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Abstract
Incubation conditions are critical in determining numerous traits in reptilian neonates. This is particularly significant in spe-
cies with low offspring survival such as sea turtle species, because of the extremely high predation rates that hatchlings face 
during their initial dispersal from nesting beaches. Hatchlings that develop in suboptimal nest environments are likely to be 
smaller, slower and more susceptible to predation than hatchlings from optimal nest environments. Previous studies have 
focused on the effects of temperature on hatchling traits, but few have investigated the effects of moisture concentrations, 
despite moisture levels in nests influencing hatchling size, sex, incubation duration, and hatching success. Here, we incubated 
eggs of three sea turtle species at various moisture levels and tested the terrestrial and aquatic locomotor performance of 
the resultant hatchlings during the frenzy and post-frenzy period. We also compared and evaluated the ontogeny of early 
locomotor performance for each species over the first months of life. Drier incubation conditions produced hatchlings that 
crawled more slowly and took longer to self-right than hatchlings from wetter incubation conditions. There was no difference 
in swimming performance associated with moisture treatments. We suggest that moisture in the nest environment during 
incubation may influence hatchling performance via their initial hydration levels. Thus, nest moisture influences terrestrial 
performance (i.e., escaping from the nest and dispersing across the beach), although upon entering the ocean hatchlings 
have the opportunity to rehydrate by drinking and thus, differences in locomotor performance associated with moisture 
treatments cease.
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Introduction

Many oviparous species lay their eggs in nests to reduce 
environmental fluctuations and optimise nest conditions 
(Blackburn 1999). However, embryos can still experience 
considerable environmental variation in nest conditions 
as a result of local weather and climatic variation (Acker-
man et al. 1997; Cagle et al. 1993). Additionally, nest loca-
tion can result in considerable differences in incubation 

environments based on shade availability or proximity to 
water sources (Hill et al. 2015; van de Merwe et al. 2006; 
Wood et al. 2014).

Within the vertebrates whose parental care ends with 
nest site selection, and hence whose eggs are exposed to 
the external environment, sea turtles have been the focus of 
numerous studies on the effects of incubation conditions on 
embryonic development and hatchling traits (Booth 1998, 
2006, 2017; Caut et al. 2010; Lolavar and Wyneken 2015, 
2017). Sea turtle nesting seasons can last for many months, 
often starting in cool, wet conditions and lasting until con-
ditions become warm and dry (Dornfeld et al. 2015). Addi-
tionally, their nesting takes place on coastal beaches, that 
under climate change scenarios, are predicted to be affected 
by increased air and sea temperatures, sea level rise, altered 
rainfall patterns and increased storm frequency and intensity 
(Fuentes et al. 2010a, b; IPCC 2014). The majority of studies 
on the effects of incubation conditions on sea turtles have 
focused on temperature. These studies showed that warmer 
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incubation temperatures increase female hatchling produc-
tion (Godfrey and Mrosovsky 2006; Godley et al. 2002) and 
produce smaller, weaker hatchlings (Booth 2006, 2017) than 
cooler incubation temperatures.

Despite the strong effect of incubation temperature on 
hatchling traits, few studies have investigated the effects of 
other environmental factors, such as moisture. Moisture of 
the incubation environment has been shown to influence 
hatchling morphology and hatching success (Kraemer and 
Bell 1980; McGehee 1990; Ragotzkie 1959), while more 
recent studies have begun to investigate how moisture influ-
ences hatchling sex ratios (Lolavar and Wyneken 2017; 
Wyneken and Lolavar 2015). In addition to potential direct 
effects, moisture can exert an indirect effect via alteration of 
other environmental factors, such as temperature (Lolavar 
and Wyneken 2015). However, compared to other hatchling 
traits, the effect of moisture during incubation on locomo-
tor performance of sea turtle neonates has been relatively 
unstudied.

Understanding the factors that determine locomotor per-
formance in sea turtle hatchlings is important because of 
the importance of a brief period of extreme activity termed 
the ‘frenzy period’ (Carr and Ogren 1960). The frenzy is 
characterised by heightened activity, lasting approximately 
24 h, that sea turtle hatchlings undergo as they emerge from 
their nest, crawl from the nest to the water and then swim 
rapidly and continuously to reach offshore waters as quickly 
as possible (Wyneken and Salmon 1992). Hatchlings that 
are slower crawlers spend more time exposed to terrestrial 
predators and hatchlings that spend less time swimming or 
are slower swimmers spend more time in nearshore, preda-
tor dense zones (Whelan and Wyneken 2007). Therefore, 
slower crawlers and swimmers are more likely to be preyed 
upon (Gyuris 1994). Variation in hatchling performance, as 
a result of incubation conditions, can alter hatchling survival 
rates (Cavallo et al. 2015). Altered hatchling recruitment 
may result in changed population dynamics and impacts to 
population viability.

The majority of hatchling dispersal occurs in the ocean 
and thus, hatchling swimming performance has the greatest 
influence on hatchling survival. Sea turtle hatchlings gener-
ally exhibit four swimming behaviours: power stroking, dog 
paddling, ‘rearflipper kicking’ and resting (Wyneken 1997). 
Power stroking is described by swimming with both flippers 
flapping in unison and generates thrust on the down stroke 
and occasionally on the up stroke (Booth 2014). The dog 
paddling is a ‘front crawl’ type stroke where the hatchlings 
alternate protraction and retraction of diagonally opposite 
flippers and hind feet as they swim. This behaviour is gener-
ally used by hatchlings as they orient or breathe. Rear flipper 
kicking produces thrust by the hind limbs alone and is used 
after the frenzy. The last behaviour is resting, character-
ized by hatchlings flexing the flippers over the carapace and 

tucking the hind limbs as they passively float at the surface. 
This behaviour is seldom seen during the initial stages of 
dispersal, but hatchlings spend more time resting as they tire.

One overall measure of swimming performance is mean 
swim thrust, or the mean amount of thrust produced over 
the entire swimming trial, because this measure incorpo-
rates other attributes of swimming performance into a 
single value (Booth 2009; Booth and Evans 2011). Other 
attributes indicate the amount of time that hatchlings spend 
exhibiting certain swimming forms, such as the propor-
tion of time spent powerstroking over an entire swimming 
trial, and the duration of individual powerstroking bouts. 
Hatchlings that spend a higher proportion of their swim-
ming trial powerstroking or have longer powerstroking bouts 
are able to complete more powerstrokes and thus, are likely 
to produce higher mean thrust. Another attribute of swim-
ming performance is stroke frequency during powerstrok-
ing bouts or stroke-rate during powerstroking bouts. Hatch-
lings that powerstroke at higher frequencies complete more 
powerstrokes and are likely to produce higher mean thrust. 
Lastly, mean maximum thrust is a measure of the maximum 
thrust production per powerstroke. Producing more thrust 
per powerstroke allows hatchlings to produce higher mean 
thrust. Thus, mean swim thrust provides an overall measure 
of swimming performance while the other attributes reflect 
the amount of time that hatchlings spend performing specific 
behaviours, the rate at which they stroke and the amount of 
thrust that they can produce per stoke (Booth 2009; Booth 
and Evans 2011). This allows us to directly compare hatch-
lings and to analyse the differences between hatchlings that 
result in altered swimming performance.

Here, we investigated how moisture levels during incuba-
tion influence locomotor performance by incubating eggs 
from three species of sea turtle in different moisture con-
ditions. We also evaluated the ontogeny of each species’ 
locomotor performance and its potential consequences for 
population dynamics and viability. Finally, we compared 
the locomotor performance of the three species to identify 
potential differences in life history and how this may influ-
ence the impact of moisture levels during incubation. Our 
goal was to develop a greater understanding of how changes 
in moisture levels during incubation may alter hatchling 
recruitment and population dynamics.

