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Abstract: Background:  Conservation strategies are urgently needed for tropical turtles. Studies
conducted exclusively in the temperate zone have revealed that the suite of life history
traits that characterizes turtles and includes delayed sexual maturity and high adult
survivorship makes sustainable harvest programs an unviable strategy for turtle
conservation. However, most turtles are tropical in distribution and the tropics have
higher, more constant and more extended ambient temperature regimes that, in
general, are more favorable for population growth.
Methods:  To estimate the capacity of freshwater turtle species from temperate and
tropical regions to sustain harvest we synthesized life history traits from 165 freshwater
turtle species in 12 families (Carettochelydae, Chelidae, Chelydridae,
Dermatemydidae, Emydidae, Geoemydidae, Kinosternidae, Pelomedusidae,
Platysternidae, Podocnemididae, Staurotypidae and Trionychidae). The influence of
climate variables and latitude on freshwater turtle life history traits (clutch size, clutch
frequency, age at sexual maturity, and annual adult survival) were examined using
Generalized Additive Models. The biological feasibility of sustainable harvest in
temperate and tropical species was evaluated using a sensitivity analysis of population
growth rates obtained from stage structured matrix population models.
Results:  Turtles at low latitudes (tropical zones) exhibit smaller clutch sizes, higher
clutch frequency, and earlier age at sexual maturity than those at high latitudes
(temperate zone). Adult survival increased weakly with latitude and declined
significantly with increasing bioclimatic temperature (mean temperature of warmest
quarter). A modeling synthesis of these data indicates that the interplay of life history
traits does not create higher harvest opportunity in adults of tropical species. Yet we
found potential for sustainable exploitation of eggs in tropical species.
Conclusions:  Sustainable harvest as a conservation strategy for tropical turtles
appears to be as biologically problematic as in temperature zones and likely only
possible if the focus is on limited harvest of eggs. Further studies are urgently needed
to understand how the predicted population surplus in early life stages can be most
effectively incorporated into conservation programs for tropical turtles increasingly
threatened by unsustainable exploitation, climate change and deforestation.
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Abstract 18 

Background: Conservation strategies are urgently needed for tropical turtles. Studies conducted 19 

exclusively in the temperate zone have revealed that the suite of life history traits that 20 

characterizes turtles and includes delayed sexual maturity and high adult survivorship makes 21 

sustainable harvest programs an unviable strategy for turtle conservation. However, most turtles 22 

are tropical in distribution and the tropics have higher, more constant and more extended ambient 23 

temperature regimes that, in general, are more favorable for population growth.  24 

Methods: To estimate the capacity of freshwater turtle species from temperate and tropical 25 

regions to sustain harvest we synthesized life history traits from 165 freshwater turtle species in 26 

12 families (Carettochelydae, Chelidae, Chelydridae, Dermatemydidae, Emydidae, 27 

Geoemydidae, Kinosternidae, Pelomedusidae, Platysternidae, Podocnemididae, Staurotypidae 28 

and Trionychidae). The influence of climate variables and latitude on freshwater turtle life 29 

history traits (clutch size, clutch frequency, age at sexual maturity, and annual adult survival) 30 

were examined using Generalized Additive Models. The biological feasibility of sustainable 31 

harvest in temperate and tropical species was evaluated using a sensitivity analysis of population 32 

growth rates obtained from stage structured matrix population models.  33 

Results: Turtles at low latitudes (tropical zones) exhibit smaller clutch sizes, higher clutch 34 

frequency, and earlier age at sexual maturity than those at high latitudes (temperate zone). Adult 35 

survival increased weakly with latitude and declined significantly with increasing bioclimatic 36 

temperature (mean temperature of warmest quarter). A modeling synthesis of these data indicates 37 

that the interplay of life history traits does not create higher harvest opportunity in adults of 38 

tropical species. Yet we found potential for sustainable exploitation of eggs in tropical species.  39 

Conclusions: Sustainable harvest as a conservation strategy for tropical turtles appears to be as 40 

biologically problematic as in temperature zones and likely only possible if the focus is on 41 

limited harvest of eggs. Further studies are urgently needed to understand how the predicted 42 

population surplus in early life stages can be most effectively incorporated into conservation 43 

programs for tropical turtles increasingly threatened by unsustainable exploitation, climate 44 

change and deforestation. 45 
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Introduction 47 

Vertebrate animals are important for human welfare and wellbeing [1-3], particularly as food, 48 

medicine, and cultural uses by rural and aboriginal communities [3-6]. Freshwater turtles are a 49 

good example — they are frequently targeted for both subsistence and commercial harvest, 50 

primarily by local communities that live in the vicinity of river and wetlands [7-9]. High biomass 51 

[10, 11], ease of capture, and extended survival with minimal care in captivity make freshwater 52 

turtles a focus for harvest [7-9]. 53 

Unsustainable harvesting is recognized as one of the major factors driving global 54 

freshwater turtle decline [12-15] . Over 40% of turtle species are endangered as a result of 55 

overexploitation [13, 15, 16]. Although turtles are harvested for various purposes (e.g. pets, 56 

medicine, and curios), the most heavy use of turtles is for food [7, 16, 17]. Large adult turtles 57 

[18-21] and eggs [18] are usually the primary target of harvesting, because these life stages are 58 

the most valuable for food [7, 8, 16] and the easiest life stages to encounter. The greatest 59 

harvesting pressure occurs in tropical areas [7, 8] where the most freshwater turtles occur [22]. 60 

For many local people in these areas, turtle meat and eggs are not only important as sources of 61 

protein and lipid, but also support them economically [7, 16, 23]. Additionally, unsustainable 62 

exploitation in tropical areas can also lead to regional population collapse and as a consequence 63 

create pressures in other regions of the world [24]. 64 

Sustainable harvesting programs have been widely promoted as a strategy for wildlife 65 

conservation [25, 26]. Moreover, active involvement of local people in these sustainable harvest 66 

programs generally creates better outcomes for conserving wildlife [26, 27]. However, this 67 

conservation strategy is assumed not viable for turtle conservation [7, 28]. A corpus of research 68 
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on the topic has revealed that turtles are poor candidates for any sustainable use program [29-31]. 69 

In general, turtles exhibit delayed sexual maturity, high adult survivorship, low fecundity, and 70 

long life span [29-34]. This combination of life history traits limits their ability to compensate for 71 

additive adult mortality from harvesting [9, 28, 32, 34, 35]. 72 

It is notable, however, that virtually all research on sustainability of harvest as a 73 

conservation strategy for turtles has been conducted in temperate zones. Variation in life history 74 

traits occur within and between turtle species that inhabit different environments [32, 36-40]. 75 

Variation in clutch size [36, 41], clutch frequency [33], growth rate, and age at sexual maturity 76 

[36] in relation to latitude have been observed in turtles. The interplay of these different life 77 

history traits has been suggested to create more opportunity to harvest turtles sustainably, at least 78 

in one tropical freshwater species in Northern Australia [19, 42]. Earlier age at sexual maturity, 79 

higher fecundity, and faster growth rates in this tropical freshwater turtle compared to other 80 

turtles [42] may allow their populations to be harvested at 20% annual harvest rate [19], 81 

suggesting that the widely held assumption of the biological infeasibility of sustainable harvest 82 

programs for freshwater turtles based almost entirely on temperate zone species should be 83 

reassessed given the challenges of conserving turtles in rapidly developing tropical regions 84 

where most turtle diversity occurs [9, 13]. 85 

In this study, we investigated global patterns of life history traits (clutch size, clutch 86 

frequency, age at sexual maturity, and adult survival) in freshwater turtles using published data 87 

and contrasted them between freshwater turtle species from temperate and tropical regions. We 88 

then developed a population projection model to estimate the capacity of freshwater turtle 89 

species from temperate and tropical regions to sustain harvest. The primary goal of this study 90 

was to evaluate the hypothesis that freshwater turtle species from tropical and temperate regions 91 
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have the same, widely speculated incapacity to absorb additive mortality caused by population 92 

harvest [29, 30, 35]. 93 

 94 

Materials and Methods 95 

Data Collection 96 

Life history traits of freshwater turtle species were quantified along with locality of each report 97 

(latitude and longitude) from the published literature. We used keywords “life history”, “clutch 98 

size”, “clutch frequency”, “reproduction”, “age at sexual maturity”, “survival”, “growth”, 99 

“natural history”, and “turtle” to explore the published literature as indexed in the databases of  100 

EBSCO, Google Scholar, and Web of Science. The mean, median, or range values of 101 

reproductive parameters (clutch size, clutch frequency), demographic parameters (age at sexual 102 

maturity, annual adult survival rate), and morphological characters (carapace length) were 103 

extracted from each report acquired. Annual adult survival values were also checked and 104 

confirmed against those available for 15 freshwater turtle species in an online demographic 105 

database COMADRE [43] (version 3.0.0, accessed 2 September 2019 http://www.comadre-106 

db.org/Data/Comadre).  107 

When the exact coordinates of locality were not described, we estimated location from the 108 

nearest locality described in a given report. The coordinates of each turtle life history report were 109 

also combined with GBIF records (accessed via GBIF.org on 2019-01-13) and published data 110 

