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1  |  INTRODUC TION

Organisms living in spatially and temporally heterogeneous en-
vironments can be expected to express phenotypic plasticity 

(e.g., Lázaro- Nogal et al., 2015), the propensity of an organism to 
change its phenotype in response to changes in the environment 
(West- Eberhard, 2003). Under natural selection, adaptive phe-
notypic plasticity evolves such that the resulting reaction norm 

Received:	17	January	2022  | Revised:	7	March	2022  | Accepted:	15	March	2022
DOI: 10.1002/ece3.8785  

R E S E A R C H  A R T I C L E

Maternal dopamine exposure provides offspring starvation 
resistance in Daphnia

Semona Issa1,2  |   Safa Chaabani1  |   Alexandros G. Asimakopoulos3  |   
Veerle L. B. Jaspers4  |   Sigurd Einum1

This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided the original work is properly cited.
©	2022	The	Authors.	Ecology and Evolution published by John Wiley & Sons Ltd.

1Department of Biology, Centre for 
Biodiversity Dynamics, Norwegian 
University of Science and Technology, 
Trondheim, Norway
2Norwegian	Agriculture	Agency,	Oslo,	
Norway
3Department of Chemistry, Norwegian 
University of Science and Technology, 
Trondheim, Norway
4Environmental Toxicology, Department of 
Biology, Norwegian University of Science 
and Technology, Trondheim, Norway

Correspondence
Sigurd Einum, Department of Biology, 
Centre for Biodiversity Dynamics, 
Norwegian University of Science and 
Technology, Trondheim, Norway.
Email: sigurd.einum@ntnu.no

Funding information
Norges Teknisk- Naturvitenskapelige 
Universitet; Norges Forskningsråd, Grant/
Award	Number:	SFF-	III	and	223257

Abstract
The neurotransmitter dopamine has been shown to play an important role in modulat-
ing behavioral, morphological, and life history responses to food abundance. However, 
costs of expressing high dopamine levels remain poorly studied and are essential for 
understanding the evolution of the dopamine system. Negative maternal effects on 
offspring size from enhanced maternal dopamine levels have previously been docu-
mented in Daphnia. Here, we tested whether this translates into fitness costs in terms 
of lower starvation resistance in offspring. We exposed Daphnia magna mothers to 
aqueous dopamine (2.3 or 0 mg/L for the control) at two food levels (ad libitum vs. 
30% ad libitum) and recorded a range of maternal life history traits. The longevity of 
their offspring was then quantified in the absence of food. In both control and dopa-
mine treatments, mothers that experienced restricted food ration had lower somatic 
growth	rates	and	higher	age	at	maturation.	Maternal	food	restriction	also	resulted	in	
production of larger offspring that had a superior starvation resistance compared to 
ad libitum groups. However, although dopamine exposed mothers produced smaller 
offspring than controls at restricted food ration, these smaller offspring survived 
longer under starvation. Hence, maternal dopamine exposure provided an improved 
offspring starvation resistance. We discuss the relative importance of proximate and 
ultimate causes for why D. magna may not evolve toward higher endogenous dopa-
mine levels despite the fitness benefits this appears to have.
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gives higher fitness across the changing environment (Lande, 
2009). Phenotypic plasticity can also be transferred from mother 
to offspring such that the maternal response to the environment 
induces changes to the offspring reaction norm (Uller, 2008). 
Maternal	effects	can	then	impact	offspring	fitness	and	ultimately	
population dynamics (Benton et al., 2008). Hence, expression of 
adaptive reaction norms is essential to maintain high fitness as 
well as population viability in heterogeneous environments. This 
is especially the case for reaction norms that are expressed in re-
sponse to food abundance, as changes in these can have strong 
effects on different components of life history (Boggs, 2009). In 
short- lived species, for example, resource allocation to somatic 
maintenance (including survival) increases at the cost of growth 
and	 reproduction	 when	 food	 is	 limited	 (Lynch,	 1989;	Martínez-	
Jerónimo et al., 1994). Resulting changes in maternal resource 
allocation to offspring can ultimately influence offspring sur-
vival and reproduction (Enserink et al., 1995; Hafer et al., 2011; 
Saastamoinen et al., 2013).

