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Oikos The seasonal onset of reproduction is constrained in many systems by a need to first
2023: €09739 accumulate energetic reserves. Consequently, the observation that larger individuals
e ; reproduce earlier may be due to a negative relationship between size and mass-specific
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basal metabolic rate that is shared across diverse taxa. However, an untested prediction

Subject Editor: Bob Wong of this hypothesis is that individuals should be metabolically efficient enough to escape
Editor-in-Chief: Dries Bonte energetic constraints above a certain size threshold. Seasonally reproducing species,
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and exhibit indeterminate growth are ideal models to test this prediction. We harness
decade-long behavioral data on parental male smallmouth bass, Micropterus dolomien,
to investigate contributions of energetic allometry to differences in reproductive tim-
ing. At the population level, peak seasonal reproductive timing (i.e. the median date
on which eggs were found in nests each year) was negatively related to degree days —a
measure of thermal energy experienced — before reproduction. At the individual level,
degree days accumulated by males before reproduction was related to male size and
condition in every year, but the impact of temperature on reproductive timing by the
largest males was relaxed in most years. Additionally, we used our data to replicate
the analyses of two previous studies of M. dolomien populations and found virtually
identical negative associations between male body size and degree days accumulated
before reproduction. Our results suggest that in smallmouth bass the onset of seasonal
reproduction is constrained by basal metabolic rate — as indicated by total length — and
that large individuals can escape size-associated energetic constraints. We reveal a more
complicated relationship between size and reproductive timing than earlier studies,
which may be relevant for many species. Knowledge of this relationship is critical to
understanding how a changing climate will influence population dynamics of eco-
nomically, ecologically and recreationally important species like M. dolomien.
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Introduction

Reproductive phenology can have considerable consequences
for fitness (Cargnelli and Gross 1996, Post et al. 1998, Post
2003) and is influenced by energetic constraints across a
diverse set of taxa, including amphibians, fishes, mam-
mals and birds (Jergensen 1982, Danylchuk and Fox 1994,
Dobson and Michener 1995, Descamps et al. 2011). The use
of proportionately less energy by larger individuals has also
been documented across a diverse set of taxa (i.e. they show
a negative allometric relationship between body size and
mass-specific basal metabolic rate; Kleiber 1947, Lasiewski
and Dawson 1967, Cargnelli and Gross 1997, West et al.
1997, Clarke and Johnston 1999, Hurst and Conover 2003,
Nagy 2005, Blanckenhorn et al. 2007, Makarieva et al.
2008, Brodeur et al. 2020). Hence, the common observation
that larger individuals reproduce before smaller individuals
is often attributed to energetic costs that constrain the ini-
tiation of reproduction (Tejedo 1992, Danylchuk and Fox
1994, Dobson and Michener 1995, Descamps et al. 2011).
This relationship between size and reproductive timing is
especially prominent in species with high reproductive costs
resulting from, e.g. energetically costly gametes or paren-
tal care behavior, including nest construction and defense
(Ridgway et al. 1991, Tejedo 1992, Danylchuk and Fox
1994, Descamps et al. 2011). The presence of species-specific
constants in models of allometric scaling laws leads us to
expect similar associations between body size and reproduc-
tive timing across different populations if energetics control
behavior (West et al. 1997).

Often, the relationship between size and reproductive tim-
ing is described by a linear function or even more simply as a
correlation (Tejedo 1992, Danylchuk and Fox 1994, Dobson
and Michener 1995, Descamps et al. 2011). However, if
energetic costs constrain the onset of seasonal reproduction
and metabolic efficiency scales positively with size, we pre-
dict that above a certain size, individuals could be metaboli-
cally efficient enough to initiate reproduction without any
delay attributable to the recovery of energetic reserves that
have been lost over winter; that is, the relationship between
reproductive timing and size should be curvilinear, with a
diminished association at larger body sizes. Indeed, log—log
or log-untransformed linear regression models that describe
a negative relationship between size and reproductive timing
imply that the relationship is non-linear, where the effect of
energetic constraints is reduced amongst larger individuals
(Ridgway etal. 1991, Wiegmann et al. 1992, Lukas and Orth
1995). In some circumstances, we anticipate that large indi-
viduals could be unconstrained metabolically and a quadratic
function might better describe the relationship between (log-
transformed) measures of size and reproductive phenology,
where the size threshold at which individuals are released
from metabolic constraints may depend on environmental
conditions that control the gain or loss of energetic reserves.

