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Abstract
Recruitment is usually negatively density-dependent with fewer offspring surviving when more are
produced. Parental care could alter the pattern as behaviours that maximize individual fitness are
not necessarily adaptive at the population level. We manipulated the number of eggs spawned
into the nests of male threespine stickleback, and found egg survival to be positively densitydependent. This reversed negative density-dependent survival observed in the absence of
parental care. The reversal was caused my males investing more in parental care when receiving
more eggs, while favouring future reproductive opportunities when receiving few eggs. Densitydependent parental care thus amplified changes in offspring production in relation to number of
eggs spawned. Such amplification may occur in disturbed environments where human activities
have altered female fecundity and males may receive more or less eggs than expected. The
optimal balancing between present and future parental investment can then be distorted,
resulting in maladaptive parental behaviour that reduces offspring survival. These results suggest
that behaviours that have evolved to maximize individual fitness under pristine conditions can
become mal-adaptive under disturbed conditions and influence the recruitment of offspring into a
population. Considering that human activities are rapidly transforming environments, such maladaptive behavioural responses could be common and magnify negative effects of human
activities on population dynamics.

Key words: Early-life effects, fecundity, hatching success, parental effects, recruitment,
reproduction
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Introduction
Unravelling the factors that regulate population growth is an important endeavour in our
increasingly disturbed world. Processes during early life are especially important in this respect, as
they determine the proportion of offspring that reach maturity. Negative density-dependent
survival, through the competition for limited resources, regulates recruitment in many populations
(Murdoch 1994, Rose et al. 2001, Turchin 1995). However, a factor that could influence this
pattern, but has received little attention, is the impact of parental care. Parents may adjust their
investment into care depending on environmental conditions, the expected viability of the
offspring, and future reproductive opportunities, which could influence recruitment (AlonsoAlvarez and Velando 2012, Klug et al. 2012, Ratikainen et al. 2018). Behaviours have evolved to
maximize individual fitness, not population viability or stability (Anthony and Blumstein 2000,
Frank 2010), and may become maladaptive also at the individual level when the environment
changes (Sih et al. 2011, Tuomainen and Candolin 2011). Yet, the impact that individual
behavioural decisions have on population dynamics in disturbed environments are still poorly
known (Greggor et al. 2016).
Parental care theory predicts that individuals should invest into parental care depending on the
value of existing offspring in relation to the cost of care to future offspring (Alonso-Alvarez and
Velando 2012, Klug, et al. 2012). This decision depends in turn on the cues that parents receive
regarding the value of current offspring and of future reproductive opportunities. According to the
parental care theory, parents should invest more in larger broods than in smaller ones, while
prioritizing future reproductive opportunities when broods are small and the prospect for future
reproduction is good. This suggests that parental care could counteract negative densitydependent survival of offspring.
Over the lifetime of a parent, the balancing between present and future parental investment could
cancel out the effect on total offspring production, as individuals that invest much early on may
have less resources left to invest later on, and vice versa (Roff 1992). However, if the environment
changes, the perception of the value of the current offspring, or of future reproductive
opportunities, could change and the evolved rule of balancing become maladaptive. In particular,
environmental change that alters female fecundity, such as changed food availability or
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temperature, could alter the number of offspring the parents care for and, thus, their perception
of the value of current offspring. Parents that care for fewer offspring than expected could then
reduce their investment into the offspring in the expectation of better future reproductive
opportunities, and vice versa for parents that care for more offspring than expected. Such changes
in parental investment could amplify the effect of altered female fecundity on offspring
recruitment. In particular, reduced parental investment could amplify a negative effect of reduced
female fecundity on offspring recruitment if parents do not receive more offspring later in life
because of the environmental change (thus not benefitting from saving resources for future
reproductive opportunities). Correspondingly, increased parental investment could amplify a
positive effect of increased female fecundity on offspring recruitment, if parents are able to invest
also in future offspring because of improved environmental conditions.
Human-induced environmental changes are currently altering the fecundity of females of many
