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ABSTRACT

We created a matrix model structured by stages (divided into 5 stages) to evaluate the population
dynamics of Caiman latirostris and the population behavior at different management intensities through
ranching and hunting of adult individuals. We generated 5000 matrices by sampling the mean and
variance values of survivals (pi) and hatching for each stage. For each matrix, we obtained the growth
rate λ and performed elasticity analyses. Modifying the mean matrix obtained from the previous
analysis, we evaluated different scenarios of ranching, reintroduction, and hunting of adult females of
the last two stages (E) raised here (class III animals, > 60 cm snout-vent length, divided into two: E4
and E5). We obtained a mean λ of 1.035 (range 0.88− 1.12), and 11.9% of the simulations had λ < 1.
The vital rate with the highest elasticity and variance was that of the adult females of the last stage.
Natural populations can tolerate a maximum of 5% adult female hunting, and ranching can extract
55% of nests from the wild without reintroduction or 80% of nest harvest, returning to the wild at least
3% of hatched animals in the ranching programs. Our model showed that hunting and ranching with
reintroduction are feasible strategies to be applied without threatening natural populations. Increasing
reintroduction makes it possible to extract more adult individuals and maintain the species’ populations
at sustainable levels.
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SIGNIFICANCE STATEMENT

This study presents the first model to analyze the population dynamics and harvest of the Broad-snouted
caiman (Caiman latirostris). We use bibliographic information and analyze emerging parameters of the species.
By employing Life Stage Analysis (LSA), we evaluate how the survival parameters of each stage affected the
population dynamics and analyzed the matrix elasticity. Finally, by modifying the original model, we assess
scenarios of hunting adult animals and egg ranching with different percentages of hatchling reintroduction,
populations can be kept healthy, and what fixed extraction rate would lead to possible local extinction. This
work provides a tool for analyzing the caiman population, useful for decision-makers, and generating new
hypotheses to assess the ecology of the species.

INTRODUCTION

Population models structured by stages are widely
used in conservation biology since they describe in a
simple way the life cycle of the individuals in a pop-
ulation, incorporating fertility, mortality, and growth
rates of each in a transition matrix stage (Caswell
2001; Crouse et al. 1987). They are part of a fun-
damental framework for decision-making in species
where the ecology is poorly understood, funds for
their research are scarce, or the impacts of manage-
ment actions are unknown (Tucker 2001). Therefore,
these tools are particularly suitable for demographic
analyzes of crocodilian species (Fukuda et al. 2020;
Nichols et al. 1976; Richards 2003; Tucker 2001).

Historical overexploitation of many crocodilian
species, mainly by the leather industry, led to some
of them becoming endangered (Larriera 2011). How-
ever, crocodilian populations have shown remarkable
resilience if protected from overexploitation and when
their wetland habitats remain intact. Remarkably,
their recovery has been driven by the same commer-
cial initiatives that caused the initial overexploita-
tion (Larriera 2011; Wallace et al. 2013). Between
2011 and 2015, an average of 1.6 million crocodile
and caiman skins were traded annually, all from le-
gal, managed sources and, in many cases, based on the
sustainable use of wild populations (Caldwell 2017).
The most relevant management concern for recov-
ered/recovering crocodilian populations is how they
respond when regulated harvests are established on a
specific age, size, or sex group (Tucker 1995).

The two most commonly employed sustainable use
management strategies for crocodilians are ranching
and hunting of adults. Ranching is considered the
“safest” of them (Jenkins et al. 2004), as it involves
“the rearing in a controlled environment of animals
taken as eggs or juveniles from the wild, where they
would otherwise have had a very low probability of
surviving to adulthood” (CITES 2021). The obtained
fully grown individuals are destined for commercial
slaughter to get skins, meat, and other products (Lar-
riera et al. 2008; Simoncini et al. 2020). Although
ranching programs typically have provisions for rein-
troducing some of the raised individuals back into the

wild, this has rarely been required.
The second strategy (hunting of adults) generated

problems in the past because it was poorly controlled
and carried out at unsustainable rates. However,
there are currently successful programs of this type,
i.e., Caiman crocodilus fuscus in Venezuela (since
1983, Velasco and Ayarzagüena 2010), and Alliga-
tor mississippiensis in the United States (since 1971,
Elsey and Woodward 2010; Joanen et al. 2021). In
both cases, hunting mainly males at low rates has
maintained stable or increased populations. Although
in Louisiana, harvest management is compensated by
reintroducing individuals from ranching.

The Broad-snouted caiman (Caiman latirostris) is
the southernmost species among crocodilians of the
Neotropics (Borteiro et al. 2006). It is geograph-
ically distributed in southeastern Bolivia, southern
Paraguay, northern Uruguay, and northeastern Ar-
gentina (Verdade et al. 2010). Environments with
shallow water bodies, ravines, and estuaries, with
abundant vegetation, are the preferred habitats by
this species. It is considered a "keystone species" as
it is a top predator in food chains and participates in
nutrient cycling (Piña and Siroski 2004; Verdade et al.
2010). In the mid-twentieth century, hunting pressure
seriously depleted their populations throughout their
range (Larriera 2011), and since then, this practice
has been banned. Although several of its popula-
tions showed signs of recovery, the effective number
of breeders is still low today (Zucoloto et al. 2021).

