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Foraging Ecology and Prey Preference of Pond-form Larval

Small-mouthed Salamanders, Ambystoma texanum

ScoTT R. McWiLLIAMS AND MARILYN BACHMANN

Ambystoma texanum larvae inhabiting a flooded woodland pond in southeastern
Towa ate mostly zooplankion when young and then shifted to a predominantly
benthic prey diet when older. Larval prey preference also changed during on-
togeny—young larvae selected zooplankton whereas older larvae selected benthic
prey. Microhabitat selection was relatively more important than gape-limitations
in explaining these ontogenetic shifts in foraging strategy. During the diel cycle
many Ambystoma larvae shifted between nocturnal zooplankton feeding and diur-
nal benthic feeding, presumably to avoid diurnal predation and/or track abun-
dant invertebrate populations. Neither A. fexanum larvae nor their invertebrate
prey exhibited diel shifts in activity. Ambystoma texanum larvae fed throughout
the diel period and were secretively active during the day and less secretively
active at night. This may be related to ephemeral habitat characteristics unique
to Aooded woodlands and the life history of A. texanum. Prey type and order of
ingestion influenced larval digestion rate and their effects cannot be ignored in
diet studies. Because of the variability in larval selectivity, and their sensitivity
to prey abundance and ontogenetic factors, A. texanum larvae can be classified

as facultative specialists.

THE study of foraging strategies involves
assessing how a predator directly and in-
directly interacts with available prey (Schoener,
1971; Sih, 1987). Predators may adjust their
foraging behavior to the energetic demands of
growth and to changes in morphology. For ex-
ample, salamander age classes differ in food
niche (Hassinger et al., 1970; Collins and Holo-
muzki, 1984; Petranka, 1984a; Griffiths, 1985),

as do fshes (Werner, 1974, 1984), lizards
(Schoener, 1967; Schoener and Gorman, 1968;
Simon, 1976), and anurans (Christian, 1982).
Moreover, many predators are themselves prey
and change foraging tactics toavoid being eaten
(Caraco, 1981; Grub and Greenwald, 1982;
Werner etal., 1983; Dilland Fraser, 1984). This
study documents how small-mouthed salaman-
der (Ambystoma (texanum) larvae inhabiting
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ephemeral ponds maintain the intake levels re-
quired throughout ontogeny while reducing
perceived predation risks.

Ambystoma texanum adults breed in highly
ephemeral ponds: accordingly, their larvae have
high metabolic rates, rapid growth, and short
larval periods (Petranka, 1984b). These meta-
bolic and developmental constraints require
high intake rates throughout the larval period.
However, vertebrate predators, particularly fish,
restrict larval distribution and activity (Petran-
ka, 1983) and place limits on their foraging op-
tions.

Prey often shift their activity to avoid pred-
ator activity (Stein and Magnuson, 1976; Peck-
arsky, 1980; Sih, 1982: Holomuzki, 1986: Stan-
gel and Semlitsch, 1987). Some Ambystoma larvae
shift between nocturnal, pelagic activity and
diurnal, substrate hiding (Anderson, 1968: Pe-
tranka and Petranka, 1980: Branch and Altig,
1981). Other Ambystoma larvae hide diurnally
in the substrate and remain associated with the
substrate when active at night (Anderson, 1968;
Lefl and Bachmann, 1986). However, A. lex-
anum larvae inhabiting first order streams are
diurnally active leaving them vulnerable to fish
predation (Petranka, 1983). Furthermore, lar-
vae can flexibly respond to predator pressure
(Stangel and Semlitsch, 1987), making diel ac-
tivity patterns not necessarily species-specific.

Petranka (1982a, 1982b) recognized a pond
and stream-breeding race of A. texanum that
differ in a suite of life history traits, including
diel foraging patterns. Petranka (1982a) char-
acterized pond-form larvae as diurnally secre-
tive and nocturnally nonsecretive in contrast to
stream-form larvae which were seldom secre-
tive day or night. Petranka (1982a, 1983) hy-
pothesized that selection has favored diurnal
secretiveness in pond-form larvae because they
can avoid predators without severely compro-
mising foraging rates. This assumes that prey
either move in similar diel patterns (Petranka
and Petranka, 1980: Branch and Altig, 1981)
or are abundant both on the substrate and in
the water column. All lowa populations of A.
texanum located by us to date are exclusively
pond-form and thus, if Petranka’s hypothesis is
generally correct, should show diurnal shifts be-
tween secretive and nonsecretive feeding loca-
tions and have litle associated changes in prey
intake.

The specific objectives of this study included:
1) documenting ontogenetic patterns in diet and
prev selectivity of AL texanum larvae inhabiting
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ephemeral ponds, and 2) determining if sala-
mander larvae and their invertebrate prey ex-
hibit diel activity shifts.

METHODS

We collected salamanders and conducted all
field work at Flaming Prairie Preserve in Louisa
County, lowa. The preserve has three ponds,
the most northerly pond containing more veg-
etated marsh than open water. We conducted
all field work in the flooded woodland at the
northern edge of this marsh (see map in
McWilliams and Bachmann, 1988).

A canopy of deciduous trees (predominantly
red maples [Acer rubrum]) covered the study area
resulting in a substrate throughout the flooded
woodland of leaf litter and fallen branches. The
study area contained few aquatic macrophytes.
Standing water occurred from ice out until mid-
Aug. in 1984, and until mid-June in 1985.

