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ABSTRACT

In animals with complex life cycles, the quality of juvenile environments is
important in shaping the longer-term fitness of individuals. Larval density is a major factor
governing quality of larval environments in amphibians, with high densities leading to reduced
growth rates, smaller size at metamorphosis, and potentially long-lasting postmetamorphic effects.
A little-studied effect of larval density is its impact on physiological stress of postmetamorphic
individuals. We used a hematological approach, involving counts of specific white blood cells types
(neutrophils and lymphocytes) that covary with corticosterone, to estimate stress levels in recently
metamorphosed spotted salamanders (Ambystoma maculatum) that were reared in three different
larval densities in outdoor mesocosms. In replicated treatments consisting of 12, 25, or 50 larvae,
survival was, as expected, lowest and size at metamorphosis smallest in the highest density
mesocosms. In addition, surviving salamanders from high-density treatments had significantly
higher neutrophil to lymphocyte ratios, indicative of high levels of stress hormones (corticosterone).
This trend was not a result of density-related differences in body condition as these did not vary
with density. Further, estimated stress levels were similar regardless of whether the salamanders
metamorphosed early or late, suggesting that the density effect on stress is long-lasting even
once realized density has been reduced through mortality or early metamorphosis. These results
may be important in understanding amphibian population dynamics, since research on other
vertebrate taxa demonstrates that high hematological stress indicators lead to reduced growth,
survival, and increased disease susceptibility in vertebrate animals. J. Exp. Zool. 311A, 2009.

r 2009 Wiley-Liss, Inc.

How to cite this article: Davis AK, Maerz JC. 2009. Effects of larval density on
hematological stress indices in salamanders. J. Exp. Zool. 311A:[page range].

In animal species with complex life cycles, it is
important for zoologists to consider how the
fitness of any individual can be greatly influenced
by its experiences in earlier life stages. Amphibians are a prime example, since many species
have aquatic larval stages that eventually metamorphose into morphologically distinct terrestrial
forms, and numerous examples show how larval
environments can influence the performance of
postmetamorphic individuals (e.g. Werner, ’86;
Semlitsch et al., ’88; Scott, ’94; Beck and Congdon,
2000; Scott et al., 2007; Gervasi and Foufopoulos,
2008). One of the most important factors that
determine the quality of larval environments in
amphibians is the density of individuals
(e.g. Wilbur, ’76; Petranka, ’89; Semlitsch and
r 2009 WILEY-LISS, INC.

Reichling, ’89; Loman, 2004), with high larval
densities invariably leading to a number of
detrimental effects, such as reductions in larval
growth or size at metamorphosis (Collins, ’79;
Semlitsch and Caldwell, ’82; Travis, ’84; Altwegg
and Reyer, 2003). Aside from these traditional
measures of larval fitness, there is also growing
evidence that high larval density and/or food
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limitation also leads to increases in physiological
stress of amphibian larvae (Glennemeier and
Denver, 2002b; Crespi and Denver, 2005; Hu
et al., 2008).
Physiological stress in amphibians, as with all
vertebrates, is usually inferred when increases in
glucocorticoid hormones are detected (reviewed in
Wingfield and Romero, 2001). These hormones
(corticosterone in amphibians, birds, and reptiles)
are released into the bloodstream when animals
perceive harmful stimuli, where they orchestrate a
number of physiological changes thought to
promote survival. If the stimulus is short-term or
‘‘acute’’ in nature, such as being chased by a
predator, a temporary increase in corticosterone
occurs, followed by a return to baseline levels
within hours after escape (Langkilde and Shine,
2006). Alternatively, ‘‘chronic’’ stressors such as
high larval density in amphibians (which lasts for
the duration of the larval period and which the
larvae cannot necessarily escape from) can lead to
chronically elevated baseline levels of glucocorticoid hormones in the larvae (Glennemeier and
Denver, 2002b). Chronic stress can be detrimental
to animals if occurring over long time periods,
with known effects including suppression of
immune activity (Martin et al., 2005; Kiank
et al., 2006) and even disruption of the aforementioned acute stress response (Hull et al., 2007).
Stress-related increases in corticosterone have
an additional effect on circulating leukocyte
populations that is less well-known, but which
conveniently provides researchers with a way to
indirectly assess chronic stress in vertebrates
(reviewed in Davis et al., 2008). In all vertebrates,
there are five different types of white blood cells:
neutrophils, lymphocytes, eosinophils, basophils,
and monocytes (Jain, ’86), and stress-induced
increases in glucocorticoid hormones cause characteristic alterations in the circulating numbers of
two of these cell types. Specifically, increases in
these hormones invariably lead to increases in the
number of neutrophils (or heterophils, the avian
and reptilian equivalent) and decreases in lymphocytes in the circulating blood (Gross and
Siegel, ’83; Bennett, ’86; Dhabhar et al., ’96).
The reason for these alterations in circulating cell
numbers is thought to be so that the cells are
routed, or ‘‘redistributed,’’ to where they would be
most needed during stressful events (Dhabhar
et al., ’96). Specifically, glucocorticoid hormones
cause neutrophils, which are phagocytic and
attack foreign substances, to be released into the
bloodstream from reserve banks in tissues or on
J. Exp. Zool.

