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Interactions among adult demography,
spawning date, growth rate, predation,
overwinter mortality, and the recruitment
of largemouth bass in a northern lake

David M. Post, James F. Kitchell, and James R. Hodgson

Abstract: Using 12 years of data, we evaluated the mechanisms controlling largemouthviasgterus salmoides
recruitment in a lake near the northern extent of the largemouth bass range. We found that complex interactions among
adult demographics, size-selective predation, and overwinter mortality regulate the number of largemouth bass
surviving the first year of life. The largest recruitment events required at least a moderate number of adults, but a large
number of adults was not sufficient to produce a large cohort of largemouth bass. Predation was controlled by the
number of both adult and juvenile bass and was not strongly correlated with reproductive output. Overwinter mortality
was size dependent, strongly affecting bass entering the winter at <50-60 mm in length, and likely the result of
starvation. Predation and overwinter mortality interacted with spawning date and growth rate to produce variable but
predictable patterns of first year survival. At high adult and juvenile densities, predation regulates first year survival.

At low adult and juvenile densities, first year survival was regulated by adult demographics and interactions among
spawning date, growth rates, and overwinter mortality. Although we can forecast coarse patterns of cohort survival, the
survival of individual fish was more difficult to predict because length and age were not highly correlated.

Résumé: A partir de données s'étalant sur 12 ans, nous avons évalué les mécanismes régissant le recrutement de
I'achigan a grande bouch#jicropterus salmoidesdans un lac situé prés de la partie septentrionale de l'aire de

répartition de ce poisson. Nous avons observé que des interactions complexes entre les paramétres démographiques des
adultes, la prédation selon la taille et la mortalité hivernale déterminent le nombre d’achigans qui survivent plus d’'un

an. Les recrutements les plus importants étaient obtenus quand il y avait au moins un nombre modéré d’adultes, mais

la présence d'un grand nombre d'adultes n’était pas suffisant pour produire une cohorte importante d’achigans. La
prédation était régie par le nombre d’adultes et de juvéniles et n’était pas fortement corrélée avec la production
génésique. La mortalité hivernale était fonction de la taille et touchait fortement les achigans dont la longueur au début
de I'hiver était de moins de 50 a 60 mm; elle était probablement attribuable a I'inanition. La prédation et la mortalité
hivernale étaient reliées a la date de fraye et au taux de croissance, d’'ou des profils de survie durant la premiere année
variables mais prévisibles. Quand les densités des adultes et des juvéniles étaient élevées, la prédation déterminait la
survie durant la premiére année. Quand ces densités étaient basses, la survie durant la premiére année était déterminée
par les caractéristiques démographiques des adultes et les interactions entre la date de fraye, les taux de croissance et
la mortalité hivernale. Bien que nous ayons pu prévoir les caractéristiques générales de la survie des cohortes, la survie
des individus était plus difficile a prévoir parce que la longueur et I'dge n’étaient pas fortement corrélés.

[Traduit par la Rédaction]

Introduction cult to quantify (e.g., Fogarty et al. 1991). Despite these
. . . . . . difficulties, the emerging paradigm is that recruitment is

_Fish recruitment is problematic for fish ecologists and eq jated by the interaction of density-dependent and
fisheries managers because it is inherently variable and d'ﬁ'aensity-independent mortality involving size-dependent pro-
cesses at early life history stages (e.g., Sissenwine 1984,
Houde 1987). For this reason, mechanistic studies focusing
Received October 9, 1996. Accepted September 11, 1998.  on survival of fish in their first days, weeks, and months of

J13693 life are critical to understanding recruitment variability
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Largemouth bass are well studied and provide an ideal sutsidered juveniles. All bass in the first year of life were considered
ject for studying how the interaction of density-dependentyoung-of-the-year (YOY). Population estimates of juvenile and
and density-independent mechanisms influence fish recruitdult bass were conducted in mid-May and mid-August of each
ment. Most individual mechanisms have been documented©ar using Petersen or Schnabel mark-recapture methods (Krebs

. . . 1 1989). Schnabel mark—-recapture estimates were used when multi-
but no _study' has yet integrated observations on multipl ple recapture events were possible. To minimize recapture bias,
mechanisms in a single system.

- . ; . . . marks and recaptures were conducted using a combination of an-
Multiple mecha_nlsms are likely to interact h|erarch|_cally gling and electroshocking. The mark for figi50 mm was their

to regulate recruitment. Adult demography strongly influ-individually numbered Floy tag and the mark for fish <150 mm
ences the number of eggs spawned and is the ultimate comas a clipped caudal fin. Annual population densities for juveniles
straint on recruitment potential. The number of largemouthand adults were calculated as the average of May and August pop-
bass that survive the first year of life, however, seldom corulation estimates.

relates strongly with the number of young spawned. Preda- Mark-recapture population estimates for YOY largemouth bass
tion during summer months and overwinter mortality arewere made in mid-August. Because angling was not possible for
considered common sources of mortality and likely con-_YOY bass, all marks and recaptures were _mad_e by electroshock-
strain recruitment through the first year of life. These IN9- The mark for YOY bass was a caudal fin clip. Standard error

sources of mortality are size selective and therefore interadSimates for YOY populations were estimated according to Krebs

ith ing dat d th rat " fact that 989). When mark—recapture population estimates were not avail-
with spawning date and growth rates, two Taclors that goVyp e the abundance of YOY largemouth bass was estimated from

ern size at age (e.g., Miller and Storck 1984). In generalihe rejationship between catch per unit effort and mark—recapture
rapid growth and large size reduce the risk of predatiorestimates from other years (population estimate = 8.3 - number
(e.g., Miller et al. 1988; Luecke et al. 1990) and lower thecaught — 156.7N = 7; R2 = 0.94). We used the standard error esti-
probability of overwinter mortality resulting from starvation mate for predicted values around the fitted regression for the stan-
(e.g., Oliver et al. 1979; Miranda and Hubbard 18p4 dard error of these population estimates (Draper and Smith 1981).
However, these constraints do not operate independentlyhe entire shoreline was sampled when electroshocking for popu-
Modeling efforts suggest that predation may interact ation estimates. Effort was the number of times that the entire lake
strongly with growth rates through a density-dependentVas shocked. _ _
growth response and therefore influence overwinter survival 1he ””mberhc’f. YOY_'a(;gemOUth bass at SW'”&'”F’ was estimated
(DeAngelis et al. 1991). Model results suggest that increasefS g WO techniques: direct nest counts and estimates recon-

