distribution of a declining amphibian.
PLoS ONE, 14(3), e0213426. https://doi.org/10.1371/journal.pone.
0213426
Arizona Game and Fish Department. (2012). Arizona's State Wildlife Action
Plan: 2012–2022. Phoenix, AZ: Arizona Game and Fish Department.
Arizona State Land Department. (1993). Major rivers, main stem, primary &
secondary tributaries, in Arizona geospatial data and maps. Available at:
http://uair.library.arizona.edu/item/292543 [Accessed 25 March
2021]
Arizona State University Biocollections. (2020). Arizona State University
Herpetology Collection. https://doi.org/10.15468/yj2vvf [Accessed
25 March 2021]
AZGeo Data Hub (2020). Arizona's Authoritative Geospatial Repository.
Available at: https://azgeo-open-data-agic.hub.arcgis.com/datasets/
azgeo::city-points/explore [Accessed 15 February 2022]
Bubb, D.H., Thom, T.J. & Lucas, M.C. (2004). Movement and dispersal of
the invasive signal crayfish Pacifastacus leniusculus in upland rivers.
Freshwater Biology, 49(3), 357–368. https://doi.org/10.1111/j.13652426.2003.01178.x
Butler, C.J., Stanila, B.D., Iverson, J.B., Stone, P.A. & Bryson, M. (2016).
Projected changes in climatic suitability for Kinosternon turtles by
2050 and 2070. Ecology and Evolution, 6(21), 7690–7705. https://doi.
org/10.1002/ece3.2492
Campbell, H. (2021). The consequences of checking for zero-inflation and
overdispersion in the analysis of count data. Methods in Ecology and
Evolution, 12(4), 665–680. https://doi.org/10.1111/2041-210X.13559
Canty, A.J. (2002). Resampling methods in R: The boot package. The
Newsletter of the R Project, 2(3), 2–7.
Capinha, C., Brotons, L. & Anastácio, P. (2013). Geographical variability in
propagule pressure and climatic suitability explain the European
distribution of two highly invasive crayfish. Journal of Biogeography,
40(3), 548–558. https://doi.org/10.1111/jbi.12025
Carpenter, J. (2005). Competition for food between an introduced crayfish
and two fishes endemic to the Colorado River basin. Environmental

Biology of Fishes, 72(3), 335–342. https://doi.org/10.1007/s10641004-2588-z
Carpenter, S.R., Stanley, E.H. & Vander Zanden, M.J. (2011). State of the
world's freshwater ecosystems: Physical, chemical, and biological
changes. Annual Review of Environment and Resources, 36(1), 75–99.
https://doi.org/10.1146/annurev-environ-021810-094524
Chinchar, V.G. & Duffus, A.L.J. (2019). Molecular and ecological
studies of a virus family (Iridoviridae) infecting invertebrates and
ectothermic vertebrates. Viruses, 11(6), 538. https://doi.org/10.3390/
v11060538
Cruz, M.J. & Rebelo, R. (2007). Colonization of freshwater habitats by an
introduced crayfish, Procambarus clarkii, in Southwest Iberian
Peninsula. Hydrobiologia, 575(1), 191–201. https://doi.org/10.1007/
s10750-006-0376-9
Davis, J.A., Kerezsy, A. & Nicol, S. (2017). Springs: Conserving perennial
water is critical in arid landscapes. Biological Conservation, 211, 30–35.
https://doi.org/10.1016/j.biocon.2016.12.036
Didham, R.K., Tylianakis, J.M., Hutchison, M.A., Ewers, R.M. &
Gemmell, N.J. (2005). Are invasive species the drivers of ecological
change? Trends in Ecology & Evolution, 20(9), 470–474. https://doi.org/
10.1016/j.tree.2005.07.006
Dyer, J.J., Brewer, S.K., Worthington, T.A. & Bergey, E.A. (2013). The
influence of coarse-scale environmental features on current and
predicted future distributions of narrow-range endemic crayfish
populations. Freshwater Biology, 58(6), 1071–1088. https://doi.org/10.
1111/fwb.12109
Esri Inc. (2018). ArcGIS Desktop v10.6. Available at: https://support.esri.
com/en/Products/Desktop/arcgis-desktop/arcmap/10-6-1#overview
[Accessed 25 March 2021]
Ficetola, G.F., Thuiller, W. & Miaud, C. (2007). Prediction and validation of
the potential global distribution of a problematic alien invasive species
– the American bullfrog. Diversity and Distributions, 13(4), 476–485.
https://doi.org/10.1111/j.1472-4642.2007.00377.x
Fick, S.E. & Hijmans, R.J. (2017). WorldClim 2: New 1 km spatial
resolution climate surfaces for global land areas. International
Journal of Climatology, 37(12), 4302–4315. https://doi.org/10.1002/
joc.5086
Gahl, M.K., Calhoun, A.J. & Graves, R. (2009). Facultative use of seasonal
pools by American bullfrogs (Rana catesbeiana). Wetlands, 29(2), 697–
703. https://doi.org/10.1672/08-56.1
Gallardo, B., Clavero, M., Sánchez, M.I. & Vilà, M. (2016). Global ecological
impacts of invasive species in aquatic ecosystems. Global Change
Biology, 22(1), 151–163. https://doi.org/10.1111/gcb.13004
Gherardi, F. (2007). Understanding the impact of invasive crayfish. In: F.
Gherardi (Ed.) Biological invaders in inland waters: Profiles, distribution,
and threats. Dordrecht: Springer, pp. 507–542.
Gherardi, F., Aquiloni, L., Diéguez-Uribeondo, J. & Tricarico, E. (2011).
Managing invasive crayfish: Is there a hope? Aquatic Sciences, 73(2),
185–200. https://doi.org/10.1007/s00027-011-0181-z
Gherardi, F., Barbaresi, S. & Salvi, G. (2000). Spatial and temporal
patterns in the movement of Procambarus clarkii, an invasive crayfish.
Aquatic
Sciences,
62(2),
179–193.
https://doi.org/10.1007/
PL00001330
Gurevitch, J. & Padilla, D.K. (2004). Are invasive species a major cause of
extinctions? Trends in Ecology & Evolution, 19(9), 470–474. https://doi.
org/10.1016/j.tree.2004.07.005
Hamer, A.J. & McDonnell, M.J. (2008). Amphibian ecology and
conservation in the urbanising world: A review. Biological Conservation,
141(10), 2432–2449. https://doi.org/10.1016/j.biocon.2008.07.020
Hensley, F.R., Jones, T.R., Maxwell, M.S., Adams, L.J. &
Nedella, N.S. (2010). Demography, terrestrial behavior, and growth of
Sonora mud turtles (Kinosternon sonoriense) in an extreme habitat.
Herpetological Monographs, 24(1), 174–193. https://doi.org/10.1655/
10-042.1

