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E#5ect of size-dependent muskrat {Ondatra SAES
zibethica) predation on the spatial

distribution of a freshwater clam, Ancdonta
piscinalis Nilsson (Unionidae, Bivalvia)

Jukka Jokela and Pia Mutikainen

Abstract: We studied the effect of central-place foraging by muskrats on the spatial distribution of
freshwater clam Anodonia piscinalis. We also analysed the prey-size preference of muskrats. We
cotlected 4. piscinalis shells from four muskrat middens representing different prey populations and
sampled the clam populations quantitatively. Muskrats had clear effects on the spatial distribution of the
clams. At all study sites the area close o shore had no clams, The width of the empty area was
correlalsd Wi T Tmker of sheils found in the muskrat midden. The deasity of clams decreased and
their mean size increased with the distance from muskrat midden at two of the sites. Muskrats did not

prey on clams smaller than S0 mm. Muskracs preferred 60- © 70-mm clams at three of the sites and
95~ to O0-mm ciams at the fourth. In an analysis conducted using ages, a selection gradient on the
growth rate of clams was found for three of the study populations. However, spatial refuge from
predation and inconsistency of selection may slow down or counterbalance the evolutionary response 1o

predation.

Résums . Nous avons dwudié les effets de la concentration des efforts de quéte de nourrirure du
Rat-musqué commun sur la répartition spatiale de la mouie d’eat douce Anodonra piscinalis. Nous
avons sgalement éwdié les préférences de proes quant 4 1a taille chez ce rat-musqué. Nous avons
examiné quatre zones de défécanon de rats-musqués et y avons recueilli les coquilles de moules
représeniant des populations différentes de proies et nous avons également procédé & une analyse
quantitative des populations de moules. Les razs-musqués avaient une influence bien définie sur la
répartition spatiale des moules. A tous les sices, la zone prés des rives était dépourvue de moules. La
largeur de Ja zone vide éuait en corrélation avec le nombre de coquilles wouvées dans les zones de
défécazion. A deux endroits, la densité des moules Stak moins dlevée et leur taille moyenne, plus
slevéde. au fur et & mesure qu'augmentait la distance de la zone de défécation ta plus proche. Les
rats-musqués ne consommaient pas les moules plus petites que 50 mum; ils ont mentré une préférence
pour les moules de 6070 mm & trois des sites et pour les moules de 8590 mm an quatrigme. Une
analyse en fonction de P'dge a démontré existence d’un gradient de sélection sur le taux de croissance
des meoules chez trois des pupulations. Cependant, le refuge a 'abri des prédateurs et 1’action aléatoire
de 1a sélection peuvent ralentir ou contre-balancer la réponse évoluiive & la prédaton.

[Traduit par la Rédaction]

Introduction distribution of prey (Zaret 1980; Ramcharan et al. 1992). In
foraging theory, optimal prey is defined as prey that returns
the highest amount of energy per unit tme spent searching,
ransporting, and handling the prey (Stephens and Krebs
1986). Several studies have shown that in the case of hard-

shelled molluscs, the handling _ﬁ;ﬁéﬁ?}_@fwg ses as 3

Predation may have both ecological and evolutionary effects
on the prey population. it is well known that predation may
have an eifect on the prey repulation dynamics {Hansson and
Herttonen 1985, 1988; Steen et al. 1990) and on the spatial

function of moliusc size (Prejs et al. 1990; Robles et al.
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I Author to whom all correspondence should be sene at the

following address: Department of Biology. Indiana

Univessity, Bloomington, IN 47405, U.S.A. “Triost Site, Teeding stone, etc.) and return to this,
! Present address: Department of Biology. Indiana handie and consume }L%PEEEQQE@LEQGFI@“pl-ace

University. Bloomingten, IN 47405, U.S.A. ]

Can. 1. Zoob, 73 1085—1004 (19955, Printed in Cenada / Imprime au Cuanada



and numbers of shells collected from muskrat middens.

Site A Site B Site C Site D
No. of 1-m? plots 180 30 35 30
No. of clams 212 ads 252 525
No. of clams eaten 60 257 90 101
Distance from shore? {m} 3092 2628 15--34 318
No. of clams per 1-m? plot 118 {1.49)  14.80 (13.04; 458 616y 1730 (171D
Depth (DPTH; m) 2.15 (0.30) 6.01 (0.78) 1.96 (0.36) 1.02 (0.28)
Current speed (CRVL; m/s) 0.1 (6.04) 0.14 (£.63) 0.09 (0.03) 0.23 (0.07)
Percentage of vegetation 18.28 (23.30) 0.67 (2177 64.00¢32.48) 1883 (17.80)
Percentage of rock (PCST) 22.41 {18.84) 5.00 (10.87) 6.93 (1211 3733 (2750
Sediment coarseness (SECO) 573 (0.6 420 0.35 3,91 (1.07) 8.75 (1.7
Percentage of organic sediment (ORG) 1.26 (1.5T 0.68 (0.34) 4.65 (3.30) 1.5 (0.7H)

Note: Values in parentheses are standard devialions of the mean.

“Digtance of the sampled transects from the muskrat midden. The starting poiat of the transect indicates the distance from

the midden to the first clams offshore.

size distributions of their prey. One prediction of the central-
place-foraging models is that larger prey are transported
from a greater distance than small prey.

