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Abstract  Laboratory experiments were performed to 
quantify the combined effects of food abundance (low, 
high) and predation threat, imposed using a model fish 
(safe, risky) on fitness correlates (i.e. growth, time to 
emergence, adult body mass, fecundity, egg size) of the 
mayfly Baetis tricaudatus. These effects were deter- 
mined by rearing larvae under different combinations of 
food abundance and predator threat. Fitness correlates 
were significantly affected by food abundance, preda- 
tion threat or the interaction of these factors. High food 
abundance and the absence of predation threat signifi- 
cantly increased larval growth rates, adult body mass, 
fecundity, egg size, and decreased time to emergence. 
Long-term effects of predator threat and food abundance 
on fitness correlates of B. tricaudatus were compared to 
previously conducted short-term patch choice trials to 
test for concordance between short-term measures of 
patch choice and their potential longer-term fitness con- 
sequences. This comparison indicated that patches that 
were utilized the most were those that yielded the high- 
est fitness benefits. These results suggest that behav- 
ioural costs of balancing mortality risk due to predation 
against food acquisition by B. tricaudatus can have 
strong fitness consequences. 
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Introduction 

Foragers are thought to routinely balance the conflicting 
demands of adopting one behaviour against the costs and 
benefits of adopting others (Stephens and Krebs 1986; 
Dill 1987; Dudley et al. 1990; Lima and Dill 1990; Lud- 
wig and Rowe 1990). When foragers trade off the bene- 
fits of food ingestion against the costs of mortality risk 
due to predation, in terms of feeding patch selection, in- 
dividuals should select patch types that yield the highest 
fitness benefits (Cooper 1984; Dill 1987; Gilliam and 
Fraser 1987; Abrahams and Dill 1989; Nonacs and Dill 
1990). The majority of studies examining the risk of 
mortality versus resource acquisition dilemma have used 
short-term experiments, often conducted over several 
hours, to describe forager responses to spatial variation 
in food abundance and predation risk (see reviews by 
Stephens and Krebs 1986; Dill 1987; Lima and Dill 
1990). The results from these short-term studies are then 
compared to an a priori outcome which is considered op- 
timal. Despite the importance of linking short-term for- 
aging behaviours to fitness, few studies have determined 
this relationship or quantified the costs and benefits of 
selecting patches which vary in both resource abundance 
and mortality risk due to predation (Werner and Hall 
1988; Nonacs and Dill 1990; Blanckenhorn 1991; Scrim- 
geour and Culp 1994). 

Quantifying the fitness benefits of foraging patch se- 
lectivity can be accomplished by performing short-term 
patch choice trials to identify individual patch preferenc- 
es, followed by long-term studies in which individuals 
are reared under fixed combinations of predation risk 
and food abundance. For instance, Blanckenhorn (1991) 
used this approach to determine fitness benefits of water 
striders, Gerris remigis, selecting patches that differed 
solely in prey abundance. When provided with two prey 
patches differing in the density of Drosophila prey, ger- 
rids selected high prey density patches. Individuals 
reared in high prey density patches grew more rapidly 
compared with those reared in low prey abundance 
patches. While this example indicates concordance be- 
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tween  shor t - te rm patch choice  and fi tness in a re la t ive ly  
s imple  scenar io  (i.e. spat ial  var ia t ion  in prey  abundance) ,  
f i tness consequences  assoc ia ted  with  more  complex  sce- 
narios,  such as the case  where  foragers  mus t  ba lance  the 
conf l ic t ing  demands  of  food  acquis i t ion  and preda tor  
avoidance,  are not  wel l  unders tood.  

The  lot ic  food -web  cons is t ing  o f  per iphyt ic  algae,  
mayf ly  larvae  of  Baetis tricaudatus Dodds  and the 
longnose  dace fish preda tor  Rhinichthys cataractae 
(Valenciennes)  p rovides  a useful  sys tem to empi r i ca l ly  
de te rmine  the fi tness benef i ts  of  pa tch  choice  selection.  
M a y f l y  larvae graze  upper  stone surfaces inges t ing  algal  
and assoc ia ted  par t icula te  mater ia l  (Sc r imgeour  et al. 
1991; Culp and Sc r imgeour  1993). W h i l e  the dura t ion of  
the feeding  pe r iod  is s ize-dependent ,  both  smal l  and 
large larvae  feed dur ing the hours  o f  darkness  (Culp and 
Sc r imgeour  1993). Feed ing  on exposed  surfaces during 
the night  makes  them vulnerab le  to a nocturnal  minnow, 
the longnose  dace  (Culp 1989; Culp et al. 1991). Previ-  
ous ly  comple t ed  patch choice  exper iments  indicate  that 
B. tricaudatus la rvae  p rov ided  with s imul taneous  access 
to feeding  patches  that var ied  in p reda t ion  r isk  accord ing  
to the presence  of  a l ive fish (safe, r isky),  and food abun- 
dance (low, high),  spent  the ma jo r i ty  of  t ime in safe, 
h igh- food  patches.  Decreas ing  amounts  of  t ime were  
spent  in s a f e ,  l ow- food  patches,  risky, h igh- food  patches  
and risky, l ow- food  patches,  respect ive ly  (Sc r imgeour  et 
al. 1994b). F o o d  inges t ion  rates were  also highest  in safe 
c o m p a r e d  to risky, and in high food c o m p a r e d  to low- 
food patches ,  respec t ive ly  (Sc r imgeour  1992; Sc r imge-  
our et al. 1994b). These  resul ts  suggest  that select ion o f  
safe versus r isky and h igh  versus low food  patches  
should  have strong fi tness consequences .  

