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Simple Summary: Galápagos pink land iguanas (Conolophus marthae) are a critically endangered
species endemic to Wolf Volcano, Galápagos. Among other conservation initiatives, a head-start
program, involving the captive rearing of hatchlings prior to release in the wild, has been identified
as a primary action needed to prevent the species’ extinction. However, until this study began, the
location of pink iguana nesting grounds was unknown, and no hatchlings and only a handful of
juveniles and subadults had been observed. In an attempt to unveil the location of nesting grounds
for C. marthae, we modeled the movement patterns of male and female iguanas tracked during
the reproductive season. Based on the hypothesis that males and females might exhibit different
movement patterns after the breeding season, we looked for females-specific migratory behavior.
Thanks to this approach, we identified an area that females likely use to nest. Our results based on
movement data alone led to the first-ever identification of pink iguana nests and hatchlings.

Abstract: Invasive alien species control is recognized worldwide as a priority action to preserve
global biodiversity. However, a lack of general life history knowledge for threatened species can
impede the effectiveness of conservation actions. Galápagos pink land iguanas (Conolophus marthae)
are endemic to Wolf Volcano, Galápagos, Ecuador. These iguanas are threatened by invasive alien
species, particularly feral cats, that may affect their small population size. To guarantee the long-term
survival of C. marthae, the Galápagos National Park Directorate is considering, along with an ongoing
campaign of feral cat control, the implementation of a head-start program. However, the success
of this management strategy necessarily relies on the identification of pink iguana nesting grounds,
which were still unknown at the onset of this study. We modeled the movement patterns of male
and female iguanas during the reproductive season, using location data collected from custom-made
remote tracking devices installed on adult pink iguanas in April 2021. We first calculated for each
individual the vector of distances from its starting location, which was defined as net displacement.
We then used net displacement as the response variable in a generalized additive mixed model with
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day of the year as the predictor. Based on the hypothesis that males and females may behaviorally
differ after mating, we looked for female-specific migratory behavior suggesting females were moving
toward nesting areas. The results obtained confirmed our hypothesis, as females exhibited a distinct
migratory behavior, reaching a small plateau area inside of Wolf Volcano’s caldera and ca. 400 m
below the volcano’s northern rim. Moreover, once inside the caldera, females displayed a more
aggregated distribution pattern. The movement data obtained allowed Galápagos National Park
rangers to locate individual pink iguana nests and subsequently to sight and collect the first observed
hatchlings of the species. This work constitutes a necessary baseline to perform dedicated studies of
pink iguana nests and emerging hatchling iguanas, which is an essential step toward the development
of an effective head-start program.

Keywords: net displacement (ND); generalized additive mixed model (GAMM); head-start program;
movement pattern; nesting behavior; hatchlings; conservation

1. Introduction

Island ecosystems, for the area they occupy, host a disproportionately large amount of
global biodiversity compared to continental ecosystems [1]. Tropical islands, in particular,
are among the most critical biodiversity hotspots of the world due to their unique climatic
and environmental conditions and huge concentration of endemic species [2–4]. The
biodiversity of these fragile ecosystems is highly vulnerable to human-driven pressures
including climate change, habitat degradation and the introduction of invasive alien species
(IASs) [4–6]. Overall, IASs are estimated to be one of the main drivers of vertebrate
extinctions in island ecosystems, and IASs control has been identified as one of the main
targets for safeguarding global biodiversity [6]. However, the lack of biological knowledge
about endemic species may hamper the development of successful conservation actions [7].
A deeper knowledge of native species ecology is necessary to understand how IASs may
affect them and to inform management authorities.