The invertebrate sampling design made it
possible to characterize the prey populations
potentially available to the salamander larvae.
Sampling occurred at three different times-of-
day (M = 800-1200 h, A = 1400-1700 h, E =
2100-2400 h), repeated three times each spring
(16-20 May, 30 May—4 June, 12-17 June) for
2 yr (1984-85), totaling 18 planned sample pe-
riods; however, only 13 periods were actually
sampled. We omitted the morning and afier-
noon times for the first season in 1984 because
we captured salamander larvae only during the
evening. We also did not sample the third sea-
son in 1985 because all larvae had either meta-
morphosed before or died as the woodland pond
dried.

Substrate invertebrates were sampled using
an Ekman dredge, open water invertebrates us-
ing a stovepipe sampler (Welch, 1948). The Ek-
man dredge samples were emptied into a 0.5
mm mesh sieve bucket, with the remaining in-
vertebrates and litter transferred to a | liter jar
and preserved with 10% formalin. The stove-
pipe sampler (20 cm diameter) was pushed onto
the substrate and a 0.5 mm mesh net used to
subsample the water contained within the stove-
pipe (McWilliams, 1986). The composite sam-
ple was then placed in 1 liter jars and preserved
with 10% formalin. Water depth was measured
at each sampling point (maximum water depth
was 100 cm and typically was about 30 cm).

The 0.5 mm mesh size used was oo large 1o
capture juvenile invertebrates and even adults
of some copepod and cladoceran species. This
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mesh size was sull used because prey smaller
than 0.5 mm in diameter were rare in the larval
diet and because smaller mesh sizes required
appreciably more sorting time.

Friplicate Ekman and stovepipe samples were
tuken at each of the 13 sampling umes. Prelim-
inary sampling showed invertebrates were con-
ragiously (patchily) distributed. Using the mean
and variance from these preliminary samples
and assuming a negative binomial frequency
distribution and a standard error of 20%. the
appropriate number of samples was calculated
following Elliot (1977). Three samples were ad-
equate to estimate isopod, chironomid, ostra-
cod, and cladoceran relative abundance. Three
samples were not adequate to estimate copepod
and amphipod relative abundance. Since co-
pepods and amphipods were relatively rare
components of the larval diet, only three Ekman
and three stovepipe samples were collected per
sampling time.

A randomly chosen number of paces and a
compass bearing were used to locate a given
sampling site. One Ekman and one stovepipe
sample were taken at each of the three random-
lv selected sites. No samples were taken when-
ever salamander larvae could not be captured,
and due to drying of the wetland in 1985, sto-
vepipe sampling was not practical during the
second season.

In the laboratory, Rose Bengal dye was added
to all samples to facilitate finding invertebrates
within the leaf debris. Invertebrates were sort-
ed, identified to order, counted, and placed in
separate small vials according to taxa. Mea-
surements of length, width, and in some taxa,
depth, were made so volumes could be calcu-
lated. If a vial contained fewer than 15 individ-
uals, all individuals were measured; vials with
greater than 15 individuals were subsampled
(McWilliams, 1986).

THe actual measurements of the inverte-
brates were made using a depression slide placed
under a compound microscope outfitted with
anocular micrometer. [sopods, amphipods, and
cladocerans were assumed to be rectangular
(Maiorana, 1978). Chironomids and copepods
were assumed to be cylindrical (Burton, 1976).
Copepod width measurements were taken at the
third thoracic segment to compensate for their
tapering body shape. [n addition, the two caudal
rami were excluded from the length measure-
ments. Ostracods were assumed to be rectan-
gular. Because ostracods were homogeneous in
body size, all individuals were pooled across vials,

COPEIA, 1989, NO. 4

and one subsample of 20 individuals was taken
for measurement purposes.

The counts and volumes from cach sample
were then expressed in terms of area. For the
stovepipe sampler, the volume sampled was di-
vided by the water depth to yield an area mea-
sure. This standardized the invertebrate abun-
dance data and enabled comparisons between
samplers, time-of-day (TOD), and times during
the spring (hereafter called “'seasons™).

Because the Ekman and stovepipe sampled
invertebrates differently (McWilliams, 1986),
prev relative abundance was taken to equal: only
those isopods, chironomids, and amphipods
caught in the Ekman: only those copepods and
cladocerans caught in the stovepipe: and a sum
of the number and volume of ostracods caught
in the two samplers. Since the preference anal-
ysis (Johnson, 1980) uses ranks instead of actual
abundance estimates, changing the way cope-
pod, amphipod, and ostracod relative abun-
dance were calculated (e.g., taking an average
of the two samplers or excluding the counts of
either sampler) made no difference in the rank
order and hence the preference results for these
prey types.

An attempt was made to collect 10 salaman-
der larvae during each of the 13 invertebrate
sampling periods. Larvae were collected using
activity traps, modified lobster traps, and hand
nets. Activity traps, plastic gallon jugs with a
funnel fastened to the top, were suspended in
the water using floats and were designed to cap-
ture pelagically active larvae. Only three larvae
were captured using this method. Modified lob-
ster traps were made of aluminum window
screening shaped into a cylinder with the ends
inverted creating funnels. They were designed
to capture substrate-active larvae and were
placed onto the substrate or pushed into the
leaf litter substrate. Approximately 40 larvae
were captured using this method.

Sixty-four inactive larvae, many of them sit-
ting on the modified lobster traps, were cap-
tured using handnets. An additional eight lar-
vae were captured incidentally in the Ekman
samples. These methods generally capture lar-
vae active on or above the substrate and acces-
sible to hand netting. This could bias the stom-
ach analysis towards actively feeding, substrate
surface-active individuals.