populations, through altered food availability, increased stress levels, higher temperature, and the
presence of hormone-disrupting chemicals (Sokolova 2013, Soudijn et al. 2020, Watson et al.
2020). In the Baltic Sea, the lifetime fecundity of female threespine stickleback (Gasterosteus
aculeatus) has increased during the last decades, in terms of number of egg clutches they produce
during their lifetime, while the size of the egg clutches has not changed (Candolin and Voigt 2020).
The increase in lifetime fecundity is probably caused by human-caused disturbances,
eutrophication and global warming, as these allow females to produce egg clutches at shorter
interspawning intervals (Hovel et al. 2017, Saarinen and Candolin 2020). Thus, more females are
ready to spawn at any time point, which increases population fecundity (Candolin and Voigt 2020).
The increased fecundity raises in turn the number of eggs males can collect in their nests - tunnel
shaped constructions made out of algae and sand and built by the male. Males attempt to attract
as many females as possible to spawn in their nests, to increase offspring production and possible
their genetic diversity, and each female leaves immediately after spawning (Wootton 1984). Males
switch to the parental care stage about 2 days after receiving the first clutch of eggs, after which
they no longer court females. This is to ensure that all eggs are at the same developmental stage
and require the same quality of parental care. Males care for the eggs by fanning fresh water into
the nest, adjusting nest structure to the developmental stage of the embryos, and removing dead
and diseased eggs (Candolin et al. 2008, Fox et al. 2018, Wootton 1984).
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The parental care stage lasts about two weeks, depending on water temperature, and males can
complete several breeding cycles in succession (Candolin and Salesto 2006). However, parental
care is costly in terms of time and energy and males have to balance between current and future
parental investment in order to maximize lifetime reproductive success (Candolin 1998). Males
may cannibalise the eggs when they receive few in order to start a new breeding cycle, and
possibly to improve their body condition for future breeding cycles (Manica 2002).
Interestingly, the increase in the proportion of spawning females in the Baltic Sea correlates with
the growth of the population during the last decades (Candolin and Voigt 2020). This suggests that
the increased population fecundity has contributed to the growth of the population, alongside
other changes in the environment, such as reduced predator abundance (Ljunggren et al. 2010).
The survival of the eggs in the nests is expected to be negatively density dependent in the absence
of parental care, as water quality inside nests deteriorates with egg number (Takegaki and
Nakazono 1999, Takegaki and Nakazono 2000). However, increased parental investment of larger
broods could counteract the negative density-dependence of egg survival and raise the number of
offspring recruited into the population. This is plausible, as eutrophication has increased food
availability (Candolin et al. 2016, Kraufvelin et al. 2006), and males consequently could have the
resources needed to increase their investment into the offspring.
We investigated if changes in population fecundity in terms of number of eggs spawned into the
nests of threespine stickleback influences parental investment and thus the number of offspring
hatching. We allowed males to spawn with different numbers of females to receive different
numbers of eggs, (i.e., egg density within the restricted space of the nest), and manipulated the
presence of parental care. The males could complete two breeding cycles, as males in the
investigated population usually complete two or three breeding cycles during a short single
breeding season (Candolin 2000). These treatments allowed us to determine (1) if parental
investment in the threespine stickleback is density-dependent in relation to number of eggs
received, (2) if parental care alters the expected negative density-dependence of egg survival, and
(3) the impact that parental care has on total offspring production over two breeding cycles when
population fecundity changes.

Materials and methods
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Housing and nest building
We caught adult threespine stickleback, age 2+, before the breeding season (early May) from a
bay in the Baltic Sea (59°50’N, 23°15’E), 2 km from Tvärminne Zoological Station in Southern
Finland. We housed the fish in flow-through tanks at a density of 10 fish per 125 l tank, sexes
separated. A lack of nesting material prevented males from building nests. We fed the fish
defrosted chironomid larvae once a day. Males that came in reproductive condition within two
week, based on nuptial coloration, were moved to individual flow-through tanks (10 l) to build
nests on ‘nesting dishes’ (Candolin 1997). The tanks were kept at 15°C and a 18:6 light:dark
regime. To stimulate nest building, we presented the males a gravid female enclosed in a
transparent, perforated jar twice a day for 15 min. In the experiment, we used only males that
built a nest within two weeks and who cared for the nest through nest directed behaviours. We
caught females throughout the breeding season for a steady supply of gravid females.