At	the	physiological	level,	the	neurotransmitter	dopamine	plays	
an important role as mediator of trait responses to food (see Barron 
et al., 2010, for a review on dopamine- mediated behavioural and 
morphological responses to food across taxa). Issa et al. (2020) 
showed that in addition to influencing morphological and behav-
ioral traits, dopamine can regulate life history responses to food 
abundance. Specifically, in the zooplankton species Daphnia magna, 
exposure to dopamine caused life history reaction norms (age at 
maturation and fecundity) to change in a way that resulted in higher 
population growth rates (calculated from maternal life history traits) 
when food was limited (Issa et al., 2020). This happened without 
any apparent fitness costs at high food abundance. These observa-
tions raise the question of why endogenous dopamine levels do not 
evolve toward higher values. Issa et al. (2020) suggested this may be 
due to costs of high dopamine levels being paid by the offspring gen-
eration, which was not quantified in their study. Negative maternal 
effects on offspring size from dopamine treatments were detected. 
A	smaller	offspring	size	may	have	detrimental	effects	on	offspring	
survival since body size in Daphnia is positively associated with fil-
tering rates (Porter et al., 1983) and offspring survival under food 
limitation (Gliwicz & Guisande, 1992). Because offspring survival is a 
crucial component of maternal fitness, investigation of costs to off-
spring from enhanced maternal dopamine levels could give better 
insight into the selective forces shaping the evolution of the dopa-
mine system.

In this study, we experimentally tested for effects of maternal 
dopamine exposure on offspring fitness. We exposed one genera-
tion (F0) of D. magna to dopamine at high vs. restricted food ration 
and starved the offspring (F1) to measure their starvation resistance. 
Based on the previous findings of Issa et al. (2020), we predicted 
changes to the slopes of the life history reaction norms under do-
pamine exposure that result in faster somatic growth and smaller 
offspring	 when	 food	 is	 limited.	 Moreover,	 we	 hypothesized	 that	
the smaller offspring originating from dopamine- exposed mothers 
would experience reduced survival under starvation.

2  |  MATERIAL S AND METHODS

2.1  |  Study organisms

As	previously	outlined	 in	 Issa	et	 al.	 (2020),	 ephippia	 (i.e.,	 the	 cap-
sule containing resting eggs) resulting from sexual reproduction of 
D. magna were collected in November 2014, in a pond at Værøy 
Island (1.0 ha, 67.687°N 12.672°E), northern Norway. Ephippial eggs 
were hatched in the laboratory and propagated clonally. For the cur-
rent experiment, juveniles of a single clone (clone 49) of D. magna 
were asexually propagated for 10 successive generations prior to 
use.	A	maximum	of	30	individuals	of	D. magna were cultured in 2.5- L 
aquaria	at	20°C	in	a	modified	“Aachener	Daphnien	Medium”	(ADaM)	
(Klüttgen et al., 1994, SeO2 concentration reduced by 50%), under 
long photoperiods (16 h L: 8 h D) using white fluorescent lamps. 
The medium was exchanged weekly and the animals were fed three 
times a week with Shellfish Diet 1800® (Reed mariculture Inc.) at a 
final concentration of 3.2 × 105 cells/ml.

2.2  |  Experimental design

For the F0 generation, a similar experimental design as in Issa et al. 
(2020) was used, corresponding to a full factorial design with control, 
dopamine, and two food rations (high vs. restricted), with six 500- ml 
replicate beakers (non- aerated borosilicate beakers, Fisherbrand) for 
each of the four combinations (Figure 1). Ten neonates (<24 h old) 
were introduced into each beaker and kept at 20°C under long pho-
toperiods (16 h L: 8 h D) until maturation. The exposure concentra-
tion of dopamine (2.3 mg dopamine hydrochloride/L) was chosen for 
successfully inducing changes in D. magna growth (Issa et al., 2020; 
Weiss	et	al.,	2015).	An	exposure	protocol	as	previously	outlined	in	
Issa et al. (2020) was followed. Specifically, dopamine hydrochloride 
(Sigma-	Aldrich)	was	first	dissolved	in	100	ml	ultrapure	water	before	
dilution	 in	ADaM	to	 the	desired	exposure	concentration.	Controls	
containing	only	ADaM	medium	were	performed	parallel	to	the	ex-
posure replicates. The medium was renewed in all replicates (N = 24) 
three times a week, and the animals were fed at each renewal event 
with Shellfish Diet 1800® at a final concentration of 2.88 × 105 cells/
ml (ad lib at 20°C) for the high food ration and 8.6 × 104 cells/ml 
(30% ad lib at 20°C) for the restricted food ration.