Methods

Egg collection

We collected eggs from Australian populations of green 
sea turtles (Chelonia mydas) from Heron Island, Queens-
land, flatback sea turtles (Natator depressus) from Curtis 
Island, Queensland and olive ridley sea turtles (Lepidochelys 
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olivacea) from Tiwi Islands, Northern Territory. We 
patrolled nesting beaches at night and collected the eggs as 
they were laid or just after the female finished laying if we 
found the female covering her nest.

Egg transportation

Eggs were placed in plastic bags that were vacuum-sealed 
within 1 h of being laid following the protocol of Williamson 
et al. (2017b). Vacuum sealing soon after oviposition delays 
the breaking of embryonic diapause by preventing eggs 
from being exposed to atmospheric oxygen, and ensures 
that embryos do not experience movement-induced mortal-
ity during transport (Rafferty et al. 2013; Williamson et al. 
2017a). Bags of eggs were then placed in an insulated con-
tainer lined with vermiculite or bubble wrap. Each container 
contained ice packs to maintain the temperature at 10–12 °C 
during transport to Monash University, Melbourne, where 
eggs were placed into incubators filled with sand. While 
in transport, green sea turtle eggs were sealed for approxi-
mately 30 h; three olive ridley clutches were sealed for 72 h 
and the other three were sealed for approximately 24 h; one 
flatback clutch was sealed for 48 h and the other five were 
sealed for 24 h.

Experimental design

Each clutch of eggs was divided into three equal groups 
and allocated to a moisture treatment (detailed below). We 
collected 75 eggs from 3 green turtle females and 68 from a 
fourth female (293 eggs total). Twenty-five eggs were allo-
cated to each moisture treatment for the first 3 females but 
for the fourth, 23 eggs were allocated to the 4% moisture 
treatment, 23 to the 6% moisture treatment and 22 to the 8% 
moisture treatment. For olive ridleys and flatbacks (180 eggs 
per species), we collected 30 eggs from 6 females of each 
species and allocated 10 eggs per clutch to each moisture 
treatment.

Incubation conditions

We allocated eggs from each clutch to three moisture treat-
ments (4%, 6% and 8% w/w). These three moisture contents 
represent low, intermediate and high values in natural nests, 
while still ensuring successful embryonic development 
(Patino-Martinez et al. 2014). All eggs were incubated at 
each species’ pivotal temperature: 27.6 °C for green turtles 
and 29.3 °C for flatback turtles (Limpus 2008). Olive rid-
ley pivotal temperatures vary significantly globally (Plot-
kin 2007) and are unknown for the Tiwi Island population. 
Thus, we maintained olive ridley eggs at the pivotal tem-
perature of the (geographically) closest sea turtle popula-
tion with measured pivotal temperatures, which in this case 

was 29.4 °C measured for the Cape Domett flatback popu-
lation (Stubbs et al. 2014). Each group of eggs from every 
moisture treatment and clutch combination was placed in 
their own incubator (Hovabator 1602 N, GQF Manufactur-
ing, Georgia, USA). All incubators were housed in a tem-
perature-controlled room set to 25 °C. Eggs were buried in 
sand (Richgro Play Sand, 98% crystalline silica) with the 
top of the egg exposed so that we could monitor white spot 
formation as an indicator of embryonic development. Eggs 
that began to turn yellow, indicating embryonic death, were 
removed from the incubator. Once all remaining eggs had 
formed white spots, we covered the eggs fully with sand. 
As we were unable to determine whether eggs died from 
natural causes or from transport-induced causes, hatching 
success was calculated from the number of eggs that were 
collected. Incubator temperature was monitored daily using 
temperature probes (Pasco PS-2135, Roseville, California 
USA) buried next to the eggs.

Each incubator was filled with a known mass of dry sand 
and we added water to the sand to create the appropriate 
moisture concentration. We took multiple samples of sand 
(2–3 g total) from around the eggs each day and calculated 
the moisture concentration of the sand by weighing, dry-
ing and then reweighing the sand. Moisture concentration 
was calculated using the following formula, where weight 
is measured in grams:

Using a spray bottle, we then added the amount of dis-
tilled water required to maintain the appropriate sand mois-
ture concentration. All sand was replaced after drying to 
ensure total sand volume and mass did not decrease.

Hatchling testing

We gave hatchlings, depending on their activity levels, 
24–48 h post-emergence to internalize their yolk sac before 
removing them from incubators. Hatchlings were marked on 
the carapace with non-toxic nail polish with unique patterns 
for identification, then we measured head width, straight 
carapace length (SCL), straight carapace width (SCW), flip-
per length (± 0.01 mm) using digital callipers and measured 
mass using electronic scales (± 0.01 g). We then selected 
five hatchlings at random from each incubator to be tested. 
Thus, five hatchlings were tested from each combination of 
moisture treatment and clutch.

Locomotor and self-righting performance testing 
occurred during daylight hours in a darkened room without 
windows and with the air temperature set at 25 °C (range: 
23.8–25.5°). First, we tested hatchling self-righting abil-
ity by placing hatchlings upside-down onto their carapace. 

(1)Moisture % =
(Wet weight − dry weight)

Wet weight
.
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Hatchlings were tested on moist, level sand and we recorded 
the time it took hatchlings to right themselves. Each hatch-
ling was tested five times and was considered to have failed 
the trial if it did not right itself within 30 s (Rings et al. 
2014). We then determined the mean time it took hatchlings 
to self-right (failed trials were counted as 30 s) and the num-
ber of times a hatchling was able to successfully self-right 
within 30 s.

Next, we tested hatchling crawling ability along a level 
2.4 m ‘racetrack’ using PVC guttering lined with moist sand 
and a white light at one end. Hatchlings were placed at the 
opposite end of the racetrack to the light and were timed as 
they crawled towards the light. Each hatchling was tested 
twice to simulate a minimal crawl to the water, and we report 
the mean of the two trials here.

Lastly, we tested hatchling swimming ability at hatching 
and when the hatchlings were 4 weeks old, following the 
protocol of Gatto and Reina (2020). We placed hatchlings 
into Lycra® ‘swimsuit’ harnesses that did not impede their 
flipper movements. Each vest was attached to a load cell 
(PS-2201, Pasco, USA) with fishing line so that the load 
cell recorded the amount of thrust (Newtons) produced with 
each stroke taken by the hatchling. Hatchlings were encour-
aged to swim unidirectionally using a white light and the 
load cells measured thrust production 20 times per second. 
Swimming performance recordings were started as soon as 
the hatchlings began to powerstroke. Load cells were cali-
brated by hanging a weight of known mass from each load 
cell, while water temperature was recorded using a digital 
aquarium thermometer. Water temperature ranged from 25.0 
to 28.6 °C.