In the present  s tudy we des igned  an exper imen t  based  
on the resul ts  f rom these shor t - term patch choice  trials to 
test  the hypo theses  that: (1) fi tness correlates  o f  a lot ic  
mayf ly  B. tricaudatus are affected by  preda tor  threat  and 
food abundance,  and (2) patches  se lec ted  dur ing short-  
term patch  choice  trials are those that y ie ld  the h ighest  
f i tness benefi ts  (i.e. concordance  be tween  shor t - term 
patch choice  dec is ions  and fitness consequences) .  These  
hypo theses  were  tes ted  by  rear ing  larvae  under  different  
combina t ions  o f  p reda tor  threat,  us ing a mode l  predator ,  
and food abundance  and measur ing  larval  growth rates,  
t ime to emergence ,  adul t  body  mass,  fecundi ty  and egg 
size. 

Material and Methods 

Study animals and experimental design 

Mayfly larvae (body lengtht Y_+l SE=2.8_+0.01 mm) were collect- 
ed from the Bow River, Alberta, Canada (51 ~ 03' N, 114 ~ 03' W) 
between 1 to 7 April 1990 and reared in small, circular Plexiglas 
streams (i.e microcosms, volume=0.25 1, planar area=50 c m  2) with 
recirculating filtered, aerated water (Scrimgeour et al. 1994a). Wa- 
ter was pumped into each stream from one of two large (>500 1) 
reservoirs: Water temperature (day:night=14:10~ and light 
(day:night=12:12 h) was cycled on a diel basis. The bottom of 
each stream was covered with a single layer of 4 mm glass beads 

to serve as a substratum, and five rectangular plexiglas blocks 
(3x2• 1 cm) provided feeding patches. Feeding patches were ele- 
vated above the stream bottom on smaller plexiglas blocks ( l x l x l  
cm). Previous observations showed that B. tricaudatus feed pri- 
marily on these feeding patches with little time spent grazing glass 
beads (G.J. Scrimgeour, unpublished data). 

The experiment represented a two-factorial design with food 
abundance [i.e. algal biomass=low (L), high (H)] and predator 
threat [safe (S), risky (R)] as factors. Groups of ten larvae were 
reared in each of eight replicate streams representing each combi- 
nation of predation threat and food abundance (i.e. LS, HS, LR, 
HR). Although each stream contained ten larvae, streams were 
treated as replicates by creating a mean for each response variable 
based on all larvae present in an indvidual stream. Thus, each 
combination of food abundance and predator threat was replicated 
eight times. Lastly, replicate streams, within the food abundance 
treatment, were randomly positioned on two large tables to ensure 
that treatment effects could not be attributed to stream position ef- 
fects. 

Two levels of food abundance (i.e. algal biomass) were estab- 
lished by adding phosphorus, as KHzPO 4, into one reservoir but 
not the other. After the addition of nutrients, each stream was in- 
oculated with a 50 ml volume of algal stock, consisting predomi- 
nantly of the diatoms of NavicuIa, Gomphonema and Nitschia spe- 
cies, which has been scraped from upper surfaces of stones from 
the Bow River on 26 March 1990. Algal growth in streams receiv- 
ing water from the high nutrient reservoir increased rapidly com- 
pared to streams that received water from the low nutrient reser- 
voir. Differences in algal biomass among streams receiving low 
and high nutrient water produced two significantly different algal 
biomasses on upper surfaces of feeding substrata after 2 weeks 
[low food abundance=0.10 mg dry mass (DM)/cm 2, high food 
abundance=l.10 mg DM/cm2]. An initial set of feeding trials (de- 
scribed in Scrimgeour 1992) showed that small B. tricaudatus 
(~-_+1 SE=3.03_+0.3 mm) achieved a mean (~_+1 SE) food intake of 
0.04+0.005 mg DM/h in feeding patches with a diatom biomass of 
1.10 mg DM/cm% This feeding rate was significantly higher (t-test 
on log10 transformed data: t=4.41, P<0.05) than food intake 
(0.01_+0.002 mg DM/h) on low algal biomass substrata (0.10 mg 
DM/cmZ). These rates of food intake are similar to those achieved 
on natural stones from the Bow River (Scrimgeour 1992). 