Manipulation of egg number
We allowed males with nests to spawn with 1, 2 or 4 females within one day, with a 1 h break
between spawnings. We randomly assigned males to the three treatments, and females to the
males. Females release all eggs ready to be laid during a spawning. We removed each female after
spawning. If a female did not spawn within 20 min, we replaced her with another female. Two
males did not attract any females and we replaced them with new males. Males in the
investigated population collect on average eggs from two females, and only about 5% of males
receive eggs from four or more females; mean egg number in nests in the field is 221 (SD = 149, N
= 45)(Candolin 2004).
Two hours after a male had received the last clutch of eggs, when the eggs had hardened, we
gently removed all eggs from the nest and weighed them to the nearest 0.01g (Candolin 2000).
We determined the percentage of eggs fertilized by inspecting 20 eggs - collected from different
parts of the individual clutches - under a cold-light microscope. Cell divisions and the presence of
yolk globules are clearly visible 2 h after fertilization. Male fertilization success was high (mean
99.5%, SD = 1.5, N = 60) and not significantly associated with total egg clutch size (F1,58 = 0.03, P =
0.86). To determine the total number of eggs received, we divided the weight of all eggs with the
mean weight of an egg. Mean egg weight was calculated by multiplying egg volume with egg
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density (buoyance), 1.01g/cm-3 (Nissling et al. 2017). To determine egg volume, we measured the
diameter of the 20 inspected eggs, using a camera connected to the microscope (the egg is
spherical). We did not round up or down the estimated number of eggs.

Manipulation of parental care
We randomly allocated the fertilized eggs to either a no care or a parental care treatment,
ensuring equal number of replicates for each treatment (Fig. 1). In the no care treatment, the eggs
developed at the bottom of a 10 l tank in the absence of a nest and male care. A flow-through
system combined with an air stone ensured high dissolved oxygen levels. When the eggs started to
hatch, we stopped the flow-through system to prevent the water flow from washing out the
offspring. We counted all hatched offspring 3 days post hatching. To assess survival after hatching
- when the yolk sac had been absorbed and survival depended on external feeding - we
transferred 20 offspring to clean flow-through tanks (10 l). We fed the offspring fluid artemia
solution (JBL NobilFluid artemia), and removed dead individuals daily. We recorded survival 7 days
post hatching.
We returned the eggs in the parental care treatment to the nest and male parental care within 10
min from being removed from the nest. Removing and returning eggs do not influence male
parental care or egg mortality (Candolin 2000). We did not feed the males during parental care, as
they usually do not feed when parenting (Wootton 1984). The tanks were kept under similar
conditions as the tanks in the no care treatment. We measured male fanning activity daily during
10 min by measuring the time the male spent at the nest entrance fanning fresh water into the
nest (Candolin, et al. 2008). The parental phase lasts about 10 days under the selected
temperature. When the eggs started to hatch and fry were visible at the nest entrance, we
stopped the flow-through system and moved the male to another 10 l tank with similar conditions,
to prevent him from cannibalising the offspring when they left the nest (in nature, offspring
escape cannibalism by moving away from the nest). When all offspring had left the nest, we
checked the nest for the presence of any undeveloped or dead eggs, and returned the nesting dish
to the male in his new tank. We counted all hatched offspring 3 days post hatching, and recorded
survival 7 days post hatching, using the same methods as in the no care treatment.
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Success across breeding cycles
We allowed the males in the parental care treatment to complete a second breeding cycle (Fig. 1).
When the males had reconstructed the nest, which is needed to start a new breeding cycle, and
resumed normal courtship behaviour, we allowed them to spawn with the same number of
females as during the first breeding cycle (1, 2 or 4 females), and to perform parental care under
the same conditions. Male fertilization success was again high (mean 99.3%, SD = 1.7, N = 30) and
not significantly associated with egg number (F1,28 = 0.24, P = 0.63). We recorded fanning activity,
hatching success, and survival 7 days post hatching using similar methods as during the first
breeding cycle.
One male did not enter a second breeding cycle and one male did not survive the second cycle.
These males did not differ from the other males in body length (Mann Whitney U = 88, P = 0.31) or
condition (Fulton’s condition factor, U = 75, P= 0.58) at the start of the experiment.