In fishes, indeterminate growth can lead to substantial
variation in size among mature adults (Ridgway and Friesen
1992, Knapp and Vredenburg 1996, Wiegmann et al. 1997,
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Dickerson et al. 2005). This situation provides ideal condi-
tions to test the hypothesis that the impact of energetic con-
straints on reproductive phenology is size dependent. In some
species, within-season variation in the timing of reproduction
is known to have large fitness consequences (Cargnelli and
Gross 1996, Post et al. 1998, Post 2003), and in some fishes, a
negative allometric relationship to mass-specific basal metab-
olism has been implicated (Shuter and Post 1990, Cargnelli
and Gross 1997, Clarke and Johnston 1999). In north-tem-
perate fishes, where males of many species rely almost entirely
on stored energy reserves throughout winter (Shuter and Post
1990), a negative allometric relationship could explain why
larger males, which lose proportionately less of their winter
energy reserves than smaller males, spawn earlier in a season
(Post and Evans 1989, Ridgway et al. 1991, Fullerton et al.
2000). In freshwater fishes like these, individual thermal his-
tory can have a substantial impact on energetic stores and the
ability of individuals to recoup winter energy losses. Changing
climate makes studies investigating relationships between tem-
perature and reproductive phenology particularly important.

Here, we use a long-term dataset on an economically and
ecologically important species, smallmouth bass Microprerus
dolomien (Carey etal. 2011, Kim et al. 2022) to test the influ-
ence of energetics on reproductive timing. In particular, we
followed the reproductive behavior of individual males in a
closed population over 10 reproductive seasons to investigate
how male body size, condition, and thermal history impact
reproductive timing. In northern populations, M. dolomicu
are dormant in winter and resume activity when water tem-
peratures reach 10°C, after which males build nests and
defend progeny undil they disperse (Shuter et al. 1980, Hinch
and Collins 1991). Parental males consume little over the
care period and there is good evidence that implicates ener-
getics as the primary driver of M. dolomien reproductive tim-
ing (Ridgway et al. 1991, Ridgway and Shuter 1994, Gillooly
and Baylis 1999, Mackereth et al. 1999). Hence, the distribu-
tion of reproductive dates of the population is expected to be
sensitive to temperature patterns in early spring that control
the rate at which males are able to recoup winter energy losses
and reach some threshold energetic reserve that is sufficient
to carry them through the nest-guarding period.

In this study, we consider how reproductive timing of the
population as a whole responds to the rise of spring water
temperature and test the hypothesis that timing of peak repro-
duction is negatively related to the number of degree days —a
measure of the thermal energy experienced by an individual —
accumulated before the water temperature reaches 15°C, the
temperature threshold associated with the initiation of repro-
duction in many smallmouth bass populations (Hubbs and
Bailey 1938, Shuter et al. 1980). Next, we examine the linear
relationship between total body length and the degree days
males accumulated before they spawned and compare the
slope of this relationship to slopes acquired from two other M.
dolomieu populations (Ridgway et al. 1991, Lukas and Orth
1995). Finally, we test the prediction, not addressed in prior
studies, that there is a size threshold at which the energetic
constraint on the seasonal onset of reproduction is relaxed,



and explore whether incorporating body condition into our
analysis improves our ability to predict reproductive timing.