dati di h which d i h ructed indirectly from predation estimates (Forney 1977). Nest
predation could increase growtn, which would increase t ©ount estimates were derived from the number of successful nests

probability of overwinter survival. While strongly sugges- ang an estimate of the average number of fry per nest (3000, range
tive, these results remain untested. 2000-7000; Scott and Crossman 1973). Nest surveys were con-
Here we evaluate the mechanisms influencing recruitmendiucted by underwater observation (snorkeling). Nest surveys were
of largemouth bass in a lake near the northern extent of theonducted in 1993-1995 from late May until all eggs had hatched
largemouth bass range. We show that the number of bas®d nest schools of fry were dispersed. The entire lake was sur-
surviving the first year of life results from complex interac- veyed once every 2-3 days. All nests were counted and the stage
tions among adult demography, spawning date,Of YOQOY largemouth bass development was recorded. The hatching

Afthe. ; ; ates of nests with eggs that hatched between observations were
young-of-the-year growth rates, predation, and oVerw'megorrected by 1-2 days based on developmental stage of fry. We de-

mortality. \We eSt'mat.e the major: sources Of. morta.“ty ar]dfined a successful nest as a nest that produced swim-up fry and a
test the theory that size-selective mortality differentially af- o<t school.

fects th_e survival of fish of d}ff(&_@ht ages. Our results. are \we sampled YOY largemouth bass throughout the summers of
placed in the context of both individual and cohort survival. 19931995 using dip nets and electroshocking. Samples were col-
Finally, we discuss the effects of largemouth bass recruittected by dip netting while nest schools persisted. After the schools
ment on long-term population dynamics, fish community dy-dispersed, YOY largemouth bass were sampled by electroshocking.
namics, and food web structure. YQOY largemouth bass between 15 and 25 mm TL were generally
not vulnerable to the combination of dip netting and electroshock-
ing. Fish longer than 25 mm were vulnerable to electroshocking

Methods and were sampled accordingly. All YOY largemouth bass were
] measured to the nearest 1 mm.
Study site Forney (1977) demonstrated that, when accurate predation esti-

Paul Lake is a small (1.7 ha, maximum depth 15.0 m), 0lig0-mates can be made, the number of YOY fish hatched can be
trophic lake located at the University of Notre Dame Environmen-¢|psely estimated by the cumulative number of YOY fish eaten
tal Research Center, Gogebic County, Michigan, U.S.A. Paul Lake|ys the number of YOY alive at that time. In Paul Lake, adult and
is located near the northern extent of the largemouth bass ranggyenile bass are the only important predators of YOY bass. Our
and largemouth bass dominate the fish community (>95% of theyredation estimates derive from whole-lake, mark—recapture popu-
fish biomass). This population of largemouth bass has been unution estimates for adult and juvenile bass, regular sampling to
manipulated and unexploited since it was established in 197@q|iect diet information, and a well-corroborated bioenergetics
(Leavitt et al. 1989). Paul Lake and its history are fully describedyqdel (Rice and Cochran 1998; Whitledge and Hayward 1997).

in Leavitt et al. (1989) and Carpenter and Kitchell (1993). Our cumulative predation estimates plus August mark—recapture
estimates are a good estimate of the number of YOY bass hatched
Fish population estimates in each year. There is a strong correlatiorn=(0.98) between esti-

All bass =150 mm in total length (TL) were marked with indi- mates of the number of YOY hatched (as derived from nest counts)
vidually numbered Floy tags. Fisht300 mm TL (4-5 years of age) and from predation estimates in 1993-1995. There is uncertainty
were considered reproductively mature adults (Scott and Crossmaaround this relationship because we have assumed an average num-
1973). Individuals <300 mm TL and at least 1 year old were con-ber of fry per nest and because there is error associated with our
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adult and juvenile population estimates. However, the range o¥OY largemouth bass in adult and juvenile diets to late August.
possible nest-count-based estimates and cumulative-predation esly holding everything except diet composition constant, maximum

mates overlap almost completely (see Table 2). potential predation represents the number of YOY largemouth bass
that could have been eaten in a summer had there been at least that
Diet information many YOY hatched. Dividing the number of YOY eaten by the

In 1984-1995 we collected diet data from adult and juven”emaximum potential predation provides a useful index of the inten-
largemouth bass to estimate predation on YOY bass. Diet dat§ty Of predation. When this index is low, adult and juvenile bass
were collected by angling and electroshocking. Samples wer&0Uld have eaten many more YOY than they did. When this index
taken each year between mid-May and late August at intervals of high (approaching 100%), adults and juveniles were eating as
2-3 weeks. Samples were collected between 0800 and 1130 h, afny YOY as they could. Because of uncertainty of our popula-
1600 and 2000 h. The mean sample size was 26 (SE = 1.2). Dieflon estimates and our estlmz_atea)fwe wou_ld not expect our esti-
were generally similar between morning and evening samples. Stgnates of predation and maximum potential predation to be equal.
tistical analysis of sample size and intra- and inter-sample diet e sampled in 1993 and 1994 to assess prey size selectivity by
variance are presented elsewhere (Hodgson and Cochran 1988dult and juvenile bass. A length frequency distribution of YOY
Hodgson et al. 1989). Stomach contents were flushed from thédfgemouth bass was collected from Paul Lake within a day of col-
stomach with water, collected in a 0.28 mm mesh concentrator, antcting adults and juveniles for diet analysis. We measured the TL
preserved in 95% ethyl alcohol. Diet collection techniques areP’ Standard length (SL; length from snout to the end of the verte-
fully described in Carpenter and Kitchell (1993). All diet items bral column) of all measurable fish found in adult and juvenile
were identified to the lowest relevant taxonomic group and enuStomachs. Standard lengths were converted to total length using
merated. Diets were analyzed as percent composition by wet madge relationship
using standardized weights for each prey item (Carpenter and TL = 1.19[8L-0.37