Captured larvae were immediately placed in
separate vials and preserved with 10% formalin.
In the laboratory, larvae were blotted dry,
weighed, and SVL and snout tail length (STL)



i ——————— — S— ) & o——_——

McWILLIAMS AND BACHMANN—SALAMANDER FORAGING ECOLOGY 951

measured. The stomach and intestine were re-
moved. The stomach was then separated from
the intestine (both large and small portions) and
associated prey items were counted separately,
and identified to order. Since salamander larvae
consume their prey whole, identification of prey
type and size is relatively easy. Volume mea-
surements followed the same procedures de-
scribed above for the invertebrate relative
abundance analysis.

A digestion rate experiment was conducted
in the laboratory to ascertain whether certain
prey types digest more rapidly than others. Lar-
vae were maintained at 17 C in individual half-
gallon aquaria. Seven larvae (SVL = 25 * 2.4
mm) were randomly chosen from the laboratory
population and starved for 48 h. Each was then
fed a combination of isopods (Asellus sp.: 3.0 £
0.7 mm), amphipods (Hyallela sp.: 3.1 = 0.6
mm), cladocera (Daphnia sp.: 2.1 £ 0.7 mm),
copepods (0.9 % 0.3 mm), and chironomids
(Chironomus sp.: 6.1 = 2.1 mm).

The feeding procedure involved placing one
prey at a time in the aquaria and allowing the
larvae to capture the prey item before the next
prey was added. We recorded the order in which
the six prey were consumed during the 15 min
feeding period. Larvae were then randomly as-
signed 1o one of three sacrifice times (3 h, 13
h, 24 h), the remaining larva served as a control
(i.e., immediately sacrificed). Larvae were placed
in formalin for ca 5 min, then their gut contents
were immediately removed. We recorded the
location of each prey item in the digestive tract
and the degree of decomposition.

Spatistical analysis system (SAS) was used for
all statistical computations (SAS Institute Inc.,
1985). Factorial design ANOVA was used to
test for year, season, and TOD effects for the
diet usage and the invertebrate availability data.
Arcsin transformations of all frequency counts
were calculated prior to ANOVA tests. Pearson
product-moment correlations were used for all
tests of association (SAS Institute Inc., 1985).

The preference analvsis followed Johnson
(1980). using ranks of prey types in place of
percentage availability estimates. The ranking
procedure is particularly useful when it is dif-
ficult 1o accurately estimate prey populations
(Johnson, 1980). Temporary pond inverte-
brates represent such a population.

All methods used in the prey preference anal-
vsis are the same as in Johnson (1980) except
ANOVA was used to compare pairs of mean
rank differences instead of using the Waller and

TasLe ). RELATIVE NUMBERS, VOLUMES, AND
Frequency oF Prey Founpin 115 Ambystoma trxanum
LARVAE.

Diet composition

% Stomach

Prey type % Number % Volume with prey
1sopoda 41 54 91
Ostracoda 37 20 91
Cladocera 8 12 51
Chironomidae 3 8 40
Amphipoda 6 5 66
Copepoda 5 2 57

Duncan (1969) procedure. Rank differences
were tested for normality and homogeneity of
variance and found to conform to the assump-
tions of ANOVA. The MANOVA option in
SAS (SAS Institute Inc., 1985) was used Lo test
for year, season, and TOD effects in rank dif-
ferences.

RESULTS

General food ha bits.—All 115 larvae collected for
food habits analysis contained food in their
stomachs. A towal of nine invertebrate orders
comprised the diet; however gastropods, odo-
nates, and coleopterans were found fewer than
five times. These three orders were excluded
from further diet analysis.

Collectively, isopoda and ostracoda account-
ed for approx. 75% of the volume and number
of prey items found in a given larva (Table 1).
An individual larva contained on the average
18.3 (SD = 21.9) ostracods, 15.7 (SD = 13.2)
isopods, 5.1 (SD = 15.0) cladocera, 3.4 (SD =
5.6) amphipods, 2.0 (SD = 2.7) copepods, and
1.3 (SD = 3.4) chironomids. The average total
volume of food in an individual larva was 18.87
(SD = 18.47) mm?, with a range of 1.0 mm?*-
95.6 mm?.

The relative importance by volume of cope-
pods, amphipods, and chironomids in the diet
was significantly greater in the second vear of
the study (F, 4 = 10.11, P = 0.01; F,, = 11.91,
P = 0.009: F,, = 3545, P = 0.0003, respec-
tively). Ostracods generally decreased in diet
importance in the second year (F,, = 39.6, P
0.0002). Cladoceran and isopod percent volume
did not significantly change between vears.