The Galápagos archipelago represents one of the world’s most iconic island ecosystems
and harbors many unique animal species [8]. Galápagos Pink Land Iguanas (Conolophus
marthae) are one of three terrestrial iguana species endemic to the archipelago [9–11]. Only
described in 2009 [12], C. marthae were rapidly assessed as being Critically Endangered by
the IUCN Red List of Threatened Species [9]. Only a single population of about 200 adult
pink iguanas exists [13], which was confined to the northwestern slope of Wolf Volcano
on Isabela Island [14]. Data collected in the field over sixteen years provided fundamental
insights on the ecology of this species [13,15,16]. However, hatchlings were never en-
countered, and juveniles were rarely observed [14]. Therefore, quantitative and ecological
information on pink iguana early-life stages are dramatically scarce. There are no native
predators of terrestrial iguanas on Wolf Volcano except for Galápagos Hawks (Buteo gala-
pagoensis). However, invasive black rats and feral cats occur at this site [9,14]. They are
potential predators of early-stage individuals [9,17,18]. Recent analyses demonstrated that
population recruitment, although extremely limited, has been sufficient to prevent measur-
able population decline [13]. Nonetheless, it is likely that IASs affect population dynamics
on a long-term scale, conditioning the limited recruitment observed. Because of this, editors
of the 2022–2027 Conservation and Management Plan (CAMP) for the species [19] identi-
fied IASs control as one of the CAMP’s high-priority actions. Concurrently, the Galápagos
National Park Directorate (GNPD) is evaluating the feasibility of a head-start program for
the species [20]. However, the current lack of information about nesting and hatchling
ecology hampers the realization of these conservation actions. Even more concerning,
until this study began, the location of pink iguana nesting areas was unknown, which was
mainly due to the remoteness of the site, making it logistically difficult and expensive to
conduct field studies of significant duration.
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Given the above-mentioned logistic issues, our research group designed and devel-
oped a custom-made GPS Wireless Sensor Node (WSN) to remotely track iguanas in the
wild [21,22]. We installed the first tracking devices on pink iguanas in September 2019,
providing preliminary information about the movement ecology of the species [15].

In the present study, we analyzed the location data collected by WSNs installed on
iguanas in April 2021, when females begin to be reproductively active [23], in the attempt
to identify nesting areas for the species. We described the path followed by 11 pink iguana
females tagged during the mating season, and we used two tagged males as control. We
assessed whether the variation in individual movements observed may be explained in
terms of differences in sex-specific movement patterns. Female iguanas of many species are
known to migrate from their usual home ranges to reach open areas to dig nests [24–29].
Hence, we anticipated that female pink iguanas might display migratory behavior during
the study period while looking for suitable areas to nest. On the contrary, males should
remain closer to their usual activity centers, as expected for individuals moving within a
stable home range [30].

We are aware that the reduced sample size of this study does not allow extrapolating
our findings to the entire population. However, the analysis proposed here represents the
first attempt to identify the location of nesting grounds for the species and could provide
preliminary information about the timing, direction, and extent of the nesting migration.

2. Materials and Methods
2.1. Data Collection and Sampling Area

In April 2021, we captured 13 female and 2 male Galápagos Pink Land Iguanas. We
equipped each iguana with a WSN [15,21,22]. All iguanas were captured between 2 April
and 5 April on the outer slopes of Wolf Volcano near the rim, within an area not larger than
2 km2, ranging between 1390 and 1615 m above sea level (a.s.l.) (Figure 1).
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Figure 1. Topographic map of the study area, located on the northwestern slope of Wolf Volcano,
Isabela Island. The main map shows the location of the study area (dashed red line), whose relative
position within the Galápagos archipelago is shown in the inset (red square). Capture points of male
(blue) and female (orange) pink iguanas equipped with Wireless Sensor Nodes (WSNs) are shown in
the main map. The continuous blue palette used in the main map represents the elevation (meters
above sea level) with darker shades of blue corresponding to higher altitudes. Gray contour lines
represent 200 m elevation changes.

Mating season occurs approximately between April and June, when pink iguanas
congregate at the top of Wolf Volcano to breed [14]. The mating area is mainly covered
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by highland deciduous grass communities interspersed with patches of seasonal shrub-
land [31]. All sampled individuals were checked for the presence of Passive Integrated
Transponders (PITs) applied during past field trips, and individuals captured for the first
time were tagged with a new unique PIT. For each iguana, we recorded the coordinates of
the capture point, sex, and morphometric features of interest (e.g., snout-to-vent length,
SVL). We also assessed the reproductive status of females using a SonoSite portable ultra-
sound machine (FUJIFILM SonoSite, Inc., Bothell, WA, USA) to determine the presence and
number of developing eggs (Table 1).