Kitchell 1993). (n=34,R2 =0.99,P < 0.01)

Predation estimates The total length of fish from diet samples preserved in 95% ethyl
Predation by adults and juveniles on YOY largemouth bass wasilcohol were corrected for shrinkage using the relationship

estimated using the bioenergetics approach of Kitchell et al. _

(1977), with largemouth bass parameters from Rice et al. (1983) TLg =1.070TLp-1.25

and Trebitz (1991). Modeling was conducted with the generalized (n=26,R?=0.97,P < 0.01)

fish bioenergetics software developed by Hewett and Johnson
(1992). Water temperatures for this model were from weekly tem-Where Tle was the fresh (unpres_erved) total length gnq:Was
e preserved total length. We did not correct for variable storage

erature profiles taken each year from May through September. .
gssumedpthat largemouth gass experie)r/med V\g/ater F;emperatur e because all preserved fish were measured after they had been
preserved for >1 year.

comparable with those recorded at a depth of 1 m. Adult and juvet We used the Kolmogorov—Smirnov test (Sokal and Rohlf 1981)

nile energy densities were assumed to be 1000 cal-g wet*?‘nassto test the null hypothesis that the length frequency distributions

(Hewett and Johnson 1992). from diet samples were the same as length frequency distributions
We quantified the relationship between adult and juvenile canni- P 9 q y

balism and YOY largemouth bass abundance by comparing aduRf YOY largemouth bas_s n the lake. A non-S|gn|f|cant result indi-
. ; : ! . cates that adults and juveniles were selecting YOY largemouth
and juvenile diets with YOY abundance in August of each year.

. bass at random, and a significant result indicates that predation

We used the asymptotic model was size selective. The in-lake length frequencies for 23 June, 30
(1) Y=all- eXFj—b[X)/a] June, and 7 July in 1994 are likely biased because of sampling lim-
itations. The sample on 23 June does not include large,

whereY was the percent (by mass) of YOY largemouth bass in thegarly-spawned fish from dispersed nest schools, and samples on 30
diet of adults and juveniles{ was the abundance of YOY large- June and 7 July may underrepresent fish <25 mm because they are
mouth bass in Paul Lake, araland b were free parameters de- difficult to aCCUrately Sample with electrOShOCking teChniqUeS.
scribing the asymptote and slope of the curve, respectively. Thdhese biases, however, do not change our interpretation of the re-
asymptotea, represents the maximum percent of YOY largemouthSults.
bass in the diets of adult and juvenile bass. Because this relation-
ship contained errors in the predictors, we weighted each dat&rowth rate estimates
point by the inverse of its variance and fit the model using nega- Otolith microstructures were analyzed to evaluate age-specific
tive log likelihood (Clutton-Brock 1967; Reilly and Patino-Leal growth rates and to estimate age-dependent summer survival. The
1981). Parameter standard errors were calculated by bootstrappimtily rings of largemouth bass otoliths (sagittae) provide a reliable
residuals (Efron and Tibshirani 1993). estimate of age for fish in their first summer of life (e.g., Miller
To quantify the impact of cannibalism on recruitment, we com-and Storck 1982). We collected YOY largemouth bass for otolith
pared our direct and indirect estimates of the number of YOYanalysis in late August of 1993 and 1994. Over 100 fish were hap-
hatched to predation estimates and an estimate of the maximuimazardly collected in each year. Otoliths were prepared according
potential predation. Predation estimates derive from bioenergetito the methods of Miller and Storck (1982) and Isley and Nobel
calculations using the observed temperatures, growth rates, an{d987). The number of daily rings in each otolith was counted a
diet composition of adult and juvenile bass in each year. They repminimum of three times. If the three counts were within one day,
resent our best estimate of the total number of YOY bass eatethe mode was taken as the age. If the three counts were not within
from hatching through late August. Our estimates of maximum po-one day, the otolith was aged an additional 2—4 times and the mode
tential predation represent the maximum number of YOY bass thatvas used as the age. For >90% of all otoliths, an age mode was ev-
could have been eaten in each summer. We calculated the maxident after 3 to 5 counts. Based on our observations and previous
mum potential predation in each year using observed temperaturesudies (Miller and Storck 1982; Isely and Noble 1987), we believe
and growth rates but assumed that adult and juvenile diets corthat our otolith-based age estimates are accurate to +3 days.
tained the maximum percent of YOY largemouth bass possible (es- The pattern of age-dependent mortality over the summer was es-
timated bya from eq. 1) for the period from the first incidence of timated using the chi-squared test for goodness of fit (Sokal and
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Fig. 1. Population dynamics of Paul Lake largemouth bass for Fig. 2. Relationship between the number of YOY bass in August
1984-1995. The population estimates for adults and juveniles arand the number of YOY bass hatched for the years 1984-1996.
the summer average. The YOY largemouth bass estimates are Years with low adult and juvenile abundance are shown with
from August only (x1 SE). Estimates in some years (*) derive circles and years with high adult and juvenile abundance are

from the relationship between catch per unit effort and shown with squares.

population estimates for young-of-the-year in the other years. e BT
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Year where relative survival was the percentage of fish surviving the

winter and length was total length (mm) entering the winter. We

. ' . rouped fish by 5 mm length categories and then calculated rela-
Rohif 1981) to compare the age distribution of fish sampled in Iateﬁve gurvival (nﬁmber of fis% in fall %ivided by the number of fish

August (from otolith analysis) to the hatching date distribution ofi spring) from fall to spring for each length group. Because the

successful nests. We assigned surviving fish and successful nest§ e “size of each length category varied, each data point was
to early- and late-hatched categories. The division for early andyeighied by its sample size. The model was fit using the nonlin
late hatched was based on the median hatching date for each ye@dlodule in SAS (SAS Institute 1985)