[38] to establish species distribution across four latitudinal classes: Temperate (species with 111 

latitudinal median and range within temperate zone), Temperate-tropical (“Temp-trop”, species 112 

with latitudinal median within temperate and range overlapping tropical zone/s), Tropical-113 
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temperate (“Trop-temp”, species with latitudinal median within tropical and range overlapping 114 

temperate zone/s), Tropical (species with latitudinal median and range within tropical zone). The 115 

tropics of Capricorn and Cancer (latitude -23.5o, 23.5o, respectively) were used to define 116 

geographic limits of temperate and tropical zones. 117 

Two bioclimatic variables relevant to freshwater turtle biology, Mean Temperature of 118 

Warmest Quarter (bio10, oC) and Precipitation of Driest Quarter (bio17, mm) were obtained 119 

from WorldClim – Global Climate Data (5-arc ≈ 10 km resolution, www.worldclim.org, [44]) 120 

and matched to the coordinates of each turtle life history report. These bioclimatic variables were 121 

selected as proxies to represent the metabolic, physiological and behavioral differences that 122 

freshwater turtles have developed to survive in regions that are not ideal for these temperature 123 

and water dependent species [10, 22, 32, 33, 38-41, 45]. Both bioclimatic variables were only 124 

weakly correlated with latitude (Spearmans correlation 0.40 and 0.04 for bio10 and bio17 125 

respectively) and were therefore included to represent temperature and rainfall patterns distinct 126 

to those most strongly associated with latitudinal gradients.  127 

Statistical Analysis 128 

We used Generalized Additive Models (GAMs, [46, 47]) to examine the influence of climate 129 

variables and latitude on freshwater turtle life history traits (clutch size, clutch frequency, age at 130 

sexual maturity, and annual adult survival). We treated each freshwater turtle species as a 131 

replicate in this analysis (obtaining median life history values within species for species with n > 132 

1 reports) to avoid the pitfalls of pseudoreplication associated with treating individual reports as 133 

replicates. Because comparative life history studies are not independent from phylogenetic 134 

relationships among turtles, which can lead to phylogenetic bias on inference and trait value 135 

http://www.worldclim.org/
Highlight
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estimation, we treated taxonomic family as a random effect (penalized smoothed regression 136 

term) [48, 49] based on the Turtles of the World Checklist (8th edition, [50]). In addition, we 137 

used carapace length (ln-transformed) as a parametric term to control for its well-established 138 

influence on life history traits [33, 36, 38, 41].  139 

A total of four models were developed for each life history trait: latitude as a continuous 140 

variable included as a parametric term, latitude as a categorical variable with four classes 141 

(Temperate, Temp-Trop, Trop-Temp and Tropical), and two bioclimatic variables (Mean 142 

Temperature of Warmest Quarter and Precipitation of Driest Quarter) included as parametric 143 

terms. All life history trait estimates were ln-transformed, except for adult survival (arcsine 144 

transformed). The mgcv package [46] was used to perform the GAM analysis in R (www.r-145 

project.org, [51]). Akaike Information Criterion corrected for small sample sizes (AICc) that 146 

measures fit versus complexity of a model was used to select “best” models based on lowest 147 

AICc [52, 53]. 148 

 149 

Modelling Synthesis 150 

To evaluate whether freshwater turtle species from tropical and temperate zones have 151 

comparable capacities to absorb additive mortality caused by population harvest, we 152 

implemented a density-independent, stage structured “Lefkovitch” matrix population model [34, 153 

54, 55]. This type of model is commonly used in turtle population dynamics modelling, as age in 154 

most turtle species is often difficult to determine [19, 34]. The model consisted of egg, juvenile, 155 

and adult stages (Fig 1) projected with a stable stage distribution (with an initial population of 156 

1000, allocated in proportions of 0.544, 0.401, 0.055 to egg, juvenile and adult stages 157 

http://www.r-project.org/
http://www.r-project.org/
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respectively). The discrete stage based lifecycle (Fig 1) can be presented as a population 158 

projection matrix “A” as follows: 159 

𝑨 =  [
0 0 𝐹

𝐺1 𝑃1 0
0 𝐺2 𝑃2

] 160 

where P is the annual probability of surviving and remaining in the same stage, G is the annual 161 

probability of surviving and growing into next stage, and F is the annual fecundity. These 162 

parameters were estimated using the following equations [56]: 163 

𝑷 =  
(𝟏− 𝒑𝒊

𝒅𝒊−𝟏
) 

(𝟏− 𝒑𝒊

𝒅𝒊)
 𝒑𝒊            Equation 1 164 

𝑮 =  
𝒑𝒊

𝒅𝒊  (𝟏− 𝒑𝒊) 

𝟏− 𝒑𝒊

𝒅𝒊
             Equation 2 165 

where pi is the annual survival probability of i stage and di is the duration of i stage. Annual 166 

fecundity (F) was estimated by multiplying clutch size with clutch frequency. The model was 167 

based on female fraction only; thus half of all eggs produced was assumed to be female [29, 30] . 168 

The stable distributions of individuals amongst stage classes, and intrinsic rate of population 169 

growth (r) were determined with functions available in the R [51] packages “popdemo” [57] and 170 

“popbio” [58]. 171 

 172 

Fig 1. Conceptual diagram of population dynamics of freshwater turtles used for 173 

construction of a stage structure matrix model to estimate capacity for sustainable harvest 174 

in freshwater turtles. 175 
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 176 

Median values of clutch size, clutch frequency, age at sexual maturity and adult survival 177 

derived from the GAM predictions was used as input for this stage-structured model. Due to the 178 

sparsity of records for some traits (e.g. adult survival) predictions were aggregated across two 179 

latitudinal classes (temperate and tropical) to compare the intrinsic rate of population growth (r) 180 

between stages and latitude. Predictions for each trait were obtained from a final model that 181 

included all variables in a 95% confidence subset of models [52]. This confidence set was 182 

obtained by summing the Akaike weights of the set of all candidate models ordered by Akaike 183 

weight from largest to smallest until a sum of ≥0.95 was obtained ([52] pp. 169, 176-177). We 184 

estimated the annual survival probability of juvenile stage as 13% less than the annual survival 185 

probability of adult stage [59]. Due to lack of available nest / hatchling survival data the annual 186 

survival probability of egg stage for all turtle species was set at 0.2 [29, 30, 32]. To simulate the 187 

impact of harvest on populations of tropical and temperate freshwater turtle species, we 188 

performed a sensitivity analysis by varying each demographic parameter systematically while 189 

holding all other parameters constant [29, 30]. In addition, we performed Jackknife 190 

randomizations [60] drawing deviates (n = 500 iterations) for each model parameter from the 191 

distributions observed in the literature (S1 Table) for these variables to estimate confidence 192 

intervals around the estimated intrinsic rates of growth of temperate and tropical species in 193 

sensitivity analysis. 194 

Table 1. Demographic parameters in freshwater turtles. Demographic parameters used in 195 

population modelling to estimate capacity for sustainable harvest in freshwater turtles. Estimates 196 

are median values derived from the scientific literature (S1 Table) and summarized based on the 197 

species distributions across four latitudinal classes. 198 
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Distributiona Families Species Latb 
Carapace 

Length 

Clutch 

Size 

Clutch 

Frequency 

Age at 

sexual 

maturity 

Fecundity 

Temperate 6 41 34.0 181.0 8.4 2.0 8.7 7.8 

Temp-Trop 6 43 29.1 221.7 11.2 1.7 8.3 6.6 

Trop-Temp 10 37 18.3 197.3 6.1 2.5 6.5 6.0 

Tropical 10 44 9.6 231.5 7.3 2.0 9.0 3.5 

Overall 12 164 23.1 208.0 8.0 2.0 8.3 6.3 

a Distribution of freshwater turtles in four latitudinal classes: Temperate (species latitudinal median and 199 
range within temperate zone), Temp-trop (species latitudinal median within temperate and range 200 
overlapping tropical zone/s), Trop-temp (species latitudinal median within tropical and range overlapping 201 
temperate zone/s), Tropical (species latitudinal median and range within tropical zone). This classification 202 
is unique for each species i.e. a species is only included in one class. 203 

b Median latitude from species locations within each distribution class. 204 
 205 

Results 206 

A total of 461 reports of life history traits was obtained from 165 species (63% of living 207 

freshwater turtle species) among 12 taxonomic families (Fig 2, S1 Table). The data once 208 

aggregated represent: 84 species from 7 families in the temperate zone (Temperate and 209 

Temperate-Tropical classes) and 81 species from 12 families in the tropical zone (Tropical-210 

