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Caring for offspring is energetically expensive, and when the costs of care are sufficiently high, the use of cost-reducing strategies
can be favored. Such strategies may include the avoidance of nest construction through nest take-over and the restoration of depleted
energy reserves through offspring cannibalism. Despite extensive theoretical and empirical work on parental care, neither the actual
energetic costs of care nor the putative benefits of cost-reducing strategies have been systematically measured. Using plainfin mid-
shipman fish, Porichthys notatus, we assessed how energy reserves of caring parents varied with duration of care, offspring cannibal-
ism, and nest take-overs. We show that liver glycogen and lipid contents declined by 58% and 18.7%, respectively, that liver investment
(measured via a hepatosomatic index) declined by 32.6%, and that muscle protein content declined by 8.8%. Other measures of body
condition and energy reserves, such as hepatic glucose and adenosine triphosphate, remained stable over the extraordinarily long
care period (3 months). Experimentally starved fish showed depletions of energy stores similar to caring fish. Fish that took over nests
or that cannibalized eggs both had higher glycogen reserves than fish that did not adopt these strategies. These findings show that
even when parental care is energetically costly, starvation may not be the dominant driving factor behind parent—offspring cannibalism.
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INTRODUCTION cannibalism by caring-giving individuals is a taxonomically wide-
spread phenomenon (Polis 1981; Soulsby 2013) and can be cat-
cgorized into distinct types including filial versus nonfilial or
partial-brood versus whole-brood cannibalism. Each of these types
of cannibalism differ in terms of the selection pressures that drive
them, how they influence the investment of parental resources,
and the adaptive benefits that they confer (Smith and Reay 1991).
Offspring cannibalism, both filial and nonfilial, is known to occur in
birds (Stanback and Koenig 1992), mammals (Elwood 1992), and
insects (Bartlett 1987; Thomas and Manica 2003) and is thought
to occur for a variety of reasons including food shortage, mating
competition, selective termination of low-quality young, and low
certainty of parentage (Polis 1981; Smith and Reay 1991; Manica
2002). All types of parent-offspring cannibalism have also been

Parental care can be costly when the energy and resources put into
care trade-off against alternative investments, such as those made
into somatic growth, which can diminish future reproductive suc-
cess (Williams 1966). Although parental care enhances offspring
fitness, caring parents may have less energy for growth and bodily
maintenance and suffer reduced fecundity, mating opportunities,
and/or survival (Alonso-Alvarez and Velando 2012). Investments
made into current offspring may diminish resources available for
future offspring, and parents should balance the benefits of pro-
viding care against the associated costs (Irivers 1972; Gross 2005;
Smiseth et al. 2012). Although the costs of parental care have been
well studied theoretically, few empirical studies have investigated

the direct costs of care on parental energy reserves (Alonso-Alvarez . .
and Velando 2012). observed among teleost fishes (Smith and Reay 1991; FitzGerald

and Whoriskey 1992). As in other taxa, a large number of fish
studies have focused on offspring cannibalism in the context of
parental care, in which cannibalism of a portion of the brood may
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It has been long argued that parents can offset some of the
high costs of care through offspring cannibalism, even when the

offspring consumed are genetically related to the cannibal (i.e., . R
filial cannibalism, Rowher 1978; Sargent et al. 1995). Offspring ~ SCTV€ @S a means to replenish dwindling energy reserves that would
otherwise compromise the quality or quantity of care. According

to this “energy-based hypothesis,” the recouped energy may then
be allocated towards future reproductive efforts or toward the care
Address correspondence to A.PH. Bose. E-mail: boscap@mcmaster.ca. for any remaining unconsumed offspring (Klug and Bonsall 2007).
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Such energy-driven cannibalism is clearly profitable when targeting
non-kin offspring, but it can also be adaptive even when targeting
kin offspring if the future benefits of the energetic gains outweigh
the immediate loss of progeny (Rowher 1978). Although canni-
balism may serve to recoup energy, nest take-overs may provide a
means to preserve energy, by bypassing the costs associated with
nest construction. However, in previous studies, the lack of compre-
hensive energy reserve measures of offspring cannibalism or nest
take-overs has not permitted an unequivocal testing of the energy-
based hypothesis.