Predation may aiso induce evolutionary changes in the
life-history traits of the prey. For example, preference for
the largest prey individuals may function as a selective pres-
sure favouring earlier reproduction (Reznick et al. 1999;
Luning 1992; Stbor 1992) or evolution of defensive struc-
rures that decrease the risk of predation (Luning 1992: Spitze
1992).

We studied the prey preference of muskrats (Ondatra
zibethica) in four populations of a freshwater clam. Ano-
donta piscinalis Nilsson (= Anodonta anatina L.}, The inter-
action between muskrat and clam is suitable for studies of
size-selective predation for several reasons. First, muskrals
are the main predators foraging on adult freshwater clams
Scandinavia. Muskrats were introduced into the Finnish
fauna in the 1920s from North America, where clams are a
part of their normal diet (Van Cleave 1940; Hanson et ai.
1989: Neves and Odom 1989). Clams are the primary food
for muskrats during the winter, and i 87¢48 OF SCATCE MAcior
‘phyte vegetation in other seasons as weil (Reichholt [975:

‘Hanson et al. 1989; Neves and Odom 1989). Secondly, there
s comsiderable variation in size and growth rate of individual
clams of the same age both within and among clam popula-
tions {Haukicja and Hakala 1978b}. According w Reichhoif
{1975), Hanson et al. (1989), and Convey et al. (1989),
muskrats prefer the largest and fastest growing clams. Since
the fitness of a clam increases with its growth rate and
tongevity (Haukioja and Hakala 1978a). size-selective preda-
tion. if severe enough, may cause a selection gradient that is
opposite to the favourable trait composition without pre-
dation.

In addition. the system is easy to handle methodoiogi-
cally. Muskrats are territorial (Messier et al. 19506 Hjilien
1991; Marinelli and Messier 1993) and use particular feeding
sites. where the shells of predated clams accumulate (Convey
ctai. 1989; Hanson et al. 1989). Usually only one-haif of the
shelt is broken while the other remains intact. From the intact
half of the shell it i3 possibie w0 reliably measure the size and
growih of the predated clam (Convey ¢t al. 19589 Hanson
ot ab. 1989 Similariy, it is possible to collect quantitative

samples showing the density, age, and size stiucture of the
fiving clam population. Finally. changes in the spatial dis-
tribution of the clams can be measured without continuous
observation, since clams are rather sessile,

We addressed the following questions: (¢} Does muskrat
predation affect the population density or spatial distribution
of the clams? (i) Is the predation size selective? (if) Do the
prey-size preferences of muskrats differ among the popula-
Hons? (v} If it 15 size-selective. does predation generate
selection on the growth rate of clams?

Materiali and methods

Description of the study sites

We sampled four sites along the Rautalampi water course in
central Finland (62°32—37'N. 26°15~20'E). Site A is an
oligotrophic. slow-flowing lake outet. The bottom maerial
consists of sand and boulders with scarce macrophytes {(Lobelia
dorimanna, fsoetes sp.. and Myriophvihun sp.) {Table 1).
Site B is a large pool below a riffle about 130 m downstream
from site A, The botom is sorted sand with practically no
vegerztion. Site C is a more eutrophic. slow-flowing part of
the water course. about 20 km downstream from sites A
and B. The bottom materiai is a mixture of fine sand and soft
sedimenis covered by Ramunculus pelrans and the water
moss Fontinalis antipyretica. Site D is a streamlike part of
the water course, about 200 m below site C. There is a riffle
nerween sites C and D. Near the shore at site D the botiom
material is sorted sand: in the middle of the channel it Is
coarser. with some boulders and bigger stones. At site D the
water current is faster than at the other sites. especially inthe
middle of the channel (Table 1}

Colfection of data
We collected one midden of clam shells eaten by muskrats
from each of the four sites at the end of May and beginning
of June 1986 (Table 1). Since clam shells decay considerably yg-
in 2 months (1. Jokela, unpublished datay. the shells collectad
were those of ¢clams consumed during the previous winier.
We did not find remams of newly saten clams at any of e
sites during the summer.

We sampied the clam pepulation ay each site in May. Julby.

gl



~kpig ane Munkainen

and September. Samples were collected from 1-m? plots
arranged as three transect fines (ong transect per month)
perpendicular to the shore (Table 1), We began the transects
srom where a SCUBA diver starting from the focation of the
muskrat midden at the shore found the first clams offshore.
The diver was experienced in detecting clams, and used only
vision to locate the first clams. The plots of the transects
were framed with a portable metal grid (area I m?) to ensure
exact sampling. All the plots were searched twice by the
diver. The diver also searched for clams by hand (in the top
10 em of the sediment). and was thus able to find the clams
(mainly young ones) burrowed in the sediment. The mini-
mum length of the transect was 10 m: however, if we found
fewer than 60 clams within 10 m. we extended the transect.

We measured several abiotic and biotic characteristics of
the habitat {Table 1) to assess the microhabitat preferences,
if any. of the clams. Before collecting the clams, the diver
estimated the percentages of vegetation cover and rocky sur-
face for each plot. The diver also measured water depth and
wok a sediment sample upstream from the plot by pressing
a plastic [-L container into the sediment to a depth of 5 cm.
then pushing a shovel under the container and sealing it
underwater. Current velocity was measured at every fifth
plot as the time taken for a water-filled plastic bag with a
volume of 2 L o travel 5 m. Where necessary because of
abrupt changes in turbidity or bottom material. the current
velocity was measured at every second plot.