All	 replicates	 were	 checked	 daily	 for	 mature	 individuals.	 In	
Daphnia, maturity can be determined by visual inspection of the 
brood chamber (the dorsal part of the animal) through the transpar-
ent	carapace,	into	which	fully	developed	eggs	are	oviposited.	Mature	
individuals were removed from the beakers, photographed for size 
measurements (see Section 2.3 below), and kept individually in 2- ml 
non-	aerated	wells	containing	ADaM	at	10°C	until	they	had	released	
their neonates. Seventeen of the 240 individuals in the beakers were 
found to be males and were thus not transferred (Figure 1). To pre-
vent released neonates from obtaining food, no food was added 
to the wells. The wells were checked daily and once neonates had 
been released (i.e., <24 h old, F1 generation), two individuals were 
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randomly sampled from each well, photographed for size measure-
ments (see Section 2.3 below), and transferred individually to new 
2-	ml	 non-	aerated	 wells	 containing	 ADaM	 (no	 food)	 at	 10°C.	 The	
medium was not exchanged, and individuals were checked daily 
to record mortality. The low exposure temperature was chosen to 
slow down metabolism and increase longevity under starvation, thus 
making it more likely to accurately quantify any variation in offspring 
longevity under the chosen frequency of observations.

2.3  |  Sampling procedure and measurements of life 
history traits

Immediately prior to dopamine exposure on day 0 of the experiment, 
a random sample of 30 F0 neonates were photographed for body 
length measurements (mm, measured from the upper margin of the 
eye to the junction of the carapace and spine, using ImageJ v1.52a, 
National	 Institutes	 of	Health,	 Bethesda,	MD).	 Individual	measure-
ments of body length at first reproduction for the F0 generation 
(after releasing their first clutch of eggs) and at birth for the F1 gen-
eration	were	measured	in	the	same	way.	All	body	length	measure-
ments (mm) were converted into dry mass (mg) using the equation 

by Yashchenko et al. (2016): Dry mass = 0.00535 × Body length2.72. 
The somatic growth rate in the F0 generation was calculated for each 
individual as: Somaticgrowthrate =

ln(drymassend) − ln(drymassstart)
Duration

, where 
dry mass start is the average dry mass (in mg) at the neonatal stage 
(day 0), dry mass end is the individual dry mass (in mg) at maturation, 
and duration is the number of days between the two stages.

As	 in	 Issa	et	al.	 (2020),	conductivity	 (WTW	LF	330	conductiv-
ity	meter),	pH	(WTW	pH	340i),	and	dissolved	oxygen	(WTW	Multi	
3410 multiprobe meter) were measured. This was done on two sep-
arate occasions throughout the experiment (Table 1), after medium 
renewal,	in	the	new	exposure	solutions	and	ADaM	medium	used	for	
the controls (N = 4; two samples collected in total from each of the 
dopamine and control treatments). Simultaneously, the new expo-
sure	solutions	and	ADaM	medium	were	sampled	for	dopamine	anal-
ysis (N = 4; two samples collected in total from each of the dopamine 
and control treatments).

The	samples	were	stored	at	−80°C	for	a	maximum	of	5	months	
after collection (during closure of the labs due to the Covid- 19 
outbreak) prior to dopamine analysis. Two complementary sam-
ple preparation protocols were used: (1) dilute- and- shoot; and 
(2) liquid– liquid extraction. Subsequent analysis was performed 
by ultra- performance liquid chromatography coupled to a triple 

F I G U R E  1 Schematic	diagram	of	the	
experimental design. The F0 generation 
was kept at restricted (R) and high (H) 
food ration for both control and dopamine 
treatments (2 x 2 design) from birth until 
maturity, with six replicate beakers per 
treatment combination and with each 
replicate initially containing 10 individuals. 
Due to the occurrence of males in the 
F0 generation, total sample sizes, given as 
N, varied among treatments. Individuals in 
the F1 generation were kept without food 
in separate wells and were not exposed to 
dopamine

Sampling event Treatment
Dopamine 
(mg/L)

Conductivity 
(mS/cm)