capillary walls, while they cause lymphocytes to
emigrate from the blood into tissues and simultaneously be retained from recirculation within the
hemopoietic tissue (Dhabhar et al., ’95). Other cell
types appear to be less affected by stress hormones
(Davis et al., 2008). Thus for the researcher, the
ratio of the numbers of neutrophils and lymphocytes detected from standard blood smears (the
neutrophil–lymphocyte or ‘‘N/L’’ ratio) can be
effectively used to infer levels of stress hormones,
and in effect to estimate physiological stress (i.e.
baseline levels) in animals in a variety of natural
or experimental settings (reviewed in Davis et al.,
2008). Indeed, recent work by the authors shows
this hematological approach is useful for assessing
chronic stress in salamanders (Davis and Maerz,
2008a,b).
Unlike other vertebrates, amphibians must also
contend with the stress of metamorphosis in the
transition from larval to adult form. During this
transition, corticosterone is produced and is
involved in the reorganization of the amphibian
immune system (Rollins-Smith et al., ’97). Indeed,
levels of this hormone show a general increase
during metamorphic climax (Glennemeier and
Denver, 2002a; Krain and Denver, 2004). Curiously though, during this time there is no
corresponding increase in circulating neutrophil
leukocytes as is seen during typical stress responses (Rosenkilde et al., ’95; Davis, 2009),
perhaps because of the changes occurring in the
immune system during the metamorphosis, or
perhaps the metamorphosis-related stress differs
from the typical stress response in some manner.
Regardless of the reason, for the amphibian
researcher this result means that neutrophil–
lymphocyte ratios of amphibians taken during
the metamorphic period would not be unduly
influenced by the ‘‘stress’’ of metamorphosis.
This study is aimed at elucidating the relationships between larval density, a known stressor,
and physiological stress levels of postmetamorphic
amphibians. Specifically, given the known effect of
density on the quality of amphibian larval environments and stress of larvae, we questioned if
individuals survive this environment, do they then
enter the terrestrial world with elevated stress
(i.e. after they finish metamorphosis)? Thus, our
goal in this study was to determine whether larval
density affects ‘‘baseline’’ stress levels of recently
metamorphosed spotted salamanders (Ambystoma
maculatum) as revealed by hematological stress
indices (i.e. neutrophil–lymphocyte ratios). We
reared salamander larvae at three densities to
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create environments of varying quality, which we
compared neutrophil–lymphocyte ratios and traditional measures of larval performance across:
survival and time to metamorphosis, mass, and
body condition.
MATERIALS AND METHODS