Laboratory methods

in the laboratory, we determined the length and age of the
clams. and the length at each year ring using Vernier calipers
(Haukioja and Hakala 19785). In this species annuli are
easily distinguished from false rings. and age determination
by annuli is relable, a8 verified by Haukioja and Hakala
(19785) and Pekkarinen (1991}

We sieved dried (60°C. 40 h) sedimenr samples into 10
fractions with a Wentworth sieve series (Cummins 1966) in
which each size category is twice the preceding one (from
<0.063 o > 16 mm). Before sieving, part of sach sample
was separated for analysis of the organic marer content,
which was calculated as the percentage of mass lost during
burning (706°C, 2 h).

We calcuiated the index of sediment coarseness (SECO) as

" . . 1
SECO = ¥ [25__“__:*__)}

fe b 7

where 1 is the total number of sediment fractions sieved (103,
and p; is the relative mass of fraction 7/ in a sample. The
index is assigned a value between 1 and [0: the higher the
value. the coarser the sediment,

Data analysis

The foraging pattern of muskrats is spatially uneven, resem-
biing central-place foraging (Orians and Pearson 1979). In
this case the central place is a point on the shoreline (mid-
den). We analysed the spatial effects of predanion using three
analyses. First, 1o estimate the area from which the clams
were removed, we converied the number of clams in the
muskrat midden 1o spacial upits. This was done by calculat-
ing the number of square metres to which the number of
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clams in the midden corresponds {number of clams m the
midden/maximum density of living clams at the are). We
caleulated correlation coefficients between this index of
foraged area and the distance of the closest clams [© the
muskrat midden. We repeated the analysis using the average
density of clams in calculating the index of foraged area.
However, since muskrat predation may decrease the density
of clams. maximum density may be a more reliable estmate
of the original density of the clam population. The prediction
is that if muskrass remove clams in a systematic fashion, as
the index of foraged area increases, the distance of the
first clams from the shore also increases. Secondly, size-
dependent predation may also affect the spatial size distribu-
tion of clams in the foraging area, as may be concluded from
the predictions of central-place-foraging models. To estimate
the spatial size distribution of clams, we calculated correla-
tion coefficients between the distance of the plot from the
shore and the mean length of the clams in the plot for ail plots
that had at least three clams. Thirdly, to detect a possible
density gradient, we calculated correlation coefficients between
clam density and distance from the shore. The two latter
analyses were conducted separately for each of the study
sites.

The density of clams may, of course, be independent of
muskrat foraging and foilow some environmental gradient.
We used multiple regression to determine if it is possible to
explain the density of clams using information about the
habitat. Analysis was conducted for each site. The dependent
variable was the number of clams per plot. Current velocity,
depth, percentage of stony surface, organic content of the
sediment, and SECO were used as independent variabies.
The number of clams per plot was log-transformed to reach
normally distributed and homoscedastic residuals.

To discover if predation was size dependent, we used the
length of the clams (divided into 5-mm categories according
to the length in the previous year) in logit models to explain
the probability of being chosen as prey by muskrats. In the
logit analysis, the binomial dependent variable (in this case
predated or living) can be explained with either categorical
or continuous independent variables. We used length as a
categorical independent variable to be able to fit nonlinear
preference profiles to the data. In the modeiting we used only
those length categories for which we had data on both pre-
dated and living individuals. Suitable length ranges at sites
A, B, C, and D were 4685, 46—90, 36—95, and 46—
100 mm, respectively, at S5-mm intervals. We first tested
whether predation was independent of prey size (i.e.,
whether the proportion eaten was the same in all length cate-
gories). Secondly, we tested whether the predator preferred
larger individuals to smaller ones, or certain size classes to
others. For this purpose the proportion of preyed clams in
each length category was fitted against linear (preference for
larger clams) and quadratic {preference for a certain size
class) profiles using contrasts (Fig. 4). Quadratic profiles
were constructed around the modal size class (Fig. 4). See
Murtaugh (1988}, Salonen and Penstinen (1988), Festa-
Bianchet (1989), Gotceitas and Colgan {1989}, and Laurie
and Brown (1990) for exampies of the method and Norusis
(1990) for details of the statistical procedure.

Size-seiective predation may cause a selection gradient for
growth rate. leading to a genetic change in the population. In
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Fig, 1. Distance of first clams found offshore in reiati.on to
the index of foraged area. The index of foraged area 1s
calculated by dividing the number of shelis collected from the
muskrat midden by the maximum density of clams at gach
site. From left to right, sites are D, C, B, and A,
respectively.
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clams of the genus Anodonta, the length at 3 years of age is
the best estimate of the individual growth rate (Haukicja and
Hakala 1978b). If a certain prey size class is preferred. we
predict that below the age corresponding to the preferred
size, the faster growing individuals of the age-class are pre-
ferred, whereas above the age corresponding to the preferred
size the slower growing individuals are preferred as prey.
We compared the growth rates of predated and living clams
by age, using two-way analysis of variance. Analysis was
performed separately for each site. In this analysis, inter-
action berween age and predation suggests that selection on
growth rate depends on age. Age-classes that had fewer than
three individuals in either of the prey groups were excluded
from the analysis. The assumptions of analysis of variance
(normality of residuais and homogeneity of cell variances)
were checked.