To date, most studies have tested the energy-based hypothesis
using coarse measures of body condition or manipulations of food
availability, and results from these studies have provided mixed
support for the hypothesis (Manica 2002). For example, negative
correlations between body condition and cannibalism have been
uncovered in the bluegill sunfish, Lepomis machrochirus (Neff 2003),
the freshwater goby, Rhinogobius sp. (Okuda et al. 2004), and the
assassin bug, Rhinocoris tristis ('homas and Manica 2003). In female
earwigs, Anisolabis maritima, filial cannibalism appears as a last resort
to sustain a female through the nesting period (Miller and Zink
2012). Increased food availability via supplemental feeding (mitigat-
ing the energy depletion during care) has reduced but not abolished
cannibalism in the Cortez damselfish, Stegastes rectifraenum (Hoelzer
1992), sphinx blenny, Aidablennius sphynx (Kraak 1996), common
goby, Pomatoschistus microps (Kvarnemo et al. 1998), and scissortail
sergeant, Abudefduf sexfasciatus, (Manica 2004). However, such feed-
ing studies have had no effect on cannibalism in the three-spined
stickleback, Gasterosteus aculeatus (Belles-Isles and FitzGerald 1991),
fantail darter, Etheostoma flabellare (Lindstrom and Sargent 1997),
or beaugregory damselfish, Stegastes leucostictus (Payne et al. 2002).
No link between energy depletion and observations of filial can-
nibalism could be made for orangutans, Pongo abeliz (Dellatore et al.
2009) and house finches, Carpodacus mexicanus (Gilbert et al. 2005).
Additionally, in stark contrast to the predictions of the energy-
based hypothesis, Klug and St. Mary (2005) showed that male
flagfish, Jordanella floridae, placed on an enhanced diet cannibalized
more than fish placed on a restricted diet. In many systems, the
importance of cannibalism as a means for restoring energy remains
unclear, possibly because studies are often conducted in artificial
environments and have assumed the energetic costs of care but not
obtained any direct measures of energy stores.

Adequately testing the energy-based hypothesis requires several
steps. First, the energetic costs associated with care should be dem-
onstrated. Second, the available energy reserves of individuals that
engage in cannibalism should be measured and compared with
those that do not cannibalize. Measures of energy reserves should
be taken soon after cannibalism occurs, but before nutrients from
the meal can be absorbed and stored. In this study, we implemented
these 2 steps and investigated the energetic costs of parental care
and how these costs are linked to cannibalism and nest take-overs
using a wild fish, the plainfin midshipman, Porichthys notatus. This
species 1s well suited for testing the energy-based hypothesis. Males
dig and maintain nests under rocks, providing sole parental care in
the form of embryo fanning and brood defense (Arora 1948) for
up to 3 continuous months (Cogliati et al. 2013). Guarding males
do not leave their nests during the care period, and must therefore
rely on food items found within their nests (Sisneros et al. 2009;
Bose et al. 20145 Cogliati et al. 2015). We tested 3 distinct predic-
tions pertaining to the energy-based hypothesis. First, if parental
care is costly then declines in energy reserves should reflect the
length of time a parent provides care. Second, individuals that
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take over a nest should have higher energy reserves than those
that have invested energy into building their own nest and caring
for offspring. Third, if a dwindling energy reserve triggers can-
nibalism, then cannibals should have lower energy reserves than
noncannibals.

METHODS
Field sample collections

In 2013, we located and marked 122 plainfin midshipman nests
along Crescent Beach, British Columbia, Canada (49°02'N,
122°52’W). A plainfin midshipman nest is a small, excavated cav-
ity beneath an intertidal rock that contains a guarding male and
a monolayer of eggs, which are deposited on the nest ceiling. We
found and sampled these nests during the early, mid, and late parts
of the breeding season (23-26 May; 22-26 June; 19-24 July). Nests
were photographed using an Olympus TG-820 digital camera.
Males were measured (total and standard lengths to the nearest
0.1cm and total mass to the nearest 0.1g) and uniquely marked
with nontoxic injectable elastomer (Northwest Marine Technology,
Inc., Shaw Island, WA) before the rocks were carefully repositioned.
On the following day, we checked if the male from the previous day
still remained in the nest, or whether a new unmarked male was
present, and the nest was rephotographed. Nest photographs were
later used for offspring quantification in the software Image] (v1.43,
http://rsbweb.nih.gov/ij/). New untagged males that had replaced
the original males were classified as nest “take-over” males, whereas
original males were categorized as “remaining resident” males. We
examined the stomach contents of a subset of fish from each sam-
pling period, to determine whether take-over males or remaining
resident males had recently cannibalized. Fish were sacrificed with
an overdose of benzocaine. During dissection, a caudal vein blood
sample was taken from each fish and frozen in liquid nitrogen.
All organs were weighed (to the nearest 0.01 g) and both liver and
muscle samples were frozen in liquid nitrogen to later assess energy
stores.