Analyses
The analyses were carried out with the two males that did not enter or survive the second
breeding cycle first included and then excluded. Qualitatively similar results were gained and we
present the results with the two males excluded. The analyses are based on number of eggs
received, not number of females spawning, as females vary in the number of eggs they carry.
To analyse if parental investment was density-dependent in relation to egg number, we calculated
the mean time spent fanning per parental care day, and used least squares regression to relate
fanning activity to egg number.
To analyse if parental care alters density-dependent hatching success (proportion of eggs
hatching) and offspring survival during the first breeding cycle, we used linear least squares (LS)
regression with presence of parental care and egg number as determinants. We added polynomial
terms of egg number to the model to test if the relationship with hatching success was curvilinear.
To test if the probability of whole egg clutch cannibalism depended on egg number, we used
logistic regression with egg number as covariate.
To analyse the influence of egg number on changes in hatching success from the first to the
second breeding cycle, we used a mixed model with male as random factor and egg number as
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covariate and the order of the cycle as fixed factors. To analyse the influence of egg number on
total hatching success over the two breeding cycles, we used a weighted LS regression - as the
variation in hatching success decreased with egg number - with the percentage of all eggs hatching
as the dependent variable and the total number of eggs received as the covariate. The
assumptions of the tests were checked before analyses and all analyses were performed using the
software IBM SPSS Statistics 25. The models and full estimates are given in the supporting
information.

Results
First breeding cycle
Parental investment was density-dependent in relation to number of eggs in the nests, as time
spent fanning increased with egg number (the three males that did not hatch any offspring were
excluded from the analysis; F1,25 = 13.46, P = 0.001, Table S1).
Parental care reversed negative density-dependent hatching success, as hatching success was
negatively related to egg number in the absence of parental care, and positively related in the
presence of parental care (interaction between parental care and egg number: F 1,56 = 32.04, P <
0.001, Fig. 2, Table S2). Adding a quadratic term for egg number and its interaction with parental
care, to test for a curvilinear relationship, did not improve the fit of the model based on Akaike
information criterion, AIC. Hatching success was higher in the absence of care (F1,56 = 79.07, P <
0.001, Fig. 2, Table S2). The absolute number of hatched eggs increased with egg number, and
more steeply in the presence than in the absence of care: the number of hatched offspring was
lower when egg number was low, and higher when egg number was high, in the presence of care
(interaction between parental care and egg number: F 1,56 = 4.93, P = 0.030, Fig. 3, Table S3).
Adding a quadratic term for egg number and its interaction with parental care did not improve the
fit of the model based on AIC.
No undeveloped eggs were found in the nests. This indicates that eggs that did not hatch had been
cannibalised. Whether the eggs were dead or alive when cannibalised is unknown. Three males
cannibalised all eggs. These males had spawned with one female and received fewer eggs than
males that hatched offspring (logistic regression, Wald = 13.04, P < 0.001). They did not perform
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any fanning behaviour, which indicates that they cannibalised the eggs before entering the
parental care stage.
The survival of the offspring 7 days post hatching did not depend on egg number (F1,54 = 0.06, P =
0.80) or presence of parental care (F1,54 = 0.39, P = 0.53, Table S4).

Second breeding cycle of parental males
Parental investment continued to be positively density-dependent during the second breeding
cycle, as time spent fanning increased with egg number (F1,28 = 42.56, P < 0.001, Table S5). Thus,
hatching success continued to increase with egg number (r2 = 0.18, b = 0.02, SE = 0.01, F1,28 = 6.36,
P = 0.018, Table S6). Hatching success was higher during the second cycle than the first cycle (F 1,29
= 9.15, P = 0.005, Fig. 2, Table S7). Males with few eggs improved their hatching success more than
males with many eggs (interaction between egg number and order of cycle: F 1,34 = 9.66, P = 0.004,
Figure 2, Table S8). Offspring survival 7 days post hatching did not depend on egg number (F 1,28 =
0.69, P = 0.41, Table S9).
Across the two breeding cycles, males that received many eggs had a higher total hatching success
than males that received few eggs (F1,28 = 20.33, P < 0.001, Fig. 4, Table S10). This holds also when
the three males that cannibalised all eggs are removed from the analysis (F 1,25 = 15.52, P = 0.001).
These males could have been able to restart the breeding cycle earlier – as we did not know when
the eggs were cannibalised – and lost less time than in the present experiment. The absolute
number of unhatched eggs increased with egg number during both the first (F1,28 = 42.00, P <
0.001, Table S11) and the second breeding cycle (F1,28 = 67,74, P < 0.001, Table S12).