The statistical analyses were performed with the sysTaT®
(SYSTAT Inc., Evanston, [.) and SPSS® (SPSS Inc..
Chicago. 1l1.) sratstical packages.

Resulls

Effect of muskrat foraging on the spatial distribution
of clams

The distance from the shore 1o the point where the first clams
were detected varied from 2 m at site D to 30 m at site A
(Tabie 13. The distance of the nearest clams correlated posi-
tvely with the index of foraged area (Pearson’s » = 0.998.
N =4, P = 0.002) (Fig. |}, When the average density of
clams was used in caleulating the index. the results did not
change (Pearson’s r = 0914, N = 4. P = (.086. one-way
P = 0.043). At three of the sites clam density increased with
distance from the shere (Pearson's » = 0.29, P < 0.001:
P 063 P < 0000 and £ = 0.67. P < 0.061 for sites
A, C, and D, respectively) (Fig. 2y, The correlation was
strongest at sites C and D, where the first clams were closest
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Table 2. Multipie regression models of the relationship of clam
density and abiotic environmental variables at the four study sites.

Independent Standardized
variable Coefficient SE coefficient ! P
Siie A
DPTH —-0.411 0.154 -0,210 -2.670 0.008
PCST -0.002 08.002 -0.030 —-0.642 0,522
CRVL 1.742 1,195 0.115 1.458 0.147
SECO 0114 0072 0.120 1,374 0.117
ORG 0.040 0.028 0.106 1.426 0.136
Constant D616 0.564 1,09 0.277
2= 0.10, F5 3 = 3.730, P = (.003
Site B
DPTH -0.345  0.162 -(3.323 -2.137 0.043
PCST 0.041  0.011 0.330 3,672 0.001
CRVL —-4.654  5.027 -0.179 -0.926 0.364
SECO 0.383  0.264 0.258 1451 0,160
ORG 1.025 0.512 0.422 2.003 0.057
Constant 2,608 1.326 2.035 0.053
2= 0,54, F5q, = 5.715, P = 0.001
Site C
DPTH 1,335 (.288 0.549 3,322 0.000
PCST 0.006  0.00% 0.071 0.672 0.305
CRVL -8 846 3.907 —{).228 -2 264 0,028
SECO 0.215 0,108 0.227 1.961 0.052
ORG —-3.02¢  0.031 —{L1G0 -{(.936 0334
Constant —-1.781  0.736 -2.416  0.020
R* = 0.33, F; = 11.655. P = D.001
Site D
DPTH 2433 9.671 0.620 3.624  0.001
PCST 0026 0.005 0.464 2002 0.00%
CRVL G.884 3236 0.083 0.273 0.787
SECO 0617 0.099 0.025 0.173 0.864
ORG ~0.045  0.173 -0.027 -(,262 0.796
Constant —-1.132  0.622 0.000 ~1.819 0.08i

R = 0.87, Fyp = 15130, P < 0.001

Mote: Independent variables are defined in Table 1.

to the shore (Table i. Fig. 2). At site B the correiation wis
negative (# = ~0.61. P < 0.001). Mean length of clams
correlated positively with distance from the shore at sites C
and D (Pearson’s 7 = 0.50, P = 0.008 and » = 0.337, P =
0.002, respectively). indicating that foraging may have an
effect on the size distribution of clams at some sires. How-
ever, the correlation did not exist at sites A and B (Pearson’s
F=0.054, P = 0.306and r = =0.210, P = 0.275. respec-
tively).

Regression analyses of the density of clams and the envi-
ronmental variables showed that density was not related 10
the same characteristic of the habitat at all sites {Table 2}, At
site A, independent variables explained only 10% of the
variation in the density of clams, whereas at sies B. C. and
D they explained more than 50% of the variation. At owo ot
the four sites (A. B). the density of clams decreased with
depth and in two (C. D). i increased with depth. The densith
of clams was higher at sites B and D. where the percentage

J—



fig. 2. Number of clams per sample plot in four study sites plotted against the distance
ol the plot from the shore (sites A—D). The hatched bar depicts the width of the urea
where clams were not found, The suppled area depicts the area where censuses were not

aken. Note the differences in the scales of the axes.
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of stony surface was high. indicating that boulders had a
positive effect on clam abundance. At site C, the density of
clams increased as the current velocity increased.

Prev selection by size

. In general, the muskrats ate only a few iadividuais under
50 mm long (Fig. 3). This is especially evident at sites C
and [, where plenty of smail clams were available.

Al three of the sites {A. B, D) the most preferred size
cinss was between 50 and 70 mm (Fig. 4). At sites A and B,
the size-independent logit model did not fit the data, and size
dependence could not be reduced to either linear ot quadratic
profiles (i.e., the contrast models did not fit) (Table 3, Fig. 4.
This indicates that the observed preference profiles were
more complex than the profiles we fitted to the data. How-
ever, the most preferred size classes were distinct 1a thess
populations too (Fig. 4). For site C, the tinear model (prefer-
ence for bigger clams) fits the data best. and for site D the
quadratic model (preference for certain size classes) fits the
data best (Table 3). However, for all sites the observed
preference profile is more or less dome-shaped (Fig. 4).