Dissolved 
oxygen 
(mg/L) pH

1 Dopamine 0.052 1.64 8.83 7.95

1 Control 0 1.653 8.93 8.02

2 Dopamine 0.056 1.527 8.97 7.98

2 Control 0 1.541 9.02 8.01

TA B L E  1 Water	quality	measurements	
from study on life history responses to 
food ration and dopamine exposure in 
Daphnia magna
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quadrupole	mass	analyzer	(UPLC-	MS/MS).	This	analysis	was	done	
as described in Issa et al. (2020), where single reaction monitor-
ing	 (SRM)	chromatograms	were	monitored	for	dopamine.	Typical	
SRM	 chromatograms	 for	 dopamine	 in	 the	 analyzed	 samples	 are	
depicted	in	Appendix	S1.	Over	the	course	of	the	experiment,	pH,	
conductivity, and dissolved oxygen were within the recommended 
range for testing of chemicals in D. magna, according to OECD 
guidelines (OECD, 2012). The conductivity remained at 1.6 mS/
cm, mean dissolved oxygen at 8.9 mg/L, and pH at 8.0 across 
treatments, whereas measured average concentrations of dopa-
mine	were	ca.	2%	of	their	nominal	concentrations	(Table	1).	Much	
lower than expected concentrations of this compound were likely 
caused by degradation during unforeseen long- term storage due 
to the Covid- 19 outbreak.

2.4  |  Statistical analyses

All	statistical	analyses	and	graphic	illustrations	were	performed	in	R	v.	
3.6.3 (R Core Team, 2020). We tested whether the slopes of the re-
action norms of the measured life history traits in response to food 
abundance differed among dopamine treatments (control vs. dopamine 
exposure). To assess this for dry mass at maturation and somatic growth 
rate,	we	used	linear	mixed	effects	models	(LME,	implemented	using	the	
lme functions in the package nlme, Pinheiro et al., 2020), with fixed ef-
fects of treatment and food ration and the interaction between these, 
and	with	beaker	 ID	as	a	 random	effect.	For	offspring	dry	mass,	LME	
models were fitted with treatment, food ration, and their interaction as 
fixed predictor variables, and maternal ID nested in beaker as a random 
predictor variable. Finally, we tested the effects of treatment, food ra-
tion and their interaction on age at maturation and offspring longevity 
(both being probability distributions), using Poisson generalized linear 
mixed	 effects	 (GLMM,	 implemented	 using	 the	 glmer function in the 
package lme4, Bates et al., 2015). For these latter analyses, beaker ID 
and maternal ID nested in beaker ID were included as random effects, 
respectively.	For	LME	models,	 the	VarIdent	 command	 from	 the	nlme 
package was used to allow residual variance to differ among treatments, 
food ration, and the two- way interaction between these (Pinheiro & 
Bates, 2000). Using a chi- square test of the residual deviance and de-
grees	of	freedom,	GLMM	models	were	found	not	to	be	overdispersed,	
and their Pearson and deviance residuals were found to satisfy model 
assumptions. For all analyses, the appropriate random structure was 
first	established	by	comparing	the	Akaike's	 information	criterion	with	
correction	for	small	sample	size	(AICc) of models that included all fixed 
factors but differed in their random effects structure. Once the appro-
priate random structure was determined, fits of alternative models with 
different	fixed	effects	structures	were	compared,	again	using	AICc.

3  |  RESULTS

All	 life	history	 traits	were	 influenced	by	both	 food	 ration	and	do-
pamine	treatments	(Table	2).	Most	of	them	responded	in	the	same	

direction to a change in food ration for both control and dopamine 
treatments. Specifically, somatic growth rate increased with higher 
food ration, whereas age at maturation, offspring dry mass, and 
offspring longevity decreased (Figure 2, Table 3). For dry mass at 
maturation, there was a strong interaction between food ration and 
dopamine treatment (Table 2). While dry mass at maturation de-
creased with increasing food ration in the control treatment, the op-
posite pattern was observed in the dopamine treatment (Figure 2c, 
Table 3).