Only two categories were used to increase sample size and to mini-

mize the effects of otolith aging errors.
Results

Overwinter mortality , , . Over the 12-year period, the abundance of adult and juve-
We assessed the pattern of overwinter mortality by sampling they;je pass fluctuated between 131 and 1095 individuals
1993 and 1994 cohorts in early October after water temperaturga:ig 1), with biomass roughly paralleling adult densities

were <10°C and in May just after temperatures reached 10-12° - - .
Largemouth bass growth is minimal at water temperatures <10°(’4Adu" and juvenile abundance was high in 1984-1991, low

(Johnson and Charlton 1960; Coutant 1975). We collected >156" 1992-1994, and high again in 1995 (Fig. 1). Adult and ju-
fish on each sampling date when possible. All fish were measure¥€nile bass were three times more numerous in high abun-
to the nearest 1 mm TL and weighed to the nearest 0.01 g on adlance years than low abundance years [604 + 255 vs. 200 *
analytical balance. We used the Kolmogorov—Smirnov test to tes60 individuals, respectivelyx(+x SD)]. The number of YOY

the null hypothesis that spring and fall length frequency distribu-largemouth bass surviving to late August of each year
tion were the same. We then used quantile-quantile plots to differranged from a few hundred individuals in 1984-1992 and in
entiate size-selective mortality from growth and to determine the;ggs tg several thousand in 1993 and 1994 (Fig. 1).

pattern of size-selective mortality when detected (Post and Evans There was a strong correlation between the number of re-

1989). Data points used in quantile—quantile plots were taken at . - -
5, 10, 25, 50, 75, 90. 95, and 99% of the length distributions forPYoductively mature adult bass in spring of each year and

each cohort in the fall and spring. Regressions '[hroughboth the number of nestsi & 3, r = 0.99,P = 0.09) and the
quantile—quantile data points were fit using least squares and wefdumber of YOY hatchedn(= 12, r = 0.70,P = 0.01; esti-
tested for significant deviations from a slope of one and an internated from predation estimates) but not with the number of
cept of zero (Draper and Smith 1981). YOQOY bass surviving to Augusin(= 12,r = 0.07,P = 0.82).

To evaluate the prospect that overwinter mortality was caused here was no correlation between the number of YOY large-
by starvation, we tested for declines in condition factor from fall to mouth bass hatched and the number of YOY surviving to
spring for the 1993 and 1994 cohorts. We also compared sprin@\ugust ( = 12, r = 0.46,P = 0.11; Fig. 2). The number of
length distributions with those predicted by the physiologically yoy pass hatched was, therefore, strongly related to the
based overwinter mortality model of Shuter et al. (1980). For this umber of reproductively mature adult bass, but the number

model, we assumed winter duration of 150 days in 1993 an . .
145 days in 1994 (number of days with water temperature <5°C)ergl%}(] ?ﬁsssnﬁ]tﬁqheerd was not a strong predictor of survival

Winter duration was estimated from water temperature data take
by the North Temperate Lakes Long Term Ecological Research
Project in lakes located about 30 miles south of Paul Lake. Hatching dates and growth rates

We used data from both the 1993 and 1994 cohorts to estimate In 1993-1995, successful hatching occurred over a range
the general relationship between overwinter survival and totalof 41 days beginning in mid- May and ending in early July
length in Paul Lake. We used the sigmoidal relationship: (Fig. 3). Within a single year, the duration of successful
hatching dates was 17 to 21 days. In 1994 and 1995, hatch-
= ing was early, while in 1993, hatching occurred relatively
lengthf* + b? late (Fig. 3). The temporal pattern of hatching across and

. .~ length?
relative survival=
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Fig. 3. Hatching date distributions for the 1993-1995 YOY bass Fig. 5. Growth trajectories of the 1993-1995 YOY bass cohorts
cohorts (cross-hatched bars, 1993; open bars, 1994; solid bars, (squares, 1993 cohort; diamonds, 1994 cohort; open circles, 1995
1995). Each point represents the hatching date of one

cohort). Error bars are +1 SD.
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Fig. 4. Growth rates (£95% CI) and late August densities

(1 SE) of the

1993-1995 YOY bass cohorts.

Fig. 6. Relationship between age and length for members of the
1993 and 1994 YQOY bass cohorts (on 20 August). Age estimates

—~ 0.85
T are from otolith analysis. The dotted line is the approximate size
© . . . . .
T .75 4 required (in August) to survive the winter47 mm, assuming
g i 1995 8 mm of growth from late August to winter). See text for a
3 065 1993 further discussion.
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within years was generally consistent with water tempera- 20

ture patterns. For example, the spring of 1993 was cold and
hatching was postponed until late June and early July. In
contrast, Paul Lake warmed rapidly in 1994 and 1995 and
hatching dates were earlier. A cold snap during late May and
early June of 1994 caused a bimodal hatchlng dIStrIbut'on'TabIe 1. Temporal distribution of hatching dates of successful
Average summer growth rates (from hatching to late Au'nests and fish surviving the summer for 1993 and 1994.
gust) of YOY largemouth bass were inversely related to co-
hort density (Fig. 4). Growth rates were similar for fish Nests, Fish,
<25 mm, but after reaching 25 mm growth trajectories di-Year and hatching period % %
verged (Fig. 5). Across years, individual length increase(;gg3
with age (Fig. 6). Otolith analysis demonstrated that eact gaqy hatched (before 24 June57 days old) 46 74
additional day of growth (as a result of an earlier hatching | a¢e hatched (after 24 June, <57 days old) 54 26
date) added an average of 0.53 mm in length. However, ag;gg4
explained only 38% and 17% of the variability in length in Early hatched (before 3 June80 days old) 68 75
1993 and 1994, respectively, and the variability of length in- | .= 1 ~tched (after 3 June, <80 days old) 32 25
creased with age (Fig. 6). Although young fish tended to be :
of small to average size, older fish spanned the entire range
of lengths from the smallest to largest (Fig. 6). Thus, thel993 (chi-square test for goodness of §{£ = 56.6, P <
largest fish were all older individuals and small- to me-0.05) and 1994 x> = 6.4, P < 0.05). In both years,
dium-sized fish ranged in age from the oldest to the youniate-spawned fish were underrepresented in late August sam-
gest. ples (Table 1), indicating differentially high mortality
among later-spawned individuals.

