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Abstract
Habitat loss and landscape fragmentation are major causes of numerous amphibian population declines. Although logging 
activities have been related to serious effects on growth rate and size at metamorphosis in several species, less is known about 
skeletal developmental modifications associated with disturbed habitats. We studied the effects of forest canopy modifica-
tions caused by logging activities on the skeletal development of a pond-breeding anuran, Wood Frog (Lithobates sylvaticus). 
Biotic and abiotic factors were collected for 30 semi-permanent ponds located in three habitat categories (regenerated for-
est, along skidding trails, and logged areas). A sample of 58 cleared and double-stained tadpoles were analyzed to compare 
developmental trajectories among habitats. Water temperature and pond morphometric characteristics, which were correl-
ated with logging-related habitat alteration, had a major impact on tadpole developmental differences among pond categor-
ies. Developmental plasticity was evident in both absolute and relative timing of chondrification and ossification between 
regenerated forest ponds and disturbed ponds (i.e., along skidding trails and in logged areas). Ossification and chondrifica-
tion patterns had a different response to environmental factors. Notably, we observed the early onset of skeletogenesis in the 
disturbed ponds, which may result in deleterious effects on the fitness of post-metamorphosed juveniles.
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Introduction
Vertebrates can be critically affected by abiotic 

factors throughout their lifespan (Noble et al. 2018; 
Singh et al. 2020). Among these factors, temperature 
and humidity are known to affect phenology and the 
timing of breeding activities of several amphibian and 
reptile species (Bachmann 1969; Beebee 1995; Read-
ing 1998; Lannoo and Stiles 2017; Noble et al. 2018; 
Singh et al. 2020). In aquatic environments, water 
temperature is known to influence the development 
of cartilage (chondrification) and bone (ossification) 
in fishes and amphibians (Fuiman et al. 1998; Haas 
1999; Mabee et al. 2000; Gomez-Mestre et al. 2010). 
Skeletal elements that form later in the development 
have been shown to be more strongly influenced by 
environmental constraints and were therefore more 

susceptible to express a plastic response (Hallgrims-
son et al. 2007; Cardini and Elton 2008; Young and 
Badyaev 2010; Grünbaum et al. 2012). Ossification 
patterns have also been suggested to be more sensi-
tive to functional requirements during development in 
comparison to chondrification (Grünbaum et al. 2003; 
Campinho et al. 2004). However, abiotic factors in 
breeding ponds that affect skeletal development in 
amphibians remain poorly documented (Hanken and 
Hall 1984; Gomez-Mestre et al. 2010).

Logging activities can tremendously change the 
habitat characteristics, such as soil properties and 
plant species distribution and abundance within a for-
est (Krag et al. 1986; Aust et al. 1993; Kariuki et al. 
2006). These changes can also have significant effects 
on animal populations that use these habitats (Potvin 
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1999). Impacts on the abundance, diversity, and dis-
tribution of species, species interactions (e.g., preda-
tion), and habitat selection have been documented 
for numerous animal species (Ganey and Balda 
1994; Darveau et al. 1997; Potvin 1999; Werner and 
Glennemeier 1999; Trottier 2006). By removing the 
forest canopy near aquatic habitats, logging activ-
ities contribute to increasing exposure to sun radia-
tion leading to higher water temperature and modi-
fying the duration a pond holds water (hydroperiod; 
DeMaynadier and Hunter 1995; Waldick et al. 1999).