Of the 122 males sampled over the season, 50 were randomly
targeted for detailed energetic analyses. Twenty fish were selected
from the May sampling period so that 10 of these had embryos in
their digestive tracts, hereafter called cannibals, and 10 had empty
digestive tracts, hereafter called noncannibals. Another 20 males
were selected from the June sampling period (10 cannibals and 10
noncannibals). Only 10 fish were selected from the July sampling
period (all of these were noncannibals because we did not find
evidence of cannibalism in any fish sampled during July, see Bose
et al. 2014). Of the 40 fish analyzed from the May and June sam-
pling periods, 11 were take-over males.

Starvation sample collections

Wild caring males eat little over the breeding season (Cogliati et al.
2015). Thus, we also held 12 males under controlled food depriva-
tion for 82 days to serve as a reference against which to compare
changes in body condition and energy reserves due to caring.
Midshipman males can care for 90 days or longer (Cogliati et al.
2013). The males for this experiment were collected from Ladysmith
Inlet, British Columbia, Canada (49°1'N, 123°50'W) in early May
2013. They were measured and weighed (as above) and housed indi-
vidually in 300-L outdoor aerated tanks supplied with filtered 12 °C
seawater, lined with a sand substrate, and provided with shelter. Fish
were monitored daily and experienced no mortality. After 82 days in
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these tanks, all 12 fish were remeasured, euthanized, and dissected.
All organs were weighed (to the nearest 0.01g) and blood plasma,
liver, and muscle samples were preserved as previously described.

Measures of body condition and energy reserves

To measure body condition, we employed 2 commonly used indi-
ces: 1) a relative condition factor (RCF), based on residuals from
a regression of In body mass against In standard length (Blackwell
et al. 2000) and 2) a hepatosomatic index (HSI), based on the resid-
uals of In liver mass regressed against In eviscerated body mass.
A gonadosomatic index (GSI) was also calculated for each fish
using residuals of In gonad mass against In eviscerated body mass,
as well as a gut investment index using the residuals of In empty gut
mass against In eviscerated body mass.

Frozen liver samples were measured for water, glycogen, free glu-
cose, adenosine triphosphate (ATP), total lipids, and total protein
contents. Irozen muscle samples were analyzed for water and total
protein contents. Frozen plasma samples were analyzed for ammonia
content. A full description of the lab protocols used can be found in
the Supplementary Materials.

Total lipids and glycogen per whole liver were also determined
for each fish by multiplying total liver dry weight (g) by either mass-
specific lipid (mg/g dry weight) or glycogen content (wmol/g dry
weight). These reserves were then converted into a condition index
using residuals similar to RCF and HSI as described above.

Egg digestion study

We used the presence or absence of embryos within the digestive
tract as an indicator of whether offspring cannibalism had recently
occurred. However, this indicator offers only minimal information
regarding the rate of cannibalism that occurs in the field or the rate
at which nutrients from a meal are accessed. To gain more insight
into this, we estimated gastrointestinal evacuation rates by conduct-
ing an egg-feeding study between 17 May and 14 June 2013. Thirty
males were collected from Ladysmith Inlet, held in aerated tanks
of seawater, and fasted for 42h. Each male was then fed 5 eggs.
Six randomly selected fish were sacrificed and dissected at one of
5 time points: 6-, 12-, 24-, 36-, or 48-h postfeeding. Fish body size
did not differ between time point groups (Fjy o = 0.11, P = 0.98).
To track the progression of digestion, a digestion index was created
using a 4-level scale. Fully intact undigested eggs were given a score
of 1; mild digestion (loss of spherical shape but yolk still present)
was given a 2; major digestion (loss of shape and yolk) was given
a 3; and passed from the track entirely was given a 4. Gut content
mass (g) was also recorded for each fish by weighing the full gut
mass and subtracting the empty gut mass once the contents had
been removed (see Cogliati et al. 2015 for details).