Using this technique, we measured five attributes of 
swimming performance. First, mean swim thrust (N) pro-
duced over an entire swimming trial. Second, the proportion 
of time that hatchlings spent power-stroking over an entire 
swimming trial (%). Third, the powerstroke frequency of 
hatchlings during power-stroking bouts (strokes per minute). 
Fourth, the duration of power-stroking bouts (s) and fifth, 
the mean maximum thrust (N). After hatchlings were tested 
during the frenzy, they were housed (conditions described 
below) until they were 4 weeks old. Swimming trials during 
the frenzy lasted for 2 h, because predation rates are gener-
ally highest within the first few hours of dispersal because 
of higher predator densities in near-shore waters (Whelan 
and Wyneken 2007). This means that swimming perfor-
mance within the first few hours is likely to have a consider-
able effect on survival rates. Once hatchlings enter pelagic 
waters, predator densities decrease (Whelan and Wyneken 
2007), and so do hatchling activity levels (Booth 2009; 
Wyneken and Salmon 1992). Therefore, during post-frenzy 
testing when hatchlings were four weeks of age, swimming 
trials lasted for 30 min to reflect ecologically relevant peri-
ods of swimming activity. We used the same hatchlings at 

both 0 and 4 weeks of age but we replaced hatchlings that 
died at random from within the same combination of clutch 
and moisture treatment.

Hatchling housing

Hatchlings were housed in 3 L and 10 L plastic tanks or in 
glass tanks divided with plastic mesh (12.5 mm grid, Aqua-
sonic, Australia). Tanks were kept clean by a continuous 
flow-through system consisting of a drum filter (Faivre 60 
series, Faivre, France), fluid sand bed filters (RK2 systems, 
USA), a protein skimmer (RK10AC, RK2 systems, USA), 
a UV filter (240 W UV steriliser, Emperor Aquatics, USA) 
and an ozone steriliser (RK300MG, RK2 systems, USA). 
Water quality was monitored daily using OxyGuard hand-
held monitors (Technolab, Australia). Water temperature 
was maintained between 26 and 27 °C using a heater (3 kW 
heater, Shego, Germany) and a chiller (FBT175SSD, Toy-
esi, Australia). Animals were maintained under a 12:12 day/
night cycle and provided with UV lighting (Exo Terra Repti 
Glo 5.0 25 W). Turtles were fed ~ 2% of their body mass 
daily (Higgins 2003) with commercial turtle pellets (4 mm 
Marine float range, Ridley Aquafeed).

Hatchling release

After the second round of testing at 4 weeks of age, hatch-
lings were placed into plastic containers with holes drilled 
in the sides and lid and with foam lining the bottom of the 
containers. The hatchlings then were transported back to 
their natal beach and released offshore.

Statistical analysis

All statistical tests were performed in R (R Core Team 
2014).

Differences in incubation conditions between treatment 
groups were tested for normality and were analysed using 
ANOVA and Tukey’s HSD.

We used linear mixed-effects models in the lme4 package 
(Bates 2007) to compare hatching success and incubation 
duration between moisture treatments. We used treatment as 
the fixed effect and clutch was the random effect.

We analysed the effect of moisture treatment on hatchling 
morphology using linear mixed effects models with moisture 
treatment as the fixed effect and clutch as the random effect.

When evaluating the effect of moisture treatment on 
hatchling locomotor performance, we used linear mixed-
effects models with moisture treatment as the fixed effect. 
Our random effects were clutch and test temperature. Test 
temperature was the air temperature for self-righting and 
crawling tests and was the water temperature for swim-
ming tests. When testing the effect of moisture treatment 
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on the ability of hatchlings to self-right, we analysed the 
number of times a hatchling was able to successfully self-
right as a binomial where 1 was 5 successful attempts, 
0.6 was 3 successful attempts and 0 was no successful 
attempts.

We analysed the change in swimming performance over 
time using linear mixed-effects models with behavioural 
stage (frenzy or post-frenzy) as the fixed effect and hatch-
ling ID, clutch, moisture treatment and water temperature 
as the random effects. Our hatchling ID random effect 
accounted for repeated measures by allowing each indi-
vidual’s y-intercept to vary, which accounts for differences 
between those individuals.

Lastly, we compared the locomotor performance among 
species during the frenzy and post-frenzy periods, respec-
tively, using linear mixed-effects models. Species was the 
fixed effect and clutch, moisture treatment and test tem-
perature were the random effects.

The response of each species and each measure of ter-
restrial locomotor performance to moisture levels during 
incubation was inconsistent. To determine the overall 
response of sea turtle terrestrial locomotor performance 
to moisture levels during incubation, we performed a 
within-study multivariate meta-analysis following the 
protocol of McQueen et al. (2017). We excluded swim-
ming performance from the analysis, because we did not 
observe a response to moisture treatment in any of our 
swimming performance indicators. We used the R package 
‘metafor’ (Viechtbauer 2010) and equations described in 
Nakagawa and Cuthill (2007) to run our weighted model 
with restricted maximum-likelihood to account for vari-
ation in sample sizes between tests. To account for the 
non-independence caused by measuring multiple loco-
motor performance indicators in the same hatchlings, we 
incorporated a variance–covariance matrix. The matrix 
included the within-species variance associated with each 
measure of terrestrial locomotor performance, and the 
covariances between dependent variables. The covari-
ances were calculated using the correlation coefficients 
for each combination of response variables that measured 
the same hatchlings (i.e., between crawling speed and aver-
age time to self-right within species). To make interpre-
tation of the results clearer, our response variables were 
the average time to self-right, the number of failed self-
righting attempts and the average time it took hatchlings 
to complete crawling trials. Positive values are, therefore, 
associated with poorer locomotor performance (i.e., longer 
crawling times, longer self-righting times and more failed 
self-righting attempts). Thus, negative Zr values support 
the hypothesis that higher moisture levels produce faster 
crawlers and self-righters, while positive Zr values support 
the hypothesis that lower moisture levels produce faster 
crawlers and self-righters.

Animal ethics and permits

Eggs were collected under Queensland scientific pur-
poses permit WITK17747816 (Chelonia mydas) and 
WITK18685417 (Natator depressus) and Northern Terri-
tory permit to take wildlife 62703 (Lepidochelys olivacea). 
Hatchlings were housed and tested under research permit 
10008208 and all procedures were approved by the Monash 
University Biological Sciences Animal Ethics Committee 
(BSCI/2016/23).

Results

Incubation conditions

The actual incubation moisture percentages in our experi-
mental treatments (nominally 4%, 6% and 8% moisture) 
were statistically different within each species (Green (GR) 
t10 = 16.569, p < 0.001; Olive ridley (OR) t16 = 34.629, 
p < 0.002; Flatback (FL) t15 = 22.872, p < 0.001, Table 1). 
There was no difference in incubation temperatures 
between moisture treatments within any of the three spe-
cies (GR t10 = 1.43, p = 0.183; OR t16 = 0.919, p = 0.372; FL 
t15 = − 0.385, p = 0.706, Table 1).

Hatching success and incubation duration

Moisture treatment did not influence incubation dura-
tion for green hatchlings (F1,7 = 0.473, p = 0.514), olive 
ridley hatchlings (F1,9.791 = 0.782, p = 0.398) or flatbacks 
(F1,11.061 = 2.115, p = 0.174). Clutch effects explained 0.88% 
of the variance in incubation duration in green hatchlings, 
23.97% in olive ridleys and 2.43% in flatback hatchlings.

For green (F1 = 0.628, p = 0.428) and olive ridley sea 
turtles (F1 = 0.227, p = 0.633), moisture treatment did not 
influence hatching success, but flatback eggs incubated at 
4% moisture had significantly lower hatching success than 
eggs incubated at 6% or 8% moisture (F1 = 14.713, p < 0.001, 
Table 1).

Hatchling morphometrics

The effect of moisture during incubation on hatchling mor-
phometrics varied with species. Moisture concentrations did 
not correlate with green hatchling morphometrics at any age.