Characteristics of both aquatic and terrestrial 
microhabitats that are modified by logging activities 
can influence the distribution and growth of amphibi-
ans (DiMauro and Hunter 2002; Houlahan and Findlay 
2003; Trottier 2006; Beauchamp 2007). Amphibians 
are particularly sensitive to habitat modifications that 
can be linked to some of their physiological and eco-
logical characteristics (such as skin permeability, low 
dispersal capacity, small home-range size, philopatry; 
Blaustein 1994; Duellman and Trueb 1994; Demayn-
adier and Hunter 1998). Such abiotic modifications 
of ponds can change the availability of tadpole food 
resources (Skelly et al. 2002; Skelly and Golon 2003; 
Baldwin et al. 2006), which can affect the reproduc-
tive effort and distribution of pond-breeding amphib-
ians. The creation of temporary ponds along skid-
ding trails and in cutover areas because of logging 
activity can also negatively affect amphibian devel-
opment (Waldick et al. 1999; DiMauro and Hunter 
2002). These temporary ponds are likely to dry out 
before tadpoles can reach metamorphosis and conse-
quently induce high mortality (DiMauro and Hunter 
2002), potentially reducing population fitness. Thus, 
multiple factors interact with amphibian survival, and 
logging effects can differ greatly among life stages 
within conspecifics (Semlitsch et al. 2009).

Amphibians can demonstrate phenotypic plastic-
ity during their development in response to different 
environmental pressures (Newman 1992; Dahl et al. 
2012). Developmental plasticity in anurans has been 
observed in several tissues and morphological traits 
(Udin and Keating 1981; Dieringer 1995; Touchon 
and Warkentin 2008). For example, the length and 
thickness of tail muscles of Wood Frog (Lithobates 
sylvaticus) increase in size when predators are present 
(Relyea 2002). Gomez-Mestre et al. (2010) showed 
that for both Red-eyed Tree Frog (Agalychnis calli-
dryas) and African Clawed Frog (Xenopus laevis), 
low temperatures induced a lower degree of ossifi-
cation and longer legs when compared to those that 
developed at higher temperatures. Habitat modifica-
tions can have observable effects not only on external 
morphology of pond-breeding amphibians, but also 
on internal anatomy during development.

The development of the amphibian skeleton is 
sensitive to pollution and habitat degradation (Ouel-
let et al. 1997; Lajmanovich et al. 2003; Taylor et al. 
2005). Here, we provide an innovative approach to 
address the effects of logging activities on the skel-
etogenetic plasticity of amphibians. Our objective 
was to evaluate the impact of forest canopy modifi-
cations from logging activities on the skeletal devel-
opment of Wood Frog in semi-permanent ponds in 
eastern Canada. Ponds in anthropogenically disturbed 
habitats (i.e., near skidding trails and in logged areas) 
were compared with ponds in regenerated forests. 
The most discriminating factor among pond catego-
ries is expected to be water temperature. Because of 
the absence of the forest canopy, higher water temper-
ature in disturbed ponds should promote faster Wood 
Frog development compared to regenerated forest 
ponds. Environmental contrasts among pond catego-
ries are also likely to influence the absolute and rel-
ative timing of chondrification and ossification dur-
ing development. While there is obvious coordination 
between cartilage and bone formation, the magni-
tude of their response to environmental constraints 
may differ. Given the results from previous studies in 
fishes (Grünbaum et al. 2003; Campinho et al. 2004), 
we predict that environmental conditions will have 
a greater effect on ossification than chondrification 
patterns.

Methods
Study area

Surveys were conducted in the Eastern Balsam 
Fir - Yellow Birch bioclimatic domain (Saucier 1998) 
at the interface between the northern hardwood and 
boreal biomes of eastern Canada. This region has 
88% forest cover that has been exploited by logging 
companies since 1901 (Boucher et al. 2009). Thirty 
ponds in the Duchénier Wildlife Reserve (eastern 
Quebec, Canada; Figure S1) were sampled in recently 
cut and regenerated forests. The area is dominated by 
coniferous species and is a transition area between the 
boreal and deciduous forest ecosystems (Rowe 1972).

We selected 30 ponds that: (1) contained at least 
one amphibian species, (2) had a semi-permanent 
hydroperiod, (3) were <0.2 ha, (4) lacked a stream 
connection, (5) were devoid of fishes, and (6) were 
<500 m from a road. We sampled 10 ponds for each 
habitat category: logged areas, skidding trails, and 
regenerated forest areas (Figure S1).
Biotic and abiotic environmental characteristics

Global positioning system coordinates for each 
pond and distances from the nearest skidding trails, 
logged area, and regenerated forest were recorded 
at the beginning of summer 2004. Pond length and 
width, aquatic substrate composition, vegetation cover 
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around the pond, and vegetal water coverage were 
recorded on three separate occasions between May 
and August 2004.