The relative importance by number of am-
phipods, chironomids, and isopods in the diet
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FasLe 2. DieL Coasces 1n DT CoMposiTioN OF Ambvitoma texanum LArvaie. n = number of larvae per
rop.
Prey per larva Proportion of diet compened of cach prey nipe
Average Ayerage Amphip-  Chironomi-
ime-nf«lay thy number volume Tnopenda wia dae Copepoda Cladocera Ontracesis
0800-1200 (n = 30) 16.9 40.3
T Vol 72.7 5.3 7.8 1.1 3.6 10.0
T No. 56.9 3.3 2:5 38 23.7
1400=-1700 (n = 27) 24.2 91.9
% Vol, 67 .4 3.5 12.6 1.2 ‘7.9 7.9
t No. 53.3 5.6 4.5 3.4 7.8 25,1
2100-2400 (n = 58) 17.3 41.2
T Vol 33. 4.3 7.6 1.8 (R 18.4
t No. 13.3 5.3 3.0 5.0 6.8 35.3
ANOVA results: 0.77 0.29
% Vol Fa = 0.38  0.44 172 0.05 0.83 0.57
P value = 0.50 0.76 0.70 0.66 0.26 0.95 0.48 0.59
% Nou: Fyior = 0.32  0.70 2.83  0.30 0.79 1.59
P value = 0.74 0.53 0.14 0.75 0.50 0.28

was significantly greater in the second year of
the study (F,, = 26.57, P = 0.0009; F, , = 28.47,
P =0.0007; F,, = 28.57, P = 0.0007, respec-
tively). The other three prey types did not show
significant annual changes in their relative im-
portance by number in the diet.

Diel changes in food habits. —ANOVA of the
stomach contents revealed no significant TOD
main effects or TOD interaction effects. The
lack of TOD differences in total volume and
total number of prey in the stomachs (Table 2)
indicates larvae fed throughout the day. Like-
wise, the relative number or volume of any prey
species composing the diet showed no signifi-
cant TQD changes (Table 2), indicating no diel
shift from a nocturnal pelagic foraging strategy
to a-diurnal benthic foraging strategy. All prey
types had significant positive correlations be-
tween stomach and intestine contents (P <
0.0001, df = 113 in all cases), also indicating
larvae ate similar prey types over an extended
period of time.

Ontogenetic and seasonal changes in food habits.—
Percent volume of all prey taxa in the diet ex-
cept amphipods and copepods (F,, = 3.65, P =
0.07; Fy5 = 1.20, P = 0.35, respectively) changed
significantly across seasons. Seasonal trends were
order specific (Fig. 1). Isopoda was the only tax-
on to increase in importance as the seasons pro-

gressed (Fy4 =35.17, P =0.0001). This increase
in isopod importance was associated with a grad-
ual seasonal decline in percent volume for all
other taxa except amphipods (ostracods: F =
47.30, P = 0.0001; chironomids: F = 18.58, P
= (0.001; cladocera: F = 8.26, P = 0.01; df =
2,8).

The significant year by season interaction for
copepods, ostracods, and cladocerans (F =
188.16, P = 0.0001; F = 18.54, P = 0.003; F =
29.91, P = 0.0006, respectively; df = 1,8) results
from an unusually large number and larger vol-
ume of these prey eaten by larvae in the first
season of 1984. The first year of the study was
wetter and potentially supplied larger and/or
more available populations of these three taxa.
However, invertebrate abundance changed sig-
nificantly only for cladocerans and not for co-
pepods and ostracods across seasons (Fig. 2; F 5,
=4.74,P=0.02; F=2.03,P=0.15F = 2.16,
P = 0.13, percent volume respectively). In fact,
the abundance of pelagically active inverte-
brates was generally low throughout the year.

Alternatively, since these first season 1984
larvae averaged 1-2 wk younger than the 1985
first season larvae (Table 3), the results could
reflect a more pelagic foraging mode for youn-
ger larvae. The seasonal differences in larval
size between years obscures ontogenetic effects.
By grouping 1984-85 larvae into size classes,
the ontogenetic shift from a zooplankton to a
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Fig. 1.
20 May; 2 = 30 May-4 June: 3 = 12-17 June.

benthic prey diet becomes obvious (Fig. 3).
These trends are the same using either percent
volume or percent number of prey in the diet
(McWilliams and Bachmann, 1988). Cladocer-
ans quickly reduced in diet importance for lar-
vae over 17 mm. Ostracods also were less abun-
dant in older larvae; however, their decline in
importance occurs at a larger larval size than
for cladocerans. Isopods were the predominant

Seasonal changes in larval diet. Values are relative abundance of prey volume. Seasons: 1 = 16~

benthic prey type increasing in dietary impor-
tance with larval size.

Size-selective predation.—Significant correlations
were found between total volume and SVL (r
= 0.52, P = 0.0001, n = 112), between total
volume and larval mass (r = 0.68, P = 0.0001,
n = 112), and between total number of prey
and SVL (r = 0.19, P = 0.047, n = 112). The

SEASON 3
S
AR

SEASON 2

SEASON 1

e e e e e L R L . Pt

-3

&3 ISOPODA
2 AUPHIPODA

[ CLADOCIRA
2 CHIRONOMIDAL

Wl COPCPODA
£ OSTRACODA

i T

0 20 40

T T

60 80 100

PERCENT VOLUME

Fig. 2. Seasonal changesin invertebrate abundance. Valuesare relative abundance of prey volume. Seasons:

1 = 16-20 May: 2 = 30 May-4 June: 3 = 12-17 June,
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Fig. 3. Ontogenetic changes in larval diet. Larval size is measured as snout-vent length. Values are relative

abundance of prey volume.

difference in significance level between corre-
lations using total volume and total number of
prey implies that larger larvae were selecting
larger sizes of prey rather than eating more of
the same sized prey. Average volume of an in-
dividual prey type increased significantly for Is-
opoda, Amphipoda, and Chironomidae across
seasons (Table 3), with no significant change in
size apparent between seasons or years for Co-
pepoda, Ostracoda, and Cladocera. Average
prey size of isopods, amphipods, and chiron-
omids increased across seasons but the increase
was not significant (unpubl.).