Algal biomass on Plexiglas substrata in each stream was moni- 
tored throughout the trials by randomly removing two 16 mm 2 ar- 
eas from two substratum in each stream at weekly intervals. Algal 
scrapings were dried at 40 ~ C for 2 days and weighed to the near- 
est 0.001 mg to estimate biomass. Previous algal growth experi- 
ments in small streams indicated that algal biomass increases 
through time (G.J. Scrimgeour, unpublished data). A small propor- 
tion of this material enters the water column, eventually clogging 
the central outflow column causing water to overflow and, if left 
unattended, resulting in the emigration of mayfly larvae. To over- 
come this problem, and to maintain initial low and high food 
abundance levels, algae on upper surfaces of feeding patches were 
reduced by gently brushing surfaces with a stout brush. 

Predation threat on B. tricaudatus was imposed using a model 
R. cataractae that had been dried, attached to a 15-cm piece of 
wire and covered with a thin plastic film. The threat of predation 
was imposed on B. tricaudatus by moving the model across the 
substratum 6 times during the dark period (i.e. once every 1.5 h. 
On each occasion, the model was moved in an upstream direction 
at a velocity of 0.70 cm/s to resemble probing and rooting forag- 
ing behaviours (Beers and Culp 1990). Because mayfly larvae of 
B. tricaudatus display strong anti-predator responses to the preda- 
tor model which closely resemble those displayed to live R. catar- 
actae, we have assumed that mayfly larvae perceive the model as 
an indicator of impending mortality risk due to predation. In the 
majority of cases larvae respond to the model by entering the drift, 
presumably after recognition of hydrodynamic cues, rather than 
coming into direct contact with the model (Scrimgeour et al. 
1994a, 1994b; G.J. Scrimgeour, unpublished observations). 

Our experimental design was based on testing for sub-lethal ef- 
fects of predator threat on fitness correlates. While the experiment 
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does not test for effects of predators on larval survival, our results 
from previous experiments indicate that the movement of the R. 
cataractae model through streams results in significant increases 
in drift and the movement of mayfly larvae to the undersurfaces of 
substrata, which could be associated with a latency period accom- 
panied with reduced food intake rates (Scrimgeour et al. 1994a). 

Measurement of fitness correlates 

Larval growth rates were estimated by removing larvae at weekly 
intervals from each stream, placing them in a petri dish and mea- 
suring total body length (posterior of abdomen to anterior of head) 
under 12x magnification. After measurement, larvae were returned 
to their respective stream. Removal of larvae and their measure- 
ment took less than 20 sec per individual. Larval mortality during 
the entire experimental period (i.e. 4-9 week period) was approxi- 
mately 15% and did not vary appreciably among treatments 
(range= 12-18% mortality). 

Larvae were reared in streams under one of the fixed combina- 
tions of predation threat and food abundance until emergence as 
adults. Fine mesh netting (mesh size=2 ram) was secured over the 
tops of streams to ensure that adults could be collected and identi- 
fied as originating from a particular stream. Adult B. tricaudatus 
undergo two moults (i.e. sub-imago and imago stages) before be- 
coming sexually mature, and the relationship between adult length 
and egg size can change during this period (Clifford 1970). We 
standardized the developmental stage of mayfly adults by ensuring 
that all adults had completed their second moult before they were 
preserved in formalin. The presence of adults was checked daily 
and adults were preserved in individual vials containing 10% for- 
malin for 2 days. After this period adult males were dried at 40 ~ C 
for 2 days to determine biomass. Adult females were removed 
from the formalin solution after 2 days and all eggs from the tho- 
racic and abdominal cavities removed under 25x magnification to 
determine fecundity. 

Removal of eggs under high magnification ensured that chor- 
ionic material could be separated from the eggs. We calculated the 
mass of all eggs, and the mass of chorionic material combined 
with the remaining viscera, by drying each separately and combin- 
ing these weights to estimate total female mass. Mean egg size 
(i.e. egg dry mass) for each female was calculated by dividing the 
dry mass of all eggs by fecundity. 