Nine morphometric (length, width, maximum 
depth, and surface area) and physicochemical param-
eters (water temperature, transparency, dissolved 
oxygen concentration, pH, and conductivity) were 
measured in each pond. The maximum depth and 
physicochemical characteristics were measured 
weekly. Physicochemical characteristics were mea-
sured between 0800 and 1700 with a YSI 650 MDS 
portable terminal (Yellow Springs, Ohio, USA) 
equipped with a YSI 600QS probe. These measure-
ments were made 10 cm below the water surface at 
the deepest point of each pond. Water transparency 
was visually estimated using three categories (1 = 
clear, 2 = semi-opaque, 3 = opaque).
Developmental plasticity

Between 10 May and 19 August 2004, 100 Wood 
Frog tadpoles and transforming froglets per pond 
were collected, one pond per habitat category (n = 
300). The specimens were euthanized in MS-222 
(Fisher Scientific, Ottawa, Ontario, Canada), fixed in 
neutrally buffered formalin (5–10%), and preserved 
in 70% ethanol.

A sample of 58 Wood Frog tadpoles provided a 
fairly comprehensive sequence of skeletogenic devel-
opment for all the pond categories: 20 specimens 
from a skidding trail pond (D01), 18 from a logged 
area pond (D101), and 20 from a regenerated forest 
pond (D57). The developmental stage of each spec-
imen was determined using methods described by 
Gosner (1960) that refers to a simplified staging table 
based on external anatomy. Tadpole soft tissues were 
digested with 1% trypsin in a saturated sodium borate 
solution (Dingerkus and Uhler 1977). Acid-free dou-
ble staining protocol (Walker and Kimmel 2007) was 
used. Cartilaginous structures were stained using 
acid-free Alcian blue and bones were stained with 
ethanol/Alizarin red S solution.

Cleared and stained specimens (Figure 1) were 
observed using a Leica MZ16A stereomicroscope 
(Heerbrugg, Wahlkreis Rheintal, Switzerland). A 
skeletal element was considered to be chondrified 
when the Alcian blue stain was observed. Alizarin 
red S stain indicated that an element was ossified. 
A total of 126 skeletal (cranial and postcranial) ele-
ments were scored for three possible developmen-
tal states: absent (0), chondrified (1), and ossified 
(2). Cranial nomenclature follow Cannatella (1999) 
and Duellman and Trueb (1986). Postcranial nomen-
clature largely follows Duellman and Trueb (1986). 
The absolute timing (number of days post-hatching 
[dph]) of the first appearance of cartilage and bone 
was compared among pond categories. In some 

analyses, endochondral elements were further sep-
arated into six anatomical systems: skull, vertebral 
column, forelimbs, pectoral girdle, pelvic girdle, and 
hindlimbs. We define the mean onset as the average 
number of dph for the onset of all endochondral ele-
ments belonging to an anatomical system.

Gosner stage classification is useful to visually 
establish a relative developmental stage (Gosner 
1960), but the time to reach each stage can vary among 
individuals. Gosner stages were not used as a com-
parative proxy because they were considered insuf-
ficiently accurate to compare development among 
three pond categories with different developmental 
durations. Furthermore, because Gosner stages are 
based on external morphology (Gosner 1960), they 
are too coarse to describe internal anatomy. Morpho-
metric measurements, including snout–vent length 
(SVL), head length, and head width, are inappropri-
ate as a size proxy because of the parabolic relation-
ship between developmental duration and all the mor-
phometric measurements considered (Figure S2). We 
developed a novel age proxy to compare specimens 
within and among pond categories. An approximate 
dph was estimated from the mean hatching period in 
the three ponds from where the specimens were col-
lected. Zero dph was considered the sampling date 
when the first specimen reached Gosner stage 25 in 
each pond, the first tadpole stage after hatching.
Statistical analyses