Digestion rate experiment.—In general, the se-
quence of prey in the digestive tract corre-
sponded_to the sequence in which they were
consumed (only three of 42 prey switched po-
sition). The control larvae contained only the
six prey types offered during the 15 min feeding
period; none showed any sign of decomposition.

After 3 h all prey were in the stomach and
easily recognizable, with their exterior surfaces
showing only a slight fuzziness. By 13 h, the first
-3 prey consumed were in the intestine and
still recognizable though they were 50-80% di-
gested. Prey remaining in the stomach formed
a gradient of decomposition, from 0-10% di-
gested in the anterior end of the stomach to
40-60% in the posterior portion.

After 24 h, the first 1-3 prey consumed were
indistinguishable All other prey except the last

one eaten were 50-80% digested and found in
the intestine or the extreme posterior end of
the stomach. In both 24 h treatment larvae the
last prey consumed (an isopod and an amphi-
pod) was only 10-30% digested and found in
the mid-stomach region.

Prey types differed in their rates of digestion.
After 13 h in the gut, amphipods, isopods, and
copepods were up to 80% digested whereas
cladocerans were unrecognizable. By 24 h all
prey types were unrecognizable; however, chi-
ronomid heads could always be located. It is
important to emphasize that these digestion
times ignore position effects. Except for cladoc-
erans, which were unrecognizable by 24 h, the
prey consumed last was much less digested. In
addition, because larvae were not fed after ini-
tially consuming the six prey types, passage rates
and digestibility may not be the same when lar-
vae are feeding on a more regular basis.

General prey preference.—The vector of mean
differences between ranks of prey usage and
availability (Table 4) was significantly different
from a vector of zeros (F, 5, = 61.63, P < 0.0001),
indicating prey types were not used in direct
accordance with availability.

All mean rank differences except that for Co-
pepoda were significantly different from zero
(Table 4). The direction and magnitude of these
means indicates whethera prey type was utilized
more or less often relative to availability. Usage
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Average volume (mm?) of an individual prey type (mean + §D)

Prey per larva (mean £ SD)

Amphipoda Chiranomid Copepoda Cladocera Ostracoda

Isopoda

Average volume

Average number

SV tmm)

Seawnn

21 £ .06

b5+ 67

07 .07
A2 % .06

27
A1+ 1.20

Al +

A7

A8 %
A5+ 08

07 .13
72

4.5

18.8 = 223

RO+

34 %160
18.2 + 16.1

Py e

1984 (n = 25)

03 + .03

14

+ .37

25,6+ .5

1985 (n = 1K)

54

Sl %

+ .02

04
06 + .04

1.40 = 2.60
2,90 £ 2.70

26 + .21

J9 £ .32
A6 +

3.6 % 19.6 11.2+55

20.h > 29

IR (n = 31)

03 + .01

58

T3+

A8 + .27

.60

17.2 £ 159

07.3+ 1249

24.0 + 1.9

1985 (n = 30)

13

08 +

02+ .03 47 + 42

.08 + .04

42 33+ .13

65 +

42,2 + 154 15.7 £ 6.2

274 + 2.1

1984 (n=11)

Signihic
A\

<0.01 <0.01 >0.10 >0.10 >0.10

<0.01

al effects:

ance of

TasLe 4. PREFERENCE RANK DIFFERENCES BETWEEN

UsAGE AND AvalLasiLiTy. SD are in parentheses.

* = rank difference is significantly different from zero
(Ty.0000 P < .001).

Mean %
no. rank Mecan § vol rank
Prey 1ype difference difference

Isopoda .85 (1.29)* -45(1.5])*
Amphipoda .33 (1.33) 41 (1.21)*
Copepoda —.22(1.25) .06 (0.99)
Ostracoda —1.80(1.21)* —1.67 (1.35)
Cladocera —.61(1.27)* —.70(1.30)*
Chironomidae 1.45(1.24)* 1.45 (1.52)*

ranking was subtracted from environmental
availability ranking: thus, positive values of the
mean result from low (closer to the rank 6) usage
and high (closer to the rank 1) availability and
imply avoidance of these prey types. i

Chironomids, amphipods, and isopods each
had a positive mean rank difference, implying
less preference or perhaps avoidance for these
three taxa. Ostracods and cladocerans were less
common in the environment than in the stom-
ach contents, indicating they were preferred.
The rank differences varied considerably over
TOD, season, and year depending on the spe-
cific prey type, with year and season differences
accounting for 75% of all the significant ANO-
VA effects.

Annual, ontogenetic. and diel changes in prey pref-
erence.—Ilsopod rank differences decreased sig-
nificantly the second summer of the study, from
0.38-—0.49% volume for isopods (F, , = 20.69,
P = 0.003). Chironomid rank differences also
decreased the second summer, from 1.89-1.18%
volume, but this decrease was not significant
(Fi»=2.40, P = 0.17). The percent number of
prey showed similar trends. As stated previ-
ously, chironomids showed significantly greater
increases in percent volume and percent num-
ber in the diet in the second summer whereas
isopods only increased in percent number.
Available prey populations changed in opposite
directions—chironomid populations increased
in 1985 (F,,, = 25.5, P = 0.0001), whereas iso-
pod relative abundance decreased from 74.9-
32% (F,5, = 30.8, P = 0.0001) (Fig. 4). Because
isopods decreased in availability and increased
in usage between years, larvae apparentlv avoid-
ed isopods in 1984 and then preferred them in
1985,
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Fig. 4. Yearly changes in prey usage and availability. Values are relative abundance of prey volume.