In Argentina, the species has been recovering
through management strategies and is currently clas-
sified as Least Concern (Siroski 2020; Prado et al.
2012). Since 1990, wild populations of the broad-
snouted caiman in Santa Fe province have been man-
aged through a conservation and commercial sustain-
able use program (Larriera and Imhof 2006; Simoncini
et al. 2020). As a result, in 1997, the species was
transferred from CITES Appendix I to Appendix II,
allowing the commercialization of products and by-
products when they come from ranching programs
authorized by the Argentinean control agencies (Res
283/00, Secretariat of Environment and Sustainable
Development of Argentina).

To date, various studies on the reproductive ecol-
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ogy of broad-snouted caimans have been carried out
(Leiva et al. 2018, 2019; Simoncini et al. 2017,
2009), such as sexual determination by temperature
(Parachú Marcó et al. 2017; Piña et al. 2003; Si-
moncini et al. 2014a, 2019), farm breeding (Piña and
Larriera 2002; Poletta et al. 2008; Simoncini et al.
2020), and body growth (Moulton et al. 1999; Viotto
et al. 2020). Nevertheless, the knowledge acquired
has not yet been integrated into modeling techniques
to evaluate how the different intervening variables are
related and their implications on the species’ popula-
tion and harvest dynamics. It is necessary to know
if the management practices carried out are the most
appropriate and if it would be feasible to authorize the
hunting of caimans under specific guidelines. Hunting
adult C. latirostris without an adequate evaluation of
how many individuals from different sizes or age cate-
gories can be extracted and whether it can be carried
out in conjunction with ranching could once again en-
danger their populations.

Given the scarcity of data on the population densi-
ties of C. latirostris, and the need to understand how
their population parameters are integrated, this pa-
per uses simulation models. These models constitute
a very convenient tool to analyze possible manage-
ment strategies since they summarize the basic nat-
ural principles and a method to analyze the popula-
tion’s responses under study (Federico and Canziani
2005). Therefore, we developed a matrix model that
allows us to understand the dynamics of wild popula-
tions by integrating the knowledge about the life cycle
parameters of this species.

MATERIAL AND METHODS

Initially, we generated a simple computational
model to perform Life Stage Analysis (LSA, Wisdom
et al. 2000). Then, we obtained the mean matrix that
explains the population dynamics. Subsequently, we
introduced modifications to simulate different hunt-
ing and ranching intensity scenarios, making it possi-
ble to estimate to which size and age categories these
practices could be applied in wild populations of C.
latirostris without putting them at risk.

Matrix population model and LSA

We used data from available literature to create
the lifecycle diagram of the species (Figure 1). We
then sketched a theoretical Lefkovitch matrix model,
considering 5 life stages only for females (Caswell
2001), where the time intervals correspond to years.
The general model is:

The columns of the matrix represent the succes-
sive i stages, and the elements of each row indicate
the parameters to which the stage corresponding to
the column is making contributions. Pi is the prob-
ability of surviving and remaining in the same stage;
Gi is the probability of surviving and growing into the
next stage; and Fi is the i stage-specific reproductive
output. To calculate these population parameters (Pi,
Gi, Fi), we calculate the different vital rates as fol-
lows:

where pi is the specific survival rate of each stage
and di is the duration of that stage (Crouse et al.
1987). To obtain Fi: clsi is the clutch size of each re-
productive stage i; hatchi is the proportion of hatched
eggs originated from each stage; fem is the propor-
tion of females in the population; and brei is the pro-
portion of females of each stage i that effectively re-
produces that year, relative to the total number of
females in the population.

We wanted the model to be as simple as possi-
ble and conservative in its estimates. Therefore, we
assumed that the population is exclusively female,
closed, and density-independent. The fact that it is
not a population limited by the number of males al-
lowed us to assess the dynamics accurately using a
model including only females. This approach is possi-
ble because the broad-snouted caiman is a polygynous
species with multipaternity within nests (Amavet et
al. 2008). The high fidelity of females to the nest-
ing site (Lance et al. 2009; Wilkinson 1983) and
the marked population structure within each basin
in Argentina justify the absence of migration. Both
characteristics suggest that there would naturally be
little movement of individuals between populations
(Amavet et al. 2012). Finally, it is possible to as-
sume density independence, given the low population
densities reported and the gradual increase observed
in the number of nests (Larriera and Imhof 2006).

We built and analyzed the model with R soft-
ware (R Core Team 2019), using the Popbio package
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Figure 1. Simplified diagram of C. latirostris life history.

(Stubben and Milligan 2007). Once the matrix model
was structured, we performed a Life Stage Analysis
(LSA, Wisdom et al. 2000). We randomly extracted
the vital rate values from a probability distribution
based on its mean and variance. We modeled what
we will call the survival rates from now on: pi and
hatchi, limited to a scale from 0 to 1 by β distribu-
tion. We randomly selected k = 5000 matrix elements
Gi, Pi, and Fi and thus generated k transition matri-
ces with these distributions.