For the 30 surveyed ponds and, individually for 
the three ponds from where frogs were collected, 
we used permutation one-way analyses of variance 
(ANOVA, 10 000 permutations) to describe biotic 
and abiotic factors among pond categories (Herve 
2018). We performed a canonical discriminant anal-
ysis (CDA) using the 30 studied ponds to validate 
the morphometric and physicochemical characteris-
tics responsible for differences among pond catego-
ries. Pond lengths and widths were excluded from 
the CDA to avoid redundancy with surface area. Data 
were not transformed. The multivariate normality 
assumption was validated by Mardia’s test (Mardia 
1985), homoscedasticity was validated using Box’s M 
test (Morrison 1976), and multicollinearity was tested 
using Pearson correlations (Becker et al. 1988). The 
accuracy of the classification rule was tested by the 
division of the sum of unconfused predictions on the 
prediction total, which was 30 (one per pond).

As an indicator of the absolute timing of chondri-
fication and ossification, we compared the onset of 
all skeletal elements among pond categories (Figures 
S3 to S7). Permutation one-way ANOVAs (10 000 
permutations) complemented by permutation t-tests 
(10 000 permutations) were performed to compare the 
mean onset of chondrification and ossification events 
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of endochondral bones within anatomical systems 
(i.e., skull, vertebral column, forelimb and hindlimb, 
and pectoral and pelvic girdles; Herve 2018). Almost 
all skeletogenic event onsets were identified using 
their first appearance. We used logistic regressions to 
estimate the onset of six skeletogenic events, consid-
ering the cutting point (dph50) as their onset (Grün-
baum et al. 2012). Considering one skeletogenic 
event for a given element, the cutting point is defined 
as the dph when 50% of the individuals had a state of 
absence of the event and 50% had a state of presence. 
Logistic model suitability was tested using receiver 
operating characteristic (ROC) curves (Wright 2005) 
determined by calculating the area under the curves 
(AUC). The AUC represents a measure of overall 
accuracy for a diagnostic test and can be used as a test 

for a ROC curve (Park et al. 2004). Area under the 
curve values under 0.5 are not considered to be accu-
rate while values of one are perfectly accurate (Park 
et al. 2004).

As an indicator of the relative timing of chon-
drification and ossification, we compared trajecto-
ries of a cumulative number of formed skeletal ele-
ments among pond categories. Congruence tests were 
performed using permutation Spearman’s rank cor-
relation tests (10 000 permutations; Dagnelie 1973), 
conducted using 64 endochondral bones (Table S1). 
A rank value was given to each chondrification and 
ossification event using Dagnelie’s method to adjust 
equal ranks and to calculate Spearman’s rank coef-
ficient (rs; Dagnelie 1973). The appendicular endo-
chondral bones were also tested separately using the 

b
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Figure 1. a. Dorsal view of the entire skeleton of a fully metamorphosed (Gosner stage 46) Wood Frog (Lithobates sylvati-
cus). b. Skull of a tadpole (Gosner stage 35) and the forelimb (c) and hindlimb (d) of the individual in a. Abbreviations are as 
follows: otcap = otic capsule; supsca = suprascapular; cleit = cleithrum; at = atlas; ps = presacral vertebra; t proc. = transver-
sal process; uro = urostyle; il = ilium; ish = ishium; hum = humerus; radul = radio-ulna; fem = femur; tibfi = tibiofibular; fie 
= fibulare; tie = tibiale; suprc = suprarostral cartilage; infc = infrarostral cartilage; Mc = Meckel’s cartilage; th = trabecular 
horn; quadet proc. = quadratoethmoidal process; com. quadcra = commissura quadratocranialis; cerah = ceratohyal; palquad 
= palatoquadrate; fpar = frontoparietal; exoc = exoccipital; ul = ulna; rad = radius; ule = ulnare; rade = radiale; cent = cen-
trale; cpl(s) = carpal(s); prep = prepollex; dprep = distal prepollex; mclp = metacarpal; ph = phalanx; tars = tarsals; preh = 
prehallux; dpreh = distal prehallux; mtar = metatarsal. Photos: Laurent Houle.
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same method. Multiple comparisons of the rs were 
calculated by bootstrapping (10 000 iterations).