Table 1. Table of the WSNs attached during the April 2021 field trip. Individuals marked with an
asterisk were not retained for the analysis. The table presents for each WSN: the attachment date
(Date), sex of the tagged individual (Sex: M for male, F for female), number of developing eggs
recorded for females (Eggs), and the number of points transmitted that passed the filtering procedure
(Points, see Section 2.2).

WSN Date Sex Eggs Points

WSN 16 2021-04-04 F 2 23

WSN 18 2021-04-02 F 2 199

WSN 23 2021-04-02 F 2 70

WSN 28 2021-04-02 M - 137

WSN 29 2021-04-03 F 5 51

WSN 31 2021-04-05 F 2 170

WSN 33 2021-04-04 F 2 82

WSN 39 2021-04-03 F 4 231

WSN 40 2021-04-04 F 2 189

WSN 46 2021-04-02 F 2 49

WSN 47 * 2021-04-03 F 0 5

WSN 48 2021-04-02 M - 89

WSN 53 2021-04-02 F 2 86

WSN 54 2021-04-03 F 2 163

WSN 58 * 2021-04-02 F 2 11

WSNs were attached with a combination of epoxy glue and absorbable synthetic
stitches. A board-certified veterinarian performed suturing. All capture and handling
procedures were approved by the Galápagos National Park Directorate (research permit
#PC-04-21) and carried out in the presence of park rangers.

2.2. Data Filtering

Before the analysis, we assessed the accuracy of GPS points based on the Horizontal
Dilution of Precision (HDOP) factor [32]. This is a metric associated with the relative
position of satellites to the receiver. It can be used to measure the accuracy of GPS fixes. As
lower values of HDOP indicate higher precision, we kept only GPS fixes with an HDOP
≤ 1.4 as specified in [22]. We additionally filtered the data by date to retain only those
locations collected during the period of interest, April through June. We then removed
individuals that had less than 20 recorded GPS fixes. Our final dataset consisted of 1539 data
points belonging to 13 WSNs (11 attached to females and two to males). All females that
passed the filtering procedure had eggs at various developmental stages (Table 1).

2.3. Statistical Analysis

Different path metrics can be used to infer animal behavior from movement trajectories.
For example, step length, turning angles, and spatial displacement are some of the primary
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derived parameters that are widely used in movement ecology [33]. Many studies have
adopted these types of measures as proxies of animal movement, proving their reliability in
differentiating between alternative behavioral states, e.g., migration vs. sedentarism [34–38].
In this study, we summarized the movement path of each individual computing the vectors
of net displacement (ND) values. We calculated ND values for each individual as the vector
of linear distances in meters between the first location and each subsequent relocation.
We assessed differences in the movement of males and females by fitting one generalized
additive mixed model (GAMM) with Tweedie error distribution and log link function. We
set ND as the response variable and a thin plate regression spline of the day of the year
as the predictor. We modeled the smooth effect of time (the day of the year) for each sex
separately. As each separate smooth effect is centered around zero, sex was also included as
a parametric term to account for differences in the mean values of ND between males and
females. Smoothness selection was performed via restricted maximum likelihood (REML).
To account for the non-independence of data points recorded by the same device, we also
included the effect of time for each individual as a non-linear random effect (hereafter
referred to as random smooth). The significance of adding sex to the final model was tested
using a likelihood ratio test (LRT) between the full model and a nested model including
only a general thin plate spline of time and the random smooths. All statistical analyses
were performed in R version 4.2.2 [39]. GAMMs were fitted using R package mgcv [40], and
likelihood ratio tests were performed using the lrtest() function of the lmtest R package [41].

3. Results

Table 2 shows the results of the GAMM fitted to estimate the combined effect of time
and sex on ND values calculated for each GPS fix.

Table 2. Model output from the generalized additive mixed model (GAMM) describing the pattern of
net displacement (ND) over time. The table shows the results of the GAMM fitted to assess differences
in ND between male and female pink iguanas during the reproductive season. The table shows the
estimated coefficient (Estimate) for each model term with the corresponding standard error (S.E.),
degrees of freedom (df ) or effective degrees of freedom (edf, for smooth terms), and the F statistic
(F) with corresponding probability values (p-values). F statistics and corresponding p values for
intercepts are uninterpretable.