In 4-week-old olive ridleys, turtles incubated at 4% 
moisture had narrower heads than turtles incubated at 6% 
or 8% moisture (F1,101.88 = 12.584, p < 0.001). Four-week-
old olive ridleys incubated at 8% moisture were longer 
(F1,102.14 = 10.727, p = 0.001) and heavier (F1,102.98 = 4.431, 
p = 0.038) than hatchlings incubated at 4%, but neither 
moisture treatment differed from turtles incubated at 6% 
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moisture. Four-week-old olive ridleys incubated at 6% 
moisture were wider than turtles incubated at 4% moisture 
(F1,103.27 = 4.435, p = 0.038), but neither the 6% nor 4% 
moisture treatments differed from the 8% moisture treat-
ment. Lastly, 0-week-old olive ridley hatchlings incubated 
at 6% moisture had longer flippers than those incubated at 
4% moisture (F1,114.52 = 6.262, p = 0.014), but hatchlings 
incubated at 8% moisture did not differ from the other treat-
ment groups.

In flatbacks, 0-week-old hatchlings incubated at 8% mois-
ture had narrower heads than those incubated at 6% or 4% 
moisture (F1,121 = 7.866, p < 0.001). At 4 weeks old, turtles 
incubated at 4% moisture were heavier than those incubated 
at 6% or 8% moisture (F1,112.85 = 4.918, p = 0.029).

The statistical differences between moisture concentra-
tions and variance explained by our random effect (clutch) 
can be found in Table 2.

Effect of moisture on locomotor performance

Statistical results of linear mixed effects models evaluat-
ing differences in locomotor performance between moisture 
treatments are shown in Supplementary Table 1, Fig. 1 and 
Table 3.

Moisture treatment did not influence the time it took 
green turtle hatchlings to self-right, how often a green hatch-
ling was able to successfully self-right in less than 30 s or 
crawling speed (Fig. 1, Table 3).

Olive ridley hatchlings incubated at 4% moisture were 
slower to self-right, failed to self-right more often and were 
slower crawlers than those incubated at 6% or 8% moisture. 
Hatchlings incubated at 6% were slower to self-right, failed 
to self-right more often and were slower crawlers than those 
incubated at 8% moisture (Fig. 1, Table 3).

Flatback hatchlings incubated at 4% moisture were slower 
to self-right and failed to self-right more often than hatch-
lings incubated at 6% or 8% moisture. There was no differ-
ence between hatchlings incubated at 6% and 8% moisture. 
Moisture treatment did not influence flatback hatchling 
crawling speed (Fig. 1, Table 3).

Moisture treatment did not affect swimming performance 
at hatching or at 4 weeks of age in any of the three species, 
with no difference in mean swim thrust, mean maximum 
thrust, powerstroke frequency, the duration of powerstrok-
ing bouts or the proportion of time spent powerstroking in 
hatchlings of the same species (Table 3).

Change in swimming attributes over time

Our swimming performance attributes in green and flat-
back hatchlings changed considerably from the frenzy to 
post-frenzy period, with mean swim thrust increasing in 
green hatchlings but decreasing in flatback hatchlings over 
time. This change in mean swim thrust was the same as 
the change in the proportion of time spent power-stroking 
in both species with flatback hatchlings spending less time 
power stroking post-frenzy, and green hatchlings, spend-
ing more time power stroking post-frenzy, compared to the 
frenzy. However, post-frenzy flatback hatchlings exhibited 
faster powerstroke frequencies and post-frenzy, green hatch-
lings exhibited slower powerstroke frequencies compared 
to frenzy hatchlings. While post-frenzy flatback hatchlings 
exhibited shorter powerstroke bout durations compared to 
the frenzy, we did not observe a change in the duration of 
green hatchling power stroking bouts over time. Both flat-
back and green hatchlings were able to produce greater 
mean maximum thrust post-frenzy compared to the frenzy. 
Unlike green or flatback hatchlings, olive ridley hatchling 

Table 1   Mean values (± SD) for incubation conditions, incubation duration and hatching success for all three species at each treatment group

Species 4% 6% 8% Differences 
between 
groups

Moisture content (% w/w) Green 4.05 ± 0.2, n = 4 6.09 ± 0.19, n = 4 7.78 ± 0.48, n = 4 4 < 6 < 8
Olive ridley 4.23 ± 0.25, n = 6 6.41 ± 0.2, n = 6 8.27 ± 0.08, n = 6 4 < 6 < 8
Flatback 3.97 ± 0.31, n = 6 5.99 ± 0.3, n = 6 7.83 ± 0.24, n = 6 4 < 6 < 8

Incubation temperature (°C) Green 27.8 ± 0.05, n = 4 27.9 ± 0.08, n = 4 27.87 ± 0.08, n = 4 4 = 6 = 8
Olive ridley 29.29 ± 0.01, n = 6 29.28 ± 0.02, n = 6 29.31 ± 0.03, n = 6 4 = 6 = 8
Flatback 29.46 ± 0.13, n = 6 29.41 ± 0.08, n = 6 29.43 ± 0.13, n = 6 4 = 6 = 8

Incubation duration (days) Green 65.5 ± 3, n = 4 66.25 ± 2.22, n = 4 66.75 ± 2.87, n = 4 4 = 6 = 8
Olive ridley 54.67 ± 0.82, n = 6 54.4 ± 0.89, n = 6 55 ± 0, n = 6 4 = 6 = 8
Flatback 51.6 ± 1.34, n = 6 52.17 ± 0.75, n = 6 52.5 ± 1.05, n = 6 4 = 6 = 8

Hatching success (%) Green 91 ± 6.83, n = 4 92.75 ± 3.95, n = 4 93.5 ± 5.97, n = 4 4 = 6 = 8
Olive ridley 71.67 ± 23.17, n = 6 63.33 ± 43.2, n = 6 68.33 ± 36.56, n = 6 4 = 6 = 8
Flatback 43.33 ± 28.75, n = 6 86.67 ± 10.33, n = 6 76.67 ± 21.6, n = 6 4 < 6 = 8
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swimming performance attributes did not change over time 
(Fig. 2, Table 4). 

Statistical results of linear mixed effects models evaluat-
ing change in swimming performance attributes over time 
are shown in Supplementary Table 2.

Difference in locomotor performance among species

There was no difference in the time it took hatchlings of 
different species to self-right or in the number of successful 
self-righting attempts.

Olive ridley hatchlings were the slowest crawlers but 
there was no difference between green and flatback hatch-
lings (Table 4).

During the frenzy period, there was no difference between 
green and flatback hatchlings, although post-frenzy, green 
hatchlings produced higher mean swim thrust than flatback 
hatchlings. During both the frenzy and post-frenzy, olive 
ridley hatchlings produced the lowest mean swim thrust 
(Fig. 2, Table 4).

During the frenzy, there was no difference among any 
of the three species in the proportion of time spent pow-
erstroking, although post-frenzy, green hatchlings spent a 
greater proportion of time powerstroking than olive ridleys, 
which spent more time powerstroking than flatback hatch-
lings (Fig. 2).