Data and statistical analysis

All analyses were performed in R version 3.1.0 (R Core Team
2014). We compared overall body condition (RCF) and body size
(based on standard length in cm) between those males that were no
longer present in their nests on the second day of sampling with
those males that remained in their nests using exact Wilcoxon rank
sum tests (“exact RankTests” package, Hothorn and Hornik 2015).
We also tested whether males that took over the ownership of a
nest were larger than the males that they replaced with a 1-sample
t-test using difference scores in their standard lengths.

We tracked how measures of body condition and energy reserves
changed across the breeding season in wild fish, and also com-
pared these measures with those from the lab-held fish that were
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experimentally starved for 82 days. Only remaining resident males
that were noncannibals were considered for these analyses. For each
measure of body condition and energy reserves that we quantified,
we ran a linear model (LM) that included sampling time (i.e., May,
June, July, and “starved”) as a predictor. All models also included a
parameter for fish size (standard length, cm) unless the analysis was
conducted on an index that already accounted for body size. Both
plasma ammonia concentration and liver glucose content were In-
transformed to meet parametric assumptions.

We then compared cannibals with noncannibals. We used a
Wilcoxon rank sum test to test whether the nests of cannibal males
experienced a larger reduction in relative brood size than the nests
of noncannibal males. This analysis only considered nests sampled
in May and June, the 2 months in which cannibalism was observed.
We compared energy reserves between cannibals and noncanni-
bals, and between take-over males and remaining resident males.
We ran LM that included sampling time (i.e., May, June, July, and
“starved”) and either cannibal status (i.e., cannibal or noncanni-
bal) or take-over status (i.e., take-over male or remaining resident
male) as predictor variables. Fish size (standard length, cm) was also
included in all models, except for the aforementioned indices. Nest
take-overs and cannibalism were only detected in the first 2 sam-
pling periods of the breeding season, and so only fish sampled from
these first 2 periods could be included in these analyses. All take-
over males were excluded from the comparison of cannibals to non-
cannibals. All fish sampled during the first 2 periods were included
in the comparison of take-over males to remaining resident males.
Muscle water and protein contents were measured from noncan-
nibal males only. Liver glucose content was In-transformed to meet
parametric assumptions for both the cannibalism and take-over
comparisons, and liver protein content was In-transformed for the
take-over comparison only. A In-transformation could not resolve
the heteroskedasticity in total glycogen per liver for the take-over
comparison, and so a generalized least squares (GLS) regression
was used in this case to accommodate the uneven variance (“nlme”
package, Pinheiro et al. 2014). Lastly, each model also included an
interaction term between sampling period and either cannibal sta-
tus or take-over status, removing the term if it was nonsignificant.

Finally, a cumulative link mixed model (CLMM) for ordinal data
(“ordinal” package, Christensen 2014) was used to correlate the diges-
tion index scores with elapsed time in the egg digestion study. Change
in gut content mass with time was analyzed with a LM including
elapsed time (hours) and fish size (body mass, g) as predictors.

Ethical Note

Plainfin midshipman fish are neither threatened nor endangered
(Collette et al. 2010). All animals were collected and handled
quickly in accordance with the Canadian Department of Fisheries
and Oceans protocols/rules/guidelines (Scientific license XR 14
2013). All procedures were approved by the McMaster University
Animal Research Ethics Board, DFO’s Animal Care Committee
(AUP number 13-003), and are in line with the guidelines set by the
Canadian Council on Animal Care (CCAC).

RESULTS

Body size and condition do not predict loss or
retention of nest ownership

Throughout the breeding season, we observed numerous occur-
rences of changes in nest ownership (see Bose et al. 2014). Such
events indicate the take-over of an occupied nest, where the
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previous resident was ejected, or the take-over of an empty nest,
where the previous resident had already abandoned. Early in the
season (May), 32% of nests experienced a change in nest owner-
ship between the 2 consecutive sampling days, 7% in the midseason
(June), and 0% in the late season (July). Additionally, the proportion
of nests found to be empty on the second sampling day were 4%,
5%, and 2% for the early, mid, and late seasons, respectively.

No significant difference could be detected in the overall body
condition (RCF) of males that were no longer in their nests on the
second sampling day and the males that remained in their nests
(Wilcoxon rank sum, May: W = 223, N = 46, P = 0.71; June:
W =207, N =56, P = 0.93; July: W= 26, N =48, P=0.92).
Furthermore, no differences in body size could be detected between
these 2 groups of males (May: W = 299, N = 46, P = 0.18; June:
W=250.5, N'= 56, P=0.39; July: W =235 N=48, P=1).