ARAYA-DONOSO ET AL.

Holdich, D.M., Gydemo, R. & Rogers, W.D. (2017). A review of possible
methods for controlling nuisance populations of alien crayfish. In: F.
Gherardi, D.M. Holdich (Eds.) Crayfish in Europe as alien species.
Rotterdam: A.A. Balkema, pp. 245–270. https://doi.org/10.1201/
9781315140469
Iverson, J.B., Le, M. & Ingram, C. (2013). Molecular phylogenetics of the
mud and musk turtle family Kinosternidae. Molecular Phylogenetics and
Evolution, 69(3), 929–939. https://doi.org/10.1016/j.ympev.2013.
06.011
Kamoroff, C., Daniele, N., Grasso, R.L., Rising, R., Espinoza, T. &
Goldberg, C.S. (2020). Effective removal of the American bullfrog
(Lithobates catesbeianus) on a landscape level: Long term monitoring
and removal efforts in Yosemite Valley, Yosemite National Park.
Biological Invasions, 22(2), 617–626. https://doi.org/10.1007/s10530019-02116-4
Kerby, J.L., Riley, S.P., Kats, L.B. & Wilson, P. (2005). Barriers and flow as
limiting factors in the spread of an invasive crayfish (Procambarus
clarkii) in southern California streams. Biological Conservation, 126(3),
402–409. https://doi.org/10.1016/j.biocon.2005.06.020
Light, T. (2003). Success and failure in a lotic crayfish invasion: The roles
of hydrologic variability and habitat alteration. Freshwater Biology,
48(10),
1886–1897.
https://doi.org/10.1046/j.1365-2427.2003.
01122.x
Louette, G., Devisscher, S. & Adriaens, T. (2013). Control of invasive
American bullfrog Lithobates catesbeianus in small shallow water
bodies. European Journal of Wildlife Research, 59(1), 105–114. https://
doi.org/10.1007/s10344-012-0655-x
Lovich, J.E., Ennen, J.R., Agha, M. & Gibbons, J.W. (2018). Where have all
the turtles gone, and why does it matter? Bioscience, 68(10), 771–781.
https://doi.org/10.1093/biosci/biy095
Maynard-Bean, E., Kaye, M., Wagner, T. & Burkhart, E.P. (2020). Citizen
scientists record novel leaf phenology of invasive shrubs in eastern US
forests. Biological Invasions, 22(11), 3325–3337. https://doi.org/10.
1007/s10530-020-02326-1
Milbau, A., Stout, J.C., Graae, B.J. & Nijs, I. (2009). A hierarchical
framework for integrating invasibility experiments incorporating
different factors and spatial scales. Biological Invasions, 11(4), 941–
950. https://doi.org/10.1007/s10530-008-9306-2
Mouser, J.B., Mollenhauer, R. & Brewer, S.K. (2019). Relationships
between landscape constraints and a crayfish assemblage with
consideration of competitor presence. Diversity and Distributions,
25(1), 61–73. https://doi.org/10.1111/ddi.12840
NatureServe. (2021). iMapInvasives: NatureServe's online data system
supporting strategic invasive species management. Available at: http://
www.imapinvasives.org [Accessed 25 March 2021]
Nicholson, E.G., Manzo, S., Devereux, Z., Morgan, T.P., Fisher, R.N.,
Brown, C. et al. (2020). Historical museum collections and
contemporary population studies implicate roads and introduced
predatory bullfrogs in the decline of western pond turtles. PeerJ, 8,
e9248. https://doi.org/10.7717/peerj.9248
Nolen, M.S., Magoulick, D.D., DiStefano, R.J., Imhoff, E.M. & Wagner, B.K.
(2014). Predicting probability of occurrence and factors affecting
distribution and abundance of three Ozark endemic crayfish species at
multiple spatial scales. Freshwater Biology, 59(11), 2374–2389. https://
doi.org/10.1111/fwb.12442
Nori, J., Akmentins, M.S., Ghirardi, R., Frutos, N. & Leynaud, G.C. (2011).
American bullfrog invasion in Argentina: Where should we take urgent
measures? Biodiversity and Conservation, 20(5), 1125–1132. https://
doi.org/10.1007/s10531-011-0014-3
Peay, S., Johnsen, S.I., Bean, C.W., Dunn, A.M., Sandodden, R. &
Edsman, L. (2019). Biocide treatment of invasive signal crayfish:
Successes, failures and lessons learned. Diversity, 11(3), 29. https://
doi.org/10.3390/d11030029
Peterson, A.C., Richgels, K.L., Johnson, P.T. & McKenzie, V.J. (2013).
Investigating the dispersal routes used by an invasive amphibian,