Isopod rank differences also decreased sig-
nificantly, from 1.3—=0.1, over the three sea-
sons (Fy, = 15.66, P =0.003). Changes in isopod
usage as opposed to availability produced this
decrease in rank differences. Both usage (Fig.
1) and availability (Fig. 2) of chironomids de-
creased significantly as the seasons progressed
(Fep = 18.58, P = 0.001; Fyy, = 13.94, P =
0.0001, respectively), resulting in no significant
seasonal changes in percent volume or percent
number rank differences. Chironomid rank dif-
ferences were always positive indicating their
greater abundance in the environment com-
pared to the diet. The most positive rank dif-
ferences occurred in season 3 when chiron-
omids were the least frequent prey type in the
diet even though they were the second most
common prey at this time.

[sopods also showed a significant year by sea-
son interaction effect (F,; = 41.11, P = 0.0004)
due primarily to lower usage and higher avail-
ability in the first season of 1984 compared to
the first season of 1985. Ontogenetic factors
probably caused this first season annual differ-
ence since larvae were much smaller in 1984
than in 1985 (Table 3).

Cladoceran percent number rank differences
changed significantly between years (F, ; = 8.34,
P =0.02) with year changes interacting strongly
with seasonal effects (F,; = 6.84, P = 0.03).
Cladoceran environmental abundance also de-
creased significantly across seasons (Fig. 2). Lar-
vae changed their diet seasonally in 1984, feed-

ing on ostracods and cladocerans in the first
season and then feeding predominately on iso-
pods by season 3. This reduction in relative
abundance of cladocerans in the diet after the
first season (when larvae are smallest), com-
bined with the fact that 1985 first season larvae
were older and hence not feeding on cladocer-
ans to the same extent, created the significant
year by season interaction effect.

Cladocera was the only prey type to show any
significant rank difference changes over TOD
(Fys = 9.50. P = 0.01). Because the third TOD
period in 1984 consisted predominantly (60%)
of young, small larvae which fed almost exclu-
sively on ostracods and cladocerans (Fig. 3), the
significant TOD effect is mostly a product of an
unbalanced sample of larval sizes in each TOD
period. Thus, the significant TOD differences
reflect ontogenetic shifts in foraging more than
diel shifts.

Usage and availability rank differences for
amphipods and copepods showed no significant
year, season, and year by season interaction ef-
fects (P > 0.05 in all cases). Relative abundance
of amphipeds in the environment did change
significantly between years (F,,, = 7.22, P =
0.01) and across seasons (Fy,, = 14.18, P =
0.0001). Copepods were consistently the least
common prey type in the diet (of the six prey
types used in the analysis) and their relative fre-
quency in the environment did not change sig-
nificantly between years or seasons.

The percent volume relative abundance of
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ostracods in the environment did not signifi-
cantly change between years (F,,, = 0.02, P =
0.89), whereas abundance in the diet decreased
significantly in 1985 compared to 1984. (Per-
cent number showed no significant environ-
mental or dietary changes between years.) Asa
result of the change in diet abundance a large,
negative rank difference (—1.83) occurred in
1984 whereas the rank difference approached
zero in 1985 (year rank difference is significant,
F,;=6.02, P = 0.04).

In general a significant decrease in the im-
portance of ostracods in the diet occurred as
the seasons progressed (Fig. 1), with no signif-
icant change in the environmental abundance
over this time period (Fig. 2; F,,, = 2.16, P =
0.13). This decrease in proportion of ostracods
eaten did not result in significant seasonal
changes in ostracod rank differences. In 1985
the reduction in ostracod consumption across
seasons did not occur, with larvae increasing the
relative abundance of ostracods in the diet. This
seasonal change in diet coincided with a signif-
icant increase in ostracod relative abundance
(F, 3, =10.6,P=0.003). Isopods and amphipods
showed similar seasonal changes in environ-
mental abundance probably because these prey
types can survive the extensive reduction in
water level which occurred in 1985.

Prey preference results using unranked abundance
values. —Magnitude differences in percent
number and percent volume are obscured by
the ranking procedure, possibly removing im-
portant information and producing different
results. Consequently, we performed the same
analyses on arcsin transformed percent number
and percent volume values from which the
ranked data had been derived. No differences
in results were found using the transformed data
for isopods, amphipods, cladocerans, copepods,
and ostracods.

Chironomid rank and transformed percent
analyses produced a number of different sig-
nificant eflects.-Whereas chironomid availabil-
ity estimates were probably accurate (see Meth-
ods), the fact that chironomids were consistently
the least frequently eaten prey type probably
accounts for the difference between the results
of the ranked and unranked analyses. Regard-
less, at least in this study, the use of a ranking
method to analyze prey preference (Johnson,
1980) did not make much difference in terms
of the significance levels and the results.
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Discussion.

The diet of Ambystoma texanum larvae larger
than 15 mm SVL consisted predominantly of
isopods and ostracods. There was some indi-
cation that smaller larvae ate pelagic prey (os-
tracods and cladocerans) and then shifted their
diet at 15-18 mm SVL and ate benthically-ac-
tive prey. These findings agree with the only
other published account of food habits of pond-
form A. texanum larvae (Whitaker et al., 1980).
Whitaker et al. (1980) found stomachs of 10-
14 mm TL (SVL can be approximated by taking
70% of TL) larvae contained 78% by volume
Daphnia, whereas stomachs of larvae larger than
30 mm TL contained predominantly isopods.
Similar ontogenetic shifts in diet, from pelagic
to benthic prey, have been found in larval A
tigrinum (Dodson and Dodson, 1971: Brophy,
1980: Collins and Holomuzki, 1984), A. macro-
dactylum (Anderson, 1968), A. opacum (Hassin-
ger et al., 1970), Eurycea bislineata (Petranka,
1984a), and Notophthalmus viridescens (Brophy,
1980).