For each replication Ak from the matrix, we ob-
tained the growth rate λ by the dominant eigenvalue
of each matrix and the stable structure of the pop-
ulation (wk). We identified the contribution to λ of
each vital rate by calculating the respective elastici-
ties (eij) of each element (Gi, Pi, and Fi) of each of
the k matrices, as follows (ekij):

where aij is each matrix component, according to
i rows and j columns (Caswell 2001; De Kroon et al.
1986).

To assess how much each vital survival rate (pi
and hatchi) affects λ, we calculated the coefficients
of determination of the regressions between each vari-
able and λ. We obtained the mean matrix (Am) to
calculate the elasticity (emij). To assess whether Am

is a decent predictor of populations, we extracted the
difference between emij and each ekij , and analyzed
how they behaved around the value 0.

Parameter estimation
We defined the parameters using the literature on

the target species and other crocodilians (see Table 1
for summary values included in each vital rate). We
classified the individuals (females) into 5 stages based
on the following biological parameters (Figure 1, Ta-
ble 1):

• Stage 1 (E1): fraction of offspring belonging to
Class I (CI < 25 cm snout-vent length-SVL)

but which are in their first year of life (hatch-
lings). That is, animals of this class that are
< 16.9 cm SVL, based on Viotto et al. (2020).
Survival in this category is comparatively low;

• Stage 2 (E2): offspring also within Class I, but
with more than one year of life until the end
of CI (that is, from 1 to 3 years of age, with
17 < CI < 25 cm SVL);

• Stage 3 (E3): Juveniles (25.1 < CII < 68 cm
SVL) up to 9 years of age, not yet reproducing,
but whose survival is higher than CI individuals.

• Stage 4 (E4): CIII adults, 68 < E4 < 79 cm
SVL, corresponding to animals up to 17 years
of age. This class contributes to CI through F4.

• Stage 5 (E5): CIII adults of ≤ 79 cm SVL, cor-
responding to animals that would reach 60 years
of age. This class contributes to CI through F5.

Crocodilians, as a rule, are divided into size
classes. In this case, the classes are not homologous
to the stages since we divide CI (E1 and E2) and CIII
(E4 and E5) into two stages. The first class (CI) is
divided due to the significant increase in survival after
the first year of life (Smith and Webb 1985; Tucker
2001; Rootes and Chabreck 1992). In the case of CIII,
its two stages have the same survival but differ sub-
stantially in terms of fertility.

We estimated the fertility of each stage according
to the function Fi (Table 1); first, to estimate the clsi,
we considered the relationship between the size of fe-
males and their clutch size (Verdade 2001; Larriera
et al. 2004). For this reason, we obtained the mean
clutch size within each stage based on the function
clsi = −6.77+0.5 SVL (Leiva et al. 2018). We based
the estimates of hatchi on Larriera et al. (2006), who
reported that the hatching rate in the wild on aver-
age years varies between 40 and 50%, and on prelim-
inary data from an ongoing study with camera traps
that found that 30% of nests were successful in the
2018-2019 season, and 40% in 2019-2020 (Pierini, un-
published data). For brei, we considered that the
smaller females must take more time between breed-
ing attempts. Thus, we assumed that only a fraction
of adult females would reproduce each year and that
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reproductive capacity varies according to their body
size, assigning the values of 0.3 for E4 and 0.5 for
E5; according to the minimum and maximum values
reported by Portelinha et al. (2015). Concerning h,
although Simoncini et al. (2014) found that 70% of in-
dividuals produced in average years were females, we
used 50% because it was intended to be simple and
as conservative as possible to maintain populations in
the long-term.

The stage length (Table 1) for E1 and E2 were
set as estimated by the body growth of C. latirostris
(Viotto et al. 2020). In turn, E3 was bounded be-
tween the end of E2 and the time of first reproduction
in the wild (approximately 9 years of age, with a stage
duration of 6 years; Larriera et al. 2006). We assumed
that di of E4 is 8 years (i.e., 17-year-old animals), and
of E5, it is 43 years in length, thus completing a 60-
year life cycle. In this way, each animal would live
a maximum of 60 years. Considering that Wilkinson
et al. (2016) found Alligator mississippiensis females
still reproducing up to 83 years old (in South Car-
olina, United States), the maximum value considered
here is more parsimonious and conservative.

As vital survival rate (pi), we used central values
(mean and median), the standard deviation of dif-
ferent studies, and their maximums and minimums,
depending on the data type entered. For E1, we lim-
ited survival between 0 and 0.11 (mean = 0.05), and
for E2 from 0.4 to 0.8 (mean = 0.67) (Viotto et al.
2022). We used data from other crocodilians for the
remaining stages due to the lack of data for broad-
snouted caimans and the ecological similarity among
species. In these cases, we extracted the means and
deviations from data reported in the literature (Table
2), discarding those populations whose habitats freeze
seasonally (Dunham et al. 2014). In this sense, in-
formation from ecologically and phylogenetically sim-
ilar species is valid when gaps exist (Messerman et al.
2020).