11

Lithobates catesbeianus, in human-dominated landscapes. Biological
Invasions, 15(10), 2179–2191. https://doi.org/10.1007/s10530-0130442-y
Prior, K.M., Adams, D.C., Klepzig, K.D. & Hulcr, J. (2018). When does
invasive species removal lead to ecological recovery? Implications for
management success. Biological Invasions, 20(2), 267–283. https://doi.
org/10.1007/s10530-017-1542-x
R Core Team. (2020). R: A language and environment for statistical
computing. R Foundation for statistical computing. Available at:
https://www.R-project.org/ [Accessed 25 March 2021]
Rahel, F.J. & Olden, J.D. (2008). Assessing the effects of climate change on
aquatic invasive species. Conservation Biology, 22(3), 521–533. https://
doi.org/10.1111/j.1523-1739.2008.00950.x
Renner, I.W., Elith, J., Baddeley, A., Fithian, W., Hastie, T., Phillips, S.J. et al.
(2015). Point process models for presence-only analysis. Methods in
Ecology and Evolution, 6(4), 366–379. https://doi.org/10.1111/2041210X.12352
Richards, S.A. (2008). Dealing with overdispersed count data in applied
ecology. Journal of Applied Ecology, 45(1), 218–227. https://doi.org/
10.1111/j.1365-2664.2007.01377.x
Riley, S.P., Busteed, G.T., Kats, L.B., Vandergon, T.L., Lee, L.F., Dagit, R.G.
et al. (2005). Effects of urbanization on the distribution and
abundance of amphibians and invasive species in southern California
streams. Conservation Biology, 19(6), 1894–1907. https://doi.org/10.
1111/j.1523-1739.2005.00295.x
Rosen, P. & Stone, P.A. (2017). Kinosternon sonoriense ssp. longifemorale.
The IUCN Red List of Threatened Species
2017: E.
T96710001A91328680. Available at: https://doi.org/10.2305/IUCN.
UK.2017-3.RLTS.T96710001A91328680.en [Accessed 25 March
2021]
Rosen, P.C. & Schwalbe, C.R. (1995). Bullfrogs: Introduced predators in
southwestern wetlands. Our living resources: A report to the nation on the
distribution, abundance, and health of US plants, animals, and
ecosystems. Washington, DC: US Department of the Interior, National
Biological Service, pp. 452–454.
Ryberg, W.A., Wolaver, B.D., Prestridge, H.L., Labay, B.J., Pierre, J.P.,
Costley, R.A. et al. (2017). Habitat modelling and conservation of the
western chicken turtle (Dierochelys reticularia miara). Herpetological
Conservation and Biology, 12(2), 307–320.
Santori, C., Spencer, R.J., Thompson, M.B., Whittington, C.M., Burd, T.H.,
Currie, S.B. et al. (2020). Scavenging by threatened turtles regulates
freshwater ecosystem health during fish kills. Scientific Reports, 10(1),
1–7. https://doi.org/10.1038/s41598-020-71544-3
Santori, C., Spencer, R.J., Van Dyke, J.U. & Thompson, M.B. (2018). Road
mortality of the eastern long-necked turtle (Chelodina longicollis) along
the Murray River, Australia: An assessment using citizen science.
Australian Journal of Zoology, 66(1), 41–49. https://doi.org/10.1071/
ZO17065
Seiler, S.M. & Turner, A.M. (2004). Growth and population size of crayfish
in headwater streams: Individual- and higher-level consequences of
acidification. Freshwater Biology, 49(7), 870–881. https://doi.org/10.
1111/j.1365-2427.2004.01231.x
Sepulveda, A.J. (2018). Novel application of explicit dynamics occupancy
models to ongoing aquatic invasions. Journal of Applied Ecology, 55(2),
917–925. https://doi.org/10.1111/1365-2664.13002
Sepúlveda, A.J., Layhee, M., Stagliano, D., Chaffin, J., Begley, A. &
Maxell, B. (2015). Invasion of American bullfrogs along the
Yellowstone River. Aquatic Invasions, 10(1), 69–77. https://doi.org/10.
3391/ai.2015.10.1.07
Smith, A.M. & Green, D.M. (2005). Dispersal and the metapopulation
paradigm in amphibian ecology and conservation: Are all amphibian
populations metapopulations? Ecography, 28(1), 110–128. https://doi.
org/10.1111/j.0906-7590.2005.04042.x
Stanford, C.B., Iverson, J.B., Rhodin, A.G., van Dijk, P.P., Mittermeier, R.A.,
Kuchling, G. et al. (2020). Turtles and tortoises are in trouble. Current