Energy reserves decline across the
breeding season

Both body condition indices and energy reserve measures indicated
deteriorating condition across the season (Figure 1, Supplementary
Tables 1 and 2). Significant declines in liver investment (£ = 0.02,
Figure lc), weight-specific liver glycogen content (P = 0.003,
Figure le), total glycogen per whole liver (P = 0.007, Figure 1f),
total lipids per whole liver (P = 0.003, Figure 1d), and muscle pro-
tein content (£ = 0.016, Figure 1j) were observed over the season.
The males sampled at the end of the breeding season also had
higher liver water (P = 0.02, Figure lg), liver protein (£ = 0.005,
Figure 1h), and muscle water (P < 0.0001, Figure 1i) contents rela-
tive to males sampled early in the season, and they also tended to
have smaller gastrointestinal tracts for their body size (P = 0.07,
Supplementary Table 2). There were no changes in plasma ammo-
nia levels across the season (Supplementary Table 2). We found
that liver glycogen and lipid contents declined by 58% and 18.7%,
respectively, that HSI declined by 32.6%, and that muscle protein
content declined by 8.8% over the season.

Starved fish have significantly reduced energy
reserves

After 82 days, the food-deprived reference males had lost
16.8+£0.6% (mean * standard error [SE]) of their initial body
mass. They were also in lower body condition and had smaller
hepatic energy reserves when compared with wild fish sampled
early in the breeding season (Figure 1, Supplementary Table 3).
Specifically, relative to early season fish, these starved fish had lower
RCF (P = 0.038, Iigure la), smaller livers (P = 0.001, Figure Ic)
and digestive tracts (P = 0.036), lower weight-specific liver glyco-
gen content (P = 0.004, Figure le), total glycogen per whole liver
(P = 0.009, Figure 1f), total lipids per whole liver (£ < 0.001,
Figure 1d), and muscle protein content (P = 0.019, Iigure 1j,
Supplementary Table 3). The starved fish also had significantly
higher water content in their livers (P = 0.023, Figure lg) and
muscles (P < 0.0001, Figure 1li), and also higher gonadal invest-
ment (P < 0.001, Figure 1b) relative to early season fish. Except for
higher liver-free glucose, few differences could be detected between
the starved fish and late season (July) fish from the wild that had
presumably been caring for 3 months (Supplementary Table 4).

Nest take-over males have greater energy
reserves

Take-over males were not significantly different in body size (stan-
dard length) than the males that they replaced (ftest, ¢ = —1.5,
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degrees of freedom = 17, P = 0.15). However, take-over males had
higher weight-specific liver glycogen content and total glycogen
per whole liver than males that had remained on their nests, but
these measures were significantly different only later in the season
(glycogen content LM, interaction effect, est. £ SE = 154.9£70.3,
U35 = 2.2, P=0.03, Figure 2a; total glycogen GLS, interaction effect,
est. £ SE = 0.72£0.32, {35 = 2.2, P = 0.03). Take-over males also
had higher gonadal investment compared with males that remained
the resident of their nests (LM, est. £ SE = 0.61£0.16, #3 = 3.79,
P < 0.001, Figure 3b). All other measures of body condition and
hepatic energy reserves were nonsignificant (all 2> 0.11).

Cannibals do not have lower energy reserves
than noncannibals

Cannibalistic males were found to have an average of 17.8+3.5
(mean = SE) eggs in their guts. Additionally, the nests of canni-
bal males suffered a greater reduction in brood size between the 2
sampling days than the nests of noncannibal males (proportion of
brood disappearing overnight, mean = SE = 23.1+1.2% for canni-
bals vs. 6.3£0.3% for noncannibals; Wilcoxon rank sum, I/ = 48,
N=40, P=0.002).

Cannibals appeared to have higher HSIs (LM, est. *
SE = 0.16£0.09, {y; = 1.79, P = 0.09) compared with noncan-
nibals though this difference did not reach significance (Figure 3a).
However, cannibals had higher weight-specific liver glycogen con-
tent (LM, est. £ SE = 112.4£33.7, £,5 = 3.33, P= 0.003; Figure 3b)
and total glycogen per whole liver (LM, est. & SE = 0.634 +0.266,
fo = 2.38, P = 0.03). All other measures of body condition and
hepatic energy reserves were nonsignificant (all 2> 0.17).