Rearing larvae
Fourteen egg masses of A. maculatum were
gathered from natural, ephemeral ponds near
Athens, GA (33.881 latitude, 83.361 longitude)
in February 2006 and housed in separate containers until hatching. Within 3 days after hatching,
larvae were haphazardly assigned to one of three
groups: three replicate groups of 12 larvae (lowdensity treatment), three groups of 25 (medium
density), and three groups of 50 (high density), for
a total of 261 larvae. Nine nonpermeable, plastic
mesocosms (i.e. ‘‘cattle tanks,’’ with 1,000 L
capacity) were submerged halfway in an impounded, permanent pond in the Whitehall Experimental Forest near Athens, GA. The pond was
surrounded by mixed hardwood and softwood
trees, and contained no fish. The mesocosms were
each filled with approximately 650 L of filtered
pond water and approximately 2 L of leaf litter was
placed in the bottom of each. With this arrangement, the conditions in each mesocosm (i.e.
diurnal and monthly water and air temperatures)
therefore mimicked those of the pond, except for
the absence of aquatic predators (i.e. turtles,
bullfrogs, etc.) and other amphibian species.
Moreover, mesocosms were not covered so that
natural colonization or oviposition by aerial
insects would take place and serve as a larval food
resource (mesocosms were not supplemented with
food during the experiment). This also made it
possible for aquatic insect predators to colonize
the mesocosms (i.e. dragonfly larvae), though we
did not observe any during the experiment.
Each mesocosm was randomly assigned to one of
the three treatments (i.e. so that the treatments
were interspersed within the mesocosm array) and
on March 29, larvae were added. Since each
mesocosm contained 650 L of water, the realized
larval density for each mesocosm was therefore
approximately 0.02 larvae/L, 0.04 larvae/L, and
0.08 larvae/L for the low, medium, and high
densities, respectively. The realized low density
used here is consistent with ‘‘low’’ densities used
in other work with larval salamanders (Metts
et al., 2005), although the high density we used is
twice as high as in that study. However, Figiel and
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Semlitsch (’90) report natural ranges for
A. maculatum to be from 0.0002 to 0.08 larvae/L,
and the high density used in this study is
consistent with the upper end of this range.
After adding larvae, each mesocosm was checked
weekly during the next two months. Every two
weeks, sets of larvae were haphazardly dipnetted
in each mesocosm to monitor larval development
(larvae were visually inspected and immediately
released back into mesocosms). When we began to
find larvae nearing metamorphosis, we switched
from weekly to daily monitoring, where we
visually checked each mesocosm for individuals
that had finished metamorphosis (i.e. their gills
had been resorbed). Metamorphosed individuals
were dipnetted from the mesocosm, placed in a
plastic container with pond water, and transported immediately to the lab. It is important to
point out here that the hematological approach to
estimating stress is not as time-sensitive as direct
corticosterone sampling (Davis et al., 2008), where
animals must be sampled within minutes of
capture (Romero and Reed, 2005; Romero and
Romero, 2002). In fact, in amphibians the time for
the hematological effect of corticosterone to occur
is on the order of hours to days (Bennett and
Newell, ’65; Bennett et al., ’72), which means that
any potential effects of capture, handling, or
transport are minimal if blood is obtained the
same day of capture.

Processing adults
Later in the day of capture, each individual was
photographed from above with a digital camera,
weighed, and then euthanized by overdose of MS222. Immediately after death, salamanders were
decapitated and a heparinized microcapillary tube
was used to siphon blood from the exposed heart
region following previously established procedures
(Davis and Maerz, 2008a,b). A drop of blood was
placed on a clean microscope slide, and a second
slide was used to smear the blood on the first slide.
All slides were air-dried, and then stained with
giemsa. We were only able to obtain enough blood
for a readable smear from 30 individuals, although
there were enough individuals sampled in each
mesocosm to obtain mesocosm-averages (the unit
of replication for analyses, below) for blood
parameters. Further, the individuals that were
not sampled were evenly divided across treatments. Later, body length measurements of all
salamanders were obtained from their digital
photos using image analysis software following
J. Exp. Zool.
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Davis and Maerz (2007). From these data and the
body mass data, we created a body condition score
for each salamander by retaining the residuals of a
linear regression of the cubed-root of mass on body
length.