Statistical analyses 

A two factor ANCOVA with food abundance (low, high), preda- 
tion threat (safe, risky) as factors, and time as the covariate was 
used to determine whether initial algal biomass levels (i.e. low al- 
gal biomass=0.10 mg DM cm 2, high algal biomass=l.10 mg DM 
cm 2) remained constant through time in low-food versus high-food 
streams. An ANCOVA design was also used to test the hypothesis 
that larval size was not significantly affeted by predation risk, food 
abundance, time and the interaction of these factors. The hypothe- 
ses that time to emergence, adult body mass, fecundity and egg 
size were affected by predation threat, food abundance and the in- 
teraction of these factors were tested with a two-factor ANOVA. 
Where appropriate, data were transformed to meet assumptions of 
ANCOVA and ANOVA analyses. Comparisons of slopes of ANC- 
OVA designs were compared using orthogonal contrasts and main 
treatment effects from ANOVA comparisons were identified using 
Tukey's multiple range test. All statistical analyses were per- 
formed within SAS (SAS 1988). 

R e s u l t s  

Growth rates o f  larvae were significantly affected by the 
interaction between time, food abundance and predation 
threat (ANCOVA: F(1,223)=7.63, P<0.01;  Fig. 1). Corn- 
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Fig. 1 Effects of predation threat (safe, risky) and prey abundance 
(low, high) on mean larval growth rates (X+SE) of Baetis 
tricaudatus. Symbols represent larvae reared under different com- 
binations of predation risk and prey abundance: �9 safe, high food, 
�9 safe, low food, �9 risky, high food, �9 risky, low food 

parison of  logi0 growth trajectories indicated that, with 
one exception, the slopes of  all lines were significantly 
different f rom each other (P<0.0001).  In contrast to all 
other comparisons,  there was no significant difference 
between growth rates of  individuals reared in risky, low- 
food streams and risky, h igh-food streams. Growth rates 
were typically highest  when larvae were reared in safe, 
h igh-food streams, exceeding those reared in safe, low- 
food streams. Larval growth rates were even lower in 
risky, h igh-food streams and risky, low-food streams. 
Food abundance,  measured as algal biomass,  was signifi- 
cantly greater (ANCOVA: /7(1,223)=527.85, P<0.001)  in 
h igh-food streams (overall ~_+1 SE=I .10+0 .04  mg cm 2) 
than in low-food streams (0.10+0.004 mg  cm 2) through- 
out the experiment.  Because algal biomass (i.e. food 
abundance) in streams was not significantly affected by 
predation threat, time, or the interactions o f  these factors 
(P>0.05),  initial differences in food abundance between 
high-food streams and low-food streams remained con- 
stant throughout  the experimental period. 

Mean time of  larvae to emergence (Table 1) was sig- 
nificantly affected by predator threat (males: 
F(t,3~)=121.7, P<0.0001;  females: F(t,30=110.69, 
P<0.001)  and food abundance (males: F0,31)=8.08, 
P<0.01;  females: F0,31)=7.36, P<0.001),  whereas the in- 
teraction of  these terms were not significant (males: 
F031)=0.10, P>0.05;  females: F(1,31)=2.23, P>0.05).  
Tukey ' s  multiple range test on main effects indicated 
time to emergence was significantly l o w e r  when larvae 
were reared in safe versus risky and high-food versus 
low-food streams. 

Mean body  mass o f  adults (Table 2) was significantly 
affected by predation threat (males: F(13~)=14.48, 
P<0.05;  females: F0,31)=42.66, P<0.001)  and rood abun- 
dance (males: F(1,31)=4.54, P<0.05;  females: 
F0,31)=13.93, P<0.001),  whereas the interaction o f  these 
terms was not significant (males: F(1.31)=0.02, P<0.05;  
females: F(1,31)=0.07, P<0.05).  Male and female body 



Table l Comparison of mean time to adult (days) (~_+SE) for 
male and female Baetis triacudatus when reared in safe or risky 
conditions with low or high food abundance 

Safe Risky 

Male 
Low food 32.96+_1.51 52.01-+1.86 
High food 27.35_+1.39 47.51_+2.23 
Female 
Low food 34.29-+1.30 50.60-+2.00 
High food 26.69-+ 1 . 1 0  48.40_+2.49 

Table 2 Comparison of mean (~_+SE) adult mass (mg dry mass) 
for male and female Baetis triacudatus when reared in safe or 
risky conditions with low or high food abundance 

Female Safe Risky 

Male 
Low food 1.10_+0.078 0.77_+0.042 
High food 1.30_+0.113 0.95_+0.108 
Female 
Low food 1.49_+0.093 0.93_+0.094 
High food 1.83_+0.086 1.24_+0.076 