Gastric evacuation rates

Extent of egg digestion was strongly related to time elapsed since
feeding in the egg digestion study (CLMM, z = 4.6, N = 138,
P < 0.001, Figure 4). Gut content mass also declined significantly
with time elapsed since feeding (LM, est. + SE = —0.02%0.006,
tog) = —2.3, P=0.03).

DISCUSSION

We predicted that if parental care was energetically costly, then the
longer an individual provides care the more their energy reserves
should deteriorate. We corroborated this prediction in the plainfin
midshipman, as parental condition as well as hepatic and somatic
energy stores declined with time in the breeding season, a proxy for
duration of care provided. We also predicted that if care is costly,
then late-coming males that avoid nest building by taking over nests
from previous nest owners should be in better condition than those
males that have spent more time caring and building a nest. Indeed,
we found that take-over males represent a subset of the population
that is in better condition than males that have cared for and main-
tained a nest and offspring for a longer period of time. Finally, we
also predicted that if cannibalism was used as a means for caregivers
to replenish dwindling energy reserves, as the energy-based hypoth-
esis suggests, then cannibals should have lower energy reserves than
noncannibals. We did not find any evidence to support this hypoth-
esis as cannibals had similar energy reserves to noncannibals.

Males that lost their nest are similar to those that
retained it

Any male found to be absent from his nest on the second day of
sampling could not be collected for dissection. As such, we were
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Figure 1

Seasonal variation in (a) relative body condition (RCF), (b) gonadosomatic index (GSI), (c) hepatosomatic index (HSI), (d) total lipids per whole liver, (e)
weight-specific liver glycogen content, (f) total glycogen per whole liver, (g) liver water content, (h) weight-specific liver protein content, (i) muscle water
content, and (j) weight-specific muscle protein content from nesting and forced starved male midshipman fish. The dashed line separates the fish sampled over
the breeding season from the fish held under food deprivation. Brackets with * indicate a significant difference between 2 groups at £ < 0.05.

unable to directly compare energy reserves between these absent measures that did not require dissection, between these 2 groups of
males and those that remained in their nests. However, we could males and did not detect any significant difference. Previous studies
compare relative condition factor (RCF) and skeletal body length, 2 have suggested that larger and stronger males may be more likely
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Figure 3
Variation in a body condition index (HSI) and weight-specific liver glycogen content (in pmol/g dry weight) between midshipman fish found to have recently
cannibalized (light gray boxes) and fish with empty guts (noncannibals, white boxes). Brackets with * indicate a significant main effect at 2 < 0.05.
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Figure 4
Progression of egg digestion (in hours) postfeeding in plainfin midshipman guarder males.
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to abandon a nest because their higher resource holding potentials
enhance their probability of obtaining an alternate site (sand goby,
Pomatoschistus minutus, Lindstrom and Pampoulie 2005). However,
we found no evidence to suggest that either body condition or body
size influenced the likelihood of a male retaining his nest. Thus, it
seems unlikely that our disturbance introduced a systematic bias in
the males that remained in their nests to be collected on day 2.

Parental care period is associated with declining
parental energy reserves

Many animals undergo fasting during one or more parts of their
life history and may rely on endogenous fuels for extended periods
of time. For example, in many bird species, the defense of young is
most crucial during egg incubation, and parents may forgo forag-
ing to remain on the nest during this stage (Mrosovsky and Sherry
1980; Clutton-Brock 1991). This also appears to be true of male
plainfin midshipman, as their diet during the breeding season is
comprised of the few limited food items found in their nests, sug-
gesting that they remain confined to their nests throughout the care
period (Cogliati et al. 2015). Animals undergo 3 well-defined phases
of starvation with predictable depletions of available endogenous
fuel stores (Bar 2014). Phases I and II rely first on glycogen and
then primarily lipid stores. By phase III, animals have crossed a
critical body lipid threshold, and have switched to protein catabo-
lism (Bar 2014). Liver glycogen decreased significantly between
the early and mid-breeding season and then remained relatively
stable throughout the remainder of the season. Liver lipid reserves
declined slowly and steadily over the season, revealing a signifi-
cant decrease only by the late season. Muscle protein decreased
significantly between the mid- and late-breeding season. This sug-
gests that hepatic glycogen, hepatic lipids, and somatic proteins are
mobilized over the course of starvation in the midshipman fish, but
specifically implicates glycogen as an important fuel source during
the initial stages of starvation. Water content of the liver and mus-
cle tissues also increased over the season, consistent with a general
trend for starving animals to replace lost mass with water (McCue
2010). Taken together, we find it likely that the midshipman males
in our study were in phase II of starvation after 2 months of paren-
tal care and were in phase III of starvation after 3 months.