Temperate and Tropical classes). Sixty percent of these studies were from temperate areas, with 211 

most of these (73%) from North America (Fig 2). Forty percent of these data were from tropical 212 

areas, with most of these (36%) from Asia. Only 12 of these life history trait reports were from 213 

captive breeding situations while the remainder were from wild populations. 214 

 215 

 216 
Fig 2. Distribution of freshwater turtle studies. Geographic distribution of data on freshwater 217 
turtle life history traits obtained from the literature (S1 Table) to estimate capacity for sustainable 218 
harvest in freshwater turtles. Color of study locations represent the distribution of the study 219 
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species across four latitudinal classes: Temperate (species with latitudinal median and range 220 

within temperate zone), “Temp-Trop” (species with latitudinal median within temperate and 221 
range overlapping tropical zone/s), “Trop-Temp” (species with latitudinal median within tropical 222 
and range overlapping temperate zone/s), Tropical (species with latitudinal median and range 223 

within tropical zone). Dashed horizontal lines show Tropic of Cancer and Tropic of Capricorn 224 
(latitude -23.5o, 23.5o, respectively). The background map was obtained from the 1:110m Natural 225 
Earth country and geographic lines maps (http://www.naturalearthdata.com). 226 
 227 

Latitude as continuous variable significantly influenced all life history traits, except adult 228 

survival (Table 2, Table 3). Indeed, latitude was the most informative variable for clutch size, 229 

clutch frequency and age at sexual maturity (Table 3). Natural logarithm of clutch size (β = 0.13; 230 

P < 0.001) and age at sexual maturity (β = 0.06; P < 0.01) were positively related to latitude, 231 

whereas natural logarithm of clutch frequency (β = -0.09; P < 0.05) exhibited a negative 232 

relationship with latitude (Fig 1, Table 2). When latitude was treated as categorical variable, only 233 

the natural logarithm of clutch size was significantly related to latitudinal zones , such that 234 

Tropical (β = -0.21; P < 0.001) and Tropical-Temperate (β = -0.13; P < 0.05) species had 235 

reduced clutch size relative to temperate species (Table 2).  236 

 237 

Fig 3. Relationships between latitude and (A) clutch size, (B) clutch frequency, (C) age at 238 
sexual maturity, and (D) adult survival rate of freshwater turtles. Points are the median 239 

species values obtained from the literature (S1Table), colored representing ln carapace length 240 
values. Solid black line is the GAM prediction. Grey shaded polygons show 95% confidence 241 

bands around the prediction. 242 
 243 

Of the two bioclimatic variables assessed, only bioclimatic temperature (Mean 244 

Temperature of Warmest Quarter) was a contributor to life history variation (Table 2) and was 245 

also the most informative variable for adult survival (Table 3). The bioclimatic temperature 246 

models were included in the 95% confidence set for all life history traits, except clutch size 247 

(Table 3). Natural logarithm of age at sexual maturity (β = -0.06; P < 0.01) and arcsine adult 248 

http://www.naturalearthdata.com/
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survival (β = -0.08; P < 0.05) were both negatively related to Mean Temperature of Warmest 249 

Quarter (Fig 4).  250 

 251 

Fig 4. Relationships between bioclimatic temperature (Mean Temperature of Warmest 252 
Quarter) and (A) clutch size, (B) clutch frequency, (C) age at sexual maturity, and (D) 253 
adult survival rate of freshwater turtles. Points are the median species values obtained from 254 
the literature (S1 Table), colored representing ln carapace length values. Solid black line is the 255 
GAM prediction. Grey shaded polygons show 95% confidence bands around the prediction. 256 

 257 

The sensitivity analysis performed to examine the impact of harvest on freshwater turtle 258 

populations revealed that adult and juvenile survival rates had dramatically more impact on 259 

intrinsic rate of population growth than egg survival rate and fecundity (Fig 5). Tropical 260 

freshwater turtle species exhibited a moderately higher intrinsic rate of growth than temperate 261 

freshwater turtle species (Fig 5). Although, fecundity tended to be less in tropical species (Table 262 

2, Table 4), comparing the minimum values necessary to result in positive population growth 263 

with GAM predictions showed that fecundity could be reduced by 28% in tropical compared 264 

with only 12% in temperate species (Table 4). Survival rates were estimated to be reducible by 265 

35% in eggs, 24% in juveniles, and 5% in adults for tropical species, and 15%, 16%, and 7%, 266 

respectively for temperate species, without causing negative population growth (Table 4). 267 

However, overlap in estimations of population growth in relation to survival rates was very 268 

broad between tropical and temperate turtle species suggesting that, in aggregate the capacity for 269 

sustainable harvest of adults as an additive source of turtle mortality is constrained in tropical 270 

turtle species largely as it is in temperate zone species (Fig 5, Table 4). 271 

 272 
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Fig 5. Relationships between intrinsic rate of growth (r) and survival rates of (A) egg, (B) 273 

juvenile, and (C) adult, and (D) fecundity in freshwater turtles of tropical and temperate 274 
zones. Solid lines are the intrinsic rate of growth for temperate and tropical species, respectively. 275 
 276 

 277 
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Table 2. Influence of climate variables and latitude on freshwater turtle life history traits. 278 

Generalized Additive Models were used to predict responses of four freshwater turtle life history 279 

traits: clutch size, clutch frequency, age at sexual maturity and adult survival. 280 

Model 
ln clutch size (n = 165) 

ln clutch 

frequency (n = 

102) 
ln age at sexual 

maturity (n = 75) 
arcsine adult 

survival (n = 37) 

Continuous latitude Est. a SE p Est. a SE p Est. a SE p Est. a SE p 

Intercept 0.78 0.05 *** 0.12 0.05 * 0.75 0.02 *** 0.12 0.03 *** 

Log carapace length 0.29 0.02 *** 0.01 0.03  0.09 0.02 *** 0.01 0.03  

Latitude 0.13 0.00 *** -0.09 0.04 * 0.06 0.02 ** 0.04 0.03  

Smooth Edf/ref F p Edf/ref F p Edf/ref F p Edf/ref F p 

Family 8.1/11 6.48 *** 5.0 / 11 1.2 * 0.0 / 10 0.0  0.0 / 7 0.0  

R2 ajust / Dev. Exp b 0.78 / 77.6% 0.12 / 17.9% 0.19 / 20.2 0.01 / 6.7 

Categorical latitude Est. a SE p Est. a SE p Est. a SE p Est. a SE p 

Intercept 0.85 0.06 *** 0.12 0.06 . 0.76 0.05 *** 0.10 0.06  

Log carapace length 0.29 0.02 *** 0.01 0.03  0.06 0.03 * -0.01 0.04  

Latitude  temp-trop 0.04 0.05  -0.06 0.08  0.02 0.05  0.08 0.06  

 trop-temp -0.13 0.05 * 0.06 0.09  -0.11 0.07  0.07 0.09  

 tropical -0.21 0.05 *** 0.04 0.09  -0.02 0.08  -0.05 0.12  

Smooth  Edf/ref F p Edf/ref F p Edf/ref F p Edf/ref F p 

Family 7.9/11 6.27 *** 2.7 / 11 0.4  4.7 / 10 0.9 . 2.5 / 7 0.6  

R2 ajust / Dev. Exp b 0.76 / 75.8% 0.03 / 9.3% 0.24 / 32.2% 0.07 / 23.8% 

Bioclimate - temp Est. a SE p Est. a SE p Est. a SE p Est. a SE p 

Intercept 0.76 0.05 *** 0.12 0.04 ** 0.72 0.04 *** 0.11 0.03 ** 

Log carapace length 0.27 0.02 *** 0.01 0.03  0.07 0.03 ** 0.02 0.03  

Temp. warm quarter (bio10) -0.01 0.02  0.03 0.03  -0.06 0.02 ** -0.08 0.03 * 

Smooth  Edf/ref F p Edf/ref F p Edf/ref F p Edf/ref F p 
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Family 7.0 / 11 4.39 *** 3.4 / 11 0.6 . 5.4 / 10 1.2 * 0.0 / 7 0.0  

R2 ajust / Dev. Exp b 0.72 / 69.8% 0.05 / 9.9% 0.31 / 37.7% 0.12 / 16.7% 

Bioclimate - rain Est. a SE p Est. a SE p Est. a SE p Est. a SE p 

Intercept 0.76 0.05 *** 0.12 0.04 ** 0.73 0.05 *** 0.15 0.03 *** 

Log carapace length 0.27 0.02 *** 0.01 0.03  0.06 0.03 * -0.01 0.03  

Rain dry quarter (bio17) -0.03 0.02 . 0.02 0.03  0.00 0.02  0.02 0.04  

Smooth  Edf/ref F p Edf/ref F p Edf/ref F p Edf/ref F p 

Family 7.4/11 5.71 *** 2.5 / 11 0.3  5.7 / 10 1.5 * 0.0 / 7 0.0  

R2 ajust / Dev. Exp b 0.72 / 70.5% 0.02 / 7.0% 0.24 / 31.6% -0.04 / 1.4% 

Each model contained Family as a random effect (smooth GAM term specified with “re” basis) and body 281 
size (ln transformed carapace length) as a parametric term; Asterisks indicate significant level of 282 
estimated parameters (*** P < 0.001; ** P < 0.01; * P < 0.05; ‘.’ P < 0.1). 283 
 a Standardized regression coefficient (obtained by dividing the centered response values by their standard 284 
deviations) and associated standard error (SE). 285 
b Model adjusted r-squared and deviance explained (%) 286 
 287 
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Table 3. Freshwater turtle life history model comparisons. Comparisons of the Generalized 288 

Additive Models created for each life history trait to estimate capacity for sustainable harvest in 289 

freshwater turtles. Models for each trait ordered by decreasing AICc (Akaike information 290 

criterion corrected for small sample sizes) values. 291 

Life history trait Modela Dev. 