Discussion
Our results show that male parental care counteracts negative density-dependent egg hatching
success in the nest-brooding threespine stickleback. This indicates that male parental care can
reverse negative density-dependent recruitment of offspring into populations, with potential
consequences for their structure and dynamics. The impact is especially likely when population
fecundity is altered because of environmental disturbances, such as eutrophication or climate
change, as the optimal balancing between present and future parental investment can then be
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disrupted. This can amplify the effect of altered fecundity on offspring production, by reducing the
number of offspring hatching when fecundity decreases, and raising the number when fecundity
increases.
The cause of the positive density-dependent hatching success of stickleback males was increased
investment in parental care when receiving many eggs, while often cannibalising the eggs,
sometimes all eggs, when receiving few. Caring for a few eggs is costly in terms of time and
energy, and cannibalising part of them can both save and provide energy for future reproductive
opportunities. Cannibalising all eggs can in turn allow males to start a new breeding cycle (as more
eggs cannot be added when the existing ones are a few days old). However, better reproductive
opportunities may not arise if population fecundity has dropped, in which case whole clutch
cannibalism becomes a risky strategy.
Later in the season, during the second breeding cycle, males increased their investment into
parental care, particularly males that received few eggs during both breeding cycles. The increased
investment was probably a response to declining future reproductive opportunities, as most
individuals can complete only one breeding season (Candolin 2000). Yet, males that received few
eggs continued to hatch a lower percentage of them than males that received many eggs. These
males were probably still saving resources for future reproductive opportunities, although such
opportunities may not arise when population fecundity has declined. Thus, across the two
breeding cycles, the relationship between total number of eggs received and total hatching
success was positive, i.e., positive density-dependent hatching success. These results indicate that
altered population fecundity can reduce the adaptedness of the balancing between present and
future parental investments, especially when fecundity drops because of environmental
disturbances, and change offspring recruitment. The results also hold when the males that
cannibalised all eggs during the first breeding cycle are deleted from the analysis. These males
could have been able to restart a breeding cycle faster than was possible in the experiment and
consequently lost less time and had a higher reproductive success than here recorded.
Interestingly, hatching success was lower for eggs that developed inside nests under parental care
than for eggs that developed outside nests in the absence of care. Apparently, males were not
able to make up for the negative effect that nest structure has on water exchange and thus on
water quality (Takegaki and Nakazono 1999, Takegaki and Nakazono 2000). This indicates that
while nest brooding decreases predation risk on eggs, it bears a cost in terms of reduced hatching
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success. Males may have cannibalised some of the eggs to ensure that the remaining eggs
received the oxygen needed for development (Klug et al. 2006, Payne et al. 2002). Thus, the
absolute number of unhatched (cannibalised) eggs increased with egg number. These results also
indicate that males do not cannibalise a constant number of eggs, but adjust it to their abundance.
Whether these experimental results can be extrapolated to conditions in the field depends on a
range of factors. Males may be able to assess changes in current reproductive opportunities under
natural conditions, through the rate at which females approach their nests, and alter the
allocation of parental investment accordingly. However, males are less likely to correctly assess
changes in future reproductive opportunities. Male condition could also change in parallel with
female fecundity, particularly if the cause of the fecundity change is altered food availability. This
could influence the number of breeding cycles that males can complete and, thus, their balancing
between present and future parental investment. Males in poorer condition may increase their
investment into the first breeding cycle, because of fewer future reproductive opportunities
(Candolin 1999, Candolin 2000), which could reduce the negative effect of decreased population
fecundity on offspring recruitment, while males in better condition could complete more breeding
cycles, which could amplify an effect of increased female fecundity on offspring production. The
latter scenario could have contributed to the growth of the stickleback population in the Baltic
Sea, which is currently having negative effects on the ecosystem through increased predation on
early life stages of coastal predatory fishes and by altering species interactions (Bergström et al.
2015, Candolin et al. 2016, Candolin and Voigt 2020, Jakubaviciute and Candolin 2021). However,
the ultimate effect of the increased offspring production on the population depends on processes
after hatching that influence survival, such as competition for resources and risk of predation and
infections (Murdoch 1994, Rose, et al. 2001). These could restore negative density-dependent
recruitment. More research is needed on these processes to determine the ultimate effect of
increased offspring production on population growth.
The generality of our findings across species and taxa is unknown. Environmental changes often
disrupt behaviours from their optimum expression (Sih, et al. 2011, Tuomainen and Candolin
2011), and similar pattern to the detected one could occur in other species where fecundity is
altered and parents misjudge the opportunities of future reproductive opportunities and, thus, the
optimal allocation between present and future parental investment. While positively densitydependent parental investment may be beneficial in populations with increased fecundity, the
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effect could be detrimental in declining populations. Thus, attention should be given to parental
care behaviours in populations with changing dynamics to determine the degree to which altered
parental investment has contributed to changes in dynamics. Such knowledge can inform us of the
actions needed to mitigate negative effects of environmental disturbances on populations.
Research is also needed on which species are likely to maladaptively adjust their parental
investment to changes in population fecundity, and under which ecological conditions, and if the
likelihood depends on whether the species has maternal, paternal or biparental care.
To conclude, our results show that positive density-dependent parental care can amplify the effect
of altered population fecundity on offspring production. In particular, reduced fecundity can cause
the balancing between present and future parental investment to become maladaptive and
further reduce offspring production, while increased fecundity can increase investment into
parental care and promote offspring production and population growth. At a broader level, our
results stress the importance of considering individual behaviours when evaluating the effects of
human-induced environmental disturbances on populations. Individual behaviours have evolved
to maximize individual fitness under local conditions, but can become maladaptive when the
environment changes, which can influence population processes (Anthony and Blumstein 2000,
Frank 2010). Yet, individual behaviours are seldom considered when investigating population
dynamics in disturbed environments, although improved knowledge of these can reveal causes
and mechanisms behind altered population dynamics, which in turn can enhance our ability to
predict, and possibly mitigate, human-induced ecological changes (Blumstein and FernandezJuricic 2010, Candolin and Wong 2012, Greggor, et al. 2016).