Several previous studies have also demonstrated results gener-
ally consistent with ours. For example, in three-spined sticklebacks,
G. aculeatus, males lose the majority of their liver glycogen and lipid
reserves and also a considerable amount from their somatic muscle
over the course of their approximately 3-month breeding season
(Chellappa et al. 1989). Gasterosteus aculeatus also displays a similar pat-
tern of fuel use, with liver glycogen being preferentially mobilized
before liver lipids. Male grass goby, Losterisessor ophiocephalus, also expe-
rience a large decrease in HSI and somatic body lipids between the
beginning and end of their breeding season (Malavasi et al. 2004).
An increase in liver protein concentration has also been documented
in starving Atlantic cod, Gadus morhua (Black and Love 1986).

We also found that the relative mass of gastrointestinal tissues
declined with duration of both parental care and the food depriva-
tion treatment, suggesting that midshipman males can adaptively
reduce investment into unused tissues. Gastrointestinal tissues have
high rates of protein synthesis, fast cellular turnover, and are meta-
bolically expensive to maintain, and a broad range of animal taxa
are known to reduce digestive tract size during periods of fasting
(Piersma and Lindstrom 1997; Zaldtia and Naya 2014).

Starved males were in a similar physiological state as the late-
season males, with similar declines in energy reserves. The only
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notable difference was that starved males had larger gonads. We
interpret the large GSI in starved fish as a result of these males not
having an opportunity to spawn repeatedly over the season. Starved
males also had lower liver ATP and higher liver glucose levels than
did wild males, suggesting an increasing mismatch between ATP
demand and supply as food deprivation is prolonged.

Interestingly, a recent diet analysis by Cogliati et al. (2015)
revealed that food abundance within the guts of guarder males gen-
erally does not change throughout the season and that food avail-
ability within the nest, mostly in the form of small invertebrates,
may actually increase over the season. Therefore, any decrease in
body condition experienced by caregivers is unlikely to be the result
of a decline in food availability as the season progresses. Overall,
the similarities between laboratory starved males and those provid-
ing care in the wild further support the idea that parental care is
energy demanding and restricts foraging beyond the nest.

Take-over males are in better condition than
resident males that remain on nests

Males can be motivated to take-over nests when appropriate nest-
ing sites are limited (e.g., Bessert et al. 2007) and when nest owner-
ship provides higher reproductive output than cuckoldry strategies
alone (e.g., Gomagano and Kohda 2008; Cogliati et al. 2013). Here,
we show that take-over males are in better condition than guarder
males that have constructed nests and likely spent time caring for
offspring. Midseason take-over males had higher levels of liver gly-
cogen (Figure 2a). Here, liver glycogen can be used as an indicator
of recent energetic strain as we showed it to be the first hepatic fuel
source to display a measurable decline in response to care duration
in the plainfin midshipman. Any decrease in other fuels, such as lip-
ids or proteins, should first be preceded by a decrease in glycogen,
but not vice versa.

These late-coming take-over males are likely to be in better con-
dition as a result of 2 non-mutually exclusive factors. First, take-
over males are likely to have invested fewer resources overall into
nest construction or parental care. Indeed, take-over males also had
higher GSI (Figure 2b) suggesting that they had invested less into
recent spawning. Second, take-over males may represent a sample
of the guarder male population with sufficient energy to be able to
out-compete already established nest owners. Interestingly however,
take-over males were not larger than the males that they replaced,
as has been found in other taxa (e.g, Lindstrom and Pampoulie
2005; Peixoto and Benson 2011). In the future, to explicitly test the
importance of body condition and size on nest tenure in this spe-
cies, resource contests between already caring and newly arriving
males would be valuable.