Exp 

Loglik 
BIC AICc 

∆ 

AICc 

Wi 

AICcb 

Clutch size        

 Continuous latitude 77.6 -69.35 207.05 168.09 0.00 1.00 

 Categorical latitude 75.8 -80.04 237.57 193.80 25.71 0.00 

 Bioclimate - rain 69.8 -95.48 256.12 218.85 50.77 0.00 

 Bioclimate - temp 70.5 -98.96 261.27 224.98 56.90 0.00 

Clutch frequency        

 Continuous latitude 17.9 -14.42 81.83 54.94 0.00 0.93 

 Bioclimate - temp 9.9 -19.25 85.31 61.22 6.28 0.04 

 Bioclimate - rain 7.0 -21.01 83.69 62.00 9.79 0.03 

 Categorical latitude 9.3 -19.61 91.34 64.84 12.62 0.01 

Age at sexual 

maturity 

       

 Continuous latitude 20.2 -28.82 79.24 68.52 0.00 0.57 

 Bioclimate - temp 37.7 -19.46 92.49 69.13 0.62 0.42 

 Bioclimate - rain 31.6 -22.86 99.50 76.08 7.56 0.01 

 Categorical latitude 32.2 -22.62 104.54 79.42 10.91 0.00 

Adult survival        

 Bioclimate - temp 16.7 14.16 -10.39 -16.31 0.00 0.85 

 Continuous latitude 6.7 12.09 -6.27 -12.19 4.12 0.11 

 Bioclimate - rain 1.4 11.09 -4.26 -10.18 6.13 0.04 

 Categorical latitude 23.8 15.77 7.28 0.73 17.04 0.00 
a Models used to predict natural history traits. Each model contained Family as a random effect (smooth 292 

term with “re” basis) and body size (log transformed carapace length) as a parametric (not smooth) effect. 293 
Continuous latitude included median latitude from all records (Table S1). Categorical latitude included 294 
four latitudinal classes: Temperate (species with latitudinal median and range within temperate zone), 295 
“Temp-Trop” (species with latitudinal median within temperate and range overlapping tropical zone/s), 296 
“Trop-Temp” (species with latitudinal median within tropical and range overlapping temperate zone/s), 297 
Tropical (species with latitudinal median and range within tropical zone). Bioclimate - temp included 298 
Mean Temperature of Warmest Quarter (WorldClim: bio10). Bioclimate - rain included Precipitation of 299 
Driest Quarter (WorldClim: bio17). Coefficients for individual variables in all models are presented in 300 
Table 2. 301 

b Akaike weights (Wi) from largest to smallest. Predictions for each trait were obtained using variables 302 
from the 95% confidence subset of models, obtained by first ordering all models in the set by decreasing 303 
Akaike weight (Wi), and then sequentially summing the model Wi's in rank order. 304 

 305 
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Table 4. Demographic parameters used in population modelling to estimate capacity for 306 

sustainable harvest in freshwater turtles. Observed are median values derived from the 307 

scientific literature (S1 Table) and predicted values are from the 95% confidence set of GAM 308 

models (Table 3). “r min” are the minimum values necessary to obtain positive intrinsic rate of 309 

growth (r) as determined via sensitivity analysis (Fig 5). 310 

 Observed Predicted r min 

Parameter Temp. Trop. Temp. Trop. Temp. Trop. 

Annual egg survival rate 0.200 a 0.200 a 0.200 a 0.200 a 0.170 0.130 

Annual juvenile survival rate 0.766b 0.767b 0.746b 0.694b 0.630 0.530 

Annual adult survival rate 0.880 0.882 0.857 0.798 0.800 0.760 

Clutch size 8.8 7.0 7.3 5.2   

Clutch frequency 2.0 2.3 2.0 2.3   

Age at sexual maturity 8.3 7.8 8.6 7.3   

Fecundity 7.3 6.0 7.3 6.0 6.4 4.3 
a Values derived from previous syntheses [32]. 311 
b Estimated as 13% less than the annual adult survival rates [59]. 312 
 313 

Discussion 314 

The capacity of any species to cope with additive mortality is determined by the interplay of its 315 

life history traits [61-63]. Turtles are often declared to share integrated life history features [64] 316 

that make compensation  for additive mortality associated with harvest infeasible [28]. Life 317 

history traits of many organisms are related to variation in environment [65, 66], climate [67] 318 

and their ecological interactions [61-63, 68, 69] and this study revealed that turtle life history is 319 

strongly related to latitude and ambient temperature. Yet although these trends might suggest an 320 

increase in capacity of tropical freshwater turtles to absorb additional mortality due to 321 

anthropogenic sources than in temperate zone species, once integrated in a synthetic population 322 

model tropical species appear to be as unable to absorb additive mortality as are temperate zone 323 

species. 324 
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 The positive relationship we observed between clutch size and latitude is consistent with 325 

earlier studies [36, 41]. Turtles that inhabit higher (temperate) latitudes, have larger clutch size 326 

than turtles that inhabit low (tropical) latitudes. Similar patterns have been observed in mammals 327 

[67] and birds [68, 70]. Tokolyi, Schmidt (67) and McNamara, Barta (68)  suggest this pattern is 328 

related to climate variability. Iverson, Balgooyen (41) concluded that higher juvenile competition 329 

due to shorter time period for development along with higher egg mortality associated with 330 

winter and climate uncertainty that creates temporary periods of low competition may make it 331 

more advantageous for temperate turtle species to produce more offspring (“more eggs in one 332 

basket” [33]) as a “bet hedging” strategy to exploit temporary resources. In addition, temperate 333 

turtle species typically have small egg size to speed development as an adaptation to short 334 

incubation times in temperate zone [17, 41]. As such, our findings support the suggestion that 335 

temperature zone turtles may have evolved to produce smaller egg size with larger clutch size 336 

than tropical species [33]. 337 

Larger clutch size in temperate turtle species may also act as a mechanism to compensate 338 

for low nesting frequency [33, 41]. We found that clutch frequency was negatively related to 339 

latitude. The general model of the interaction of environmental factors and reproductive output in 340 

turtles [33] suggests that high latitudes yield short reproductive seasons for turtles, resulting in 341 

lower clutch frequency. In addition, timing of nesting in turtles is correlated with temperature 342 

[36, 71]. Because tropical zones have a more stable warmer temperature all year long, more 343 

opportunities are available for turtles to lay eggs than in the temperate zone. Additionally, clutch 344 

mass (number of eggs x egg size) can also vary with latitude [33, 41], further studies are 345 

necessary to examine how egg size correlates to differences in population growth rates, 346 
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especially as egg size has been shown to be an important predictor of age at sexual maturity [32, 347 

33]. 348 

The relationship between age at sexual maturity and latitude observed in this study is also 349 

in agreement with the earlier studies [72-74]. Turtles that inhabit high latitudes reach maturity at 350 

a later age than those inhabit low latitudes. This result is likely due to more stable and more 351 

productive climate conditions at low latitudes. As growth rate in turtles depends on temperature 352 

and food availability [75, 76], thus stable warm temperature and continuous food availability in 353 

low latitudes will generate faster growth rate to reach size at sexual maturity [33]. This 354 

conclusion is also supported by the inverse relationship between Mean Temperature of Warmest 355 

Quarter and age at sexual maturity. Although it has been suggested   that turtles tend to have 356 

larger body size at higher latitudes [77] a recent review (compilation of 245 species) failed to 357 

uncover clear latitudinal trends in turtle body size [38]. These differences between studies (for 358 

example [77] evaluated variation within species from a sample of 23 species of mainly northern 359 

hemisphere and temperate turtles) seem to support the hypothesis that body size latitude 360 

relationships (e.g. Bergmann’s rule) maybe stronger for temperate turtle species. Large body size 361 

is thought to provide evolutionary advantages for temperate turtle species to cope with 362 

unfavorable environments e.g. via a relative increase in fasting endurance [36, 76]. As a result, 363 

temperate turtle species require longer time to reach size at sexual maturity, but increased size 364 

may provide for increased adult survivorship [32].        365 

Adult survival and latitude were not strongly related perhaps because all turtles share in 366 

common the unique morphological feature: a rigid shell [28, 78, 79]. Turtle shells not only 367 

provide physical protection from predators [28], but also important physiological functions [78-368 

80]. The optimum benefits from the shell are achieved when a turtle has reached adult size [28] 369 
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such that different environmental conditions at low and high latitudes may have little effect on 370 

adult survival rate because the shell ensures high survival regardless of ecological context.  371 