During the frenzy, olive ridley hatchlings had the highest 
powerstroke frequencies, followed by green hatchlings and 
lastly by flatback hatchlings. Post-frenzy, flatbacks had the 

Table 2   Mean values (± SD) for morphological variables for all species at hatching and 4 weeks

We also report the amount of variance explained by clutch effects

Species Behavioural stage 4% 6% 8% Differences 
between 
groups

Clutch 
(random) 
effects

Head width (mm) Green Frenzy 15.72 ± 0.57, n = 20 15.79 ± 0.55, n = 20 15.55 ± 0.61, n = 20 4 = 6 = 8 8.52%
Post-frenzy 17.21 ± 0.62, n = 20 17.27 ± 0.55, n = 20 17.22 ± 0.41, n = 20 4 = 6 = 8 25.77%

Olive ridley Frenzy 14.62 ± 0.45, n = 43 14.7 ± 0.42, n = 37 14.69 ± 0.48, n = 41 4 = 6 = 8 78.14%
Post-frenzy 15.28 ± 0.53, n = 38 15.54 ± 0.53, n = 32 15.56 ± 0.51, n = 38 4 < 6 = 8 2.4%

Flatback Frenzy 16.82 ± 0.33, n = 25 16.78 ± 0.29, n = 52 16.61 ± 0.37, n = 46 4 = 6 > 8 0%
Post-frenzy 17.81 ± 0.29, n = 24 17.73 ± 0.35, n = 51 17.69 ± 0.29, n = 42 4 = 6 = 8 77.66%

SCL (mm) Green Frenzy 51.71 ± 2.14, n = 20 51.52 ± 2.66, n = 20 51.22 ± 1.97, n = 20 4 = 6 = 8 6.93%
Post-frenzy 61.94 ± 3.09, n = 20 62.05 ± 2.7, n = 20 62.08 ± 2.23, n = 20 4 = 6 = 8 15.15%

Olive ridley Frenzy 41.38 ± 1.93, n = 43 41.47 ± 2.62, n = 37 41.63 ± 2.28, n = 41 4 = 6 = 8 63.2%
Post-frenzy 44.53 ± 2.21, n = 38 45.29 ± 2.45, n = 32 45.25 ± 1.89, n = 38 6 = 8 > 4 = 6 72.84%

Flatback Frenzy 60.38 ± 5.18, n = 25 61.82 ± 1.72, n = 52 61.03 ± 2.48, n = 46 4 = 6 = 8 2.47%
Post-frenzy 76.41 ± 3.17, n = 24 75.45 ± 2.25, n = 51 75.57 ± 2.14, n = 42 4 = 6 = 8 9.77%

SCW (mm) Green Frenzy 40.43 ± 2.1, n = 20 40.06 ± 3.26, n = 20 40.31 ± 1.88, n = 20 4 = 6 = 8 4.32%
Post-frenzy 52.65 ± 3.64, n = 20 52.18 ± 2.82, n = 20 52.92 ± 2.63, n = 20 4 = 6 = 8 30.12%

Olive ridley Frenzy 34.49 ± 1.4, n = 43 34.56 ± 1.3, n = 37 34.53 ± 1.24, n = 41 4 = 6 = 8 54.3%
Post-frenzy 39.76 ± 1.68, n = 38 40.49 ± 1.92, n = 32 40.36 ± 1.28, n = 38 8 = 6 > 4 = 8 53.11%

Flatback Frenzy 52.22 ± 2.23, n = 25 53.04 ± 1.93, n = 52 52.35 ± 2.19, n = 46 4 = 6 = 8 0.39%
Post-frenzy 69.69 ± 2.27, n = 24 68.2 ± 2.02, n = 51 68.17 ± 2.69, n = 42 4 = 6 = 8 14.34%

Flipper length 
(mm)

Green Frenzy 45.41 ± 2.44, n = 20 44.82 ± 1.8, n = 20 44.51 ± 2.29, n = 20 4 = 6 = 8 0%
Post-frenzy 51.46 ± 2.79, n = 20 50.98 ± 1.84, n = 20 51.48 ± 1.64, n = 20 4 = 6 = 8 4.71%

Olive ridley Frenzy 37.44 ± 1.41, n = 43 37.49 ± 1.49, n = 37 37.81 ± 1.38, n = 41 6 = 8 > 4 = 6 54.21%
Post-frenzy 39.5 ± 1.62, n = 38 39.94 ± 1.49, n = 32 39.99 ± 1.8, n = 38 4 = 6 = 8 62.99%

Flatback Frenzy 45.22 ± 1.64, n = 25 46.1 ± 1.3, n = 52 45.23 ± 1.85, n = 46 4 = 6 = 8 9.84%
Post-frenzy 47.56 ± 2.02, n = 24 47.46 ± 1.52, n = 51 47.46 ± 1.16, n = 42 4 = 6 = 8 0.86%

Mass (g) Green Frenzy 26.18 ± 2.88, n = 20 26.36 ± 3.14, n = 20 26.38 ± 3.39, n = 20 4 = 6 = 8 17.55%
Post-frenzy 41.98 ± 6.59, n = 20 41.25 ± 4.37, n = 20 43.08 ± 3.7, n = 20 4 = 6 = 8 26.9%

Olive ridley Frenzy 16.55 ± 1.52, n = 43 16.42 ± 1.71, n = 37 16.28 ± 1.87, n = 41 4 = 6 = 8 70.77%
Post-frenzy 19.38 ± 2.86, n = 38 19.86 ± 2.55, n = 32 20.3 ± 2.71, n = 38 6 = 8 > 4 = 6 57.69%

Flatback Frenzy 40.25 ± 3.26, n = 25 39.88 ± 2.54, n = 52 39.64 ± 2.95, n = 46 4 = 6 = 8 18.59%
Post-frenzy 65.53 ± 5.09, n = 24 62.31 ± 4.51, n = 51 61.95 ± 4.52, n = 42 4 > 6 = 8 20.9%
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highest powerstroke frequencies, followed by olive ridleys 
and lastly by green hatchlings (Fig. 2).

There was no difference in powerstroking bout duration 
among species during the frenzy, but post-frenzy, flatbacks 
had the shortest powerstroke bout durations, and there was 
no difference between green and olive ridley hatchlings 
(Fig. 2).

Flatback hatchlings produced the greatest mean maxi-
mum thrust during the frenzy, followed by green hatchlings, 
followed by olive ridley hatchlings. Post-frenzy, olive ridley 
hatchlings still produced the least mean maximum thrust, but 
there was no difference between green and flatback hatch-
lings (Fig. 2, Table 4).

Statistical results of linear mixed effects models evaluat-
ing differences in locomotor performance among species can 
be found in Supplementary Table 3.

Within study meta‑analysis

Zr values that incorporate 0 indicate that moisture has no 
effect on that measure of terrestrial locomotor performance 
in that species. Thus, flatback crawling speed and all meas-
ures of green sea turtle hatchling terrestrial locomotor 

performance did not respond to moisture treatment during 
incubation. Negative Zr values indicate that wet incubation 
conditions produce hatchlings that are faster crawlers and are 
faster, more successful self-righters. Thus, higher moisture 
concentrations produced flatback hatchlings that were faster 
self-righters and also produced olive ridley hatchlings that 
were faster crawlers and self-righters. Overall, our within 
study meta-analysis confirmed that among species, hatch-
lings incubated at higher moisture levels were generally 
faster crawlers and self-righters (β = − 0.224, SE = 0.092, 
p < 0.05) (Fig. 3).