45 55 65 75 85 95
Age (days)

Patterns of summer mortality

We used otoliths from fish sampled in late August to infer Cannibalism
patterns of summer mortality with respect to fish age. There YOY largemouth bass were an important component of
were differences between the observed hatching date distrihe adult and juvenile diets when YOY were abundant in the
bution and the back-calculated hatching date distribution idake (i.e., greater than a few hundred individuals, Fig. 7). At
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Fig. 7. Relationship between the percentage of YOY in adult andno measurable survival of YOY through the summer of 1992
juvenile bass diets (by mass) and YOY bass densities in August (Fig. 1).
of 1984-1996. When the number of predators is high, the number of
~100T YOY surviving the summer is low. The predation potential
in these years is much higher that the potential reproductive
u output. When the number of predators is low, the number of
YQY surviving the summer can be high but is clearly medi-
. ated by the number of YOY hatched (Fig. 2). The number of
YOY hatched was a good predictor of August YOY abun-
dance in years with low adult and juvenile abundarRe=
0.998,n = 3) but not in years with high adult and juvenile
abundanceR? = 0.002,n = 9). Thus, large year-classes (esti-
, : , , , . mated in August of their first year) occurred only when pre-
0 2000 4000 6000 Eiggc.)r;)\{vas low and reproductive output was relatively high
Number of YOY There is no absolute size refuge from cannibalism for
YOY largemouth bass in Paul Lake. Based on an average

. - adult and juvenile length of 235 + 52.1 mnx & SD,
densities above 1000 YOY, cannibalism represented about1984_1995) and a predator—prey maximum size ratio for

68% of adult and juvenile diets. The relationship was deannipalism of 2:1 (Lawrence 1958), bass must reach at
scribed by the function least 118 mm in length before obtaining a size refuge from
_ (~0130%)/ 68 , the average cannibalistic bass. In their first year of life,
Y =682[]1-exp ] (RP=0.65) largemouth bass in Paul Lake reach 75 + 10.7 mm in length
(1984-1995).
whereY was the proportion of YOY in adult and juvenile di-  Cannibalism by adult and juvenile bass was size selective
ets, andX was the August density of YOY largemouth bass.(Fig. 8). Initially, adult and juvenile largemouth bass se-
The parameter estimates and standard errors veere68.2  lected the largest individuals in the cohort. However, dis-
(11.2) andb = 0.139 (0.066). persed fish between 15-30 mm TL were not vulnerable to
Predation can account for all of the observed mortality indip-net sampling and are not represented in the 23 June 1994
1993-1995, years in which we have independent estimatdength frequency distribution. After all nest schools had dis-
of the number of YOY hatched and the number of YOY persed, predators selected fish that were smaller than the av-
eaten, although there is some uncertainty associated with oerage size, although larger fish were taken on occasion
estimates (Table 2). This confirms that adult and juvenile(Fig. 8).
bass were the only important predators of YOY and that the
number of YOY eaten plus the number of YOY alive in Au- Qverwinter mortality
gust is a good estimate of the number of YOY hatched. ~ We detected strong size-selective overwinter mortality in
Juvenile bass were the most important predators in Pauhe 1993 cohort (Fig.&. The 1993 cohort entered the win-
Lake. Around 90% of the cannibalism in each year waster of 1993-1994 with median and modal lengths of 50 and
caused by juvenile bass (mean 92%, range 82-99%). 148 mm, respectively. However, few individuals <55 mm sur-
some years, for example, 1995, most of the cannibalism byived the winter. The fall and spring distributions were sig-
juvenile bass was caused by bass in their second summer nfficantly different (Kolmogorov—Smirnov test? < 0.05,
life (age 1+). D = 0.727,D4-005 = 0.263), and quantile—quantile plots in-
In years of high adult and juvenile abundance (1984-1991licated size-selective mortality on smaller individuals over
and 1995), predation on YOY largemouth bass was intenséhe winter Hy: slope = 1,n=9,t=-2.8,P < 0.05). The re-
and adult and juvenile bass could have eaten many morsult of this size-selective overwinter mortality was the vir-
YOY than were hatched (Table 2). Predation rapidly elimi-tual elimination of the 1993 cohort. Only 74 (31-215, 95%
nated most of the YOY cohort in these years. In 1995, forCl) of 3303 (1789-6167) bass from the 1993 cohort sur-
example, predation eliminated 98% of the YOY cohort invived the period from late August to May. This corresponds
less than 4 weeks. The largest recruitment events occurred in an overwinter survival rate of only 2.2%.
years of low adult and juvenile abundance (Fig. 1). In 1993 Members of the 1994 cohort entered the winter at a much
and 1994, the number of YOY eaten and the maximum potarger size and did not suffer significant size-selective over-
tential predation were similar, indicating that adult and juve-winter mortality (Fig. ®). The fall and spring length distri-
nile bass diets were saturated with YOY (Table 2). It wouldbutions were similar (Kolmogorov—Smirnov te§t,= 0.19,
have been difficult for adult and juvenile bass to eat moreD = 0.116,D,-, o5 = 0.145), and quantile—quantile plots in-
YOY bass than they did. The YOY that survived the sum-dicated no size-selective mortality and little growth over the
mers of 1993 and 1994 were those that adult and juvenilevinter (Hy: slope = 1,n = 9,t = -1.9,P = 0.1; H: inter-
bass were unable to eat by late August. The exception to thisept = 0,n = 9,t = 2.5,P = 0.04). As a result, the 1994 co-
pattern was the summer of 1992. Although adult and juvehort had much higher survival over winter than the 1993
nile abundance was low in 1992, the number of reproduceohort. An estimated 1465 (942-3296) of 5551 (3587-9757)
tively mature adults was extremely low and the number ofbass from the 1994 cohort survived the period from late Au-
YOY hatched was the lowest recorded (Fig. 2). There wagust to May (26.4% survival).