It is important to note, however, that our failure to identify differences in survival rates 372 

may result from a lack of statistical power [53, 81]. Relatively few reports were available for 373 

survival rates of turtles at low (tropical) latitudes thereby possibly limiting the ability to detect 374 

differences might they exist. Clearly more long-term studies of turtle population biology in 375 

tropical regions are needed and would inform this analysis. This said, differences that may exist 376 

but are currently obscured by sampling variation would likely be modest and not likely to change 377 

the overall conclusions of this study. 378 

The distinct life history characteristics of turtles at low latitudes (tropical zone) would 379 

seem to translate into greater opportunity for sustainable harvest of early stages than those at 380 

high latitudes (temperate zone, Fig 5, Table 4). However, our estimated annual sustainable 381 

harvest rate (5%) of adult turtles is considerably lower than typical thresholds for sustainable 382 

harvest rates (20%) estimated for long-lived animals [19, 82, 83]. In addition, similar to previous 383 

studies [29, 30, 34, 73, 84-87], high adult survival rates are estimated to be critical to maintain 384 

population stability due to their relatively greater contribution to population recruitment than 385 

other life stages [34]. Considering these results, harvesting wild adults would appear to present a 386 

high risk of causing population declines whether in the temperate or tropical regions, reinforcing 387 

the need to develop appropriately enforced alternate management options such as farming of 388 

captive reared turtles for meat [88].  389 

Although adult harvest is clearly risky [9, 28, 87] there does appear to be some potential 390 

for sustainable exploitation of early stages of tropical freshwater turtle species. Indeed, egg 391 
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harvest may be more feasible, because it has low risk of causing population declines (Fig 5). 392 

Gibbs and Amato (28) suggest that significant additive mortality in the egg stage may not 393 

threaten population persistence and, Thorbjarnarson, Lagueux (8) identified that harvesting of 394 

eggs is the most promising strategy in the development of sustainable use programs for turtles. 395 

Integrating the conservation and harvest of eggs (for consumption, sale and/or rearing of 396 

hatchlings for the pet trade) has generated promising results for the conservation of some 397 

threatened tropical turtles e.g. Podocnemis unifilis in Peru [89, 90] and our analysis supports the 398 

idea that such actions could be feasible in other tropical turtle species. 399 

We found that tropical populations could continue to grow if egg survival was reduced by 400 

up to 35%. We suggest that this surplus of eggs can be applied for both sustainable exploitation 401 

and conservation. A focus on management and sustainable exploitation of early life stages (e.g. 402 

consumption, pet trade) would also complement conservation actions that generally protect the 403 

most sensitive adult stages [9, 28]. We found that the margins for additive mortality are so tight 404 

(<10% in both tropical and temperate species) that the sustainable harvest of adult turtles will 405 

likely fail unless additional management actions are incorporated into conservation programs [9].  406 

Integrated management that explicitly considers survival of all life stages is likely to 407 

generate more robust and timely increases in exploited turtle populations. Although egg survival 408 

produces a relatively small overall effect on population growth rates when compared to adult 409 

survival [28, 34], demographic simulations show that increasing survival of eggs and hatchlings 410 

can compensate for decreases in adult survival in at least one species of tropical turtle [91]. 411 

Additionally, increasing survival of early stages via community-based protection of turtle nesting 412 

beaches has been shown to provide conservation success for local communities [90], target 413 

species [90-93] and also non-target vertebrate and invertebrate taxa [92]. Further examples are 414 
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needed to understand how the predicted surplus in early life stages can be most effectively 415 

exploited so that populations can still increase to replace adults that remain widely targeted and 416 

threatened by additional anthropogenic impacts across tropical regions including climate change, 417 

forest loss and pollution [1, 9, 12, 18, 19]. 418 

An important caveat is that the population dynamics of temperate and tropical species in 419 

this study were evaluated using the same survival rate values for eggs due to lack of available 420 

published data on these parameters both in temperate and tropical species. Mechanisms of 421 

protection of egg and juvenile stages do not produce as large an effect on population growth as 422 

protecting adult survival [28], so our conclusions are likely to remain valid despite this untested 423 

assumption. That said, until data are available on typical nest and juvenile survival in temperate 424 

and tropical zones, the relative impact of harvest on populations of temperate and tropical 425 

species we estimated must remain tentative. 426 

Together the results of this study imply that sustainable harvesting is difficult to apply as 427 

a conservation strategy, both in temperate and tropical turtle species, due to the biological 428 

limitations on turtle population growth imposed by their life history strategy everywhere. This 429 

said, Eisemberg, Rose (18) suggests that complete prohibition of harvesting as a conservation 430 

strategy in turtles will not be possible to implement in tropical areas and developing countries, 431 

where local communities have long history in using turtle meat and eggs. Conservation strategies 432 

that exclude local communities in their practices are often unsuccessful at protecting wildlife 433 

[94]. We reject the assumption often employed in temperate-zone turtle research that “all turtles 434 

are the same” yet also note that demographic differences we observed between temperate and 435 

tropical turtles do not translate into obviously greater opportunity for sustainable harvest of 436 

adults and juveniles in the tropics. Therefore, carefully constructed sustainable harvest programs 437 
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may present greater opportunities to succeed in the tropics if based on egg and hatchling stages, 438 

and should be considered further but cautiously for the regions that have a long history of 439 

harvesting turtles for subsistence use, particularly when the species possess density dependent 440 

mechanisms to compensate harvest, such as shown in C. oblonga [19, 42]. 441 
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Unfortunately your ms did not have line nor page numbers. In order to comment on it I therefore 

copied the actual text that I am referring to without reference to any page or line numbers. 

 

What is “A” in the model? 

Our reply: We have clarified the text (p l) as follows “The discrete stage based lifecycle (Fig 1) 

can be presented as a population projection matrix “A” as follows:” 

A sensitivity analysis changing the 0.2 egg survival rate value would be advisable, as we know that 

usually interactions are stronger in the tropics (literature by Dobzhansky, Schemske, summarized in 

Bekmam 2013 Ecol. Lett. 16:1054-1060) and this value could actually change with latitude. The 

same could apply to other sources of (adult and juvenile) mortality, as in principle predation and 

parasitism (sources of mortality) should be higher in the tropics. 

Our reply: We include results from the sensitivity analysis in Figure 5. We have now included 

estimate of variation around this 0.2 value in our sensitivity analysis (standard deviation from 

Iverson 1991). The egg survival value is likely to vary but the most robust synthesis available 

Response to Reviewers

mailto:em@editorialmanager.com
mailto:angga.rachmansah@gmail.com


suggest that 0.2 is a suitable value for freshwater species (Iverson 1991). Our estimates of 

juvenile mortality are expressed as a percentage of adult mortality. These values and their 

range (from species level data) are included in the sensitivity analysis. There are therefore 

differences in juvenile survival values between temperate and tropical zone species (see 

updated Table 4 and Figure 5). We have updated and clarified the Methods to reflect this. We 

are not aware of any studies that present empirical data necessary to robustly inform a more 

in-depth analysis. We hope that future studies can further refine these analyses.  

Gibbs JP, Amato GD. Genetics and Demography in Turtle Conservation. In: Klemens MW, 

editor. Turtle Conservation. Washington, DC: The Smithsonian Institution; 2000. 

Iverson JB. Patterns of survivorship in turtles (order Testudines). Canadian Journal of 

Zoology. 1991;69:385 - 91. 

In particular, the above could also respond to this paragraph: “An important caveat is that the 

population dynamics of temperate and tropical species in this study were evaluated using the same 

survival rate values for egg and juvenile stages due to lack of available published data on these 

parameters both in temperate and tropical species. Mechanisms of protection of egg and juvenile 

stages do not produce as large an effect on population growth as to protections adult survival [24], so 

our conclusions may remain valid despite this unassessed assumption. That said, until data are 

available on typical nest and juvenile survival in temperate and tropical zones, the relative impact of 

harvest on populations of temperate and tropical species we estimated must remain tentative.” 

Our reply: We share data and code to encourage further studies to address the broad range of 

questions that can be asked with the data we have compiled and shared. We believe that until 

data are available on typical nest and juvenile survival in temperate and tropical zones, the 

relative impact of harvest on populations of temperate and tropical species we estimated must 

remain tentative. 

The reported values do not match the text, please check: “whereas natural logarithm of clutch 

frequency (β = -0.04; P < 0.001) was positively related to annual mean temperature (Fig 4).” 

Our reply: Based on the helpful suggestions from both the editor and reviewers we have 

extensively updated the analysis and results. The text has been revised to ensure consistency of 

the reported values. 

“confidence intervals” in regression fits (where the spread of the confidence region changes with X) 

should be “confidence bands”. Please, change accordingly. 

Our reply: We have updated the text accordingly. 

Discussion 

Please provide R2 values of your lmer models (see Nakagawa 2013 Meth Ecol Evol and library 

MuMIn in R) to support this sentence in the Discussion: “The results of this study revealed that turtle 

life history is strongly related to latitude and ambient temperature.”  

Our reply: Based on the helpful suggestions from the editor and reviewers we have extensively 

updated the analysis and results. We have included r2 values in the revised version (Table 3). 

 

A low p-value or a regression coefficient without standardization is not enough to support your 

claims. A large proportion of the variance may be still left to be explained.  

Our reply: Based on the helpful suggestions from the editor and reviewers we have extensively 



updated the analysis and results. We have also revised the text to ensure conclusions and 

results are supported by the data and analysis presented. 