Management inclusion in the model

Using the mean Matrix (Am), we created differ-
ent management scenarios on natural populations by
combining adult hunting and ranching by harvesting
eggs and reintroducing animals to the wild. We in-
cluded hunting in the basic model, determining the
proportion of individuals within each stage that would
be harvested (by time interval), assuming that extrac-
tion will occur after reproduction. We incorporated
ranching as the proportion of eggs harvested from the
wild; and reintroduction as the proportion of animals
released at stage E3. We assumed that reintroduced
animals have the same survival rate as wild-hatched
animals. We included hunting and ranching with its
corresponding reintroduction into the population ma-

trix, as follows:

Where Harv is the proportion of adult hunting on
E4 and E5; Ranch is the proportion of eggs harvested,
and Reli is the proportion of individuals reintroduced
to the population, coming from nests of individuals
at adult stages (E4 and E5). We estimated Reli con-
sidering the contribution of eggs by each reproduc-
tive stage (clsi ∗brei), the egg harvest ratios (Ranch),
farm hatching success hatchg, survival of individuals
in captivity survg, farm-hatched females femg, and
proportion of offspring hatched in the production sys-
tem to be reintroduced Rein.

With this model, we generated 5 scenarios: (1)
hunting at stage E5 only, (2) hunting at E4 and E5,
(3) ranching only, (4) ranching with hunting at E5,
and, finally, (5) ranching with hunting at E4 and
E5. Each scenario was evaluated with different ex-
traction/return intensities, combining different adult
hunting values. Harv (rank = 0 to 0.3), egg ranching
Ranch (0 to 0.7) and return ratio Rein (0 to 1). In all
the scenarios, we kept the rates of the proportion of
females born at the farm (hig), hatching at the farm
(hatchg), and survival of animals at the farm (survg)
fixed; these being 0.5, 0.75, and 0.75 (Siroski, per-
sonal comm.), respectively. Although these rates were
invariable within the models, we generated scenarios
combining different extraction and return rate inten-
sities, evaluating the changes each simulated combi-
nation caused in λ. We analyzed the critical values of
these rates, which can cause λ <1 and λ < λm.
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Table 1. Fixed and variable parameters with which the model on population dynamics of broad-snouted caiman (Caiman latirostris) was built.

Vital Parameter Vital Rate Meaning Acronym Value Bibliography

Pi and Gi

Survival Annual survival rate by stage

p1 β ∼(0.05, 0.02) Viotto et al. (2022)
p2 β ∼(0.68, 0.02) Viotto et al. (2022)
p3 β ∼(0.72, 0.06) Table 2
p4 β ∼(0.85, 0.07) Table 2
p5 β ∼(0.88, 0.02) Table 2

Permanence

Time of permanence of individuals in
each stage expressed in years. d1 1 Viotto et al. (2020)

d2 2 Viotto et al. (2020)
d3 6
d4 8
d5 44

Fi

Hatching Annual hatching rate of eggs laid for
each reproductive stage

hatch4 β ∼(0.40, 0.07) Larriera et al. (2006);
Pierini, unpublished data

hatch5 β ∼(0.50, 0.07) Larriera et al. (2006);
Pierini, unpublished data

Reproductive females Proportion of reproductive females of the
pool of females available in the population

bre4 0,3 Portelinha et al. (2015)
bre5 0,5 Portelinha et al. (2015)

Females born Proportion of females hatched each year. fem 0.5

Clutch size Number of eggs per nest that
each reproductive stage lays

cls4 29.98 Verdade (2001); Larriera
et al. (2004); Leiva et al.
(2018)

cls5 38.23 Verdade (2001); Larriera
et al. (2004); Leiva et al.
(2018)

Legend. Summary of parameters and vital rates used to generate the 5000 matrices. The name of the vital rates used to estimate the parame-
ters (Pi, Gi, and Fi), their acronyms, biological meaning, the values they can take, and the bibliography from which they were extracted are shown. The
vital survival and hatching rates come from a random sampling of mean β distribution and standard deviation in such a way that β ∽ (mean, standard
deviation).
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RESULTS

Life Stage Analysis

From the random sampling of vital survival rates
(pi and hatchi, Additional File 1) introduced in the
stage-based model for C. latirostris, we obtained the
eigenvectors λk, which ranged between 0.891 and
1.118; a mean matrix of λm = 1.035 (Figure 2). Out of
5000 combinations, 11.9% (595) had values of λ < 1,
that is, in which there was a population decrease (Fig-
ure 2). The variability of λ better adjusted to the
survival of E3, P3 (r2 = 0.54), followed by p5 and
p4, (r2 = 0.20 and r2 = 0.15, respectively; Additional
File 2).

The model predicted stable population structures
composed of 62% (S.D. = 3) of individuals from E1,
11% (S.D. = 1.5) from E2, 12% (S.D. = 1.5) from
E3, 7% (S.D. = 1.7) from E4, and 8% (S.D. = 1.2)
from E5.

The vital rate with highest elasticity (and highest
variance) was the permanence of animals at E5 (P5),
with mean em5 = 0.40 (S.D. = 0.11, Figure 5), fol-
lowed by P4 (probability of permanence in stage 4),
with mean em4 = 0.21 (S.D. = 0.04), and then P3

em3 = 0.13 (S.D. = 0.03) (Figure 3). Both the tran-
sition and fertility probabilities had little or no effect
on λ. We evaluated the difference between the mean
matrix elasticity values and those of each k matrix for
each parameter and found that Am can be a good de-
scriptor of the population (although P3 and P4 have
a mean different from 0, they were very close to it;
Additional File 3).