Study system natural history

Smallmouth bass, Micropterus dolomieu, are native to North
America and reproduce seasonally when water temperatures
approach 15°C (Hubbs and Bailey 1938, Shuter et al. 1980).
Males construct nests in the littoral zone, where females
deposit eggs. Typically, males mate with only one female
and no sneaker behavior has been reported (Ridgway 1989,
Raffetto et al. 1990, Wiegmann et al. 1992). Recent genetic
work by Franckowiak et al. (2017) suggests, however, that
nests of a small percentage of males contain eggs from multiple
females. After spawning, males remain in close proximity to
their nest and defend offspring until their fry swim up and dis-
perse, a period that may last several weeks (Hinch and Collins
1991). Parental behavior is costly and leads to a net loss of
lean mass, as males rarely feed during this period (Gillooly and
Baylis 1999). In northern populations, smallmouth bass activ-
ity ceases when water temperatures drop below 10°C, and over
winter individuals are largely dormant, consume little food,
and engage in limited movement (Hubbs and Bailey 1938,
Munther 1970, Oliver et al. 1979; but see Lyons and Kanehl
2002, Schreer and Cooke 2002). The energetic cost of parental
care in combination with the fact that smaller males may end
winter with a proportionately larger energy deficit than larger
males may explain the observation that larger males spawn
earlier within a season than smaller males, as suggested by the
relationships between size and reproductive timing found by

Ridgway et al. (1991) and Lukas and Orth (1995).

Material and methods

Study site

We conducted this study in 1999 and 2001-2009 on Pallette
Lake, a 70-ha research lake in the Northern Highlands Fishery
Research Area of north-central Wisconsin (46°04°01.2”N,
89°36°14.4”W). The Wisconsin Department of Natural
Resources manages this lake, which is closed to fish migra-
tion and has a maximum depth of approximately 20 m and
a mean depth of approximately 10 m. Saunders et al. (2002)
describe the benthic and limnological characteristics of the
lake in detail. Anglers are subject to a mandatory creel cen-
sus, where harvested fish must be reported to ensure regula-
tions are followed. From 1999 to 20006, regulations required
anglers to return to the lake any male less than 41 cm total
length and from 2007 onwards all males under 51 cm had to
be returned. We had significant representation of males larger
than 40 cm in our analyses (13.8%).

Annual nest census

We initiated surveys each year when the water temperature
approached 15°C, typically in mid to late May, and contin-

ued until males ceased nest construction (late June to early

July) and progeny in most nests had dispersed. Two to three
crew members with snorkels searched for nests as they swam
transects running from the shoreline out to a depth of about
4 m. This depth was well beyond both the average 1.7 m
depth at which nests in the lake were found and the maxi-
mum depth of smallmouth bass nests found in studies of
other Wisconsin lakes (Bozek et al. 2002). When each nest
was discovered, snorkelers placed a numbered tag constructed
from a strip of Rite-n-Rain paper tied to a sinker on the edge
of the nest and recorded the date, stage of embryos (if pres-
ent), depth, location and distinctive landmarks that might be
useful to relocate nests.

Characteristics of parental males

We captured parental males from their nests with hand nets
and recorded their total length (cm) and weight (g). Each
male was marked with a uniquely numbered Floy FD-67C
anchor tag (University of Wisconsin RARC protocol A-48-
9700-L00173-2-04-99). These tags allowed us to track indi-
viduals across seasons and estimate the total number of males
that spawned each year, although analyses on reproductive
timing were limited to those males that were found with eggs
in their nest to ensure estimates of degree days before repro-
duction were comparable across individuals (Table 1).

Temperature and degree days

We used temperature data to estimate the thermal energy
experienced by males in each year. A thermograph positioned
near the shoreline at an approximate depth of 1 m recorded
the water temperature (°C) hourly when the lake was not
covered by ice. Thermograph malfunctions or other distur-
bances (e.g. removal of the thermograph from the lake by
a lake visitor) resulted in some missing temperature records
over the 10 years. We estimated these records using regression
equations that characterized the relationship between water
temperature in our study site (Pallecte Lake) and nearby
Sparkling Lake (46°00’36”N, 89°42°03.6”W), a North
Temperate Lakes Long-Term Ecological Research lake (64
ha; maximum depth 20 m) that has a nearly identical tem-
perature profile as Pallette Lake (range of adjusted R? over the
10-year study: 0.87-0.99; p < 0.0001; Supporting informa-
tion; Magnuson et al. 2020).