Prey selection by growth rate

The growth rates of predated and living clams were com-
pared by age for each of the study populations using two-way
analysis of variance. At three of the four sites (B, cC. D

Distance from shore (m)

the age X predation interaction was statistically significant
(Table 4). Atsites B and C, the faster growing clams of the

youngest age groups, 5 and 6. were chosen as prey (Fig. 3.7

For the slower growing clams, the older age-classes were
preferred: however, the difference is not as clear as among
the young clams (Fig. 5). Atsite D the results may be suspect
because the assumption of homogeneous variances was not
fulfilled (Cochran’s Cy; 6 = 0.150, P < 0.001). Atsite A
neither the effect of predation nor the effect of the interaction
between age and predation was statisticaily significant.

Discussion

Our results suggest that predation decreased the density of
clams in the foraging area and changed the spatial distribu-
tion of prey considerably. Three different analyses supported
this conclusion, First, an increase in the distance of the first
clams from the shore coincided with an increase in the area
to which the number of shelis in the muskrat midden cor-
responds (Fig. 1. Secondly. the density of clams increased
with distance from the shore at sites where the first clams
were closest to the shore (Fig. 2). Thirdly, mean clam size
increased with distance from the shore at the same sites. The
lack of large clams in the nearshore areas is difficuit to
explain as being due to any factor other than predation. in
sites where there are no muskrats, ciams may be found in
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‘Table 3. Statistics of logit models firted to the data.

Model x* df P
Site A
Linear P+ P x Le(D) 30.53 5 <0.001
Quadratic P+ P ox Le(2) 19.50 6 0.003
Constant P 2519 7 <0.001
Site B
Linear’ P+ P X Le(h) 123.30 7 <0.001
Quadratic P+ P x Le(® 187.51 7 < 0.001
Constant P 249.13 8 <{.001
Site C
Linear P+ P x LelD 4.05 & 0.669
Quadratic P+ P x Leid) 24.34 6 <0.001
Constant P 26.34 T < (.00
Site I
Linear P+ P x Le(l) 21.34 9 0.013
Cuadratic P+ P x Le(®) 4,62 G 0.866
Constant P 22.30 10 0.014

Note: See the text for a description of models. P is a constant werm
Lef]) is the linear contrast for length: Le(2) is the quadratic contrast for
length; x* is the likelihood ratio %% A high P value indicates a good fir lo
the data.

very shatlow water (J. Jokela, personal observation). Reich-
hotf {1975} and Hanson &t al. {1989) have reported similar
patterns of clam distribution in the foraging areas of musirats.

The resuits of the regression analysis indicate that clam
density may be relazed to certain microhabitat characteristics
(Tabie 2). Depth, the occurrence of boulders, and current
velocity alt seem to be of importance. However, the intensity
of muskrat foraging may also depend on these same habitat
characteristics. Our study sites represent very different
foraging habitats for muskrats. The densities of clam popula-
tions vary considerably, one of the sites is deeper than the
others, and the distances muskrats have o swim while forag-
ing differ zmong sites {Table D). The energetic costs of
foraging may be expected to increase with depth and current
velocity. Furthermore, when clams were collected, the diver
noted that clams were concentrated it the crevices between
the boulders. The clams in the crevices were not visible, and
had to be puiled out by hand. These clams may have been out
of reach of muskrats. In this type of study it is difficult to
separate the direct effect of habitat on the density of clams
from the indirect effect of habitat on the foraging efficiency
of muskrats.

The traditional microhabitai approach used to swdy the
abundance of unionacean ciams has recently been criticised
as being inadequate (Strayer and Ralley 1993). The incon-
sistency of our results from different sites supports the view
that large-scale geomorphological processes may be more
useful predictors of clam densities than microhabitat charac-
terisucs (Strayer and Ralley 1993). Our results also empha-
size that the occurrence of predators should be taken into
account in such studies.

According o our results. muskeats selected clams larger
than 30 mim as their prey {Fig. 3). Hanson et al. (198%) found
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Table 4. Analysis of variance of differences in growth rate of clams
(length at 3 years of age) by age and predation (predated versus
not predated) at the four study sites.

MS df F P
Site A
Age 54,19 3 3.44 0.018
Predation 57.84 | 2.1 0.148
Age % predation 40.68 3 1.49 0.220
Error 27.37 165
Cochran’s Cy 4 = 0.20. P = (.284
Site B
Age 46.36 7 1.70 0,106
Predation 3.00 I 011 0.740
Age x predation i21.46 7 4.45 <0.001
Error 27.28 724
Cochran’s Cys = 0.10, P = 0.043
Site C
Age 174.23 8 5.11 <0.001
Predation 4.05 1 G.12 0.731
Age % predation 85.87 8 2.52 0.012
Errer 34.07 263
Cochran's Cj5 5 = 0.10, P = 0,532
Site D
Age 154.00 7 4.51 <0.001
Pregation 126,23 i 370 (0.055
Age X predation 106.64 7 3.13 0.003
Error 3411 497