Management scenarios

The scenarios that included hunting always
showed a slowdown in average population growth. Ac-
cording to these scenarios, hunting percentages higher
than 10% at E5 females and 5% at E4 and E5 may
endanger natural populations (Figure 4).

Regarding the ranching scenarios, we found that,
as long as at least 3% (rate of 0.03) of the collected
nests are reintroduced, the population would acceler-
ate its population growth (λ > 1.035). This result
was obtained in 96.5% of the analyzed scenarios. On
the other hand, at 2.6%, there was projected a slow-
down in population growth, related to combining egg
collection rates (Ranch) of 10% onwards and return
rates between (0-2%). Finally, 0.9% of scenarios cor-
responded to population decrease (λ < 1), generated
by the extraction of more than 55% of nests without
releases and/or Ranch > 86%, with reintroducing up
to 2%.

When integrating the scenarios of egg harvesting
and extraction of adult E5 females only, 81.86% of

the combinations generated an acceleration of pop-
ulation growth (1.035 < λ), 14.63% a deceleration
(1 < λ < 1.035), and 3.51% a decrease (1 < λ,
Figure 6). According to the model, at a rate of 0.15
for both hunting and ranching, when the reintroduc-
tion range of animals is greater than 30%, the popu-
lations will accelerate their growth (for more combi-
nations, see Additional File 4). With the same hunt-
ing and ranching values mentioned above, populations
slowed their growth when reintroduction was less than
10%. On the other hand, setting the quota at 15%
hunting with 5% ranching and a return of less than
10% would cause population decline. Finally, suppos-
ing the objective was to hunt the maximum number
of individuals (30%), at least 55% of the nests should
be harvested, and reintroductions of at least 20% of
the hatched animals should be conducted.

When integrating adult hunting at E4 and E5 with
ranching, we found that 46% of the combinations of
ranching, hunting, and return generate acceleration
in population growth (1, 035 < λ), 15% slowdown
(1 < λ < 1, 035), and 39% decrease (λ < 1, Figure 6).
For example, in hunting and ranching scenarios equal
to 15% (Harv = 0.15 and Ranch = 0.15) and a rein-
troduction range of animals higher than 80% (Rein >
0.8), the populations will accelerate their growth (for
more combinations, check Additional File 5). The
populations slow their growth with the same hunt-
ing and ranching values mentioned above but with
lower than 20% reintroduction. The set of 15% hunt-
ing and 35% ranching, but returns lower than 20%,
would make the combination of these practices unsus-
tainable, causing the population to decline. Finally,
if the aim was to hunt the maximum number of indi-
viduals (30%), harvest rates should be at least 55%
of nests, and reintroduction should be at least 50% of
the nests hatched.

DISCUSSION

Our matrix model allowed us to describe the pop-
ulation dynamics of C. latirostris and advance in its
knowledge. As with all models, the result is condi-
tioned by the data quality, assumptions, and hypothe-
ses (Dunham et al. 2014). In our case, the need for
a primary evaluation of current and feasible manage-
ment alternatives led us to compensate for the lack
of data on C. latirostris by using some parameters
from other species of crocodilians, assuming that this
would not generate a relevant bias in the model. We
base this assumption on crocodilians having similar
life histories (Richards 2003; Tucker 2001). In this
sense, robust estimates of vital rates from a subset of
ecologically and phylogenetically similar species can
be used to reveal key factors that may influence the
viability of populations with poor demographic infor-
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Table 2. Survival rates reported for other crocodilians

Crocodylus
johnstoni

Crocodylus
johnstoni

Crocodylus
porosus

Crocodylus
acutus

Alligator
mississip-
piensis

Caiman
crocodilus Average

Standard

Southern
Population

Northern
Population

Florida Deviation

(a) (a) (a-b) (a-c) (d) (a)

CI 0.22 0.17 0.2 0.2 0.35 0.35 0.29 0.13

CII 0.66 0.72 0.65 0.65 0.6 0.6 0.45 0.10

CIII 0.93 0.89 0.79 0.79 0.79 0.79 0.72 0.06

CIV 0.92 0.98 0.9 0.9 0.88 0.88 0.85 0.07

CV 0.87 0.87 0.9 0.9 0.88 0.88 0.88 0.02

Legend. Published survival probability for different species of crocodilians and populations under similar eco-
logical conditions to C. latirostris, which were extracted from: (a) Tucker (2001); (b) Webb and Manolis (1993); (c)
Moler (1991); (d) Nichols et al. (1976); and (e) Dunham et al. (2014).

Figure 2. Distribution of λ in each of the 5000 simulations and the frequency of each value. Blue line: λm;
red line: λ = 1

mation (Messerman et al. 2020). We always used only
data that provided reasonably conservative manage-
ment outcomes for the species in each case.

Estimation of the population growth rate (λ) is
necessary to establish management levels (Caugh-
ley 1977), which is particularly true in the case of
crocodilians (Fukuda et al. 2020; Smith and Webb
1985). The average growth rate predicted by our sim-
ulations is similar to those of other species, such as C.
niloticus (1.04, Wallace et al. 2013), C. acutus (1.04,
Briggs-Gonzalez et al. 2017), Crocodylus johnstoni
(Range = 0.95 to 1.04, Tucker 2001), and Alligator
mississippiensis in the southern United States (1.02,
Dunham et al. 2014). Except for A. mississippiensis
at the northern limit of its distribution (0.87, Dun-
ham et al. 2014), all these studies report values of λ
within the range found in our simulations.