Table 3 Comparison of mean (~-+SE) fecundity and egg size 
(mgxl0 5 dry mass) of Baetis triacudatus when reared in safe or 
risky conditions with low and high food abundance 

Safe Risky 

Fecundity 
Low food 700.18_+57.52 442.59+42.24 
High food 993.77+61.07 332.42_+62.54 
Egg size 
Low food 67.74_+3.23 55.78_+1.24 
High food 81.17+_2.69 50.94_+3.15 
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Fig. 2 Relationship between fecundity and body mass for Baetis 
tricaudatus reared in laboratory streams under different predation 
risk (safe, risky) and prey abundance (low, high) regimes 
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Fig. 3 Linear regression of egg size (xl0 5) versus fecundity for 
Baetis tricaudatus reared in laboratory streams under different 
combinations of predation risk and prey abundance 

mass was significantly higher when reared in safe versus 
risky streams and in high-food versus low-food streams 
(Tukey's multiple range test: P<0.05). 

Mean female fecundity was significantly affected by 
food abundance (F0,31)=10.48, P<0.05), predation threat 
(F(1,31)=66.94, P<0.05) and the interaction of these fac- 
tors (F0,31)=5.75, P<0.05; Table 3). The significant inter- 
action arises because females reared in safe, high-food 
streams were, on average, 3 times more fecund than in 
risky, high-food streams, but only 1.5 times more fecund 
in safe, low-food streams than in risky, low-food 
streams. Differences in fecundity are not surprising be- 
cause of the positive relationship between fecundity and 
body mass (Fig. 2). This relationship is defined as: fe- 
cundity=50.36+426.38 body mass (rag DM) 
(F(1,3l)=19.31, P<0.01, r2=0.39). 

Mean egg size was significantly affected by predation 
threat (ANOVA: F(],31)=306.45, P<0.001), food abun- 
dance (F0,31)=36.64, P<0.001) and the interaction of 
these factors (F0,31)=124.08, P<0.001; Table 3). The sig- 
nificant interaction probably arises because females from 

safe, high-food streams produced substantially larger 
eggs than those from other stream types. Linear regres- 
sion indicated that egg size (x l0  -5) was significantly re- 
lated to fecundity [egg size (mg DM)=39.23+0.039 fe- 
cundity, F0,31)=46.51, P<0.001, r2=0.60] (Fig. 3). 

Discussion 

Foragers are thought to face behavioural trade-offs when 
adopting one behaviour affects the costs and benefits of 
others (Stephens and Krebs 1986; Dill 1987; Dudley et 
al. 1990; Lima and Dill 1990; Ludwig and Rowe 1990). 
For instance, when feeding patches differ in both the 
abundance of food and in mortality risk due to predation, 
foragers should select patch types that yield the highest 
fitness benefits (Cooper 1984; Dill 1987; Gilliam and 
Fraser 1987; Abrahams and Dill 1989; Nonacs and Dill 
1990). 

We quantified fitness consequences of foraging patch 
selection by the lotic mayfly B. t r i caudatus  by compar- 



132 

ing larval growth and subsequent adult body characteris- 
tics after rearing larvae in streams under different re- 
gimes of food abundance and predator threat. Results 
from these long-term experiments were compared with 
short-term (1 h) patch choice experiments where larvae 
had simultaneous access to feeding patches that differed 
in predation risk (using a live fish) and food abundance. 
When short-term patch use patterns were ranked from 
high to low, time spent in a particular patch decreased 
from safe, high-food patches to safe, low-food patches, 
risky, high-food patches and risky, low-food patches, re- 
spectively (Scrimgeour 1992; Scrimgeour et al. 1994b). 
If short-term patch selection patterns are concordant with 
long-term fitness consequences, then fitness benefits in 
safe, high-food patches should exceed those of safe, low- 
food patches. Furthermore, time spent in risky, high-food 
patches should exceed that in risky, low-food patches. 

Our results from laboratory experiments indicated 
that fitness correlates were significantly affected by food 
abundance, predation threat or the interaction of these 
factors. In fact, B. tricaudatus larvae grew more rapidly, 
emerged into adults more quickly, and attained a larger 
mean body mass in streams that contained high food 
abundance compared to low food abundance, and in safe 
compared to risky streams. Further, females displayed 
higher fecundity and produced larger eggs when reared 
in streams that contained high food abundance compared 
to that attained in low-food streams, and in safe com- 
pared with risky streams. In several cases fitness corre- 
lates (i.e. fecundity, egg size) were significantly affected 
by the interaction between food abundance and predator 
threat. However, in each case, fitness consequences were 
higher in the safe, high-food streams than in all other 
stream types. 