“Iverson et al. [32] concluded that higher juvenile competition due to shorter time period for 

development along with higher egg mortality associated with winter and climate uncertainty that 

creates temporary periods of low competition may make it more advantageous for temperate turtle 

species to produce more offspring as a “bet hedging” strategy to exploit temporary resources.” This 

is too speculative, especially since you use a 0.2 egg survival rate from one single place because 

there are not comparative data available. Is there evidence that buried eggs suffer mortality from cold 

temperatures?  

Our reply: We have now added the reference of Iverson 1991 [1] to the sentence. This is one of 

the classic turtle demography references, including a pioneering and meticulous compilation of 

81 age-class-specific survivorship values representing 30 turtle species. It is not a “single 

place”. Iverson [1] provides a combined early stage (egg – to 1 year) annual survival estimate 

of 0.215+0.188 for freshwater turtles (includes eggs, hatchlings, 1 year that were combined due 

to “lack of significant differences in survivorship across these three age-classes”). Egg 

mortality is affected by myriad factors (see supporting references below). But for freshwater 

turtle species survival estimates of all these early stages are firmly anchored around 0.2 and the 

SD value (see above) also suggests a consistently low survival value for early stages. In addition 

for long lived species with multiple reproductive events and in the case of turtles multiple egg 

laying events, egg survival has consistently been demonstrated to be far less important than 

survival in juvenile and adult stages [2,3]. Buried eggs can suffer mortality from extreme 

temperatures (too hot and too cold) and desiccation in both temperate and tropical zones. 

Turtles have a number of behavioral (e.g. nest depth, substrate choice) and physiological (egg 

shell thickness, size and shape) adaptations that can help reduce egg mortality (see examples in 

supporting references below). Such factors are species and location specific. However, we feel 

that such factors do not affect our conclusions and are not highly relevant to our Discussion. 

For example, our main finding is that adult harvest is extremely risky (likely to be 

unsustainable) in both tropical and temperate turtle species. This conclusion is based on an 

unprecedented compilation of species level demographic data and robust modeling of 

population dynamics (including sensitivity analysis). For all these reasons we prefer to retain 

the use of 0.2 egg survival and hope future studies can further refine these analyses based on 

the data and code we share. 

[1] Iverson JB. Patterns of survivorship in turtles (order Testudines). Canadian Journal of Zoology. 

1991 Feb 1;69(2):385-91. 

[2]Gibbs JP, Amato GD. Genetics and Demography in Turtle Conservation. In: Klemens MW, 

editor. Turtle Conservation. Washington, DC: The Smithsonian Institution; 2000. 

[3] Heppell SS. Application of Life - History Theory and Population Model Analysis to Turtle 

Conservation. Copeia. 1998;1998(2):367 - 75. 

 

Supporting references relevant for egg survivorship. 

Iverson JB, Ewert MA. Physical characteristics of reptilian eggs and a comparison with avian 

eggs. Egg Incubation: Its Effect on Embryonic Development in Birds and Reptiles. 

Cambridge University Press, New York, New York, USA. 1991 Dec 5:87-100. 

Mitchell NJ, Rodriguez N, Kuchling G, Arnall SG, Kearney MR. Reptile embryos and climate 

change: modelling limits of viability to inform translocation decisions. Biological 

Conservation. 2016 Dec 1;204:134-47. 



Packard GC, Tracy CR, Roth JJ. The physiological ecology of reptilian eggs and embryos and 

the evolution of viviparity within the Class Reptilia. Biological Reviews. 1977 

Feb;52(1):71-105. 

Packard MJ, DeMarco VG. Eggshell structure and formation in eggs of oviparous reptiles. Egg 

Incubation: Its Effect on Embryonic Development in Birds and Reptiles. Cambridge 

University Press, New York, New York, USA. 1991 Dec 5:53-69. 

Packard GC. Water relations of chelonian eggs and embryos: is wetter better? American 

Zoologist. 1999 Apr 1;39(2):289-303. 

Furthermore, “bet hedging” could equally be important in abiotic (temperate) driven environments as 

in biotic (interactions) driven environments. Actually, a biotic environment could be more variable 

and unpredictable (see Moya-Laraño 2010 Open Ecol. J. 3:1-10). More eggs with latitude go indeed 

against a pattern for higher mortality in the tropics. However, this could merely reflect that selection 

is targeting egg size in the tropics (larger eggs could help offspring escaping stronger predation 

pressure in the tropics) and that a fundamental egg-size/egg-number trade-off makes then fewer eggs 

to be laid in the tropics (see Verdeny-Vilalta et al. 2015 J. Evol. Biol. 28:1225-1233 for a similar 

pattern). Of course, you the explain later in the text that the shell may make a big difference for 

predation. Is that the case also for turtle-lings? I see you refer to this issue later on in the text and 

indeed adults are better protected, thus.  

This hypothesis seems very plausible according to what we know. But please, do explicitly refer to 

the egg-size/egg-number trade-off explicitly, not just implicitly as you do here. “In addition, Moll 

and Moll [12] concluded that temperate turtle species typically have small egg size to speed 

development as an adaptation to short incubation times in temperate zone [32]. As such, temperature 

zone turtles may have evolved to produce smaller egg size with larger clutch size 

than tropical turtle species.” 

Our reply: We have included egg-size/egg-number trade off specifically as follows 

“Additionally, clutch mass (number of eggs x egg size) can also vary with latitude[33, 41], 

further studies are necessary to examine how egg size correlates to differences in population 

growth rates, especially as egg size has been shown to be an important predictor of age at 

sexual maturity [32, 33].”……. 

 

“The interaction between age at sexual maturity and latitude observed in this study is also in 

agreement with the earlier studies [62-64].” 

please change it with 

“The relationship between age at sexual maturity and latitude observed in this study is also in 

agreement with the earlier studies [62-64].” 

you are not testing statistical interactions, which mean rather the opposite (multiplicative vs additive 

effects). 

Our reply: We have made the correction. 

The following sentence is fundamentally incomplete: 

“Large body size provides advantages for temperate turtle species to cope with unfavorable 

environment through increasing their fitness [33, 66]. As a result, temperate turtle species require 

longer time to reach size at sexual maturity.” 

Our reply: We have rephrased as follows to provide a link to the following paragraph which 

deals with adult survival: “As a result, temperate turtle species require longer time to reach 

size at sexual maturity, but increased size may provide for increased adult survivorship [32].  ” 



Even though larger body sizes increase cold hardiness, to reach this body size turtles will have to 

face with longer periods of time (several seasons!), which increases the probability of death before 

reproduction and, in addition, they will have to go through all those body size stages that are more 

dangerous (in which they are more vulnerable). You are implicitly referring to Bergmann’s and 

inverse Bergmann’s rule here. Please, do check a bit the extensive recent body of literature on this 

issue and discuss the explanations researchers have offered for what it may be occurring in 

ectotherms. A temperature constraint to reach maturation in a single season may be more appropriate 

as an explanation for the increase in large body size with latitude, I think. furthermore, this part 

“species to cope with unfavorable environment through increasing their fitness” is a circular 

argument. You mean that body size is larger because it provided a fitness advantage in the 

(evolutionary) past? increasing the fitness to cope with the unfavorable environment is biologically 

non-sense as fitness is an (evolutionary meaningful) response. Please change accordingly. 

Our reply: We have extensively revised this paragraph on page 23 (L) to clarify the text 

following the Editors suggestions. 

 

For more information on how to upload your revised submission, see our video: 

http://blogs.plos.org/everyone/2011/05/10/how-to-submit-your-revised-manuscript/ 

 

If you choose not to submit a revision, please notify us.  

 

Yours sincerely,  

 

Jordi Moya-Larano 

Academic Editor 

PLOS ONE 

 

 

 

Journal requirements: 

 

When submitting your revision, we need you to address these additional requirements. 

 

Please ensure that your manuscript meets PLOS ONE's style requirements, including those for file 

naming. The PLOS ONE style templates can be found at 

http://www.plosone.org/attachments/PLOSOne_formatting_sample_main_body.pdf and 

http://www.plosone.org/attachments/PLOSOne_formatting_sample_title_authors_affiliations.pdf 

 

** It was noted by our internal staff that Figure 2 in your manuscript have been previously 

copyrighted. 

Our reply: The revised version has figures that are fully compliant with plosone copyright 

guidelines. We clarify this in the figure legend as follows: “Fig 2. Distribution of freshwater 

turtle studies. Geographic distribution of data on freshwater turtle life history traits obtained 

from the literature ( S1 Table) to estimate capacity for sustainable harvest in freshwater 

turtles. Color of study locations represent the latitudinal distribution of the study species. 

Dashed horizontal lines show Tropic of Cancer and Tropic of Capricorn. The background map 

was obtained from the 1:110m Natural Earth country and geographic lines maps 

(http://www.naturalearthdata.com).” 

http://blogs.plos.org/everyone/2011/05/10/how-to-submit-your-revised-manuscript/
http://www.plosone.org/attachments/PLOSOne_formatting_sample_main_body.pdf
http://www.plosone.org/attachments/PLOSOne_formatting_sample_title_authors_affiliations.pdf


Should your paper be accepted, all images will published under PLOS’ CC BY 4.0 license, which 

means that they will be freely available online, and any third party is permitted to access, download, 

copy, distribute, and use these materials in any way, even commercially, with proper attribution. For 

more information, see our Figure guidelines: 

http://www.plosone.org/static/figureGuidelines#policies 

 

With regards to the previously copyrighted figures in your submission, we require you to either 

present written permission from the copyright holder to publish these figures, or remove the figures 

from your submission. 