Around 88% of the simulations generated values

consistent with population growth. Even the mean
of λ (λm) represents an annual increase of 3.7% (cal-
culated as ln λ = r). This value indicates that the
wild populations of this species can increase without
human intervention. In this regard, it is relevant to
note that during the 1970s, caiman populations were
severally declining, but after indiscriminate hunting
was prohibited, they started to recover gradually. Al-
though the ecology of C. latirostris has been studied
during the last 30 years, systematized good quality
data (i.e., with low error associated with the sam-
ple design) are still lacking. This situation prevents
us from checking whether the λm obtained here is a
reliable estimator of the actual parameter in natural
populations.

It is necessary to highlight that Argentine caiman
populations have been under management since 1990;
thus, estimating population growth without human
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Figure 3. Estimated elasticity values for each vital rate of the transition matrix. The median (black line inside
each box), the 95% confidence intervals (height of each box), and the extreme values of each element of the
matrix (points) are represented.

Figure 4. Expected values of λ under different hunting scenarios harvesting females of only stage E5 (black
points) and E4 and E5 combined (empty points). Blue solid line: λm = 1.035; red dashed line: λ = 1.

intervention is virtually impossible. For example,
since Proyecto Yacaré was launched in the 1990s, it
has released animals close to E3 (Class II) (Larriera
et al. 2008). This procedure has possibly accelerated
the population growth rate of natural populations.

Elasticity analyses indicated that changes in the
permanence of reproductive adult females cause the
most remarkable variation in population growth
(em5 = 0.41, em4 = 0.22; with a total of 0.63 be-
tween the two, Figure 5), followed to a lesser extent
by the E3 juveniles (em3 = 0.13). In other words,
any strategy that increases adult females’ retention
rate will considerably increase the population growth

rate. On the other hand, an increase of permanence
in the rearing stage or in any of the vital rates that
influence fertility will produce an insignificant im-
pact on populations. These results agree with those
obtained for long-lived species (Gaillard and Yoccoz
2003), whether of mammals (Freedman et al. 2003;
Heppell et al. 2000), birds (Sæther and Bakke 2000),
or reptiles, such as crocodilians (Briggs-Gonzalez et
al. 2017; Dunham et al. 2014; Tucker 2001). In
these species, population growth rates are more af-
fected by changes in survival in the last stages of life
(Briggs-Gonzalez et al. 2017; Dunham et al. 2014;
Gaillard and Yoccoz 2003; Sæther and Bakke 2000;
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Figure 5. Representation of the λ values in each scenario, according to the combination of different harvest
(Ranch) and return (Rein) rates. The pink points show λ < 1, causing population decrease; in blue are those
λ that cause growth deceleration (1 < λ < λm, where λm = 1.035), and in green those that use the speed of
population growth λm < λ.

Tucker 2001).

Although the rate of permanence of adults
(P5) has higher elasticity than the permanence of
subadults, the subadult category is the one that
presents the highest correlation between the annual
survival rate (P3) and changes in λ. Despite these
counterintuitive results, modeling studies and em-
pirical data in long-lived species, such as C. acutus
(Richards 2003) and sea turtles (Crouse et al. 1987;
Crowder et al. 1994), are in agreement with our re-
sults. Models based on ages (not on stages, as in our
work) applied to C. niloticus (Wallace et al. 2013)
and C. acutus (Briggs-Gonzalez et al. 2017) showed
that the annual survival of juveniles was the param-
eter of highest elasticity. When working with models
based on stages and not ages, the estimated param-
eters per year should be grouped into a single popu-
lation parameter according to the number of elapsed
years in each stage. By doing so, the matrix element
with the highest elasticity may end up being the adult
classes. Richards (2003) mentions that, since survival
is a parameter that can be affected by management,
it is more appropriate to examine the elasticity of this
parameter than of other matrix elements, which are
functions of both annual survival and the duration of
the stage. Therefore, our work indicates that a good
population management practice would promote the
passage of these animals from the juvenile to the adult
stage and protect the adult females, ultimately, the
reproducers in the system.

Management implications

Management simulations represent the first step
to generating hypotheses about the likely impact of
future harvest scenarios, thus passing a solid theo-
retical test before taking action in the field (Fukuda
et al. 2020). As predicted by the sensitivity analy-
ses, the viability of caiman populations is susceptible
to eventual management actions that affect the later
life stages. In contrast, the population is barely in-
fluenced by modifications occurring in the early life
stages. These results indicate that it is possible to
implement a low extraction rate of adult females in
conjunction with a high rate of egg harvest.