Predators affect prey life history characteristics by al- 
tering growth rates, adult body size and timing and allo- 
cation of reproductive effort (Dixon and Baker 1988; 
Crowl and Covich 1990; Feltmate and Williams 1991; 
Rowe and Ludwig 1991; Skelly 1991; Peckarsky et al. 
1993). One of the most striking results of our study was 
that predation threat imposed with a predator model sig- 
nificantly decreased B. tricaudatus larval growth, adult 
mass, fecundity and egg mass, and increased time to 
emergence (i.e. time of larvae to adult). While it is wide- 
ly appreciated that the inability to avoid a predator can 
dramatically reduce fitness due to death, few studies 
have quantified the sub-lethal effects of predator intimi- 
dation on fitness. Those that have quantified sub-lethal 
fitness effects of predators indicate that they can be high 
(Crowl and Covich 1990; Flecker 1992; Macchiusi and 
Baker 1992; Peckarsky et al. 1993). Our results, as well 
as those of other studies, further suggests that although 
predators can exert strong population effects on their 
prey due to prey mortality, sub-lethal effects associated 
with alterations in prey foraging behaviours can poten- 
tially be strong. Further data quantifying the effects of 
predators on their prey in field situations is clearly re- 
quired, but the results from Skelly (1991) and Feltmate 
and Williams (1991) in other systems suggest that fitness 

effects are unlikely to be an artifact of laboratory condi- 
tions. 

Studies on life history patterns of larval aquatic in- 
sects have demonstrated the importance of temperature 
and food quantity and quality on larval growth and body 
size characteristics of adults (Butler 1984; Sweeney 
1984; Hawkins 1986; Sweeney et al. 1986). The effect 
of predators on life history characteristics of aquatic in- 
sects is poorly understood, although the recent study by 
Feltmate and Williams (1991) is a notable exception. 
Using enclosures they found that exposure of the stone- 
fly, Paragnetina media, to rainbow trout, Oncorhynchus 
mykiss (Richardson), reduced larval size, adult condition 
and fecundity. Similarly, the presence of predatory 
pumpkinseed sunfish, Lepomis gibbosus, reduced the 
proportion of third and fourth instar chironomid larvae 
of Chironomus tentans that moulted (Macchiusi and 
Baker 1992). Our results indicate that predation threat, 
using a model R. cataractae, significantly reduced larval 
growth rates and significantly increased the length of 
time to emergence as adults. Reduced growth rates of 
larval B. tricaudatus is ecologically important for at 
least two reasons. First, since adults do not feed, adult 
body size is determined by foraging activities of the lar- 
vae. Second, because fecundity is positively related to 
body size, an increase in body mass increases adult fe- 
cundity (Butler 1984; Sweeney 1984; Sweeney et al. 
1986; Peckarsky et al. 1993). Reduced growth rates un- 
der low food and risky conditions is consistent with the 
contention that organisms mature at a larger size when 
growth is rapid and later at a smaller size when growth 
is slow (Stearns and Koella 1986), i.e. they adopt a slow 
life style (Sih 1987). 

Larger adult size is generally interpreted as selective- 
ly advantageous because of the positive correlation be- 
tween body size and fecundity. Furthermore, large adult 
body mass can potentially increase the competitive abili- 
ty of males to procure mates. The fact that male heptag- 
enid mayflies of Epeorus longimanus collected from 
mating pairs were significantly larger than those collect- 
ed randomly from mating swarms suggests a benefit of 
increased body size (Flecker et al. 1988). 

The relationship between egg size and fecundity has 
been addressed from both theoretical and empirical per- 
spectives (Lloyd 1987; Godfray and Parker 1991). The 
nature of this trade-off is linked to balancing the benefits 
of producing fewer, but potentially fitter offspring (i.e. 
larger offspring from larger eggs), against producing 
more, but potentially less fit offspring (i.e. smaller off- 
spring from small eggs). For animals of different sizes, 
egg size can be negatively related (Ware 1975; Sinervo 
and Licht !991), unrelated (Duncan 1987; Bradford and 
Stephenson 1992) or positively related to egg number 
(Bradford and Stephenson 1992). 