The possible bias caused by sampling larvae
active on or above the substrate surface makes
the ontogenetic diet shift even more significant.
The sampling bias would cause an overemphasis
on pelagic prey types in the diet: thus, showing
a shift towards benthic feeding would be even
more difficult.

Both prey type and the order of ingestion
affected digestion rate. In addition, the fullness
of the stomach probably alters the passage rate
and consequently digestion rate. These results
suggest food habits analvses may underestimate
cladocerans and potentially overestimare chi-
ronomid diet importance. Assuming the differ-
ential digestion bias is the same for all larval
sizes, it should have negligible effects on onto-
genetic comparisons. However, because diges-
tion exceeds 13 h, TOD comparisons will in-
clude prey from more than one TOD period.

Licht (19753) found no ontogenetic shifts in
the diet of A. granile although large larvae did
eat a wider size range of prev items. Branch and
Alug (1981) found A. marulatum and A talpo-
diwm did not shift to a crawling foraging strat-
egv. rather larvae remain pelagic foragers even
after limb development. They found older A
muculafum larvac increase the depth at which
thev stratifv: however, A, talpoadiom did not show
this ontogenetic shift in nocturnal stratibcation
deprh.
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Why don’t all Ambyvstoma larvae exhibit the
ontogenetic diet shift characteristic of A tex-
anwm larvae in this sindy? The un(n;{t_’r!e'ti:' for-
aging strategy shift probably results from a com-
bination of prey availability and predator
behavior changes due to limb development (Hoff
ctal., 1985). Small larvae (lessthan 10 mm SV L)
are active swimmers with no ability to crawl
(Coghill, 1929). Concurrently, the prey sizes
most available to a predominantly swimming
predator are often planktonic species. As older
larvae develop the ability to crawl, they also
become more proficient and agile swimming
predators (Hassinger et al., 1970). Encounter
rates would then change and ecological factors
such as prey abundance (Dodson and Dodson,
1971) or competitive interactions (Anderson,
1968) may determine larval foraging strategies.
[n our study area benthic prey were more abun-
dant than pelagic prey. Once larvae developed
the ability to crawl they could select the benthic
microhabitat and exploit this abundant re-
source.

Another explanation for the ontogenetic shift
is that gape limitation excludes prey types (e.g.,
isopods) when larvae are smaller. Certainly, prey
with large variation in size (e.g., isopods and
chironomids) are not uniformly susceptible to
larval predation. Small larvae could not con-
sume many of the prey found in older larvae
(Table 3) due to physical gape-limitations. How-
ever, the shift to feeding on more isopods and
fewer zooplankton occurred over a relatively
small body size range (Fig. 3) and an even small-
er mouth size range. Smith and Petranka (1987)
found that A. jeffersonianum and A. texanwm pop-
ulations differ in the extent to which they are
gape-limited and suggested prey size availability
strongly influences larval intake. At our study
site small isopods were available to larvae small-
er than 15 mm SVL. Gape-limitations restricted
prey intake of larvae but isopods of appropriate
size were more available to small larvae than
they were used (unpubl.). We conclude that for
pond-farm larvae in this study, microhabitat se-
lection better explains the ontogenetic shift in
foraging ecology between small (<15 mm SVL)
and large larvae.

The total volume and total number of prey
in the stomachs did not change over TOD. Am-
bystoma texanum larvae in this study fed through-
out the diel period. No diurnal secretive, non-
feeding period was apparent. Anderson and
Graham (1967) and Hassinger etal. (1970) have
suggested nonféeding periods allow larvae to
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avend i)r('ll.HHJH, As  discussed
(1984b) and Sih (1987), however, it seems un-
likely a “fast life-style™ species such as A gy
anwm can afford o spend the diurnal period not
feeding. Avoiding predators and not feeding
need not be mutually exclusive as long as mi-
crohabitats providing refuge from predators
contain suthicient prev. This seems true for pond-
Form AL texannm larvae in this study which used
abundant benthic prev and supports Petranka’s
(1983) view that reduced benthic prey avail-
ability forces stream-form larvae to become
diurnally active (and susceptible to fish preda-
Lors).

The relative abundance of prey in the stom-
achs did not change significantly over TOD.
However, there were still indications that larvae
exhibited some diel activity shifts. Cladocerans
increased and isopods decreased in percent vol-
ume relative abundance during the diel cvcle
(Table 2). In addition, our own observations of
older larvae (>18 mm SVL), and the added
difficulty in capturing larvae during the two
diurnal TOD sampling periods, suggests larvae
were secretively active on or in the leaf litter
substrate during most of the daylight hours.

At least two aspects of digestion rate compli-
cate TOD comparisons. First, larvae collected
at each time period probably contained prey
from each of the other time periods. This would
dampen any diel shifts in diet, making it difficult
to show statistical differences. Second, prey types
had different digestion rates. We still believe
the lack of significant TOD differences is a bi-
ologically meaningful result. This conclusion is
based un the fact that stomach and intestine
contents were very similar for individual larvae.
Because the digestion rate experiment showed
that prey in the gut were in the same order as
they were ingested, the similarity between stom-
ach and intestine contents suggests larvae were
feeding on similar types of prey throughout the
diel period.