Cochran's Oy, = 015, £ < G001

Note: Age-classes included in the test are s depicied i Fig. 3.

the same threshold size in their study of muskrat predation
on Anodonta grandis simpsoniana in Narrow Lake in southern
Canada. This threshold may be due to the fact that voung
clams burrow in the sediment, and thus are not visible t©
muskrats. We do not have detailed data on the burrowing
depths of Anodonta spp.. but this behaviour was noted by the
divers when thev were coliecting the clams. When they were
going through the plot, they found small individuals only
when searching the sediment by hand. If only clams that
wera visible had been collected, most small individuals
would have been missed, as was noied also by Hanscn et al.
(1988) and Amyot and Downing (1991},

Clearly. muskrats had prey-size preferences in all of the
four study sites. At three of the sites muskrats preferred 60-
to T0-mm clams. At site C the largest clams (> 385 mm) were
the most preferred. This inconsistency in prey-size prefer-
ence may be due to, for example. different sizes of the forag-
ing muskrats (Convey et al. 1989). Although the quadratic
prererence profile {its the data only for site D. the preference
by size at sites AL B. and D (Fig. 4) was surprisingly similar.
considering the observed differences in the size distributions
of clams that were available (Fig. 3). Qur analyses do nol
vield informaticn on the distance from which each clam was
transported to the midden. Together with the results of the
analvsis of the spatial distribution of clams at two of the s
sites 1C. D). especially the increase in the mean size of clams

e——d
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#ig. 3. Length distributions of clams grouped at S-mm imtervals at four study sites (A. B. C. D). Open bars

indicate Bving clams and harched bars predated clams.
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with distance from the shore. our results suggest that the
large clams may not have been foragec as intensively from
greater distances as the small ones. The lack of clams
observed in the nearshore areas suggests that from shorter
distances the size of the clam may not be that important, as
long as it is large encugh to be detected. Thus, optimal prey
size could be modelied using a two-variable {clam size, dis-
tance from the shore) optimal foraging model, where trans-
portation costs increase with prey size (Stephens and Krebs
1986: we thank J.M. Hanson for pointing this out to us).
An alternative explanation would be that muskrats had
been foraging only within the nearshore area, where there
were no clams left. Then, differences in the age and size dis-
tributions of predated and living clams could be due t© differ-
ences between the near- and off-shore habitats. In lakes the
growih rates of clams have been observed to change as a
function of depth (Ghent et al. 1978: Huebner et al. 1990,
suggesting also that age and size distributions may change
with depth. It is most probable that the growth-rate dif-

ferences in lakes are caused by temperature and resource

gradients, not by depth per se (Hanson et al. 1988). At our
study sites currents mix the water and thus there are no steep

gradients in temperature or TesOUrces. Furthermore, at three
of our study sites the maximum depth is less than 3 m, S0
they are shallow compared with the depin distribution of
clams in lakes. Therefore, it is not likely that differences in
the age and size distributions of predated and living clams
were due to some environmental gradient between near-
and off-shore habitats. Another aiternative explanation for
the observed spatial distribution of clams is that clams do
not live in nearshore areas in the first place. This is not sup-
ported by our observations of clam populations where muskrats
are not present, notr by studies of the spatial distribution of
Anodenta spp. along a depth gradient (Haukioja and Hakala
1974: Ghent et al. 1978; Hanson et al. 1988 Huebner et al.
1990). However, where ice is thick or the littoral zone is
exposed to high waves, clams may be absent from shallow
areas. In our study sites the ice cover during the winter 18
relatively thin (<30 cm) because of currents.

If prey of an intermediate size is preferred, faster growing
individuals are selected below the preferred age and slower
growing individuals above the preferred age. In our analysis
by age, this may be observed as a decrease in the growth rate
of predated clams by age. Theoretically, if predation is
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}.;ig 4J Propomon {+ binomial SE) of clams predated in each size class at the four study sites (A. B, +

C, D). Lines depict expected frequencies of fited LOGIT models and indicate the shape of the contrast
ssed. The broken horizontai line represents the constant model. The constant model fits if predated clams
are not selected by size but chosen in refation to abundance of 2ach size class. The solid line represents
models with linear contrasts. The line is slightfy curvilinear because the expected frequencies cannot have
negative values. The linear modet fits if either farger fpositive slope) or smailer clams (negative slope) are
preferred o others. The broken curve represent models with quadratic contrasts. These contrasts were built
aroend the modal size class to test for preference for a particular clam size. See the text and Table 2 for

statistics and choice between models.
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intense enough, this kind of selection may ravour genotypes
ihat either grow siowly, and avoid predanon by being small.
or grow fast to a larpge size, thus mimimizmg the time during
which they are vulnerable o predation (Luning 1992: Black
1993). Both responses wouid require major alterations in the
growth pattern and life-history traits of Arodonra spp. In
Finland these clams live in calcium-pocor soft water, where
i substantial increase in growth rate is a physiologicaliv
demanding task. A decrease in growth rate would also lead
to & considerable decrease in lifeume reproductive output if
it does not occur simultzneously with an increase in longevity.