Leukocyte counting
Counting procedures generally followed Davis
and Maerz (2008a,b). All slides were viewed using
a light microscope at 1,000  magnification and
the numbers of all white blood cell types were
recorded until at least 100 cells were counted or
150 fields of view were reached. Fields of view with
low numbers of red blood cells were not included.
White blood cell types that we identified included
neutrophils, lymphocytes, eosinophils, basophils,
and monocytes, following Thrall (2004), Turner
(’88), and Hadji-Azimi et al. (’87), although the
focus here was on neutrophils and lymphocytes.
To ensure accurate counts, each slide was read
twice (by AKD), blindly, and in nonconsecutive
order, and the average of each leukocyte number
was used thereafter. The proportions of each
leukocyte type were calculated based on the
numbers of each type counted and the total
number of all types. We calculated the neutrophil–lymphocyte ratio based on their proportions
and used the log (11) of this variable in the
analyses.

Data analysis
The effect of larval density on all parameters
was examined using multiple regression where the
mesocosms were the replicates (experimental
units), larval density was the single explanatory
variable (treated as a continuous variable), and
the mean proportion surviving (arcsine squareroot transformed), mean development time, mean
mass, mean body condition score, and mean N/L
ratio (log11) of surviving salamanders from each
mesocosm were the multiple dependent variables.
Levene’s tests showed all variables were homogeneous across treatments (Po0.05 for all). This

statistical approach, where the mesocosm mean is
the unit of replication, is highly appropriate to
address our experimental objectives, since variations in number of salamanders that survive in
each mesocosm (which we expected) would not
affect the power of the analysis (since the number
of mesocosms remained the same). Indeed, only
the sensitivity of the mesocosm mean would be
affected by variation in the numbers of salamanders sampled per mesocosm. Analyses were
conducted using the Statistica 6.1 software package (Statistica, 2003).
RESULTS
A total of 52 salamanders survived the larval
treatments and were measured in this experiment,
with 18, 21 and 13 individuals from low medium
and high densities, respectively. Counts of leukocytes from all salamanders for which blood
samples were obtained (N 5 30) are presented in
Table 1, grouped according to initial larval
density. There were 11 individuals sampled in
the low-density treatment, 11 in the medium, and
8 in the high-density treatment. While these
parameters were not statistically examined (the
experimental unit for analysis was the mesocosm
mean, below), they do show how the distributions
of cell types within individuals changed with larval
density. In general, and considering all individuals, lymphocytes, neutrophils, and eosinophils
were counted most often, and very few monocytes
were seen, which is consistent with prior research
on related Ambystoma species (Davis and Maerz,
2008a,b; Davis and Durso, 2009). With regard to
density, the average percentage of lymphocytes
declined with increasing density, from 32 to 24%
and finally 18%, in the low, medium, and high
densities, respectively, while the percentage of
neutrophils increased from 18% in low densities to
23% in the medium density and 50% of all
leukocytes in high densities.
Regression analysis revealed that the overall
effect of larval density created significant

TABLE 1. Summary of leukocyte profiles of postmetamorphic spotted salamanders from all three densities
Density

N

Low
Medium
High
All

11
11
8
30

Lymphocytes
31.7
23.9
17.8
25.1

(4.3)
(2.7)
(2.5)
(2.2)

Neutrophils
18.1
22.7
49.9
28.2

(5.4)
(4.3)
(4.1)
(3.6)

Eosinophils
25.5
33.0
22.8
27.5

(4.4)
(6.0)
(5.5)
(3.1)

Basophils
24.2
19.6
9.3
18.5

(5.1)
(3.2)
(2.4)
(2.5)

Monocytes
0.6
0.9
0.2
0.6

(0.2)
(0.4)
(0.2)
(0.2)

Shown are the average percentage (SE in parentheses) of each leukocyte type for all salamanders for which blood samples were obtained (N 5 30)
in each density.
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Fig. 1. Relationship between initial larval density and (A)
mean neutrophil–lymphocyte ratios (log-transformed) and (B)
mean body condition scores (residuals from regression of
cubed-root of mass on body length) of surviving salamanders,
using the mesocosm mean as the unit of replication.