The scenarios we generated allowed us to analyze
the extraction rates that natural populations may tol-
erate. Our models suggested that caiman populations
could support ranching or hunting, and both strate-
gies together provided that extraction percentages are
limited within specific ranges. For instance, it is possi-
ble to apply the ranching technique with an extraction
intensity of up to 55% of the nests without reintroduc-
ing individuals (assigning all the produced specimens
to commercial slaughter). However, to promote pop-
ulation growth, it would be necessary to reintroduce
at least 3% of hatched animals, whether intended to
harvest the resource to its maximum or even when it
is impossible to know the actual percentage extracted
from natural nests. When combining both manage-
ment strategies (ranching plus hunting of adults), in-
creasing the percentage of animals returned to the
wild would be appropriate according to the rate of
hunting implemented in the area. For example, our
analyses indicated that for a hunting program pro-
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Figure 6. Relationship of λ according to the different combined percentages of adult hunting, collection, and
return of individuals, both for block (A) Adult hunting of stage E5, and (B) Adult hunting of stages E4 and
E5. Each row of graphs (numbered from 1 to 3) corresponds to visualizing the same cuts in different hunting
stages. In this way: (1) represents the cut in 0.07 value of hunting; (2) cut at 0.20; and (3) cut to 0.30. The red
dots show the scenarios where λ < 1, the green ones where 1 < λ < 1.035, and the blue ones where λ > 1.03.
Harv : proportion of adult hunting on E4 and E5; Ranch: proportion of eggs harvested, and Rein: proportion
of offspring hatched in the production system to be reintroduced.

posed to extract up to 30% of E4 and E5 females, it
should be harvested at least 55% of natural nests and
reintroduced at least 45% of 9-month animals hatched
and raised in captivity.

Although modeled adult females’ hunting toler-
ance values were low (5% for E4 and E5 together and
10% for E5 only), this harvest quota is slightly higher
than the one reported for other species of crocodil-
ians. For example, a simulation model for Crocodylus
porosus determined that it could support a harvest
rate of only 1% of adults (Fukuda et al. 2020). An-
other similar analysis for Alligator mississippiensis,
obtained a very similar value to that of our study: 4%
of adult hunting (of both sexes) together with 4% of
subadult hunting (Eversole et al. 2018). Adult hunt-
ing is usually implemented towards the extraction of
large males only. This approach is chosen because, in
a polygynous system (in which the maternal care of
the litter is also added), females have more “value” for

the population’s viability, as they contribute the most
to recruitment from year to year.

In crocodilians, it is considered that the capture of
males is not harmful to the population (Joanen et al.
2021). Based on this, our model represents the toler-
ance of natural populations to occasional extractions
of females. Therefore, we assume that the hunting of
males should have a more negligible effect on popula-
tion viability. Such a differential prey selection, how-
ever, requires a hunting method that confirms the sex
of the animal before harvesting (e.g., spinel, and cap-
ture from a boat, instead of long-distance shooting).
In addition, hunting sites can be established based on
the different spatial distribution between males and
females, allowing hunting mostly where it is known
that there is a preponderance of males (Joanen et
al. 2021). Therefore, our model provides a conser-
vative value for any female- or male-focused manage-
ment scenario. Suppose animals are categorized by
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size, and hunting caimans larger than 90 cm SVL is
permitted. In that case, the most conservative hunt-
ing rate is possibly the 10% calculated here since this
is the maximum error (hunting females mistaken as
males) that adult E5 females would endure.

On the other hand, it is relevant to note that pop-
ulations were stabilized below their potential (values
consistently lower than λm) under all scenarios. We
must emphasize that the sustainably harvested popu-
lations, i.e., those where removal is based on biological
criteria, can remain stable (Velasco et al. 2002; Webb
et al. 2004). Extraction of larger animals (males
and females) can lead to competitive release, giving
space for subordinates to grow and reach reproduc-
tive status faster. For example, Hines and Abercrom-
bie (1987) conducted a study in which they extracted
large females during three successive seasons and ob-
served that the number of nests remained constant
over time.

The population size imposes the most signifi-
cant economic restriction on implementing sustain-
able hunting. The percentage to be extracted can
represent a considerable and economically profitable
number of individuals or an insignificant quantity.
Consequently, hunting only adults, while feasible,
might not be the most efficient strategy to obtain
the best economic and conservation results. Such an
option may be unprofitable unless the value of har-
vested individuals would be significantly increased by
the market price of their products (Smith and Webb
1985). An acceptable conservation alternative may
be to propose a mixed strategy, including adult hunt-
ing and ranching with the reintroduction of individ-
uals. Thus, the release of juveniles may compensate
for hunting older adults (Nichols et al. 1976). A clear
example of this “mixed” strategy is the management
of Alligator missippiensis in Louisiana. It comprises
ranching of nests, reintroducing 12% of farm-hatched
animals ( 1.2m long, Elsey and Woodward 2010), and
hunting. The populations of this species have been
stable in the last 30 years, with a hunting rate rep-
resented by approximately 3% of the population per
year (Joanen et al. 2021).

According to the conservation objective to be
achieved, the established rates of extraction and rein-
troduction can be adjusted. Unlike hunting, ranch-
ing allows a much higher percentage of extraction.
Although we do not always know the proportion of
nests collected from each population, some isolated
data indicate that, in Argentina, this percentage is
lower than the maximum achievable without reintro-
duction estimated in our study (55%). For example,
at Cacique Ariacaiquin (Santa Fe province), drone im-
ages of the dam revealed that in 2018, 15% of the nests
were collected (Scarpa et al. unpublished); while in
Corrientes province, the harvest of nests ranges from

17 to 26% (Scarpa and Piña 2019). If the population
is to be maintained, a recommended strategy would be
to carry out releases when population density is low,
that is, compensatory releases (Jenkins et al. 2004).
This strategy is applied by the Zimbabwean ranching
programs on Crocodylus niloticus.