Energy reserves in cannibals are not lower than
in noncannibals

There are several lines of evidence to suggest that cannibalistic guarder
males consume eggs from the nest directly under their care. First, all
nests experienced a reduction in brood size between the 2 sampling
days. This reduction is likely due to a combination of natural mortality,
predation, cannibalism, and nest disturbance. However, cannibal fish
were associated with nests that experienced a much larger decrease in
brood size, consistent with the hypothesis that guarder males cannibal-
ize from the nests under their care as opposed to consuming the eggs of
neighbors. Second, Cogliati et al. (2015) made use of genetic paternity
testing to show that some eggs consumed by males are in fact related
to the cannibal. Cannibalism in this system therefore appears to be a
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mixture of both filial and nonfilial cannibalism. Third, recent video
footage of guarder males within their nests shows the fish periodically
engaging in cannibalism of offspring from the roof of their nest (Bose
APH, personal observations). The captured cannibalistic behaviors are
associated with a characteristic arching of the back, positioning of the
nares close to the offspring, and then a forceful suction or expulsion of
water from the mouth powerful enough at times to dislodge offspring
from the rock surface.

The energy-based hypothesis predicts that parents in poor con-
dition should be the most likely to cannibalize, yet our results do
not support this contention; similar to take-over males, cannibals
possessed higher levels of liver glycogen suggesting that they had,
overall, experienced lower recent energetic strain. Offspring found
within the guts of cannibal males were most likely consumed within
the 24-h window prior to fish dissection, based on our gastric evacu-
ation rate data. The majority (~90%) of offspring found within the
guts of wild cannibals showed little sign of digestion (i.e., classified
as either 1, intact, or 2, with mild loss of shape). We therefore assert
that 1) it is unlikely for the recently consumed offspring to have
contributed to the elevated liver glycogen detected in cannibals and
2) that the energy reserves of the cannibals are likely representative
of their condition when they began consuming the offspring. Thus,
despite the significant costs of parental care it appears unlikely that
low-energy reserves drive offspring cannibalism in the midshipman
fish system. Furthermore, egg cannibalism among midshipman
males is most frequent early in the breeding season when energy
reserves are still high (Bose et al. 2014). Interestingly, our results are
consistent with several previous studies. Both Klug and St. Mary
(2005) and Klug et al. (2006), respectively, recorded filial cannibal-
ism correlating positively with either the amount of supplemental
food provided to caregiving parents (flagfish, 7. floridae) or the ini-
tial body condition of cannibal parents (sand goby, P minutus). They
suggest that if a decline in body condition is also associated with
diminished expected future reproduction, then this should reduce
cannibalism and promote investment into current offspring.

Alternate selective forces that may drive offspring cannibalism in
the plainfin midshipman system are paternal uncertainty and mat-
ing competition. Cuckoldry and competition among males is likely
to influence paternity, or paternity certainty, thereby decreasing the
reproductive value of the offspring at hand and the optimal level of
investment that a caregiver should provide (Klug et al. 2012). Future
studies will investigate these possible factors. Cannibalism could also
be an incidental component of nest/brood cleaning or the selective
termination of unhealthy offspring. However, the high prevalence and
intensity of cannibalism especially in the early season (see Bose et al.
2014) suggests that incidental offspring consumption associated with
cleaning is not the primary explanation of this behavior. Furthermore,
offspring found in the guts of cannibals appeared healthy. Finally, can-
nibalism in this system may simply represent an investment in future
reproduction. Cannibalism is most common in the early season, when
males have invested relatively little into the offspring, and time remains
for the males to attract new females. The extent to which body condi-
tion affects reproductive success (e.g, nest tenure, offspring survival,
female mate choice) still remains to be evaluated.

CONCLUSIONS AND IMPLICATIONS

Few studies on reproductive costs in fish have directly quantified
on-board energy reserves over an extended offspring-care period or
to the level of detail of this study. Our results show that there is
a considerable decline in parental energy reserves associated with

Behavioral Ecology

progression through the care season. We show that such behavioral
strategies such as nest take-overs are associated with an energetic
advantage. Lastly, we refute the energy-based hypothesis, at least in
this batrachoidid species by demonstrating that low-energy reserves
do not drive offspring cannibalism. Thus, it is apparent that ener-
getic need is not a ubiquitous driving factor for offspring canni-
balism. Furthermore, we expect that if other species also possess
comparable starvation-tolerance and similar systems of mating and
parental care to the plainfin midshipman, then they too should be
similarly unaffected by declining energy reserves.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http://wwwbcheco.
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