These temperature data were used to compute degree days,
a measure of the thermal energy experienced by individuals
(Chezik et al. 2014a, b). In particular, we used the sum of
positive differences between the average daily water tempera-
ture at 1 m and the threshold T;=10°C for each day until
the date that the average water temperature reached 15°C,
the temperature at which seasonal reproductive activity is
typically initiated, to evaluate the population-level reproduc-
tion response to temperature each year (Shuter et al. 1980,
Ridgway et al. 1991, Lukas and Orth 1995). The sum of
degree days each year from the first date on which the water
temperature was favorable for energy recuperation (i.e. aver-
age exceeded 10°C) until the date at which eggs were found
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Table 1. Male smallmouth bass and temperature characteristics across the 10-year dataset. Temperature data for 1998 were not collected
and, hence, winter length before the 1999 reproductive season was not computed. Degree days (DD) were calculated using the threshold
TO=10°C. Temperature and maximum are abbreviated as Temp and Max.

Males on Males with Average size of males Winter length Mean DD before Size
Year nests eggs with eggs (cm) (days) temp (°C) 15°C threshold
1999 102 88 32.0+0.7 - 19.3 57.4 42.2
2001 152 101 30.3+0.7 174 18.9 35.6 41.4
2002 221 147 309 0.5 211 20.1 14.8 40.0
2003 234 149 325+0.5 192 18.7 47.0 41.6
2004 284 159 324+0.6 190 17.4 67.2 42.7
2005 216 110 323 +0.6 186 19.7 20.8 41.7
2006 188 147 343 +£04 186 19.8 27.9 41.3
2007 157 107 349+ 0.5 198 18.7 16.4 42.0
2008 198 139 354 +0.5 192 18.4 32.1 441
2009 176 114 34.0+0.5 180 17.8 36.25 41.4

in the nest of a male was also computed to produce a measure
of the seasonal thermal energy experienced by each parental
male prior to reproduction and evaluate individual responses
to temperature (Shuter et al. 1980, Ridgway et al. 1991).
In addition, we calculated the average and maximum tem-
perature of the growth season for every year, defined as the
period between the first day the average temperature climbed
above 10°C and the last day before the average temperature
dropped below 10°C, and the duration of winter, defined as
the number of days between growth seasons (Shuter et al.
1980, Ridgway et al. 1991; Table 1). These latter measures
of thermal energy were used to explore how temperature may
control a size threshold at which males are released from ener-
getic constraints on seasonal reproductive phenology.

Statistical analyses

Estimating body condition

Individual condition, often measured as some function of
body mass, may provide an estimate of energetic reserves for
individuals of a specified size and, hence, influence reproduc-
tive phenology (Kaufman et al. 2007, Schloesser and Fabrizio
2017). Individual condition was calculated as the residual
of the relationship between weight (natural log (In) trans-
formed) and length (In transformed) for each year, which
has been shown to successfully predict energy content in a
broad set of fish species (Kaufman et al. 2007, Schloesser and
Fabrizio 2017).

Population-level responses to thermal energy

We used linear regression to predict annual population
response times, the time interval between the date on which
the mean water temperature reached 15°C and the median
date on which eggs were found in nests, from the number of
degree days accumulated before the first 15°C day each year.
If thermal energy controls individual reproductive readiness,

then we expect the slope of this relationship to be negative
(Shuter et al. 1980).