The steepness of the food ration reaction norms depended on 
dopamine treatment for somatic growth rate and offspring dry mass 
(Table 2). Specifically, dopamine exposure increased somatic growth 
rate, but this was more pronounced at high food ration (Table 3), 
causing the reaction norm to be steeper for the dopamine exposed 
group compared to the control (Figure 2a). For offspring dry mass, 
treatment had no effect at high food ration, whereas exposure to 
dopamine reduced offspring dry mass at restricted food ration 
(Table 3). Thus, for this trait, the reaction norm was steepest for 
the control group (Figure 2d). In contrast, exposure to dopamine 
lowered age at maturation to an equal extent across food rations 
(Figure 2b, Table 2). Similarly, the effect of dopamine treatment 
on offspring longevity did not depend on the maternal food ration 
(Table 2). Rather, exposure to dopamine increased offspring longev-
ity across food rations (Figure 2e).

4  |  DISCUSSION

In a previous study, Issa et al. (2020) investigated the role of do-
pamine in shaping life history responses to food abundance in 
D. magna. This was done both through aqueous exposure to dopa-
mine and to the antidepressant bupropion, a dopamine reuptake 
inhibitor. Both treatments led to higher population growth rates (cal-
culated from maternal life history traits) when food was restricted, 
without any apparent costs to fitness. The higher dopamine expo-
sure resulted, however, in smaller offspring, which could potentially 
perform worse particularly when facing restrictions in food availabil-
ity (Gliwicz, 1990). Since offspring survival is a crucial component of 
maternal fitness, this may represent a fitness cost of higher maternal 
dopamine levels. In the current study, we tested this by exposing 
F0 D. magna to aqueous dopamine and quantifying life history re-
sponses of mothers (F0) to food abundance as well as the starvation 
resistance of their offspring (F1).

Similar to the findings of Issa et al. (2020), offspring size was 
larger in mothers that had experienced restricted food abun-
dance, a pattern commonly observed in Daphnia (Garbutt & Little, 
2014; Glazier, 1992), as well as in other organisms (Reznick et al., 
1996; Vijendravarma et al., 2010). This response was in the same 
direction for both dopamine and control treatments but was 
considerably steeper for the control treatment. The latter arose 
as a consequence of dopamine exposure causing a reduction in 
offspring size when mothers experienced restricted food ration, 
but not when mothers received ad lib food. In general, a larger 
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investment in offspring size when food is limited is expected to 
boost offspring survival and fitness (Gorbi et al., 2011; Tessier 
& Consolatti, 1989). In support of this, we found that the larger 
offspring of mothers having experienced restricted food ration 

survived	better	under	starvation	across	treatments.	Mothers	that	
experience low food abundance tend to produce offspring with a 
larger maternal lipid reserve, which can increase offspring starva-
tion resistance (Tessier et al., 1983). In contrast to our hypothesis, 

TA B L E  2 Model	comparison	of	candidate	models	for	testing	effects	of	treatment	(control	vs.	dopamine)	and	food	ration	(high	vs.	
restricted) on somatic growth rate, age at maturation, dry mass at maturation, offspring dry mass, and offspring longevity in D. magna. The 
least complex model within two ΔAICc is given in bold. vI refers to the varIdent function