It was not possible to use a multiple regression/
general linear model to compare the onset of skeletal 
element chondrification or ossification with the pond 
characteristics from where the frogs were collected 
because collections were only made in three ponds, 
one per category.

Results
Biotic and abiotic environmental characteristics

The canopy cover at the 30 ponds studied differed 
significantly among the three pond categories (F2,27 = 
77.3, P < 0.001; Table S2). All pond morphometric 
factors differed significantly between disturbed and 
regenerated forest ponds. Regenerated forest ponds 
were the largest (length, width, and surface area) and 
deepest. Water temperature was significantly higher 
in disturbed ponds (F2,27 = 6.9, P = 0.004; Table S2). 
The substrate composition differed among pond cate-
gories. A higher proportion of dead leaves was found 
in regenerated forest ponds (F2,27 = 13.3, P < 0.001; 
Table S2). Skidding trail ponds contained a smaller 
proportion of humus (F2,27 = 8.9, P = 0.001; Table S2) 
and mosses (F2,27 = 4.6, P = 0.011; Table S2) and a 
higher proportion of fine sediments (i.e., fine sand and 
silt; F2,27 = 14.7, P < 0.001; Table S2). Water tempera-
ture (F2,33 = 10.8, P = 0.01; Table S3) and surface area 
(F2,6 = 10.0, P = 0.003; Table S3) were significantly 
different among the pond categories from where the 
frogs were collected.

Pond categories were used as the grouping factor 
to determine which morphometric and physicochem-
ical parameters were the most discriminating to dif-
ferentiate ponds. The first dimension of the CDA esti-
mated 86.6% of the optimal linear combination of the 
seven variables, whereas the second dimension esti-
mated 13.4%. Water temperature, surface area, depth, 
and transparency have the greatest impact on pond 
discrimination (Figure 2). The three pond catego-
ries were well separated, despite a slight overlap. The 
classification rule has an accuracy of 89.3%.
Absolute and relative timing of chondrification and 
ossification

The complete sequences of chondrification and 
ossification for the 126 Wood Frog skeletal elements 
(Figures S3–S7) showed congruence and differences 
in terms of absolute and relative timing among pond 
categories. The general sequence of formation (chon-
drification and ossification) for the six anatomical 
systems was fairly conservative independent of pond 
categories (Table S4).

The onset of chondrification and ossification var-
ied minimally among individuals for an element 
within a pond category. The only inter-individual 

differences were observed for (1) the onset of chon-
drification for the transversal processes of vertebrae 1 
and 2 in both logged area and skidding trail ponds; (2) 
the ossification of the atlas in the logged area ponds; 
and (3) the chondrification of the urostyle in skidding 
trail ponds (Table S5).

Within all anatomical systems, we found similar-
ities in the observed pattern of the mean chondrifi-
cation and ossification onsets among pond categories 
(Figure 3a). There was at least one significant dif-
ference among pond categories for all the anatomi-
cal systems except the skull and pelvic girdle (Table 
S6, Figure 3a). Chondrification and ossification of 
vertebral elements were delayed (i.e., longer dph) in 
regenerated forest ponds (Table S6, Figure 3a). Mean 
onsets of chondrification of forelimbs and hindlimbs 
were significantly longer in regenerated forest ponds 
(Table S6, Figure 3a). Intragroup variation associated 
with the mean onset of limbs was higher for chon-
drification than ossification. Mean onset of limb ossi-
fication differed significantly among the three pond 
categories (Table S6, Figure 3a). The mean onset of 
pectoral girdle chondrification in regenerated forest 
was longer than in logged area ponds. The mean onset 
of pectoral girdle ossification in regenerated forest 
pond was longer than in disturbed ponds (Table S6, 
Figure 3a). Mean onsets of chondrification and ossifi-
cation of skull and pelvic girdle did not differ signifi-
cantly among pond categories.