Individual behavioral response to thermal energy
We first used a linear mixed model structured similarly to
those used in prior studies on smallmouth bass reproductive
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timing, where size was regressed on reproductive timing and
year, to generate a comparable measure of the relationship
between male total length (In transformed) and the number
of degree days (In transformed, threshold T;=10°C) that had
accumulated up to the date on which a male spawned (i.c. the
date a nest was found to contain eggs) (Ridgway et al. 1991,
Lukas and Orth 1995). Individual identifiers were included
as a random effect because 316 individuals bred in more than
one season. If a temperature-dependent metabolic process is
the main driver of reproductive timing, species-specific con-
stants in allometric scaling laws predict the slopes of these
relationships to be similar across studies (West et al. 1997).
Next, to examine predictions related to the presence of
an energetic threshold and to explore whether incorporat-
ing condition improves predictions of reproductive timing,
we fit and competed a set of models predicting the degree
days a male accumulated prior to reproduction. Alternative
models included as predictors all combinations of condi-
tion, length (In transformed) and length? (In transformed),
which allowed the effect of body size on reproductive tim-
ing to vary. Indicators for years and a random effect for
individuals were included in all models. Models were tested
with and without year interactions with condition or the two
body length terms. Akaike information criterion (AIC) was
used to choose between models (Akaike 1973). Some males
spawned more than once within a season (n=127). In these
cases, we restricted the analysis to the first attempt within
a year. We excluded data from approximately one-third of
males (34.6%) whose nests were discovered after eggs had
hatched, because the timing of reproduction could not be
definitively determined for these males. The mean size and
range of sizes of these males were qualitatively very similar to
those included in the study, so we did not expect this to bias
our results. If larger males experience less severe winter energy
losses, then the slope of the relationship between male length
and degree days accumulated before reproduction is expected
to be negative in each year (Ridgway et al. 1991). If there is
a size threshold above which males can escape energetic con-
straints on reproduction, we expected the quadratic length
term to be included in the chosen model. Similar models
including condition, length (In transformed) and length? (In



transformed) as predictors of reproductive timing were con-
ducted for each year independently to validate the results of
our comprehensive model (Supporting information).

Post hoc linear models were conducted to test the hypoth-
esis that in years where environmental conditions favored
the accumulation of greater energetic reserves, energetic
constraints on reproduction should be restricted to smaller
individuals (Supporting information). Specifically, we inves-
tigated the relationship between the size threshold at which
there was no relationship between size and degree days before
reproduction in a given year — given by the untransformed
body length of the parabolic vertex in the best regression
models — and environmental variables that we hypothesized
might influence the size threshold at which individuals are
released from metabolic constraints (Supporting informa-
tion). These environmental variables included the degree days
accumulated before 15°C, the duration (days) of the winter,
the duration (days) of the previous season, the number of
degree days accumulated during the previous growth season,
and the average temperature of the previous growth season.

Results

Characteristics of parental males and seasonal
temperature variation

Males were caught from 2055 nests throughout the course
of the 10-year study, and 847 unique males were tagged. On
average, we failed to capture ~5% of parental males from
nests discovered to contain eggs or more advanced progeny
per year throughout the course of the study. The majority
of these instances occurred when offspring died and the nest
was abandoned before a male was captured. The number of
males on nests each year ranged from 102 to 284, and the
nests of 88 to 159 of these individuals contained eggs when
they were discovered. The total length of males with known
spawn dates ranged from 17 to 47.5 cm (n=1261), and the
seasonal average ranged from 30.3 + 0.7 to 35.4 + 0.5 cm
across years. Temperature patterns also varied yearly. The
duration of winter ranged from 174 days before the 2001
growth season to 211 days before the 2002 growth season.
The mean temperature of the growth season ranged from
17.4 to 20.1°C (Table 1).

Responses to thermal energy

Population-level responses

The dates on which peak reproduction occurred (i.e. the
median date on which eggs were found in nests each year)
ranged from 23 May in 2001 to 10 June in 2004. The
degree days accumulated before the first day that tempera-
tures reached an average of 15°C varied greatly between
years — from 13.1 in 2002 to 77.3 in 2009 (Table 1). In years
where more degree days were accumulated before the first
15°C day, the population-level response time was shorter
(n=10, R?=0.46, p=0.02; Fig. 1). Indeed, in 2009, peak
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Figure 1. Relationship between the degree days accumulated before
the first average daily water temperature of 15°C (dashed line) and
the reproductive response time — the days between the date on which
the mean water temperature first reached 15°C and the median date
on which eggs were found in nests — of the population each year.

reproduction actually occurred 3 days before the first day that
water temperature reached an average of 15°C.