50 1

Percent of YOY in die
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Table 2. Estimates of the number of YOY bass hatched and eaten and the maximum potential number of YOY bass eaten.

Young-of-the-year bass (in thousands) Number eaten as

Number hatched Number hatched Number eaten Maximum potential percent of

Year (range¥ (rangey (rangey number eaten (rang&) maximum potential

1984 22 22 243 9

1985 59 58 281 21

1986 37 37 173 21

1987 68 67 321 21

1988 53 53 270 20

1989 35 35 198 18

1990 19 18 127 14

1991 11 10 178 6

1992 5 5 51 10

1993 45 57 54 64 84
(30-105) (35-104) (33-98) (40-117)

1994 66 68 62 78 80
(40-154) (42-152) (38-142) (52-173)

1995 99 94 94 333 28
(66-231) (52-191) (52-190) (203-700)

Note: For 1993-1995, we present a range of possible estimates. The number of YOY bass eaten as a percent of the maximum potential
number of YOY bass eaten is an index of how saturated adult and juvenile bass diets were by YOY bass. A low percentage indicates that
adult and juvenile bass could have easily eaten all of the YOY hatched in that year and probably did so rapidly. A high percentage
indicates that adult and juvenile bass were feeding on YOY bass near their maximum possible rate.

#Estimated from nest counts and assuming 3000 fry per nest (range 2000-7000).

®The number of YOY eaten by late August plus the number of YOY alive at that time is an index of the number of largemouth bass
hatched in that year. Note the strong correlatiorr (0.99) and nearly one-to-one relationship between our two estimates of the number of
YOY hatched in 1993-1995. The range was estimated using 95% CI around our adult and juvenile population estimates and the 95% CI
around our YOY population estimates for late August.

‘Cumulative number of YOY bass eaten by adult and juvenile largemouth bass by late August of each year. We estimated the range
using 95% CI around our adult and juvenile population estimates.

YWe estimated the range using the 95% CI around our adult and juvenile population estimates.

We detected significant declines in condition factor fromrecruitment in Paul Lake. Furthermore, hatching date,
fall to spring for both the 1993 (ANCOVAP < 0.05) and predation, and growth rate interact to influence overwinter
1994 cohorts R < 0.05). Length-standardized mass of themortality. It is the complex hierarchical interaction of these
1993 and 1994 cohorts declined over winter by 0.12 angrocesses that governs recruitment of largemouth bass in
0.06 g, respectively. The winter of 1993-1994 was longeaul Lake.
than the winter of 1994-1995, which may help explain the There is strong correlation between the spring density of
greater mass loss for the 1993 cohort. The pattern of oveeproductively mature adults and the number of YOY
winter survival closely matched predictions derived from thehatched but not between the number of YOY hatched and
Shuter et al. (1980) physiologically based, overwinter mor-August YOY densities. This is consistent with previous
tality model (Fig. 10). studies (e.g., Elliott 1984; Sissenwine 1984) that report a

The general relationship between overwinter survival anchositive correlation between the number of adults and the
total length for Paul Lake bass was estimated using datAumber of eggs spawned but no correlation between the
from both the 1993 and 1994 cohorts (Fig. 11). The resultinchumber of eggs spawned and cohort abundance later in life.
sigmoidal relationship was Thus, adult density and the number of eggs spawned are

lengthts generally poor predictors of eventual year class size. In Paul
— Lake, the number of eggs spawned (and fish hatched) pro-
length®® + 54.5° vides the backdrop for recruitment but by itself is not a good

. . i _ . predictor of year-class strength.
where relative survival was the percentage of fish surviving

the winter and length was total length (mm) entering the

winter. The parameter estimates and standard errors wetmpact of inter-cohort cannibalism

a =15 (3.9) andb = 54.5 (1.0). The standard error of esti-  The pattern of summer survival for a YOY cohort depends
mates for this model was 0.97. This model indicates that then the intensity of inter-cohort predation. In years of high
relative overwinter survival of 50 mm bass was 20%, whileadult and juvenile abundance, most YOY bass are eaten. In

relative survival=

the relative survival of 60 mm bass was 80%. these years, adult and juvenile bass could have eaten many
more YOY bass than were available (Table 2) and cannibal-
Discussion ism was so intense that YOY bass would appear in adult and

juvenile diets for only a few weeks of the summer. Thus,
Our results indicate that adult demography, predation, angredation was limited by the number of YOY hatched. The
size-selective overwinter mortality act in series to regulatfew YOY bass that survive the summer are likely a conse-
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Fig. 8. Evidence for size-selective predation by adult and juvenile largemouth bass in 1993 and 1994. Significant differences in the
YOY size distributions from the lake and from adult and juvenile bass diets are indicated By 0(05) and ** @ < 0.01).
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guence of the adult and juvenile diet response. As the abursmaller than average and were vulnerable to predation
dance of a YOY largemouth bass cohort declines below @hroughout the entire summer. These patterns of
few hundred individuals, cannibalism by adults and juve-size-selective predation should result in disproportionately
niles declines. Reduced predation likely results from low enhigh mortality rates for late-spawned fish. This pattern of
counter rates and (or) effective refuging behavior by YOYmortality was confirmed by otolith analysis; late-spawned
bass. In years of low adult and juvenile abundance, there arish were underrepresented in the August sample (Table 1).
fewer predators, and although they prey on YOY throughoutVe do not know which fish survive summers with high pre-
the summer, their impact on a cohort is less. In these yearslation rates because the intense predation limits sample size.
more YQOY bass survive the summer. It is likely, however, that there is little or no age or size se-
Although there is no absolute refuge in larger size forlection in these years because predation is intense and sur-
YOY bass in Paul Lake, cannibalism was strongly focused/ival may be largely stochastic. .
on the smaller members of each YOY cohort. In years with YOY largemouth bass in lakes with more complex fish
relatively low predation, the interaction of size-selective pre-COmmunities may be subject to relatively low cannibalism
dation and relative spawning date were important for thédecause of the availability of alternative fish prey. Other
survival of individual YOY bass. In 1994, YOY were sub- Studies have reported low occurrence of cannibalism in lakes
ject to intense predation immediately after nest school disWith more complex fish communities (Timmons et al. 1980;
persal. This corresponded with the cessation of nest schodfeast 1985). However, predation by other littoral predators
guarding behavior of adult male largemouth bass. YOY basée-g.. smallmouth bass, black crappie, bullheads, etc.; Keast
are guarded in nest schools by adult males until they reach985) may compensate for reduced cannibalism.
about 15-20 mm in length (Brown 1985; personal observa-
tion), and male guarding limits predation during this periodGrowth rates and density
(Bain and Helfrich 1983). Early-spawned fish that survived Density-dependent growth is widely reported among fish
the first few weeks after nest school dispersal and remainegpecies (e.g., Peterman 1984; Bromley 1989) and can
larger than average had a higher survival probability. Howstrongly impact fish survival and ultimate recruitment (e.g.,
ever, many early-spawned fish did not maintain high growthHoude 1989). In Paul Lake, adult largemouth bass body con-
rates and were, therefore, subject to cannibalism throughoulition was negatively correlated with adult densities
the summer. In contrast, late-spawned individuals remaine@Schindler et al. 1997), indicating density-dependent growth.
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Fig. 9. Length frequency distributions of th&)(1993 and If) 1994 YOY bass cohorts in late fall (October) and early spring (early