Wood Frog cartilaginous trajectories were sep-
arated into three phases (Figure 3b): (1) an initial 
phase between 10 and 20 dph, (2) a gradual increase 
between 20 and 50 dph, and (3) a final phase after 50 
dph, indicating its completion. Ossified trajectories 
were also separated into three phases (Figure 3c): (1) 
an initial phase between 10 and 30 dph, (2) a thresh-
old between 30 and 55 dph, and (3) a final phase after 
55 dph. Both cartilaginous and ossified trajectories 
differed among pond categories and occurred faster in 
disturbed ponds compared to regenerated forest. The 
cartilaginous trajectory for the regenerated forest dif-
fered significantly (25–50 dph) from that of disturbed 
ponds, indicated by non-overlapping CI. Ossified tra-
jectories showed a similar pattern between disturbed 
and regenerated forest ponds from 35 to 50 dph.

The correlation between chondrification and ossi-
fication of 64 endochondral bones did not differ sig-
nificantly within and among pond categories (rs = 
0.89–0.92; Table S7). Comparison among pond cat-
egories showed slightly higher rs for the chondrifi-
cation patterns compared to the ossification between 
regenerated forest ponds and disturbed ponds. The 
direction of the correlation between the chondrifica-
tion and ossification in the skidding trail and logged 
area apparently reversed, although the difference 
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was not significant. The appendicular endochondral 
bones (representing 59.4% of the total number of ele-
ments; Table S1) were tested separately. Significant 
differences in rs were found in ossification patterns 
of limbs among pond categories (Table S8). Ossifi-
cation rs in both forelimb and hindlimb between the 
two disturbed ponds were highly congruent and also 
significantly different from the rs comparing regener-
ated forest ponds to skidding trail ponds and rs com-
paring regenerated forest ponds to logged area ponds 
(Table S8). This difference is because of small shifts 
in the order of the sequences for seven elements in 
forelimbs and for 11 elements in hindlimbs (mainly 
distal elements in both anatomical systems) between 
disturbed and regenerated forest ponds.

Discussion
Amphibians that reproduce in ponds can exhibit 

plasticity in developmental and growth rates induced 

by the environment (Amburgey et al. 2016; Oriza-
ola and Laurila 2016; Székely et al. 2017). To our 
knowledge, our study is the first to describe amphib-
ian developmental plasticity of skeletogenesis in a 
field study using absolute and relative timing of skel-
etogenic (chondrification and ossification) events and 
developmental trajectories. In our investigation, (1) 
two canopy-related (water temperature and transpar-
ency) and two pond morphometric (surface area and 
depth) variables were found to be the most impor-
tant factors explaining differences among pond cat-
egories, (2) changes were observed in absolute and 
relative timing of skeletogenic events, and (3) limb 
ossification was more responsive to environmental 
conditions than chondrification. We considered these 
results indicators of developmental plasticity in Wood 
Frogs among pond categories. Forest canopy removal 
by logging accelerates the timing of skeletogenesis 

Figure 2. Canonical discriminant analysis showing environmental factors explaining differences among pond categories in 
the 30 studied ponds, Duchénier Wildlife Reserve, eastern Quebec, Canada. Vector lines represent discriminant coefficients 
for the first (Dim 1) and second (Dim 2) dimensions. The stars identify the ponds from which Wood Frog (Lithobates syl-
vaticus) specimens were sampled. Cond: conductivity; area: surface area; dep: depth; oxy: dissolved oxygen; temp: water 
temperature; trans: transparency.
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and seems to have a larger effect on processes that 
occur later during development than those that occur 
earlier. Furthermore, we provide the first detailed 
sequence of Wood Frog chondrification and ossifica-
tion.