Individual behavior
A linear mixed model revealed a negative linear relationship
between male total length (In transformed) and the degree
days (In transformed) a male accumulated prior to repro-
duction in all ten years of the study (n=1261, R*=0.67,
p < 0.0001; Supporting information). The coefficient that
described the relationship between size and degree days
before reproduction was 6=—-0.375 + 0.011 (p < 0.0001).
A comparison of models predicting the degree days a male
accumulated prior to reproduction revealed a single best
model, with an AIC weight of 0.83. This model included
a linear and quadratic term for male total length (In trans-
formed), an interaction term between each length term and
year, and an effect of condition that was independent of year
(n=1261, R*=0.67; Fig. 2, Supporting information). The
linear coeflicient associated with body size was strongly nega-
tive and the quadratic term was variable, but positive, in every
year except for 1999 (mean=-9.183 =+ 8.5, range=—206.44
to 3.94; mean=1.15 + 1.2, range=—0.73 to 3.59 respec-
tively). Hence, the effect of body size on reproductive tim-
ing was generally reduced amongst larger individuals. The
effect of condition on degree days accumulated before repro-
duction was —0.33 (95% CI: —0.49, —0.17). None of the
environmental variables tested in post hoc models signifi-
cantly predicted the size threshold for energetic constraints
(Supporting information).

Discussion
Reproductive timing has important fitness consequences

(Cargnelli and Gross 1996, Post et al. 1998, Post 2003) and
is related to size-associated energetic constraints in many
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Figure 2. Relationships between parental male length (In transformed) and the degree days accumulated before eggs were observed in nests
(In transformed) for 1999, 2001-2009. The trend line depicts the projected relationship for males with mean condition while the light blue
shading depicts relationships for males from the 1st percentile to the 99th percentile condition. These far extremes of condition were
selected so that the impact of condition could be better visualized, as it was minimal. Data are presented on In-scaled axes and jittered along

the y-axis to reveal overlapping points.

animals (Tejedo 1992, Danylchuk and Fox 1994, Dobson
and Michener 1995, Descamps et al. 2011). The patterns
observed in this 10-year study at both the population and
individual level suggest that reproductive timing by male M.
dolomien in Pallette Lake is driven by energetic constraints,
where the magnitude of the constraint varies amongst indi-
viduals of different sizes.

Population level responses

The delay between the temperature threshold associated with
the initiation of smallmouth bass reproduction (15°C) and
the date of peak reproduction was shorter in years where
more degree days accumulated prior to the temperature
threshold, as observed in an earlier study (Fig. 1, Shuter et al.
1980). Higher thermal energy experienced by the population
in early spring appears to push the peak seasonal distribution
of reproduction dates earlier, presumably because males of all
sizes are able to recoup winter energy losses and reach some
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threshold energetic reserve that is sufficient to carry them
through the parental period. The pattern likely also depends
on female reproductive phenology, which has been little stud-
ied but based on spring activity and egg deposition patterns
appears to be similarly driven by an association between body
size and temperature (Ridgway et al. 1991, Wiegmann et al.
1992, Franckowiak et al. 2017). Population responses to
temperature may be particularly important for the predic-
tion of future M. dolomien reproductive patterns given that
North American temperate lakes like ours have experienced
increases in winter and spring temperatures in the past 35
years associated with advances in other biologically relevant
phenomena like ice melt (Hewitt et al. 2018).

Similarities across smallmouth bass populations

Ridgway et al. (1991) and Lukas and Orth (1995) exam-
ined the association between male total length and degree
days accumulated prior to reproduction in Opeongo Lake,



Nipissing District, Ontario and North Anna River, Virginia,
over six years and one year, respectively. In these studies, male
length was regressed on degree days (both In transformed)
and Lukas and Orth (1995) noted the similarity of the slopes
between the two studies: —0.355 and —0.391. The analysis
conducted by Ridgway et al. (1991) indicated that the slope
of the relationship did not differ significantly across years.

We conducted an equivalent regression analysis with our
data and found a slope of —0.375 across all years, which is
remarkably similar to those found in these two earlier stud-
ies (Supporting information). The similarity of slopes that
characterize the relationship between male body size and
accumulated degree days prior to reproduction in three geo-
graphically distinct smallmouth bass systems, suggests that
reproductive timing is controlled by a conserved metabolic
pathway and that a single parameterization based on physi-
ological time — that is, accumulated thermal energy — may
control reproductive timing in diverse systems.