Fig. 2. Neutrophil–lymphocyte ratios (log-transformed) of
all salamanders in relation to their larval development time.
There was no overall relationship between larval duration and
N/L ratios (Pearson correlation, r 5 0.22, P 5 0.141), nor was
there a relationship when each density was considered
separately (P40.2 for all).

variation in the parameters evaluated (F5,3 5
15.80, P 5 0.023). Consistent with the percentages reported above, there was a significant
positive relationship between larval density and
mesocosm-mean neutrophil–lymphocyte ratios
(F1,7 5 29.21, P 5 0.001; Fig. 1A). This relationship
was not driven by differences in body condition
across densities, as this variable was not significant (F1,7 5 0.13, P 5 0.730; Fig. 1B). Nor was the
effect of larval density on N/L ratios was not
influenced by development time; using data from
all individual salamanders, there was no overall
relationship between larval duration and N/L
ratios (Pearson correlation, r 5 0.22, P 5 0.141;
Fig. 2), nor was there a relationship when each
density was considered separately (P40.2 for all).
Thus, salamanders in the low-density mesocosms
emerged with low N/L ratios regardless of whether
they metamorphosed early or late in the experiment, and vice versa for the high density;
salamanders in high larval densities emerged with
high ratios regardless of their larval duration.
There were effects of rearing density on other,
conventional, parameters as well, which support the
idea that increasing density is stressful. There was a
significant negative relationship between larval
density and survival (F1,7 5 37.40, Po0.001;
Table 2), with the highest survival in the lowdensity treatments (averaging 50% across all three
replicate mesocosms), 28% in the medium density,
and 8.7% in the high-density treatments. In addition, weights of surviving salamanders decreased
with increasing larval densities (F1,7 5 43.05,
Po0.001); salamanders from the low-density treatments weighed an average of 701.9 mg, those from
the medium density treatments weighed 513.0 mg,
and high-density individuals weighed 324.5 mg on
average (Table 2). There was no significant relationship between larval density and development time
(F1,7 5 2.46, P 5 0.161).
DISCUSSION
In this experiment, our three larval densities
effectively created rearing environments that

TABLE 2. Summary of larval survival, duration, and weights of surviving salamanders from all densities in this experiment
Initial density
12
25
50

N (mesocosms)

Survival

Larval duration (days)

Salamander mass (mg)

3
3
3

50.0% (4.8%)
28.0% (6.9%)
8.7% (1.8%)

71.3 (4.1)
89.1 (4.4)
86.2 (4.8)

701.9 (63.7)
513.0 (17.9)
324.5 (8.7)

Values shown are the grand means of each mesocosm mean, with standard errors in parentheses. Each mesocosm contained 650 L of water.
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varied in their quality as shown by two of the
traditional measures of larval performance: salamanders reared in the highest larval densities had
the poorest survival and lowest masses at metamorphosis compared with the lowest densities,
which is consistent with many prior studies (e.g.
Wilbur, ’76; Collins, ’79; Semlitsch and Caldwell,
’82; Werner, ’86; Petranka, ’89; Altwegg and
Reyer, 2003; Loman, 2004). Importantly, we show
here for the first time that this variation in
environmental quality also affects the stress levels
of recently metamorphosed salamanders that
survive these ‘‘stressful’’ conditions, as determined from neutrophil–lymphocyte ratios, which
are known to reflect stress hormone levels in
amphibians (Bennett and Harbottle, ’68; Bennett
et al., ’72; Bennett, ’86; Davis and Maerz,
2008a,b), birds (Gross and Siegel, ’83), and other
animals (reviewed in Davis et al., 2008). In the
highest larval density, those individuals that
successfully survived had the highest proportion
of neutrophils, the lowest proportion of lymphocytes, and the highest N/L ratios (i.e. highest
stress levels). Further, it did not matter whether
they metamorphosed early or late in the experiment, the degree of stress was the same after they
emerged (Fig. 2).
The lack of an effect of larval duration on stress
levels of postmetamorphic salamanders deserves
further comment, since it is somewhat counterintuitive to conventional ideas of density effects.
Specifically, the effects of high densities on
individual fitness are thought to be more pronounced early in development when many larvae
are present, since as time goes on and larvae
metamorphose (or die from other factors), fewer
individuals remain and competition for resources
is lessened, leading to ‘‘density-mediated compensation’’ in growth or survival (Rohr et al., 2006).
Thus, one might initially expect later-emerging
salamanders to have lower stress than early
emerging individuals. Since our results do not
support this idea, we interpret this to mean that
either some other factor besides food resources or
competition influences stress levels in amphibians,
or that the effect of the initial density on
amphibian stress levels is long-lasting among
individuals.
The variation in stress indices we observed
among densities did not appear to be caused by
variation in nutritional condition of salamanders,
since surviving individuals did not vary significantly in body condition across larval densities
(Fig. 1B). In high density conditions (especially
J. Exp. Zool.