Amphibian growth rate has previously been 
related to several biotic and abiotic factors in breed-
ing ponds (Amburgey et al. 2016; Freidenburg 2017). 
One such important factor is the forest canopy (Skelly 
et al. 1999; Renken et al. 2004; Semlitsch et al. 2008). 
Closed canopy ponds are normally associated with 
slower growth of anurans than open canopy ponds 
because of the lack of light, cooler water temperature, 
lower dissolved oxygen concentration, lower primary 
productivity, lower periphyton abundance, and differ-
ent types of food resources (Skelly et al. 1999, 2002; 
Werner and Glennemeier 1999). Because all selected 
ponds in our study had a semi-permanent hydrope-
riod, hydroperiod was assumed to be relatively con-
stant among pond categories. For this reason, we 
did not intensively monitor water level variation. 
However, Székely et al. (2017) showed that Pacific 
Horned Frog (Ceratophrys stolzmanni) can exhibit 
plastic reactions, such as an accelerated developmen-
tal rate and a reduced duration of some metamorphic 
stages, because of a declining water level. Gomez-
Mestre et al. (2013) also showed similar results for 
Western Spadefoot (Pelobates cultripes) using a 

different method. In our study, the greater depth found 
in regenerated forest ponds is likely to have slowed 
Wood Frog developmental rate. Significant differ-
ences observed in developmental trajectories between 
disturbed and regenerated forest ponds provide some 
evidence of a shift in developmental rate. Based on 
previous studies (Skelly et al. 2002; Gomez-Mestre et 
al. 2013; Dittrich et al. 2016; Székely et al. 2017), we 
strongly suspected that water temperature and depth 
had an impact on developmental rates we observed 
among pond categories.
Development and growth differences can affect 
survival

Wood Frog is known to breed in open and closed 
canopy ponds (Werner and Glennemeier 1999). 
Growth has been reported to be faster in open canopy 
ponds (Skelly et al. 1999; Werner and Glennemeier 
1999; Halverson et al. 2003), but Skelly et al. (2002) 
reported that some biotic factors (such as food avail-
ability) can partially mitigate depressed growth rate in 
closed canopy ponds.

Faster development in disturbed ponds in com-
parison to regenerated forest ponds could be a fitness 
advantage. In North America, an early metamorpho-
sis means a longer terrestrial feeding and growing 
period before winter (Semlitsch et al. 1988). Ber-
ven (1990) noted that Wood Frog juveniles that meta-
morphosed early and were larger at metamorphosis, 

a
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Figure 3. a. Mean onset of chondrification (blue bars) and ossification (red bars) of Wood Frog (Lithobates sylvaticus) endo-
chondral bones among pond categories in the Duchénier Wildlife Reserve, eastern Quebec, Canada. Letters indicate grouping 
results of permutation t-tests. Wood Frog b. cartilaginous and c. ossified developmental trajectories among pond categories. 
Non-linear regressions are from dose-response models that use four parameters log-logistic function. Shaded areas corre-
spond to 95% CI associated with each curve.
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had a higher adult survival, and could reach sexual 
maturity earlier. For many ranids, at least 80% of the 
growth that leads to adult size occurs during the ter-
restrial phase (Werner 1986). However, as shown in 
our study, the entire skeletogenesis occurs during the 
aquatic growth period; it is known that the pre-met-
amorphic period affects the morphology and perfor-
mance of juveniles (Álvarez and Nicieza 2002; Rel-
yea and Hoverman 2003; Richter-Boix et al. 2006). 
Álvarez and Nicieza (2002) showed that a faster 
growth rate (from high water temperature) can nega-
tively affect the jumping performance and the amount 
of energy reserves of juvenile Iberian Painted Frog 
(Discoglossus galganoi). A fluctuating water level, 
a characteristic associated with open canopy ponds, 
can lead to faster growth rate in Common Parsley 
Frog (Pelodytes punctatus), but also to juveniles with 
shorter and less muscular hind limbs (Richter-Boix et 
al. 2006). Logging activities are also known to alter 
terrestrial habitat characteristics in such ways that 
they can become highly unsuitable for many amphib-
ian species (DeMaynadier and Hunter 1995; Wal-
dick et al. 1999). This leads us to conclude that the 
faster development in disturbed ponds in response to 
higher water temperature and lower (and more fluc-
tuating) water level could lead to poorer juvenile fit-
ness. This, associated with a harsh terrestrial habitat, 
could reduce Wood Frog survival rates.
Developmental plasticity