Discussion

Moisture influences terrestrial locomotion 
but not aquatic locomotion

Wetter incubation conditions of 6% and 8% moisture (w/w) 
produced flatback and olive ridley hatchlings that were 
able to self-right successfully more often and took less 
time to self-right than hatchlings incubated at 4% mois-
ture. Olive ridley hatchlings incubated under more moist 

Fig. 1   The effect of moisture treatment on our measures of hatch-
ling terrestrial locomotor performance (mean ± standard error). 
Each hatchling was tested five times for self-righting ability and 

were tested twice on a 2.4 m racetrack. Letters represent differences 
between moisture treatments within each species
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Table 3   Mean values for our measures of terrestrial locomotor performance and swimming performance attributes for all three species at each 
treatment group and we also report the standard error

Measure of locomo-
tor performance

Species Behavioural stage Moisture concentration Differences between 
moisture treatments

4% 6% 8%

Time to self-right (s) Green Frenzy 7.8 ± 0.68, n = 20 9.95 ± 1.09, n = 20 10.77 ± 0.81, n = 20 4 = 6 = 8
Olive ridley 19.62 ± 1.23,  n= 28 10.6 ± 0.59,  n= 21 6.77 ± 0.57,  n= 25 4 > 6 > 8
Flatback 18.96 ± 1.13,  n = 20 13.62 ± 0.69,  n 30 11.39 ± 0.57,  n = 29 4 > 6 = 8

Successful self-
righting attempts 
(%)

Green Frenzy 87 ± 0.05, n = 20 82 ± 0.05, n = 20 78 ± 0.05, n = 20 4 = 6 = 8
Olive ridley 46.43 ± 0.08,  n 

= 28
76.19 ± 0.07,  n 

= 21
90.4 ± 0.05, n = 25 4 < 6 < 8

Flatback 56 ± 0.08,  n = 20 76.67 ± 0.06, n = 30 88.97 ± 0.03, n = 29 4 < 6 < 8
Crawling speed (m/

min)
Green Frenzy 3.67 ± 0.32, n = 20 3.84 ± 0.25, n = 20 3.33 ± 0.32, n = 20 4 = 6 = 8
Olive ridley 0.75 ± 0.05,  n= 28 0.89 ± 0.07,  n = 21 0.98 ± 0.05,  n = 25 4 < 6 < 8
Flatback 1.98 ± 0.1, n = 20 2.3 ± 0.12, n = 30 2.31 ± 0.14, n = 29 4 = 6 = 8

Mean swim thrust 
(N)

Green Frenzy 0.0309 ± 0.0031, 
n = 20

0.0348 ± 0.0032, 
n = 20

0.0339 ± 0.0036, 
n = 20

4 = 6 = 8

Post-frenzy 0.0548 ± 0.0026, 
n = 20

0.0538 ± 0.0021, 
n = 20

0.0523 ± 0.0026, 
n = 20

4 = 6 = 8

Olive ridley Frenzy 0.0109 ± 0.0009, 
n = 28

0.0099 ± 0.001, 
n = 21

0.0098 ± 0.0009, 
n = 25

4 = 6 = 8

Post-frenzy 0.0099 ± 0.0012, 
n = 25

0.0113 ± 0.0014, 
n = 21

0.0107 ± 0.0011, 
n = 24

4 = 6 = 8

Flatback Frenzy 0.04 ± 0.0034, n = 20 0.0358 ± 0.0024, 
n = 30

0.0403 ± 0.0027, 
n = 29

4 = 6 = 8

Post-frenzy 0.0199 ± 0.0035, 
n = 21a

0.0231 ± 0.0032, 
n = 30

0.0226 ± 0.0027, 
n = 28

4 = 6 = 8

Proportion of time 
spent power-strok-
ing (%)

Green Frenzy 56.11 ± 4.87, n = 20 55.06 ± 5.77, n = 20 50.29 ± 4.99, n = 20 4 = 6 = 8
Post-frenzy 70.77 ± 2.82, n = 20 71.08 ± 2.72, n = 20 69.36 ± 3.79, n = 20 4 = 6 = 8

Olive ridley Frenzy 46.62 ± 5.29, n = 28 42.23 ± 5.78, n = 21 41.04 ± 4.96, n = 25 4 = 6 = 8
Post-frenzy 43.49 ± 5.43, n = 25 52.48 ± 5.59, n = 21 49.44 ± 4.69, n = 24 4 = 6 = 8

Flatback Frenzy 39.46 ± 4.19, n = 20 37.47 ± 2.93, n = 30 40.29 ± 3.51, n = 29 4 = 6 = 8
Post-frenzy 16.93 ± 4.35, n = 21a 20.87 ± 4.26, n = 30 15.38 ± 3.43, n = 28 4 = 6 = 8

Stroke rate during 
power-stroking 
bouts (str/min)

Green Frenzy 171.85 ± 4.99, n = 20 174.5 ± 4.66, n = 20 181.98 ± 4.65, 
n = 20

4 = 6 = 8

Post-frenzy 146.36 ± 3.84, n = 20 150.79 ± 2.49, 
n = 20

144.38 ± 3.27, 
n = 20

4 = 6 = 8

Olive ridley Frenzy 183.7 ± 7.54, n = 28 192.08 ± 6, n = 21 197.33 ± 7.37, 
n = 25

4 = 6 = 8

Post-frenzy 180.16 ± 8.68, n = 25 181.44 ± 10.99, 
n = 21

190.61 ± 8.91, 
n = 24

4 = 6 = 8

Flatback Frenzy 155.65 ± 2.79, n = 20 161.32 ± 2.63, 
n = 30

151.05 ± 2.76, 
n = 29

4 = 6 = 8

Post-frenzy 255.3 ± 24.86, 
n = 21a

243.02 ± 16.76, 
n = 30

229.41 ± 12.99, 
n = 28

4 = 6 = 8

Duration of power-
stroking bouts (s)

Green Frenzy 4.51 ± 0.46, n = 20 5.47 ± 0.67, n = 20 3.98 ± 0.44, n = 20 4 = 6 = 8
Post-frenzy 5.48 ± 0.39, n = 20 5.45 ± 0.49, n = 20 5.07 ± 0.35, n = 20 4 = 6 = 8

Olive ridley Frenzy 4.82 ± 0.62, n = 28 4.49 ± 0.56, n = 21 3.63 ± 0.3, n = 25 4 = 6 = 8
Post-frenzy 5.29 ± 0.56, n = 25 4.72 ± 0.47, n = 21 4.91 ± 0.49, n = 24 4 = 6 = 8

Flatback Frenzy 3.91 ± 0.51, n = 20 4.41 ± 0.53, n = 30 4.47 ± 0.48, n = 29 4 = 6 = 8
Post-frenzy 1.78 ± 0.24, n = 21a 2.39 ± 0.4, n = 30 1.98 ± 0.28, n = 28 4 = 6 = 8
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conditions (≥ 6% moisture) were faster crawlers than hatch-
lings incubated in drier conditions (4% moisture). Despite 
the relatively consistent influence of moisture on terrestrial 
locomotion as shown by our meta-analysis, moisture con-
centration during incubation had no effect on any of the 
swimming performance attributes. A potential explanation 
is that differences between moisture treatments can only be 
observed on land, because sea turtle hatchlings are largely 
suited for aquatic locomotion where they are supported by 
water (Wyneken 1997). Their different locomotion on land 
may reveal differences in physiology among hatchlings that 
aquatic locomotion does not. Alternatively, the effect of 
moisture on locomotion may reflect physiological effects 
that disappear once hatchlings enter the ocean. Sea turtle 
hatchlings are dehydrated when they emerge from the nest 
but they can recover lost water by drinking up to 12% of their 
body mass within the first 48 h of entering the ocean (Reina 
et al. 2002) and excrete excess salt through an efficient salt-
secreting gland (Reina 2000). Thus, low moisture concen-
trations during incubation may have led to less hydrated 
hatchlings (Finkler 1999; Hewavisenthi et al. 2001) that 
were slower crawlers and self-righters than hatchlings from 
wet nests. However, once hatchlings entered the water during 
swimming performance testing, they could quickly rehydrate 
and the differences between moisture treatments disappeared 
(Bennett et al. 1986; Reina et al. 2002). Mass-specific salt 
gland secretion rates and concentrations are similar among 
sea turtle species (Reina et al. 2002), suggesting that the 
ability of hatchlings to rehydrate is high regardless of spe-
cies. Potentially, differences in hydration may also alter loco-
motor performance by influencing lactate accumulation as 
observed in snapping turtles (Chelydra serpentina) (Miller 