Larvae will stratify in the water column and
feed on locally abundant pelagic prey. We ob-
served larvae feeding in patches of cladocerans
at the study site and captured four larvae during
the second TOD period which had between 190
and 580 prey items in their stomachs, over 75%
of which were cladocerans. However, given the
generally low frequency of this prey item in all
other larvae sampled, the occurrence of large
numbers of cladocerans in the diet is probably
exceptional.

Salamander larvae have been viewed as shift-
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ing from a pelagic, nocturnal foraging mode to
a benthic, diurnal foraging mode (Branch and
Altig, 1981; Petranka and Petranka, 1980). This
behavioral shift has been hypothesized as a
predator avoidance mechanism (Petranka,
1984a) and /or a prey-tracking mechanism (An-
derson and Graham, 1967; Griffiths, 1985).

The prey-tracking hypothesis generally as-
sumes larvae are mirroring the diel rhythms of
plankton movement. Thus, larvae feeding
throughout the 24 h period would have a diet
consisting mainly of plankton. Petranka and Pe-
tranka (1980) and Branch and Altig (1981) ob-
served diel shifts in larval activity patterns while
stomach contents analysis showed no diel trends
in diet. Qur results show that A. texanum larvae
generally ate benthic prey, with no significant
nocturnal increase in plankton in the diet. In
addition, older larvae (>20 mm SVL) were
rarely seen swimming in the water column at
any time of day, unlike other Ambystoma species
(Branch and Altig, 1981: Lannoo, 1982).

This lack of diel foraging strategy shift is
adaptive only if sufficient populations of benthic
prey exist. The highly ephemeral looded wood-
land habitat characteristic of A. fexanum breed-
ing ponds (Petranka, 1982b; Chfistiansen, 1981)
requires larvae to have extremely rapid growth
and mctabolic rates (Petranka, 1984b). Ambys-
toma fexanum larvae have responded to these
physiological constraints by feeding throughout
the day and night on prey types which are rel-
atively abundant and easily captured (i.e., iso-
pods and ostracods in our study population).
Further research is needed on other pond-form
populations to determine larval flexibility given
different prey conditions.

The main seasonal and entogenetic trends
consisted of older larvae consuming more iso-
pods and less zooplankton than vounger larvae.
There was also a seasonal increase in the mean
volume and variance of isopods, chironomids,
and amphiopods in the diet. Larvae added larg-
er prey sizes to their diet as they grew, but did
not drop the smaller prey sizes: this trend has
been observed in other Ambystoma (Dodson,
1970; Lannoo, 1982) as well as in aguatic pred-
ators generally (Zaret, 1980).

In terms of selectivity, salamander larvac have
been shown to be generalists, with preferences
for particular sizes rather than waxa of prey.
Hamilton (1940) found larval newts (Trifurus
viridescens) feed upon the most available prey
types and essentially have no preference. How-
ever, recent laboratory studies (Ranta and Nu-
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utinen, 1985) have shown larval newts (7. vul-
garis) are capable of size-selective predation and
can affect the size distribution of zooplankton
populations. In an earlier study on impacts of
salamander larvae on prey community struc-
ture, Dodson and Dodson (1971) compared zoo-
plankton abundance in the diet and in the en-
vironment, but did not autempt to sample
benthic prey availability. In terms of the zoo-
plankton diet, they found preference was based
mainly on size rather than on prey type, with
greater selectivity for large zooplankton as lar-
vae increased in size.

In this study, A. texanum was a selective pred-
ator; however, the two most important food
items in the larval diet, isopods and ostracods,
were selected in markedly different ways. Os-
tracods were eaten in greater proportion rela-
tive to availability regardless of year and season;
thus, they were selected. Conversely, isopods
generally occurred less frequently in the gut
compared to their relative abundance in the
environment: thus, they were avoided accord-
ing to traditional terminology (Johnson, 1980).
However, conclusions concerning avoidance and
selection of isopods were greatly affected by sea-
sonal and yearly variation. Isopods were select-
ed later in the year, but were avoided when
larvac were small (<15 mm SVL). These on-
togenetic changes in larval selectivity may re-
flect underlying changes in prey preference
rankings similar to what has been found for
bluegill sunfish size classes (Werner et al., 1983).

In conclusion, A. texanum larvae fed through-
out the day and night and did not exhibit diel
shifts in diet. Our observations suggest pond-
form A. texanum larvae longer than 18 mm SVL
were diurnally secretive and nocturnally non-
secretive, but diel activity was restricted pre-
dominantly to on or near the substrate. This
was probably the result of A. texanum’s typical
habitat, looded woodlands, containing low zoo-
plankton populations and relatively high ben-
thic prey availability. Ambystoma texanum larvae
do share with congenerics ontogenetic shifts in
diet—from zooplankton feeders as young lar-
vae, to benthic invertebrate feeders as older
larvae—as well as increases in the mean and
range of prey sizes selected.

In terms of foraging strategy, A. texanum can
be classified as a facultative specialist (Jaeger,
1981). Larvae were selective in their choice of
prev, with this selection being sensitive to both
ontogenetic and invertebrate abundance con-
straints. Foraging models which assume fixed
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prev preference may be greatly reducing their
applicability to natural populations and must
take into account ontogenetic shifts in foraging
strateygy.
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