Parametric Coefficients

Term Estimate S.E. F df p-value

Intercept 5.4795 0.1398 - -

sex: M −1.6294 0.3321 24.07 1 0.001

Smooth terms

Term F edf p-value

s (time): sex F 3.669 3.227 0.008

s (time): sex M 0.044 1.001 0.834

s (time, WSN) 35.105 84.759 0.001

We found a statistically significant difference in ND values calculated for males and
females over time. During the entire study period, ND values for males were always close
to zero (Figure 2; Table S1), as predicted for animals patrolling a restricted area [30].

On the contrary, ND smoothing splines of females over time strongly differed from a
flat horizontal line (Figure 2). While ND values were closer to zero at the beginning of the
study period, they strongly increased by the middle of the study period as expected for
migrating animals [30]. Sex-specific splines significantly differed between the end of April
and the beginning of June when the peak of migration took place (Figure 2).
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Figure 2. Generalized additive mixed model (GAMM) fitted smoothing splines and their estimated
95% confidence intervals, describing trends of net displacement (ND) values over time. The central
panel shows fitted trends of ND over time for males (blue) and females (orange). Analogous plots
around the edges of the main figure show the ND values calculated for the location data collected by
each tracking device included in the analysis.

Four females dispersed less than 1 km from their starting location, while all other
females dispersed longer distances (Table S1). One female moved about 2 km away from
her starting location, which was the maximum migration observed. At the end of the study
period, the mean ND values for females decreased again, although the confidence interval
was much larger due to the lack of data from specific devices (Figure 2).

4. Discussion

In the present study, we analyzed seasonal location data collected with custom-made
tracking devices developed to monitor critically endangered Galápagos pink land iguanas.
We fitted two male and 13 female pink iguanas with tracking devices at the beginning
of the mating season. Our primary goal was to identify the potential location of nesting
areas for the species. This approach led us to statistically identify movement patterns
that differentially characterized males and females of the species during the reproductive
season.
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At the beginning of the sampling period, males and females remained close to their
original capture location, and their movements were not discernible. At the end of April,
females started to migrate far from their respective capture locations. Although migration
started at a different time for each female (Figure 2), we observed a migratory peak in
May (Table S1). During this migration, females travelled up to ca. 2 km to reach a single
common area (Figures 3 and 4; Table S1) not larger than 2 km2 where they spent anywhere
from a few days to one or two weeks before returning to the vicinity of their respective
original capture locations (Figures 2 and 3).
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WSN 54
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Figure 3. Movement trajectory of female (a) and male (b) iguanas tracked during the sampling
period. Each line connects the location data points recorded by a single iguana. Explicit values of
GPS UTM coordinates (X and Y) and Elevation were omitted from the graph to avoid disclosing
the exact locations of female nesting sites, but the geographical space represented in the 3D plots is
exactly the same.
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Figure 4. Boxplots showing the average pairwise distance between females at the beginning of the
sampling period and during the migration peak. This figure shows how females aggregated during
the migration peak. The boxplot on the left shows the average pairwise distance between females
at their first location. The boxplot on the right shows the same variable calculated at the peak of
migration for each female. For each female, migration peak has been defined as the lowest elevation
position occupied during the study period. Semi-transparent dots represent the average pairwise
distance calculated for each female.
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While tagged females were migrating to the presumed nesting area, tagged males did
not change their movement patterns. Indeed, the two tagged males spent almost the entire
reproductive season within small areas on the rim of Wolf Volcano, as ND values recorded
for these iguanas remained consistently close to zero (Figure 2; Table S1).

The short-term migration described for females is consistent with expectations of
nesting behavior. Female iguanas of several species are known to migrate kilometers to
reach suitable areas to dig nests [24–29]. Immediately after laying eggs, female iguanas of
many species spend up to three weeks guarding their nests, probably to defend the area
from other nesting females [28,29,42]. Therefore, the time C. marthae females spent at their
destination (Figure 2) may be interpreted as a combination of nest site selection, nesting
(excavation, oviposition, and closure), and perhaps nest guarding to reduce nest failure
due to intraspecific competition. However, it is important to emphasize that our results
suggest that female pink iguanas did not appear to spend much time guarding their nests,
which was similar to observations of nesting Iguana delicatissima females in Dominica [43].