Our reply: The revised version has figures that are fully compliant with plosone copyright 

guidelines. We clarify this in the figure legend as follows: “Fig 2. Distribution of freshwater 

turtle studies. Geographic distribution of data on freshwater turtle life history traits obtained 

from the literature ( S1 Table) to estimate capacity for sustainable harvest in freshwater 

turtles. Color of study locations represent the latitudinal distribution of the study species. 

Dashed horizontal lines show Tropic of Cancer and Tropic of Capricorn. The background map 

was obtained from the 1:110m Natural Earth country and geographic lines maps 

(http://www.naturalearthdata.com).” 

 

1. To seek permission from the original copyright holder of Figure 2 to publish it under the specific 

Creative Commons Attribution License (CCAL), CC BY 4.0, we recommend that you contact the 

original copyright holder with the following text: 

 

“I request permission for the open-access journal PLOS ONE to publish XXX under the Creative 

Commons Attribution License (CCAL) CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/). 

Please be aware that this license allows unrestricted use and distribution, even commercially, by third 

parties. Please reply and provide explicit written permission to publish XXX under a CC BY 

license.” 

 

Please upload the granted permission to the manuscript as a supporting information file. In the figure 

caption of the copyrighted figure, please include the following text: “Reprinted from [ref] under a 

CC BY license, with permission from [name of publisher], original copyright [original copyright 

year].” 

 

2. If you are unable to obtain permission from the original copyright holder, please either i) remove 

the figure or ii) supply a replacement figure that complies with the CC BY 4.0 license, which can be 

for illustrative purposes only. Please check copyright information on all replacement figures and 

update the figure caption with source information. If applicable, please specify in the figure caption 

text when a figure is similar but not identical to the original image, and is therefore for illustrative 

purposes only. 

 

3. It was noted that the figure(s) in question contains a map or satellite image. PLOS ONE is unable 

to publish previously copyrighted maps or satellite images, or images created using proprietary data. 

For these reasons, we cannot publish images generated by Google software (Google Maps, Street 

View, and Earth). If the content of the manuscript depends on the use of Google software, you may 

need to provide replacement images that are representative of the Google-generated images. The 

following resources for replacing copyrighted map figures may be helpful: 

 

OpenStreetMap (data, but not generated images, are open): http://www.openstreetmap.org/ 

http://www.plosone.org/static/figureGuidelines#policies
http://creativecommons.org/licenses/by/4.0/
http://www.openstreetmap.org/


 

USGS National Map Viewer (public domain): http://viewer.nationalmap.gov/viewer/ 

 

The Gateway to Astronaut Photography of Earth (public domain): 

http://eol.jsc.nasa.gov/sseop/clickmap/ 

 

Maps at the CIA (public domain): https://www.cia.gov/library/publications/the-world-

factbook/index.html and https://www.cia.gov/library/publications/cia-maps-publications/index.html 

 

NASA Earth Observatory (public domain): http://earthobservatory.nasa.gov/ 

 

USGS EROS (Earth Resources Observatory and Science (EROS) Center) (public domain): 

http://eros.usgs.gov/# 

 

Grass GIS (geographic information system) analysis software (data, but not generated images, are 

open): http://grass.osgeo.org/ 

 

Grass GIS (geographic information system) analysis software (data, but not generated images, are 

open): http://grass.osgeo.org/ 

Our reply: The revised version has figures that are fully compliant with plosone copyright 

guidelines. We clarify this in the figure legend as follows: “Fig 2. Distribution of freshwater 

turtle studies. Geographic distribution of data on freshwater turtle life history traits obtained 

from the literature ( S1 Table) to estimate capacity for sustainable harvest in freshwater 

turtles. Color of study locations represent the latitudinal distribution of the study species. 

Dashed horizontal lines show Tropic of Cancer and Tropic of Capricorn. The background map 

was obtained from the 1:110m Natural Earth country and geographic lines maps 

(http://www.naturalearthdata.com).” 
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Reviewers' comments: 

 

Reviewer's Responses to Questions 

 

Comments to the Author 
 

1. Is the manuscript technically sound, and do the data support the conclusions? 

 

The manuscript must describe a technically sound piece of scientific research with data that supports 

the conclusions. Experiments must have been conducted rigorously, with appropriate controls, 

replication, and sample sizes. The conclusions must be drawn appropriately based on the data 

presented.  

 

Reviewer #1: Yes 

 

Reviewer #2: Yes 

 

 

2. Has the statistical analysis been performed appropriately and rigorously?  

 

Reviewer #1: Yes 

 

Reviewer #2: No 

 

 

3. Does the manuscript adhere to the PLOS Data Policy? 

 

Authors must follow the PLOS Data policy, which requires authors to make all data underlying the 

findings described in their manuscript fully available without restriction. Please refer to the author’s 

Data Availability Statement in the manuscript. All data and related metadata must be deposited in an 

appropriate public repository, unless already provided as part of the submitted article or supporting 

information. If there are restrictions on the ability of authors to publicly share data—e.g. privacy or 

use of data from a third party—these reasons must be specified. 

 

Reviewer #1: Yes 

 

Reviewer #2: Yes 

 

 

4. Is the manuscript presented in an intelligible fashion and written in standard English? 

 

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be 

clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at 

revision, so please note any specific errors here. 

http://journals.plos.org/plosone/s/data-availability


 

Reviewer #1: Yes 

 

Reviewer #2: Yes 

 

 

5. Review Comments to the Author 

 

Please use the space provided to explain your answers to the questions above. You may also include 

additional comments for the author, including concerns about dual publication, research ethics, or 

publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters) 

 

Reviewer #1: This is a well written and appropriately analyzed manuscript about freshwater turtle 

sustainability. I have several minor comments that are worth mentioning in the manuscript: 

Although extensive amount of literature has been cited that shows overall understanding of turtle 

natural history, there are several articles that have been recently published and that are relevant to 

this article: 

1. In the introduction in the second paragraph, the authors should mention that although the greatest 

pressure on turtle harvest occurs in tropical areas, these high pressures can lead to regional 

population collapse and as a consequence create pressures in other regions of the world (Mali et al. 

2014) 

Mali, I., M.W. Vandewege, S.K. Davis, and M.R.J. Forstner. 2014. Magnitude of the freshwater 

turtle exports from the US: long term trends and early effects of newly implemented harvest 

management regimes. PLoSONE 9(1): e86478. doi:10.1371/journal.pone.0086478. 

Our reply: Based on the helpful comments from the Editor and reviewers we have extensively 

revised and updated the literature cited. We have included in the revised text as follows 

“Additionally, unsustainable exploitation in tropical areas can also lead to regional population 

collapse and as a consequence create pressures in other regions of the world [24].” 

2. Discussion paragraph 6- In talking about risks of harvesting adults and juveniles, the study of 

Zimmer-Shaffer et al. 2014 should also be mentioned. 

Zimmer-Shaffer, S.A., J.T. Briggler, and J.J. Millspaugh. 2014. Modeling the effects of commercial 

harvest on population growth of river turtles. Chelonian Conservation and Biology 13(2):227-237. 

Our reply: We have added as follows “In addition, similar to previous studies [29, 30, 34, 74, 

85-88], high adult and juvenile survival rates are estimated to be critical to maintain 

population stability due to their relatively greater contribution to population recruitment than 

other life stages [34].” 

Additional minor comments: 

Citation [45] is missing in the body of the article. Please address 

Our reply: Based on the helpful comments from the Editor and reviewers we have extensively 

revised and updated the literature cited. We believe references and citations are consistent. 

 

Abstract- "Turtles at low latitudes (tropical zones) exhibit similar adult survival rates...." 

Delete "similar adult survival rates" 

Our reply: Corrected as suggested. 



 

Introduction, Paragraph 2 and 3- Em dash was used for "15-18" and "25-27" citation and in the rest 

of the article hyphen was used. 

Our reply: We have carefully revised all formatting in the text and references. 

 

Introduction, Paragraph 3- Last citation could be fixed from [24,29-29] to [24,29] 

Our reply: We have carefully revised all formatting in the text and references. 

 

Results, Paragraph 1- In the last sentence replace "Just" with "Only" and ";" with "while" 

Our reply: Corrected as suggested. 

 

Discussion, Paragraph 5- delete "only" in the sentence "It is important to note....." 

Our reply: Corrected as suggested. We have extensively revised the Discussion to improve flow 

and clarity. 

 

Discussion, Paragraph 6- Correct the sentence "Egg harvest is may be....." to "Egg harvest may be 

more feasible..." 

Our reply: Corrected as suggested. We have extensively revised the Discussion to improve flow 

and clarity. 