Our experiments showed a significant, positive rela- 
tionship between egg size and fecundity for B. 
tricaudatus. Although few other studies quantified the 
relationship between egg size and fecundity for mayfly 
larvae, Clifford (1970) observed positive relationships 



between body size and fecundity and body size and egg 
size for the leptophlebid mayfly, Leptophlebia cupida. 
While Clifford did not show the relationship between 
egg size and fecundity, the strong non-linear relation- 
ships between egg size and body size suggest that egg 
size and fecundity were also likely positively related. As 
large eggs can only be produced by reducing fecundity, 
the positive relationship between egg size and fecundity 
for B. tricaudatus suggests that larger females are sacri- 
ficing fecundity to produce larger eggs. However, high 
fecundity, combined with the positive relationship be- 
tween fecundity and body size, suggests that the solution 
to the egg size versus fecundity trade-off by B. 
tricaudatus is dominated by producing very high num- 
bers of small eggs rather than low numbers of large eggs. 

In summary, the results of the present study have 
shown that short-term foraging decisions by the mayfly 
B. tricaudatus have long-term fitness consequences and 
that these consequences are concordant with those pre- 
dicted from short-term patch selectivity patterns. Com- 
parison of  rankings between time allocation patterns and 
fitness correlates were concordant with the predictions 
that fitness consequences in safe patches should exceed 
those in risky patches, and that fitness consequences in 
high food abundance patches should exceed those in low 
food abundance patches. While the combination of short- 
term behavioural experiments and long-term studies is 
useful to empirically determine the adaptive value of be- 
havioural trade-offs, the importance of such trade-offs to 
larger scale population and community characteristics re- 
quires field experimentation. 

Acknowledgements We thank Fred Wrona, Ron Davies, Kevin 
Cash, Malcolm McKee, Shelley Pruss, Nathan McLoughlin and 
two anonymous referees for valuable comments on the manu- 
script. Lawrence Harder and Dave Prescott assisted with statistical 
analysis, and Shelley Pruss and Rob Kershaw helped to complete 
laboratory experiments. This research was funded by support to 
G.J.S. from a Sir Izaak Walton Killam postgraduate scholarship 
and a Province of Alberta postgraduate scholarship and by grants 
to J.M.C. from the National Sciences and Engineering Research 
Council of Canada and from Environment Canada. 

References 

Abrahams MV, Dill LM (1989) A determination of the energetic 
equivalence of the risk of predation. Ecology 70:999-1007 

Beers CB, Culp JM (1990) Plasticity in foraging behavior of a lo- 
tic minnow (Rhinichthys camractae) in response to different 
light intensities. Can J Zool 68:101-105 

Blanckenhorn WV (1991) Fitness consequences of foraging suc- 
cess in water striders (Gerris emigis; Heteroptera:Gerridae). 
Behav Ecol 2:46-55 

Bradford RG, Stephenson RL (1992) Egg weight, fecundity, and 
gonad weight variability among Northwest Atlantic Herring 
(Clupa harengus) populations. Can J Fish Aquat Sci 
49:2045-2054 

Butler MG (1984) Life histories of aquatic insects. In: Resh VH, 
Rosenberg DM (eds) The ecology of aquatic insects. Praeger, 
New York, pp 24-55 

Clifford HF (1970) Analysis of a northern mayfly (Ephemeropt- 
era) population, with special reference to allometry of size. 
Can J Zoo1 48:305-316 

133 

Cooper SD (1984) The effect of trout on water striders in stream 
pools. Oecologia 63:376-379 

Crowl TA, Covich AP (1990) Predator-induced life-history shifts 
in a freshwater snail. Science 247:949-951 

Culp JM (1989) Nocturnally constrained foraging of a lotic min- 
now (Rhinichthys cataractae). Can J Zool 67:2008-2012 

Culp JM, Scrimgeour GJ (1993) Size-dependent diel foraging pe- 
riodicity of a mayfly grazer in streams with and without fish. 
Oikos 68:242-250 

Culp JM, Glozier NE, Scrimgeour GJ (1991) Reduction of preda- 
tion risk under the cover of darkness: avoidance responses of 
mayfly larvae to a benthic fish. Oecologia 85:163-169 

Dill LM (1987) Animal decision making and its ecological conse- 
quences: the future of aquatic ecology and behaviour. Can J 
Zool 65:803-811 

Dixon SM, Baker RL (1988) Effects of size on predation risk, be- 
havioural response to fish, and cost of reduced feeding in lar- 
val Ischnura verticaIis (Coenagrionidae:Odonata). Oecologia 
76:200-205 

Dudley TL, D'Antonio CM, Cooper SD (1990) Mechanisms and 
consequences of interspecific competition between competing 
stream insects. J Anita Ecol 59:849-866 

Duncan DC (1987) Variation and heritability in egg size of the 
Northern Pintail. Can J Zool 65:992-996 

Feltmate BW, Williams DD (1991) Evaluation of predator-induced 
stress on field populations of stoneflies (Plecoptera). Ecology 
72:1800-1806 