12

Biology, 30(12), R721–R735. https://doi.org/10.1016/j.cub.2020.
04.088
Stone, P.A., Congdon, J.D. & Smith, C.L. (2014). Conservation triage of
Sonoran mud turtles (Kinosternon sonoriense). Herpetological
Conservation and Biology, 9(3), 448–453.
Twardochleb, L.A., Olden, J.D. & Larson, E.R. (2013). A global
meta-analysis of the ecological impacts of nonnative crayfish.
Freshwater Science, 32(4), 1367–1382. https://doi.org/10.1899/12203.1
US Census Bureau (2019). 2019 TIGER/line shapefiles, Arizona, primary
and secondary roads state-based shapefile. Available at: https://
catalog.data.gov/dataset/tiger-line-shapefile-2019-state-arizonaprimary-and-secondary-roads-state-based-shapefile [Accessed 25
March 2021]
Ueda, K. (2021). iNaturalist Research-grade Observations. https://doi.org/
10.15468/ab3s5x [Accessed 25 March 2021]
van Dijk, P.P. (2011). Kinosternon sonoriense (errata version published in
2016). The IUCN Red List of Threatened Species 2011:
e.T11011A97382186.
https://doi.org/10.2305/IUCN.UK.2011-1.
RLTS.T11011A3238623.en [Accessed 25 March 2021]
Warton, D.I. & Shepherd, L.C. (2010). Poisson point process models solve
the ‘pseudo-absence problem’ for presence-only data in ecology. The
Annals of Applied Statistics, 4(3), 1383–1402. https://doi.org/10.1214/
10-AOAS331
Werenkraut, V., Baudino, F. & Roy, H.E. (2020). Citizen science reveals the
distribution of the invasive harlequin ladybird (Harmonia axyridis

ARAYA-DONOSO ET AL.

Pallas) in Argentina. Biological Invasions, 22(10), 2915–2921. https://
doi.org/10.1007/s10530-020-02312-7
Winzeler, M.E., Hamilton, M.T., Tuberville, T.D. & Lance, S.L. (2015). First
case of ranavirus and associated morbidity and mortality in an eastern
mud turtle Kinosternon subrubrum in South Carolina. Diseases of
Aquatic Organisms, 114(1), 77–81. https://doi.org/10.3354/dao02849
Zeileis, A. & Kleiber, C. (2008). AER: Applied econometrics with R. R
Package version 0.9-0. Available at: https://CRAN.R-project.org/
package=AER [Accessed 25 March 2021]

SUPPORTING INF ORMATION
Additional supporting information may be found in the online version
of the article at the publisher's website.

How to cite this article: Araya-Donoso, R., Orton, J.P., Ryan,
M.J., Jones, C.A., Kusumi, K. & Dolby, G.A. (2022). Geospatial
assessment of freshwater invasive species to inform turtle
conservation and management. Aquatic Conservation: Marine
and Freshwater Ecosystems, 1–12. https://doi.org/10.1002/
aqc.3816