On the other hand, if the growth of the Caiman
latirostris population is to be accelerated, it would be
advisable to return at least 3% of the animals born in
captivity.

Whenever the number of animals released is in-
creased, it should be taken into account that the en-
vironment’s carrying capacity can be a limiting factor
for the survival of the offspring. Therefore, generat-
ing models that include density dependence would be
advisable to evaluate the best release rate.

CONCLUSION

We have developed a deliberately simple simula-
tion model that intends to accurately represent for
the first time the most relevant aspects of the popula-
tion dynamics and management of the broad-snouted
caiman by using the currently available data. Based
on this framework, we show that adult hunting, ranch-
ing, and a combination of both actions can be carried
out sustainably as long as harvest rates in each life
stage are adequately balanced. Here, we have not
incorporated other factors that could affect the pop-
ulation dynamics of this species (Brandt et al. 2016;
Simoncini 2011; Simoncini et al. 2014b), such as en-
vironmental changes, density-dependence, or sexual
proportions in the model.

This model is theoretical; hence, it is necessary
to collect systematic field data to validate and adjust
it. As a first of its kind, this simulation model of the
broad-snouted caiman population may provide better
support to this species’ management and conservation
and constitute an interesting tool to propose new hy-
potheses to be tested about its ecology and population
dynamics. We advise that any management alterna-
tive implemented based on this model should be eval-
uated and monitored continuously to incorporate the
proper adjustments.
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Additional Files

Add File 1. Annex: Frequency distribution of vital survival and hatching rates, with which the 5000 matrices
were generated. In pink is marked the frequency of cases in which each rate produces decrease values (λ < 1)
and, in blue, when it leads to population growth values (λ > 1).
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Add File 2. Adjustment of lambda to each survival rate.

Survival Rate R2

p3 0.53
p5 0.20
p4 0.16
p1 0.08

hatch5 0.03
p2 0.01

hatch4 0.00

Legend: Coefficient of determination R2, showing the adjustment of λ to each vital survival rate (pi and
hatchi).

Add File 3. Differences between average matrix elasticity and each generated matrix.

Difference eijm-eijk
Parameter Mean SD median min max.

Fi
F4 0 0 0 -0,01 0,02
F5 0 0,01 0 -0,04 0,01

Gi

G1 0 0,01 0 -0,05 0,02
G2 0 0,01 0 -0,05 0,02
G3 0 0,01 0 -0,05 0,02
G4 0 0,01 0 -0,04 0,01

Pi

P2 0 0 0 -0,03 0,01
P3 -0,01 0,04 0 -0,13 0,14
P4 -0,01 0,04 -0,01 -0,22 0,35
P5 0,02 0,11 0,01 -0,29 0,59
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Add File 4. Effect on λ of different combinations of hunting individuals from E5, with ranching, and return.

Harvest E5 + Ranch

Harv Ranch Rein

λ < 1

0.05 0.15-1 0

0.15
0.05-1 0

0.05 0.1

0.3

0.05 0-0.5

0.35 0-0.35

0.45-1 0

λm < λ < 1

0.05

0.05 0

0.05-0.45 0.05

0.05 0.2-0.5

0.15
0.05 0.2-0.7

0.15 0.1

0.3

0.05 0.6-0.1

0.15 0.3-0.4

0.45-1 0.1

λm > λ

0.05

0.05 0.6-1

0.15-1 0.5-1

0.25 0.2-1

0.15

0.05 0.8-1

0.15 0.3-1

0.65 0.1-1

0.3

0.15 0.5-1

0.35 0.3-1

0.55-1 0.2-1

Legend: Some combinations of the values of hunting of Caiman latirostris of stage E5, Ranching and return,
which cause population decrease (λ < 1), as well as deceleration (λm < λ), for the Ranching scenarios and
hunting of adult females corresponding to E4 and E5.
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Add File 5: Effect on λ of the hunting combinations of individuals of E4 and E5, with ranching and return.

Harvest E4 and E5 + Ranch

Ranch Rein

λ < 1

0.05 0.15-1 0

0.15

0.05 0

0.35 0.2

0.45-1 0-1

0.3

1-0.15 1

0-0.35 0.5

0-0.65 0.3

0-1 0-0.02

λm < λ < 1

0.05

0.05 0-0.5

0.15-0.45 0.01

0.15 0.02

0.15

0.15 0.3-0.7

0.45-0.55 0.2

0.75-1 0.1

0.3

0.25 0.9

0.45 0.5

0.85 0.3

λm > λ

0.05

0.05 0.61-1

0.15 0.3-1

0.25 0.2-1

0.55-1 0.1-1

0.15

0.15 0.8-1

0.25 0.5-1

0.65-1 0.2-1

0.3

0.25-1 1

0.35-1 0.8-1

0.55 0.5-1

0.9 0.3-1

Legend: Combination of some C. latirostris hunting values ofE4 and E5, Ranching and return, which cause
population decrease (λ < 1), as well as deceleration (λ m < λ), for the ranching and adult female hunting
scenarios corresponding to the E4 and E5.
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