The above-mentioned similarities with the nesting behavior of other large iguanas
offered us clear insights into the potential location of a nesting area for pink iguanas,
corresponding to the common destination of paths taken by tracked pink iguana females
(Figures 3 and 4). Geographically, this corresponds to a small plateau located inside
the north side of Wolf Volcano caldera and ca. 400 m below the volcano’s rim. The
localization of a nesting area inside the caldera of a volcano is not uncommon among
Conolophus iguanas [11,25]. On the nearby island of Fernandina, female C. subcristatus
have been observed digging nests inside the caldera of La Cumbre volcano, probably
to take advantage of geothermal heat near fumaroles [25]. Females may select nesting
sites with warmer temperatures to shorten the incubation time of eggs and reduce the
predation risk to nests [25,44–46]. Scientists observed similar behavior on Wolf Volcano,
where C. subcristatus females excavate nests on the floor of the caldera [11]. The potential
nesting area that we identified is also characterized by low vegetation cover. Once again,
this aspect is not uncommon for large iguanas, as these reptiles usually construct nests in
low-vegetated open areas with soft soil, where it is easier to dig and nests receive maximum
solar radiation [26,28,43,47].

Although the reduced sample size of our study demands caution in extending the
described behavioral patterns to the entire population, this is the first attempt to quanti-
tatively describe C. marthae sex-specific behaviors during the reproductive season. Even
more importantly, the results presented here provided evidence for the identification of a
potential nesting area for this species. Our data were relayed to the Galápagos National
Park Directorate, which implemented specific actions to monitor the identified area. This
strategy led to the first-ever identification of C. marthae nests and to the first direct obser-
vation of pink iguana hatchlings (https://galapagos.gob.ec/neonatos-de-iguana-rosada-
fueron-descubiertos-por-primera-vez-en-isla-isabela/ (accessed on 15 June 2024)).

The results obtained were, therefore, fundamental in assisting management actions
and are pivotal for developing future conservation strategies. Galápagos iguanas have
evolved on isolated islands where they experienced minimal predation pressures and are
therefore more prone to predation by invasive alien mammals [48]. Although feral cats
do not pose a significant threat to the adults of most large iguana species, they actively
prey on hatchlings and juveniles [9,17,18]. For these reasons, a project for the control of
these introduced mammals on Wolf Volcano is now ongoing [19]. In this context, the results
obtained may provide useful information to optimize actual control protocols, prioritizing
efforts focused on the nesting area identified inside the Wolf Volcano caldera. Accordingly,
a parallel plan to actively locate, protect and monitor nests should be implemented from
the end of the laying season until hatchlings emerge and disperse to reduce predation by
introduced mammals and obtain more information on C. marthae reproductive ecology.
Our findings call for a deeper investigation into the drivers of nest site selection and
fidelity. Additionally, they point out the importance of investigating the different phases of
C. marthae reproduction from egg deposition to hatchling dispersal. Collecting information

https://galapagos.gob.ec/neonatos-de-iguana-rosada-fueron-descubiertos-por-primera-vez-en-isla-isabela/
https://galapagos.gob.ec/neonatos-de-iguana-rosada-fueron-descubiertos-por-primera-vez-en-isla-isabela/
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about egg incubation conditions and hatching success along with hatchling emergence
dates and dispersal behavior is indeed crucial to inform management authorities and to
evaluate the feasibility of specific conservation actions such as a head-start or captive
breeding program being considered by the GNPD.

5. Conclusions

Although detailed information about the nesting ecology and hatchling requirements
of C. marthae are still pending, this work constitutes the first attempt to quantitatively
estimate the movement patterns of males and females during the reproductive season.
With the localization of a species nesting ground, this works provides crucial information
to focus specific management strategies, including invasive predator control and the
monitoring of individual nest sites, within the identified species nesting area. In addition,
our results provide essential information needed to perform dedicated studies of newly
emerged hatchlings and to evaluate the development of an effective head-start program.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ani14121835/s1, Table S1: Summary table showing principal
morphometrics and path metrics for each tagged iguana.
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