Size threshold for energetic constraints

Here, we identify a novel relationship between size and repro-
ductive timing that reflects a differential role of energetic
constraints on reproduction in individuals of varying sizes.
Assertions that negative allometric relationships with mass
specific basal metabolic rate are what allow larger individu-
als to reproduce eatlier in a season (Tejedo 1992, Danylchuk
and Fox 1994, Dobson and Michener 1995, Descamps et al.
2011) allow for a logical untested prediction: individuals
should be metabolically efficient enough to escape energetic
constraints on the seasonal onset of reproduction altogether
above a certain size threshold. Indeed, in our population,
we found that models with a quadratic length term better
explained variation in the timing of reproduction than linear
models like those produced by prior studies on smallmouth
bass (Ridgway et al. 1991, Lukas and Orth 1995). While the
magnitude of the quadratic length term varied across years, it
was positive in nine out of the ten years of our study, which is
consistent with the relaxation of energetic constraints on the
reproductive timing of larger individuals.

The inverse curvature of the relationship between size
and reproductive timing in 1999 appears to be driven by 11
males that were shorter than 25 cm and among the small-
est individuals to reproduce across all years. Reproduction by
these males corresponded to a mid-season drop in the average
daily temperature to below 15°C and a subsequent raise to
over 19°C. The 15°C temperature threshold, which usually
marks the start of a reproductive season, likely induced these
males, now with recouped energy reserves, to adopt a poten-
tially maladaptive decision and spawn despite the actual short
amount of time left in the season. Indeed, studies have found
that smallmouth bass fitness is lowest in small parents that
reproduce late in the season (Shuter 1980, Wiegmann et al.
1992, Suski and Ridgway 2007).

Any environmental factors that influence metabolism or
overall energetic reserves of individuals may have been respon-
sible for the differences in size threshold across the years of this

study. For example, if the winter preceding reproduction is
longer, we would expect a higher size threshold for males to be
energetically efficient enough to escape the need to recuperate
energetic losses before reproducing. Further, if the preceding
growth season (when temperatures are above 10°C) is shorter,
or there are few degree days accumulated at the start of a sea-
son before the reproductive temperature threshold associated
with the start of smallmouth bass reproduction occurs, this
could lead to a similar result. However, we found no specific
evidence in our study of associations between these or other
measures of temperature variability and differences in size
threshold across years (Supporting information). Other envi-
ronmental variables that were not measured here, notably food
availability, can influence energetic reserves and reproduction
in smallmouth bass as well and may explain additional interan-
nual variation or the lack of a relationship between interannual
temperature regimes and the curvature of the slope between
size and reproductive timing (Ridgway and Shuter 1994).

The role of condition

The influence of condition on reproductive timing may be
more pronounced in species with determinate growth, where
the truncated size of sexually mature adules limits variation
in size-associated differences in metabolic rate (Dobson and
Michener 1995). In our study, condition was included in
our top-ranked model, indicating that this feature of males
improved the model fit, but the biological effect appeared
to be minor. The difference in reproductive timing between
males in the 95th and 5th percentiles of condition was mini-
mal (mean=1.09 degree days & 0.01, range=1.07-1.11;
Fig. 2). This supports our expectation that, when growth is
indeterminant and there are large differences in body size
amongst adults, differences in basal metabolic rate — as indi-
cated by total length — should have a stronger impact on the
timing of reproduction than differences in individual condi-
tion, which may be brought about by stochastic environmen-
tal or ecological factors such as recent feeding success. Even
in some species with determinate growth, such as Arctic sea-
birds, early empirical evidence has shown that with body con-
dition accounted for, individual rate of energetic gain is the
major predictor of breeding phenology (Hennin et al. 2016).
Thus, the broad significance of metabolic rate in determin-
ing timing of reproduction in species, where reproduction is
constrained by the accumulation of energetic reserves, may
explain the outsized importance of length relative to body
condition found in this study.