early in development), there is considerable
competition for food resources, which usually
leads to reductions in body size (e.g. Wilbur, ’76;
Steinwascher, ’79; Travis, ’84; Petranka, ’89),
which we did see, but it is also possible that this
increased competition leads to increased aggression among larvae (Semlitsch and Reichling, ’89;
Reques and Tejedo, ’96; Faragher and Jaeger, ’98)
and therefore higher stress levels. This idea has
certainly been shown before in leopard frog larvae,
with higher densities and/or reduced food availability, leading to higher levels of corticosterone
among individuals (Glennemeier and Denver,
2002b; Crespi and Denver, 2005). Interestingly
though, Rot-Nikcevic et al. (2006) also demonstrated that amphibian larvae can become stressed
even if they simply perceive high densities (i.e. in
that case by the sight of larvae reflected in
mirrors), when in fact the real density is not high.
It may well be then that it is not physical
competition per se that leads to stress in individuals, but merely the perception of it.
While we do not know how long the elevated
stress in salamanders lasts after they leave the
aquatic environment, we can infer from studies of
other taxa what the consequences would be if it
does persist. High ratios of neutrophils (or
heterophils in birds) to lymphocytes is often
correlated with reduced growth (Moreno et al.,
2002), survival (Kilgas et al., 2006), reproductive
success (Al-Murrani et al., 2006), and increased
susceptibility to infections (Al-Murrani et al.,
2002). In amphibians, high stress hormone levels
in adults lead to reductions in foraging success
(Watson et al., 2004) and increased susceptibility
to trematode infections in larvae (Belden and
Kiesecker, 2005). Thus, if the high hematological
stress parameters we observed in recently metamorphosed salamanders persist, some of these
consequences could be realized in the long-term.
Interestingly, evidence that low-quality larval
environments leads to reduced survival and
reproductive success in adult salamanders (Scott,
’94) is consistent with effects of chronic stress.
Moreover, recent work with anurans demonstrated that experimental exposure of tadpoles to
corticosterone lead to juvenile frogs with elevated
corticosterone 2 months later (Hu et al., 2008).
While these studies all point to the potential for
stress to be long-lasting in amphibians, longerterm studies of stress levels of marked individuals
would be needed to more clearly elucidate the
temporal persistence of stress induced from larval
environments.

LARVAL DENSITY AND STRESS IN SALAMANDERS

Finally, besides the question of temporal persistence, our results engender further questions
regarding effects of other low-quality larval environments such as wetlands contaminated with
agricultural or industrial chemicals. Indeed, while
the effects of such chemicals on amphibians
are currently being considered (e.g. Rohr and
Crumrine, 2005; Forson and Storfer, 2006), the
possibility that such larval conditions could lead to
stressed metamorphic individuals has not yet been
addressed. Given the results from this study, we
might expect this to be true. In any case, our
results at the very least show that physiological
stress can be considered one more example of the
legacy that postmetamorphic amphibians carry
over from their larval environments.
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