Predation may aiso select for certain types of behaviour.
Small ciams burrow in the sediment, so only the siphons are
exposed wher they are feeding. Recent studies have shown
that clams filter actively during darkness and are more often
closed in the morning (Englund and Heino 1994), Burrowed
individuals that are not fesding may be difficult to detect
visualiy. It muskrats are not able to find nonfeeding indi-
viduals burrowed in the sediment. selection may favour clam

45 50 55 80 65 70 75 80 85 90 85

Length (mm)

genotypes feeding at night and tending to spend mere time
burrowed in the sediment. Unfortunately. swudies of burrow-
ing depths and feeding behaviour of clams are scarce (but see
Amyot and Downing 1991; Englund and Heino 1994) and
are usvally not connected to the predation history of the
population under study.

As noted above, discussion of a putative genetic changs
in individual growth rates in response to muskrat predation
is relevant only if muskrat predation is intense cnough, and
if predation imposes a selection gradient on the growth rawe
of clums. However, the selection gradients we documented
were not consistent or clear (Fig. 3). Muskrats chose fast-
growing young individuals at three of the sites. for two of
which there were statistically significant age X predatior
interactions {Table 4. Fig. 3). Among old individuals thers
was no clear pamern, although there was a slight tendency
towards the predicted pattern (Fig, 5). The result was the
same if clam size was used as an index of growth. It is not
clear if precation is strong enough to lead o selection. @1ving
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rig. 5. Lenpth at 3 vears of age of living {7} and prodated clams (4) by age at the four study
stes (AL B, C. D). Values depict means % | standard error for all uge-classes that had more
\han three representatives in both groups. The circled age on the x axiy is the most preferred

qze class at that site.
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an advantage to genotypes with a specific growth pattern.
Hanson et al. (1989} approached this problem guantitaiively.
They documented a clear selection gradient for slower
growth, but after measuring the ntensity of predation they
ware, ay we are, reluctant to draw far-reaching evelutionary
conclusions about possible adaptive responses to predation.

To summarize. muskrats are efficient predators capabie of
changing the spatial distribution of their prey papulation,
However, predation is most intense close to the shore, thus
releasing part of the clam population from the risk of preda-
tion. Muskrats chose their prey by size, but aot necessarily
similarly at each site. Predation may cause selection on the
srowth rate of clams, but it is not ciear whether predation s
strong enough to lead to genetic changes in the prey popula-
tion. Muskrat predation on clams would make an excellent
study system for optimal foraging theory. The foraging
behaviour, time budget, and energetics of muskrats in rela-
tion to the spatial and demographic structure of the exploited
clam population are worth further studies.

Acknowledgements

We thank the staff of Konnevesi Research Station for gencr-
ous assistance during the field and laboratory work. LML
Hanson, E. Haukioja, E. Korpimiki, K. Lehtild, and three
anonymous reviewers gave valuabie comments on the

57 8 8 101112

Age {years)

manuscript. This study was financed by the Finnish Game
Management Foundation and the Emil Aaltonen Foundation
(3.3

Referances

Amyot, ].P., and Downing, LA £991. Endobenthic and epibenthic 4
distribution of the unionid moliuse Elliptio complanaia. I Nerth
Am. Benthol. Soc. 10: 280283

Black. A.R. 19%3. Predator-induced phenotypic  plasticity in
Daphnia pulex—life history and morphological responses 1o
Notonecta and Chaoborus. Limnol. Oceanogr. 38: 986996,

Convey, L.E.. Hanson, 3.M.. and Mackay, W.C. 1989, Size-
selective predation on unionid clams by muskrats. J. Wildl. "‘%"’
Manage. 53: 654 —657.

Cummins, C.W. 1966. A review of sueam ecology with special
emphasis on organtsm —subsirate refationships, Spec. Publ,
Pymaruning Lab. Ecol. No. . pp. 251,

Englund. V., and Heino, M. 1994. Valve movement of dnodonta %‘S
nating and Ui tumidus (Bivalvia, Unionidae) in a eutrophic /"
lake. Ann, Zool, Fenn. 31: 257-262.

Festa-Bianchet, M. 1989, Individual differences, parasites, and the
costs of reproduction for bighorn ewes (Ovis canadensis}.

J. Anim. Feol. 38: 7835793,

Ghent, A.W., Singer. R., and Johnson-Singer. L. 1978, Depth
distributions determined with SCUBA, and associated studies of ¥
the freshwater unionid clams Elliprio complanata and Anodonia



H#

1094

~ grandis in Lake Bernard, Ontario. Can. J. Zool. 56: 1654~
1663.

Gotceitas, V., and Colgan, P. 1989, Predator foraging success and
habitat compiexity: quantitative test of the threshold hypothesis.
Oeccologia, §6: 158166,

Hanson, J.M., Mackay, W.C., and Prepas, E.E. 1988, The effects
of water depth and density on the growth of a untonid clam.
Freshwater Biol. 19: 345355,

Hanson, J.M., Mackay, W.C., and Prepas, E.E. 1989, Effect of
size-selective predation by muskrats (Ondatra zebithicus) on a
poptiation of unionid clams (Anedonta grandis simpsoniang).
1. Anim, Ecol. 58: 15-28.

Hansson, L., and Henttores, H. 1985. Gradient in density variation
of small mammais: the impact of lattude and snow cover.
Oecologia, 67: 394 ~402.