Speculations
What is the contribution of altered offspring production to changes in population dynamics? The
effect depends on the number of offspring produced, as juvenile mortality is higher in species with
larger broods. In the threespine stickleback, a female usually produces 100-150 eggs per clutch
and she may produce up to 5 clutches over her lifetime (Saarinen and Candolin 2020). Thus,
juvenile mortality is high in the species and changes in number of hatched offspring may not have
a decisive influence on population dynamics. However, in species with lower fecundity, even slight
changes in offspring production caused by altered parental investment could have profound
12

implications for populations dynamics. Thus, the impact that human-induced disturbances have on
parental care behaviour and thereby on offspring production should be especially investigated in
these species.
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Fig. 1. Experimental design with 60 males spawning with 1, 2, or 4 females to gain different
numbers of eggs. The eggs were raised in the absence or presence of parental care (30 males in
each treatment). Parental males went through a second breeding cycle during which they
spawned with the same number of females.

17

Fig. 2. Hatching success in relation to egg number in nests in the absence of parental care (least
squares regression: r2 = 0.44, b = -0.025, SE = 0.005) and in the presence of parental care during
the first breeding cycle (r2 = 0.42, b = 0.08, SE = 0.02) and the second breeding cycle (r2 = 0.19, b =
0.02, SE = 0.01).
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Fig. 3. The dependence of number of offspring hatching on number of eggs received during the
first breeding cycle in the absence (least squares regression: r2 = 0.96, b = 0.72, SE = 0.03) and
presence of parental care (r2 = 0.88, b = 0.87, SE = 0.06).
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Figure 4. The dependence of hatching success of parenting males on total number of eggs received
across the two breeding cycles (weighed least squares regression: r2 = 0.42, b < 0.01, SE < 0.01).
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