May). Insets show quantile—quantile plots for the 1993 and 1994 cohorts. The broken line is the 1:1 relationship and the solid line is
the least squares regression for each cohort. Points represent 1, 5, 10, 25, 50, 75, 90, 95, and 99% of the fall and spring length
distributions.
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Although our sample size is small, the pattern of decreasingig. 10. Observed and predicted cumulative frequency curves for
growth rates with increasing density is striking (Fig. 4) andthe @) 1993 and I§) 1994 YOY bass cohorts. The predicted

is consistent with patterns of density-dependent growth ofurve was generated from the physiologically based overwinter
YOY bass shown experimentally in YOY bass (Olson et al.mortality model of Shuter et al. (1980) assuming a winter

1995) and many other species of fish. Furthermore, althougHuration of 150 days in 1993 and 145 days in 1994.
temperature is an important factor governing growth (Kit- 10
chell et al. 1977; Rice et al. 1983), the observed pattern of ~1(@@)
growth rates was not consistent with interannual temperature {
patterns. Growth rates in 1993, a cold summer, were higher
than growth rates in 1994, a relatively warm summer. Al-
though not conclusive, our results suggest density-dependent
growth of YOY largemouth bass in Paul Lake. The best fit
relationship between density and growth rate (growth rate =
0.739-0.00005 - August densifg? = 0.99) indicates that for
every 1000 fish-h& increase in August densities, there
should be a 7% decline in growth rates.
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Our results demonstrate that fish <50—60 mm do not sur-
vive the winter in Paul Lake. The length-dependent patterns
of mortality, changes in condition factor overwinter, and pre-
dictions derived from the Shuter et al. (1980) overwinter
mortality model are all similar to those from laboratory ex-
periments on a variety of fishes (e.g., Oliver et al. 1979;
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Fig. 11. The relationship between relative overwinter survival Fig. 12. Range of last possible hatching dates to survive the
probability and length entering the winter for the 1993 and 1994 winter. Predicted conditions are from the observed patterns of

largemouth bass cohorts. The size of each data point is density-dependent growth and assuming 100% mortality for fish
proportional to its sample size and was used to weight the fitted <50—-60 mm when entering the winter. The mean and range of
relationship. hatching dates for the 1993-1995 cohorts are plotted against
T their respective August densities.
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Post and Evans 1989) and strongly suggest that overwinter
mortality was ultimately caused by starvation. This is con-mouth bass densities based on the observed pattern of
sistent with the observation that overwinter mortality cangrowth (Fig. 4). We assumed that fish must reach 50 to
strongly regulate recruitment in fish population near the60 mm in length to survive the winter, that growth from
northern limit of their range (Shuter and Post 1990). hatching until late August was inversely related to density,
Our result differs markedly from those of more southerlyand that individuals grow 8 mm from late August until win-
lakes and reservoirs where largemouth ba88-100 mm ter (average growth rate from late August until winter for
are considered most susceptible to overwinter mortalitthe 1993 and 1994 cohorts). As YOY largemouth bass den-
(e.g., Toneys and Coble 1979; Miranda and Hubbard &4p94 sity increases, the LPHD becomes progressively earlier
These studies were all located at sites well south of théFig. 12). Over the range of observed August abundance
northern extent of the largemouth bass range, and all offrom 0 to about 6000), the LPHD recedes by nearly
them studied fiste60 mm in length. Latitudinal differences 20 days.
in overwinter mortality patterns may result from different Winter duration varies from year to year and affects the
proximate causes of mortality. Miranda and HubbardLPHD by changing the minimum size required to survive
(1994) demonstrated that predation was the proximatehe winter (Shuter et al. 1980). For example, as winter dura-
source of size-dependent overwinter mortality in southerrtion increases, the minimum size required to survive the
largemouth bass populations. Smaller fish suffered highewinter increases. This shifts the LPHD isocline down, re-
overwinter mortality in ponds with predators present than inquiring earlier spawning or faster growth for overwinter sur-
ponds with no predators. In the absence of predators, Mirvival. In contrast, a decrease in winter duration might permit
anda and Hubbard (198} observed little size-dependent a longer spawning season and the survival of later-spawned
overwinter mortality. Their results, however, did not dis- and slower-growing fish. A decrease in winter duration
count the possibility that starvation may increase susceptibilwould also minimize the effects of density-dependent
ity to predation. In lakes located at or near the northerrgrowth. Even at high densities (and slow growth), the longer
extent of the largemouth bass range, starvation is probablgrowing season and shorter winter would allow better over-
most important. Largemouth bass of any size generally feedinter survival.
little at water temperatures <10°C (Johnson and Charlton These observations are similar to those generated for
1960; Coutant 1975). Our fall and spring sampling occurredsmallmouth bass by DeAngelis et al. (1991) using an indi-
after temperatures had fallen below 10°C and just after temvidual-based model. Overwinter mortality is not independent
peratures had reached 10-12°C. Thus, the high overwintaf summer mortality because of the density-dependent
mortality that we observed was not likely the result of pre-growth response. Thus, increased predation can increase
dation. We can not, however, rule out the possibility thatgrowth rates, which may, depending on the hatching date,
starvation increased the vulnerability of smaller YOY to pre-increase the probability of overwinter survival.
dation and that predation was the proximate cause of death. Although we can predict the general patterns of cohort
Spawning date, growth rate, and winter duration interacsurvival, individual survival is harder to predict. If size and
strongly to determine overwinter mortality. Although hatch-age were strongly correlated, then LPHD would predict
ing date and winter duration are density independent, growtlwhich individuals survive the winter based on hatching date
rate is inversely related to density. Furthermore, the intensityalone. However, in Paul Lake, age accountsf40% of the
of cannibalism regulates August densities. Thus, the averagabserved variability in size. Late-spawned individuals were
length for members of a cohort entering the winter is indi-generally smaller than early-spawned individuals and were,
rectly affected by the intensity of cannibalism. We calcu-therefore, more vulnerable to overwinter mortality. However,
lated a range of last possible hatching dates (LPHD}he growth rates of early-spawned individuals were variable,
required to survive the winter across a range of YOY large-and many early-hatched fish enter the winter <55 mm
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(equivalent to <47 mm in late August, assuming 8 mm ofbass survive each year in Paul Lake, high predation pressure
growth between late August and winter; Fig. 6). Althoughwill be maintained past the effective cohort life span. The
overwinter mortality was generally highest for late-spawnedength of the high density period is a function of the ratio of
individuals, it was also a substantial source of mortality forrecruitment and adult mortalityR(M). If R/'M = 1, the popu-