et al. 1987). Additionally, previous studies in freshwater tur-
tles have shown that differences in locomotor performance 
between moisture treatments remained even after hatchlings 
became fully hydrated, suggesting, at least in freshwater 
turtles, that incubation moisture concentrations may have 
a long-term effect on development (Miller et al. 1987). It 
is important to consider that sea turtle hatchlings can take 
up to a week to emerge from the nest after ‘pipping’ from 
the egg (Rusli et al. 2016) and that they slowly dehydrate 
within the nest during this time (Reina et al. 2002). Thus, 
in natural nests, hatchling hydration levels change consider-
ably from pipping to emergence and this may alter the effect 
of moisture during incubation on locomotor performance. 
Smaller olive ridley hatchlings may be more susceptible to 
water loss and dehydration post-emergence, compared to 
larger hatchlings, because of their greater surface area to 
volume ratio (Foley and Spotila 1978; Hertz 1980). While 
there was no statistically significant effect of moisture on 
green sea turtle hatchlings, our meta-analysis showed that 
among species, there was a significant positive correlation 
of moisture concentration during incubation with crawling 
speed and self-righting ability, at least within the range of 
moisture we examined.

Differences in ontogeny reflect life history variation

During the frenzy, all sea turtle hatchlings are benefitted by 
entering the ocean and escaping predator-dense nearshore 
waters as quickly as possible (Wyneken and Salmon 1992), 
though the duration and intensity of the frenzy differs among 
species (Chung et al. 2009a, b; Salmon et al. 2009). Thus, 
species did not differ in the amount of time they spent 

Table 3   (continued)

Measure of locomo-
tor performance

Species Behavioural stage Moisture concentration Differences between 
moisture treatments

4% 6% 8%

Mean maximum 
thrust (N)

Green Frenzy 0.1268 ± 0.0077, 
n = 20

0.1227 ± 0.0097, 
n = 20

0.1207 ± 0.0075, 
n = 20

4 = 6 = 8

Post-frenzy 0.2603 ± 0.0103, 
n = 20

0.263 ± 0.0091, 
n = 20

0.2815 ± 0.0106, 
n = 20

4 = 6 = 8

Olive ridley Frenzy 0.0351 ± 0.0047, 
n = 28

0.041 ± 0.0095, 
n = 21

0.0345 ± 0.0025, 
n = 25

4 = 6 = 8

Post-frenzy 0.0388 ± 0.0026, 
n = 25

0.0379 ± 0.0039, 
n = 21

0.0411 ± 0.0032, 
n = 24

4 = 6 = 8

Flatback Frenzy 0.2109 ± 0.011, 
n = 20

0.2218 ± 0.0089, 
n = 30

0.2272 ± 0.0096, 
n = 29

4 = 6 = 8

Post-frenzy 0.2495 ± 0.0146, 
n = 21a

0.2594 ± 0.1026, 
n = 30

0.2727 ± 0.0148, 
n = 28

4 = 6 = 8

We highlight groups that differed significantly between moisture treatments in bold
a One flatback hatchling from a clutch that only produced 5 hatchlings would not crawl or swim during the frenzy. Thus, this hatchling was only 
measured post-frenzy when it did swim, resulting in the additional hatchling measured here
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power-stroking during the frenzy. However, post-frenzy 
flatback hatchlings showed reductions in the proportion of 
time spent powerstroking and the duration of powerstrok-
ing bouts. They also exhibited increased powerstroke fre-
quencies compared to frenzied flatbacks. These behaviours 
may facilitate short, high intensity bursts of swimming to 
escape predators (Pereira et al. 2012; Salmon et al. 2009) in 
a species that has a completely neritic life history (Bolten 
2003). In comparison, post-frenzy green hatchlings spent 
more time powerstroking, yet had slower strokes rates during 

power-stroking bouts than frenzied green hatchlings. Thus, 
green hatchlings may maximise the proportion of time spent 
powerstroking post-frenzy to facilitate extended dispersals 
into pelagic waters (Bolten 2003) compared to flatbacks that 
maximise stroke rates post-frenzy. Compared to the frenzy, 
flatback hatchlings experience smaller reductions in maxi-
mal metabolic rate post-frenzy than green hatchlings (Gatto 
et al., unpublished data). This may reflect flatback hatchlings 
transitioning to short, high intensity bursts of swimming 
activity to escape predation in neritic waters (Pereira et al. 

Fig. 2   The ontogenetic change and species’ comparisons of swim-
ming performance attributes in flatback, green and olive ridley hatch-
lings (mean ± standard error). Asterisks represent statistical differ-
ences between frenzy and post-frenzy mean swim thrust within each 

species. Letters and numbers represent differences between species 
during the frenzy and post-frenzy, respectively. Frenzy values are pre-
sented as circles with solid lines and post-frenzy values are triangles 
with dashed lines
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2012; Salmon et al. 2009), compared to post-frenzy green 
hatchlings that experience reductions in swimming inten-
sity but remain highly active post-frenzy as they undertake 

extended dispersal migrations (Bolten 2003). Though olive 
ridley swimming attributes did not change statistically from 
the frenzy to post-frenzy, changes in these attributes matched 
those of green turtles, potentially reflecting that their life his-
tory more closely resembles that of green turtles than flat-
back turtles (Bolten 2003). Ontogenetic differences among 
species in their swimming performance largely appear to 
reflect life history variation. These life history differences 
lead to divergent foraging behaviours and predation pres-
sures (Bolten 2003; Salmon et al. 2009), partially driving the 
variation in locomotor performance that we observed here.

Olive ridleys are the slowest locomotors

Among species, there was no difference in self-righting abil-
ity, although olive ridleys were slower crawlers and the slow-
est swimmers, as indicated by mean swim thrust compared 
to flatback or green hatchlings. The lower mean swim thrust 
of olive ridleys appears to be largely driven by their lower 
mean maximum thrust production, both during and post-
frenzy. The considerably smaller body size of olive ridley 
hatchlings likely makes them less capable than larger spe-
cies of producing thrust during terrestrial and aquatic loco-
motion, resulting in slower crawling and swimming speeds 
(Burgess et al. 2006; Pereira et al. 2012). Interestingly, olive 
ridley hatchlings exhibited the highest stroke rates during 
power-stroking bouts at emergence compared to the other 
species, potentially a strategy that olive ridleys use to offset 
their lower thrust production per stroke (Booth 2009; Bur-
gess et al. 2006). Increases in crawling speed resulting from 

Table 4   Mean values for our measures of terrestrial locomotor performance and swimming performance attributes for all three species at each 
behavioural stage and we also report the standard error

We highlight groups with statistical differences between behavioural stages and species in bold. For differences between behavioural stages, we 
mark the behavioural stage where that measure of locomotor performance is higher with *

Measure of locomotor 
performance

Hatchling behaviour Green Olive ridley Flatback Differences 
between spe-
cies

Time to self-right (s) Frenzy 9.51 ± 0.84, n = 60 12.72 ± 1.18, n = 74 14.15 ± 0.82, n = 79 FL = GR = OR
Successful self-righting 

attempts (%)
82.33 ± 2.86, n = 60 69.73 ± 4.43, n = 74 75.95 ± 3.41, n = 79 FL = GR = OR