 

In Paragraph 6, it would be worth noting that the potential of farming turtles in the tropics for meat 

markets should be further explored as it may represent a potential decrease in pressures on wild 

populations (Mali et al. 2015) 

Mali, I., H.H. Wang, W.E. Grant, M. Feldman, and M.R.J. Forstner. 2015. Modeling commercial 

freshwater turtle production on US farms for pet and meat markets. PLoSONE 10(9): e0139053. doi: 

10.1371/journal.pone.0139053. 

Our reply: Included as follows: “Considering these results, harvesting wild adults would 

appear to present a high risk of causing population declines whether in the temperate or 

tropical regions, reinforcing the need to develop appropriately enforced alternate management 

options such as farming of captive reared turtles for meat [89].” 

 

Thank you for addressing these comments. 

 

Reviewer #2: This is an interesting piece of work focused on the potential of sustainable harvest as a 

conservation measure for turtles, comparing the life history traits and demographic sensitivities of 

temperate vs. tropical species. Despite similar studies focused on particular species exist, none has 

previously investigated the harvest potential of freshwater turtles at a global scale. Research 

objectives are clear, the literature review effort behind is impressive and the manuscript is well 



written overall. However, I think the manuscript still needs major improvements for it to be 

publishable, especially regarding the methodology and presentation of results.  

 

Major concerns: 

 

Methodological coherence: the main aim of this study is to compare demographic parameters of 

tropical vs temperate freshwater turtle species. This is done when describing life history parameters 

and when projecting population growth but not when constructing the GLMMs; instead, all data is 

analysed together. Why not conducting two separate analysis? I suggest to conduct one for tropical 

species and another for temperate ones and compare results regarding bioclimatic effects on each 

group. This could help show the differences/similarities between tropical and temperate taxa more 

clearly and focus the discussion on these comparison. 

Our reply: This is explicitly included via including latitudinal zones in the revised analysis. 

Variables chosen in GLMMs: the authors choose latitudinal and bioclimatic variables as fixed effects 

in their models, but the hypotheses behind this decision or their expected effects on life history 

parameters are not described and should be presented in the introduction or in the methods section.  

Our reply: We have extensively revised the Methods to clarify variable choice. 

Also, there could be some redundancy as latitude may be a proxy of annual temperature, so you seem 

to be testing the same hypotheses or effects twice in your analysis. Indeed, results (beta slopes) of the 

model considering latitude as continuous variable and those of the bioclimatic model have identical 

interpretation (they both show significant temperature effects on clutch size, clutch frequency and 

age at sexual maturity). I suggest removing the continuous latitude variable and keep only 

continuous bioclimatic variables in the analysis. 

Our reply: We have now included two bioclimatic variables that are only weakly correlated 

with latitude. This choice is detailed in the Methods and the updated results presented in Table 

2 and Table 3. This enables us to focus the Discussion on the effects of temperature. 

Missing information and omitted findings: It seems to me that some relevant information is missing 

regarding the population projections and the results of the analysis with GLMMs. What was the 

initial population size chosen in the population projection models? Do you consider a stable age 

distribution (SAD)? What is the proportion of individuals in each stage of the population (egg, 

juvenile, adult)?  

Our reply: Yes, we use a stable stage distribution. We have added these details to Methods (p l) 

as follows: “The model consisted of egg, juvenile, and adult stages (Fig 1) projected with a 

stable stage distribution (initial population of 1000, allocated in proportions of 0.544, 0.401, 

0.055 to egg, juvenile and adult stages respectively).” 

In the methods section, annual precipitation (bio12) is mentioned as one of the variables considered 

in the GLMMs, but it never appears in tables 2 and 3 and only results for the temperature variable 

(bio1) are shown. I could not find any explanation for that in the manuscript, except that precipitation 

variables were not as good as temperature variables (but no statistical significance values nor beta 

slopes are given). All models constructed (including those receiving low statistical support) must be 

presented in the results tables as well as the estimated parameters (beta slopes). 

Our reply: The revised version includes new bioclimatic variables bio10 and bio17 and the 

updated results (including beta slopes) are presented in Table 2 and Table 3. 



Minor comments 

 

Line and page numbers are missing in the manuscript, please add them prior to re-submission in 

order to ease future reviews. 

Our reply: we have added line and page numbers. 

 

The manuscript is well written but I have detected some errors in spelling (“meant” instead of 

“mean”) and in word use (“temperature” when referring to “temperate” species) that indicates correct 

spelling and redaction should be checked in the manuscript. 

Our reply: we have carefully reviewed the text to ensure such typos have been corrected. 

 

Table 2: I suggest to remove this table and present it as supporting information, given that interesting 

beta values are already given in the text (results section) and the relevant information regarding the 

GLMMs analysis is provided in table 3. 

Our reply: We thank the reviewer for the suggestion. We prefer to retain Table 2 in the main 

text. We believe this facilitates a clear text for readers as Table 2 is heavily cited in the Results 

and we therefore prefer to retain so readers do not have to go back and forth to Supplemental 

Material to examine these important results. But we are happy to follow editorial guidance 

regarding the need to reorganize the presentation of results in the tables. 

 

Table 3: Model notation should change and be less “R-like”. Readers are more interested in knowing 

the hypotheses behind each model and less in the R code used, so models should be named in the 

light of the hypotheses being tested each time (i.e. latitude effect, temperature effect etc.).  

Our reply: Following this helpful suggestion we have updated both Table 2 and Table 3 to 

improve clarity for readers. 

 

Table 3: why only 2 models for Adult survival? 

Our reply: As explained in the Methods of the original submission a reduced number of models 

were tested with adult survival due to the limited sample size. In the revised version we have 

updated and expanded our literature search and have been able to increase the number of 

studies with adult survival. This increased sample size has now enabled us to update adult 

survival with the full model set.  

 

Table 3: this table shows many information criteria for model selection, but only the AIC is defined 

in the methods section. Alternative criteria such as Log-likelihood or BIC (Bayesian?) are not 

defined in the methods nor in the table legend but are shown in the table anyway (Why?). I suggest 

to remove them.  

Our reply: We have added selection criteria definitions with citations in the Table 3 footnote to 

clarify for readers. It is standard (best) practice to include multiple selection criteria. Selection 



is via AICc (as explained in the methods) and we add additional criteria so that interested 

readers can evaluate the results and conclusions in more detail. In our case the multiple 

criteria show the same genial patterns, which provide additional confidence as to the 

robustness of the analysis and validity of the conclusions. These are all standard selection 

criteria and as we do not deal with any evaluation of statistical selection criteria, we therefore 

feel there is no need to add any further details. But we are happy to follow editorial guidance 

regarding the need for any additional methodological clarification. 

Also, there may be some redundancy between AIC weight and delta AIC as both tend to highlight 

the best supported model, so one of them could be also removed. Deviance values might be removed 

too as the AIC is already computed using the deviance. 

Our reply: We now retain variables included in a confidence set of models. This approach 

explicitly uses AIC weight which is obtained by ordering variables by AICc value. We feel 

including both AIC weight and delta AIC enables readers to fairly evaluate our results and the 

robustness of the conclusions, but we are happy to follow editorial guidance regarding the need 

for any additional methodological clarification.  

 

Table 3: for clutch frequency, the bioclimatic model (bio1) is the best one, but the latitude model is 

also well supported, with almost the same AIC weight (0.45 vs. 0.46). I think this shows that 

latitudinal and temperature variables are redundant (see major comments). If not, I think this result 

deserves to be mentioned in the manuscript and probably discussed. 

Our reply: Based on this and the previous comments we have updated the bioclimatic variables 

and the analysis, Results and Discussion. For example we now retain all variables included in a 

confidence set of models. 

 

Figure 3: It shows the same information as in table 2. I suggest to remove table 2 and upload it as 

supporting information (see previous comment on table 2) 

Our reply: We have updated both Figure 3 and Table 2, and feel there is now no duplication of 

results. We prefer to retain Table 2 in the main text. We believe this facilitates reading of the 

text for readers as Table 2 is heavily cited in the Results and we therefore prefer to retain so 

readers do not have to go back and forth to Supplemental Material to examine these important 

results. But we are happy to follow editorial guidance regarding the need to reorganize the 

presentation of results in the tables. 

 

Figure 5: fecundity could be more reduced in tropical than in temperate species without causing 

negative population growth. This is the clearest result I see here, but it is not mentioned in the results 

nor discussed in the manuscript. Does not fecundity determine egg production? You should discuss 

the implications of this finding on the capacity to sustain harvest. 

Our reply: We thank the reviewer for the suggestion. It is rather like the case of chicken and 

egg – the question as to whether turtle species are more fecund because of increased egg 

production or has increased egg production because it is more fecund remains unanswered. 

Fecundity is not heavily discussed as it is unlikely to be suitable for any sort of conservation 

management action. Our focus is on exploring the sustainable harvest of turtle species which 



directly targets survival of the different stages. Fecundity is obviously important and included 

in the projection matrix but is not normally of interest for any management actions. We prefer 

to retain Discussion text focused on the sustainable harvest of different life stages in tropical 

and temperate turtles and are happy to follow editorial guidance for the need of any additional 

content in the Discussion. 