early-hatched, slow-growing individuals. lation will remain stable until externally perturbed. /&M
approaches 0, the length of high density periods approaches
Hierarchical process of recruitment the effective cohort life span. Factors that would move Paul

Our observations allow us to make qualitative predictions-ake from high to low adult and juvenile densities include a
about the patterns of recruitment for largemouth bass in Pawfieries of reproductive failures (like those observed in acidi-
Lake. The number of adults provides the ultimate constrainfied lakes), partial winter-kill events, increased fishing pres-
on recruitment. When the number of adults is low, recruit-sure, and cohort senescence.
ment will be low regardless of other processes. Furthermore, The alternative state in Paul Lake, low adult and juvenile
if the number of predators (adult and juvenile bass, but predensities, is transient. At low densities, irruptive recruitment
dominately juveniles) is high, recruitment will be low re- events (like we observed in 1994) move the population back
gardless of adult densities and overwinter mortality. If theto the high density state. Although low density states may
number of adults is moderate to high and predation is lowpersist for >1 year as a result of density-independent repro-
then recruitment through the first year of life depends on theductive failure (e.g., no spawning, nest abandonment, or
number of adults and the interaction of overwinter mortality,high overwinter mortality), consecutive large recruitment
hatching date, and summer growth rates. If the hatching datevents should be rare. A large cohort that survives both the
is early, the growing season is long enough to allow highsummer and winter will re-establish the high juvenile den-
overwinter survival, except at exceptionally high YOY den- sity in its second summer. That is what occurred in 1995
sities, and the number of YOY surviving the first year of life when the 1994 cohort recruited into the juvenile population
depends on the number of mature adults. When hatchingnd, through cannibalism, helped suppress the 1995 cohort.
date is late, however, overwinter mortality becomes moreBy the fall of 1996, the large 1994 cohort represented over
important. 80% of the adult and juvenile largemouth bass population.

Of the multiple pathways possible, only one allows high At high adult and juvenile densities, Paul Lake is a
recruitment through the first year of life. There must be apiscivore-dominated system. There are few small planktivor-
relatively large number of adults, low density of predators,ous fishes (Carpenter and Kitchell 1993) and benthic inver-
and early spawning to allow good overwinter survival. Atebrates serve as alternative prey, which maintains high adult
large number of adults with a low density of predators onlyand juvenile biomass (Carpenter and Kitchell 1993;
occurs when there are few juvenile bass present. All otheBchindler et al. 1997). However, small fish (including YOY
scenarios result in low recruitment. From 1992 throughlargemouth bass) are the preferred and optimal prey for
1995, we observed four of the possible scenarios. In 199dargemouth bass (Hodgson and Kitchell 1987). The high po-
the number of adults was very low and recruitment was negtential for piscivory (maintained by benthic foraging) and
ligible. In 1993 and 1994, there were a moderate to highpreference for small fishes buffers Paul Lake from invasions
number of adult bass and predation was low, but the 1998y planktivorous fishes (including YOY largemouth bass)
cohort was hatched late and therefore suffered high oveand maintains piscivore dominance. Any breakdown in pis-
winter mortality. The 1994 cohort was hatched early, despitecivore dominance will be transient. The pulse of planktivory
slow growth rates, and had relatively low overwinter mortal-caused by a large cohort of YOY largemouth bass will usu-
ity, and first year survival was high. In 1995, there were aally be short lived (Post et al. 1997). As the cohort matures
lot of adult bass and the cohort hatched early, but the densitgnd switches from zooplanktivory to benthivory and pis-
of predators was very high (because of the large 1994 cosivory, its role in the food web reverses and piscivore dom-

hort) and summer survival was poor. inance is re-established (Post et al. 1997). Because large-
mouth bass dominate the Paul Lake fish community,
Population dynamics and food web structure largemouth bass population dynamics, fish community struc-

YOY largemouth bass are the only important vertebratdure, and pelagic food web structure are all tightly coupled.
zooplanktivore in Paul Lake and can have a large impact on
the pelagic food web when abundant (Post et al. 1997)p
Thus, pelagic food web dynamics are closely linked to
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