Crawling speed (m/min) 3.61 ± 0.17, n = 60 0.87 ± 0.03, n = 74 2.22 ± 0.07, n = 79 OR < GR = FL
Mean swim thrust (N) Frenzy 0.0332 ± 0.0019,  n= 60 0.0103 ± 0.0006, n = 74 0.0385 ± 0.0016*,  n= 79 OR < GR = FL

Post-frenzy 0.0536 ± 0.0014*,  n= 60 0.0106 ± 0.0007, n = 70 0.0221 ± 0.0018,  n= 79 OR < FL < GR
Proportion of time spent 

power-stroking (%)
Frenzy 53.82 ± 2.98,  n= 60 43.49 ± 3.05, n = 74 39.01 ± 1.98*,  n= 79 FL = GR = OR
Post-frenzy 70.4 ± 1.79*,  n= 60 48.23 ± 3.02, n = 70 17.86 ± 2.32,  n= 79 FL < OR < GR

Powerstroke frequency 
(str/min)

Frenzy 176.11 ± 2.76*, n = 60 190.68 ± 4.15, n = 74 156.12 ± 1.65,  n= 79 FL < GR < OR
Post-frenzy 147.17 ± 1.88, n= 60 184.11 ± 5.45, n = 70 241.42 ± 10.19*,  n= 79 GR < OR < FL

Duration of power-strok-
ing bouts (s)

Frenzy 4.65 ± 0.31, n = 60 4.32 ± 0.3, n = 74 4.3 ± 0.29*,  n= 79 FL = GR = OR
Post-frenzy 5.34 ± 0.24, n = 60 4.96 ± 0.29, n = 70 2.07 ± 0.19,  n= 79 FL < GR = OR

Mean maximum thrust 
(N)

Frenzy 0.1234 ± 0.0048,  n= 60 0.0366 ± 0.0033, n = 74 0.221 ± 0.0056,  n= 79 OR < GR < FL
Post-frenzy 0.2683 ± 0.0058*,  n= 60 0.039 ± 0.0019, n = 70 0.2615 ± 0.0081*, n= 79 OR < GR = FL

Overall response to moisture
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Flatback crawling speed

Flatback self−righting success

Flatback self−righting time

Olive ridley crawling speed
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Fig. 3   Results from our within study meta-analysis on the response of 
hatchling terrestrial locomotor performance to moisture levels during 
incubation. We report standardised effect sizes (Zr) with positive val-
ues supporting the hypothesis that lower moisture levels during incu-
bation produce hatchlings that are faster crawlers and self-righters 
and negative values supporting the hypothesis that higher moisture 
values produce hatchlings that are faster crawlers and self-righters. 
Values that overlap with 0 indicate that moisture does not influence 
that measure of terrestrial locomotion. We present the effect sizes of 
each individual locomotor test and species as well as the overall effect 
size among species and tests
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wetter incubation conditions may be more beneficial to olive 
ridley hatchlings because of their small body size and slower 
crawling speeds compared to other species.

Ecological ramifications of moisture

Although the influence of moisture during incubation on 
hatchling locomotor performance is limited to terrestrial 
locomotion, variation in moisture level on nesting beaches 
is likely to influence sea turtle populations. Not only are 
higher moisture levels, as a result of higher rainfall and sea 
level rise, likely to reduce nest temperatures (Lolavar and 
Wyneken 2015), our data show that they will also produce 
hatchlings that are faster crawlers and are possibly more 
likely to survive initial, terrestrial phases of dispersal. Con-
versely, drier nests are likely to be hotter and may produce 
hatchlings with reduced terrestrial locomotor ability. How-
ever, the impact of moisture variation will not influence spe-
cies equally. Green sea turtles appear to be considerably less 
sensitive to moisture levels during incubation than either 
flatback or olive ridley hatchlings, potentially reflecting their 
generally greater tolerance of extreme temperatures com-
pared to other species (Howard et al. 2014). The greater 
sensitivity to moisture of olive ridley hatchlings compared 
to other species may result from their smaller egg size and 
thus, greater egg surface area to volume ratio (Ackerman 
et al. 1985). However, the role of egg size on the sensitivity 
of developing sea turtle embryos to moisture requires further 
investigation, particularly considering that the intermediate 
sized eggs of green turtles were less response to moisture 
during incubation than the large eggs of flatback turtles. 
Eggshell structure is similar among sea turtle species and 
is unlikely to contribute to species’ sensitivity to moisture 
(Phillott and Parmenter 2006). Within species, populations 
are likely to experience significantly different changes in 
moisture levels because changes in precipitation will vary 
regionally (IPCC 2014). Thus, populations that experience 
an increase in moisture may experience greater hatchling 
survival during the crawl from nest to ocean and those in 
drier areas may experience decreases in hatchling survival. 
Within populations, moisture concentrations and thus, hatch-
ling terrestrial locomotor performance, will vary both tem-
porally throughout the nesting season and spatially depend-
ing on proximity to the ocean and to vegetation (Dornfeld 
et al. 2015; Wood et al. 2000). Overall, sea turtle population 
responses to moisture will vary between species, popula-
tions, beach characteristics and even between nest locations. 
Differences in beach characteristics and nest location can 
result in variation in substrate grain size (Chen et al. 2007; 
Karavas et al. 2005), vegetation type and density (Hays et al. 
1995) and can alter the elevation of the nest relative to the 
ocean (Wood et al. 2000), all of which influence the amount 
of moisture in the nest and can influence the availability of 

moisture to developing embryos (Bouchard and Bjorndal 
2000; Foley et al. 2006; Kraemer and Bell 1980). Sea turtles 
have been shown to shift their nesting phenology and nest-
site selection in response to altered air and sea temperatures 
(Lamont and Fujisaki 2014; Mazaris et al. 2013). Whether 
nesting females will do the same in response to moisture 
or indeed whether they are capable of detecting these dif-
ferences remains to be seen. However, sand moisture con-
centrations can rapidly vary, both spatially with depth and 
temporally in response to rainfall, making moisture an unre-
liable cue for nesting females (Wood et al. 2000). Females 
that do shift their nest sites are likely to experience fitness 
advantages as a result of increased hatchling survival during 
dispersal (Lamont and Fujisaki 2014).

Conclusion

In conclusion, wetter incubation conditions produce sea 
turtle hatchlings that crawl faster, take less time to right 
themselves when over-turned, and are able to successfully 
right themselves more often than hatchlings from dry incu-
bation conditions. Green hatchlings were the least sensitive 
to moisture and did not respond to incubation moisture con-
centrations in any of our performance tests. None of the 
three species we tested varied in their swimming perfor-
mance in response to moisture concentrations. Flatbacks 
were the largest hatchlings and thus, required more water 
to be normally hydrated. In comparison, olive ridleys were 
the smallest hatchlings and could dehydrate more quickly in 
air compared to other, larger species. Differences in hydra-
tion potentially influence terrestrial locomotion, but these 
differences disappear once hatchlings enter the ocean and 
likely rehydrate. Future studies on the effects of moisture 
during incubation should focus on pinpointing the mecha-
nisms behind the effect of moisture on crawling speeds, and 
consider incubating eggs at higher moisture levels that may 
highlight differences between hatchlings and reflect poten-
tial incubation conditions under climate change scenarios. 
Research should also investigate multiple, interacting envi-
ronmental variables, such as temperature and moisture, that 
more realistically reflect natural nests. When comparing spe-
cies, the divergent behaviours of all three species we exam-
ined largely reflected differences in life history.
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