We found that the frogs had a plastic response 
in the absolute and relative timing of chondrifica-
tion and ossification between disturbed and regener-
ated forest ponds. The observed differences among 
ponds seem to be related to water temperature, trans-
parency, and morphometric characteristics (i.e., sur-
face area and depth). Acceleration of developmen-
tal rate associated with higher temperature has also 
been reported in fishes (Fuiman et al. 1998) and birds 
(Hosseini and Hogg 1991). Developmental plasticity 
in skeletal anatomy has been studied in fishes exposed 
to different experimental constraints (Campinho et al. 
2004; Cloutier et al. 2010). Some authors concluded 
that there was a small impact of plasticity on the order 
of events within the sequences of chondrification and 
ossification in Arctic Char (Salvelinus alpinus; Clout-
ier et al. 2010; Grünbaum et al. 2012).

In our study, we found significant changes in the 
order of limb ossification between disturbed and 
regenerated forest ponds. Limb chondrification pat-
terns are very similar when comparing pond cate-
gories, but ossification patterns are more congruent 
between both disturbed pond types than between dis-
turbed ponds and regenerated forest ponds. This sug-
gests that the sequence of bone formation of the appen-
dicular skeleton might be slightly more responsive 

to environmental differences observed between dis-
turbed and regenerated forest ponds. Although there 
is coordination between chondrocyte and osteoblast 
differentiation in the formation of endochondral bone 
(Cloutier et al. 2010), some authors have reported 
a different response between chondrification and 
ossification in fishes exposed to temperature treat-
ments (Mabee et al. 2000; Campinho et al. 2004). 
Cloutier et al. (2010) concluded that the effects of 
environmental constraints on patterns of chondri-
fication and ossification could be partially indepen-
dent in fishes. As suggested by our study, this pattern 
is likely to be similar in amphibians. The ossification 
pattern of the appendicular skeleton reacts more sen-
sitively than the chondrification pattern. This could be 
because ossification mostly occurs after chondrifica-
tion; the accumulation of variant phenotypes during 
earlier developmental stages leads to a greater likeli-
hood to observe larger scale variation in ossification 
patterns.

Environmental characteristics (such as canopy-
related factors) are well known to influence amphib-
ian richness, distribution, reproduction effort, and the 
survival of tadpoles (Hecnar and M’Closkey 1998; 
Kolozsvary and Swihart 1999; Lehtinen et al. 1999; 
Marsh and Trenham 2001). Developmental plasticity 
is also suggested to affect tadpole and adult survival 
and reproduction which can have important repercus-
sions on population dynamics. The absolute and rel-
ative timing of chondrification and ossification in the 
frogs in our study showed a plastic response to differ-
ent environmental conditions.
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Canada.
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Figure S4. Sequence of Wood Frog (Lithobates sylvaticus) chondrification and ossification for the vertebral column from a 
regenerated forest, a skidding trail, and a logged area pond in the Duchénier Wildlife Reserve, Quebec, Canada.
Figure S5. Sequence of Wood Frog (Lithobates sylvaticus) chondrification and ossification for forelimb elements from a 
regenerated forest, a skidding trail, and a logged area pond in the Duchénier Wildlife Reserve, Quebec, Canada.
Figure S6. Sequence of Wood Frog (Lithobates sylvaticus) chondrification and ossification for pectoral and pelvic girdle 
elements from a regenerated forest, a skidding trail, and a logged area pond in the Duchénier Wildlife Reserve, Quebec, 
Canada.
Figure S7. Sequence of Wood Frog (Lithobates sylvaticus) chondrification and ossification for hind limb elements from a 
regenerated forest, a skidding trail, and a logged area pond in the Duchénier Wildlife Reserve, Quebec, Canada.
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Canada.
Table S2. Mean and 95% CI values of 24 biotic and abiotic parameters among pond categories from 30 ponds in the 
Duchénier Wildlife Reserve, Quebec, Canada where chondrification and ossification sequences of Wood Frog (Lithobates 
sylvaticus) were studied.
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tilage bones of Wood Frog (Lithobates sylvaticus) from the Duchénier Wildlife Reserve, Quebec, Canada.
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