Alternative hypotheses

Recent research has suggested that metabolic scaling in
metazoans is predicted by the optimization of growth and
reproduction to maximize lifetime reproductive success
(White et al. 2022). This raises a number of alternative
hypotheses which may explain the patterns of size-associated
reproductive timing observed in this study. In particular, there
may be some adaptive benefit to smaller males reproducing
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later in the season, either because conditions are more favor-
able to their reproduction, or their offspring would gain some
advantage from the different temperature environment. One
potential benefit to delaying reproduction may be avoid-
ing competition with larger males who reproduce earlier in
the season. However, Ridgway et al. (1991) removed large
males from a lake population and saw no advancement of
reproductive timing among smaller males. Another benefit
to delaying reproduction is that less energy may be expended
by late reproducers because warmer temperatures later in the
season lead to faster maturing fry, which require fewer days
of parental care (Ridgway and Friesen 1992). However, this
does not preclude the possibility that patterns of reproduc-
tive timing are driven by size-associated differences in energy
deficits after winter. Smaller males may end winter with pro-
portionately larger energy deficits and require more time to
recuperate energy reserves before reproduction in addition to
benefiting from the lower energy requirements of late season
parental care. Further, in smallmouth bass, individuals who
reproduce late in the season are known to obtain fewer eggs
(Ridgway and Friesen 1992) and produce offspring who are
smaller at the onset of winter and have lower survival rates
(Oliver et al. 1979, Shuter et al. 1980). Thus, there are many
fitness consequences to delaying reproduction, which stand
contrary to the idea that smaller individuals delay reproduc-
tion only to gain an adaptive advantage and not because their
reproductive onset is constrained by metabolic factors associ-
ated with size.

Applications for management and conservation

In addition to being ecologically relevant as a damaging inva-
sive species, smallmouth bass are one of the world’s most
popular species for recreational fishing and are responsible
for hundreds of millions of dollars of retail sales, wages and
tax revenue in the United States alone each year (Carey et al.
2011, Kim et al. 2022). They have a history of management
that stretches back nearly 200 years and the identification of
novel relationships between individual phenotype and repro-
duction may support current efforts focused on the restora-
tion of native populations (Long et al. 2015). In other high
latitude North American fishes that experience cold winters,
similar relationships between temperature, size, and repro-
ductive timing also likely apply (Cargnelli and Gross 1997,
Hurst and Conover 2003). Changing climate conditions
have the potential to disrupt the dynamics of reproductive
timing, and higher latitude freshwater fish communities are
particularly vulnerable to these changes (Visser and Both
2005, Todd et al. 2011, Shuter et al. 2012, Hovel et al.
2017). For example, shorter, less severe winters could relax
energetic constraints on smaller individuals and induce a
change in control of the onset of seasonal reproduction from
one based on the time it takes to become energetically pre-
pared to construct and defend a nest to one more dependent
on other ecological factors such as male competitive status,
or female mate choice. Because the transfer of thermal heat
from the environment to fishes accumulates with time, even
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small changes in temperature through development could
cause significant differences in growth trajectories over the
life of an individual (Neuheimer and Taggart 2007). Further
studies that address how energetic constraints differentially
influence phenology and depend on individual phenotype, as
well as possible differences between the sexes, will be critical
to understanding how population dynamics will change as
temperatures continue to shift across the globe. Specifically,
the results presented here demonstrate that investigations of
reproductive timing may benefit from distinguishing between
individuals of different sizes that may experience differential
environmental constraints, particularly in species with inde-
terminate growth.

Conclusions

Across diverse species, size and, in particular, size thresholds,
play an important role in determining individual phenotype
through ontogeny, control of alternative reproductive tactics,
life history decision making, diet shifts and more (Thomas
and Ickes 1995, Piché et al. 2008, Lucifora et al. 2009,
Smallegange 2010, Yasuno et al. 2012, Wilmes et al. 2020).
In this study we identify a novel pattern of size-associated
reproductive timing and provide further support of an under-
lying energetic mechanism. Our results suggest the existence
of a biological size threshold at which energetic constraints
on reproductive phenology are relaxed, a threshold that may
become more relevant as global temperatures increase and
more individuals are able to escape the energetic constraints
that currently dictate their behavior.
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