Hansson, L., and Henttonen, H. 1988. Rodent dynamics as a
community process. Trends. Ecol. Evel. 3: 193200,

Haukioja, E., and Hakala, T. 1974. Vertical distribution of fresh-
water mussels (Pelecypoda, Untonidae) in southwestern Finland.
Ann. Zool. Fenn. 11: 127130

Haukioja, E., and Hakala, T. 1978aq. Life-history evoluton in
Anodonta piscinalis {Mollusca, Pelecypoda), Oecologia, 35
253-266.

Haukioja, E., and Hakala, T. 1978b. Measuring growth from shell
rings in populations of Anodonta piscinalis (Pelecypoda, Union-
idae). Ann. Zool, Fenn. 15: 60—65.

Hijdlten, §. 1991. Muskrat {Ondatra zibethica) territoriality. and the
impact of territorial choice on reproduction and predation risk.
Ann. Zool. Fenn. 28: 15-21.

Huebner, 1.D., Malley. D.F.. and Depkersloot, K. 1990. Popula-
tion ecology of the freshwater musse! Anodeonta grandis in a Pre-
cambrian Shield lake. Can. §. Zool. 68; 1931 1941,

Laurie, W.A., and Brown, D. 1990, Population biology of marine
iguanas {Amblyrhvackus crisiarus). 11, Factors affecting sur-
vival. J. Amm. Ecol. 3% 5453568,

Luning, J. 1992. Phenotypic plasticity of Daphtnia pufex in the pres-
ence of invertebrate predators— morphological and life history
responses, Oecologia, 92: 383-390.

Marinelli, L., and Messier, G. 1993. Space use and the social sys-
tem of muskrats. Can. J. Zooi. T1: 369875,

Messier, F., Virgil, J.A.. and Marinelli, L. 1990 Density-
dependent habitat selection in muskrats: a test of the ideal free
distribution. Oecclogia. 84: 380385,

Murtaugh, P.A. 1988. Use of logistic regression in modelling prev
selection by Neomvsis mercedis. Ecol. Modell. 43: 225233,

Neves, R.J., and Cdom. M.C, 1989, Muskrat predation on cadan-
gered freshwater mussels n Virginia. J. Wildl. Manage. 53
934041,

Can. 4 Zool Vol 73, 1985

Norusis, M.J. 1990, SPSS advanced statistucs user’s guide. SPSS,
Inc., Chicago.

COrians. G.H., and Pearson, N.E. 1979. On the theory of central
place foraging. fn Analysis of ecological systems. Ldired by
D.J. Horm, R.D. Mitchell, and G.R. Stairs. Ohio State Univer-
sity Press, Columbus. pp. 154177,

, Pekkarinen, M. 1991. Annual ring formation in some unionacean

shells in the River Vantaanjoki {(southern Finland), Bivalve Stud,
Finl. 1: 10-19.

Preis, A., Lewandowski, K., and Stnczykowska-Piotrowska. A,
1990, Size-selective predation by roach (Rurifus rutifus) on
zebra mussel (Dreissena polymorphay: field studies. Oecologia,
83: 378384,

Ramcharan, C.W., Dodson, S.1., and Lee, J. 1992 Predation risk,
prey behavior, and feeding rate in Daphnia pulex. Can. 1. Fish.
Aquat. Sci, 49 159165,

Reichholf. I. 1975, Zur Nahrungsdkelogie der Bisamratte (Ondarra 4,
dberhica, Rodennia, Microtinae) am unteren Inn. Faun. Oekol. s
Mitt. 5 1-9.

Reznick, D.A.. Bryga, H., and Endler, 3.A. 1990. Experimentally
induced lfe-history evolution in a natural population. Nature
{London), 346: 3573359,

Rebles. €., Sweetnam, D.. and Eminike. J. 1990. Lobster preda-
tion on mussels: shore-level differences in prey vuinerability and
predator preference. Ecology, 710 1564 1577,

Salonen. V., and Penitinen, A. 1988, Factors affecting nest preda-
tion in the Great Grested Grebe: field observations. experiments
and their statistical analysis. Ornis Fenn. 65: 13-20. )

Spitze. K. 1992, Predator-mediated plasticity of prey life history
and morphology — Chaokorus americanus predation on Daphnia
pulex. Am. Nat. 139: 226247,

Sieen. H., Yoccoz. N.G., and Ims. R.A. 1990, Predators and small
rodent cycles: an analysis of a 79-year ume series of small
rodent population fluctuations. Otkos, 59 115 ~120,

Stephens, D.W., and Krebs, J.R. 1986, Foraging theory. Princeton
University Press. Princeton, N.J.

Stibor. H. 1992. Predator induced life-history shifts in a freshwater
cladoceran, Oecologia. 92: 162 — 165,

Straver, D.L.. and Ralley. J. 1993, Microhabitar use by an assem-
blage of stream-dwelling unionaceans (Bivalvia), including 2
rare species of Alasmidonia. J. North Am. Benthol. Soc. 12
247 =258,

Van Cleave, H.J. 1940, Ten vears of observation of a fresh-water
mussel population. Ecology. 21: 363-370.

Ward. D. 1991, The size selection of clams by african black oyster-
cateners and kelp gulis. Ecology, 720 513-522.

Zaret, T.M. 1980. Predation and freshwater communities. Yale
University Press, New Haven and Lendon.