Flecker AS (1992) Fish predation and the evolution of diel drift 
periodicity in aquatic insects: evidence from neotropical 
streams. Ecology 73:438-448 

Flecker AS, Allan JD, McClintock NL (1988) Swarming and sex- 
ual selection in a Rocky Mountain mayfly. Holarctic Ecol 
11:280-285 

Gilliam JF, Fraser DF (1987) Habitat selection when foraging un- 
der predation hazard: a model and a test with stream-dwelling 
minnows. Ecology 68:1856-1862 

Godfray HCJ, Parker GA (1991) Clutch size, frecundity and par- 
ent-offspring conflict. Trans R Soc Zool Lond 332:67-79 

Hawkins CP (1986) Variation in individual growth rates and popu- 
lation densities of ephemerellid mayflies. Ecology 
67:1384-1395 

Lima SL, Dill LM (1990) Behavioral decisions made under the 
risk of predation. Can J Zool 68:619-640 

Lloyd DG (1987) Selection of offspring size at interdependence 
and other size-versus-number strategies. Am Nat 129:800-817 

Ludwig D, Rowe L (1990) Life-history strategies for energy gain 
and predator avoidance under time constraints. Am Nat 
135:686-707 

Macchiusi F, Baker RL (1992) Effects of predators and food avail- 
ability on activity and growth of Chironomus tentans (Chi- 
ronomidae: Diptera). Freshwat Biol 28:207-216 

Nonacs P, Dill LM (1990) Mortality risk vs. food quality trade- 
offs in a common currency: ant patch preferences. Ecology 
71:1886-1892 

Peckarsky BL, Cowan CA, Penton MA, Anderson C (1993) Suble- 
thal consequences of stream-dwelling predatory stoneflies on 
mayfly growth and fecundity. Ecology 74:1836-1846 

Rowe L, Ludwig D (1991) Size and timing of metamorphosis in 
complex life cycles: time constraints and variation. Ecology 
72:413-427 

SAS (1988) SAS/STAT users guide. Release 6.03 edition. SAS In- 
stitute, Cary, NC 

Scrimgeour GJ (1992) Foraging patch selection by the lotic may- 
fly Baetis tricaudatus. Ph.D. thesis, Department of Biological 
Sciences, University of Calgary, Alberta, Canada 

Scrimgeour GJ, Culp JM (1994) Foraging and evading predators: 
the effect of predator species on a behavioural trade-off by a 
lotic mayfly. Oikos 69:71-70 

Scrimgeour GJ, Culp JM, Bothwell ML, Wrona FJ, McKee MH 
(1991) Mechanisms of algal patch depletion: importance of 
consumptive and non-consumptive losses in mayfly diatom 
systems. Oecologia 85:343-348 



134 

Scrimgeour GJ, Culp JM, Cash KC (1994a) Anti-predator re- 
sponses of mayfly larvae to conspecific and predator stimuli. J 
N Am Benthol Soc 13:299-309 

Scrimgeour GJ, Culp J, Wrona FJ (1994b) Feeding while avoiding 
predators: evidence for a forager size-secific trade-off by a lo- 
tic mayfly. J N Am Benthol Soc 13:368-378 

Sih A (1987) Predators and prey lifestyles: an evolutionary and 
ecological overview. In: Kerfoot WC, Sih A (eds) Predation. 
University Press of New England, Hanover, NH, pp 203-224 

Sinervo B, Licht P (1991) Proximate constraints on the evolution 
of egg size, number, and total clutch mass in lizards. Science 
252:1300-1302 

Skelly DK (1991) Field evidence for a cost of behavioral antipre- 
dator response in a larval amphibian. Ecology 73:704-708 

Stearns SC, Koella JC (1986) The evolution of phenotypic plastic- 
ity in life-history traits: predictions of reaction norms for age 
and size at maturity. Evolution 40:893-913 

Stephens DW, Krebs JR (1986) Foraging theory. Princeton Univer- 
sity Press, Princeton, NJ 

Sweeney BW (1984) Factors influencing life-history patterns of 
aquatic insects. In: Resh VH, Rosenberg DM (eds) The ecolo- 
gy of aquatic insects. Praeger, New York, pp 56-100 

Sweeney BW, Vannote RL, Dodds PJ (1986) Effects of tempera- 
ture and food quality on growth and development of a mayfly, 
Leptophlebia intermedia. Can J Fish Aquat Sci 43:12-18 

Ware DM (1975) Relation between egg size, growth, and natural 
mortality of larval fish. J Fish Res Bd Can 32:2503-2512 

Werner EE, Hall DJ (1988) Ontogenetic habitat shifts in bluegills: 
the foraging rate-predation risk trade-off. Ecology 
69:1352-1366 