Response variable Model K AICc ∆AICc wAICc

Somatic growth rate

Fixed Food: Treatment 7 −870.40 0.00 0.76

Food + Treatment 6 −868.10 2.30 0.24

Food 5 −850.80 19.61 0.00

Treatment 5 −811.40 59.05 0.00

~1 4 −810.90 59.47 0.00

Random vI (Treatment) + (1|Beaker) 7 −837.66 0.00 0.64

vI (Food: Treatment) + (1|Beaker) 9 −836.46 1.20 0.35

(1|Beaker) 6 −829.30 8.36 0.01

vI (Food) + (1|Beaker) 8 −827.41 8.81 0.00

Age	at	maturation Food + Treatment 3 925.51 0.00 0.69

Food: Treatment 4 927.58 2.07 0.25

Food 2 930.52 4.99 0.06

Treatment 2 968.65 43.14 0.00

~1 1 968.89 43.37 0.00

Dry mass at maturation

Fixed Food: Treatment 6 −1545.60 0.00 1.00

~1 3 −1533.10 12.52 0.00

Treatment 4 −1531.20 14.42 0.00

Food 4 −1531.10 14.54 0.00

Food + Treatment 5 −1529.20 16.46 0.00

Random vI (Food:Treatment) + (1|Beaker) 9 −1501.62 0.00 0.34

vI (Treatment) + (1|Beaker) 7 −1501.13 0.49 0.27

vI (Food) + (1|Beaker) 7 −1501.08 0.54 0.26

(1 | Beaker) 6 −1499.81 1.81 0.14

Offspring dry mass

Fixed Food: Treatment 7 −3361.70 0.00 0.63

Food + Treatment 6 −3359.54 2.16 0.21

Food 5 −3358.98 2.73 0.16

~ 1 4 −3349.57 12.13 0.01

Treatment 5 −3349.31 12.39 0.01

Random vI (Treatment) + (1|Beaker/Maternal) 7 −3295.35 0.00 0.50

vI (Food: Treatment) +	(1|Beaker/Maternal) 9 −3295.20 0.15 0.46

(1	|	Beaker/Maternal) 6 −3289.77 5.58 0.03

vI (Food) +	(1	|	Beaker/Maternal) 7 −3287.78 7.57 0.01

Offspring longevity Food + Treatment 3 1065.75 0.00 0.60

Food: Treatment 4 1067.83 2.08 0.21

Treatment 2 1068.23 2.48 0.17

Food 2 1073.39 7.64 0.01

~1 1 1074.54 8.79 0.01
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F I G U R E  2 Effect	of	food	ration	on	F0 
and F1 traits in D. magna in the dopamine 
and control treatments. (a) Somatic 
growth rate, (b) age at maturation 
(days), (c) dry mass at maturation 
(mg), (d) offspring dry mass (mg) and 
(e) offspring longevity (days). Error bars 
give 1SE
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TA B L E  3 Parameter	estimates	from	the	best	models	(Table	2)	describing	the	response	of	life	history	traits	to	food	ration	and	dopamine	
exposure in Daphnia magna

Response variable Final model Parameter Estimate ± SE

Somatic growth rate Food: Treatment + vI 
(Treatment) + (1|Beaker)

Intercept 0.24 ± 0.006

Dopamine treatment 0.02 ± 0.01

High food 0.09 ± 0.009

High food: Dopamine treatment 0.03 ± 0.01

Age	at	maturation	(days) Food + Treatment + (1|Beaker) Intercept 2.38 ± 0.04

Dopamine treatment −0.12	± 0.05

High food −0.37	± 0.05

Dry mass at maturation (mg) Food: Treatment + (1|Beaker) Intercept 0.07 ± 0.001

Dopamine treatment −0.007	± 0.002

High food −0.006	± 0.002

High food: Dopamine treatment 0.01 ± 0.003

Offspring dry mass (mg) Food: Treatment + vI 
(Treatment) +	(1|Beaker/Maternal)

Intercept 0.003 ± 0.0001

Dopamine treatment −0.0004	± 0.0001

High food −0.0007	± 0.0001

High food: Dopamine treatment 0.0004 ± 0.0002

Offspring longevity (days) Food + Treatment +	(1|Beaker/Maternal) Intercept 1.67 ± 0.04

Dopamine treatment 0.17 ± 0.05

High food −0.12	± 0.05
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however, maternal exposure to dopamine did not come at a cost to 
offspring longevity. Surprisingly, offspring in the dopamine treat-
ment survived longer than controls across food rations. This was 
true even for the offspring from mothers that had experienced 
restricted food rations, where offspring size was smaller in the 
dopamine treatment than in the controls. Hence, enhanced ma-
ternal dopamine levels increased rather than decreased offspring 
survival.

Unlike the effects of dopamine exposure on offspring longevity, 
its effects on maternal life history reaction norms were overall as 
predicted based on the findings of Issa et al. (2020). Specifically, at 
restricted food ration, somatic growth rate decreased, and matura-
tion was delayed. However, dopamine exposure resulted in faster 
growth and earlier age at maturation across food rations compared 
to the control. Higher dopamine levels have been shown to promote 
cell proliferation and/or increase cell volume, explaining the posi-
tive effect of dopamine exposure on somatic growth rate (Huet & 
Franquinet,	1981;	Weiss	et	al.,	2015).	As	in	Issa	et	al.	(2020),	a	smaller	
adult size was observed at restricted food ration in the dopamine 
treatment, with potential costs to adult survival and reproduction 
(Cleuvers et al., 1997; Lampert, 2001), as body size in Daphnia pos-
itively correlates with the ability to satisfy metabolic requirements 
at low food levels. Contrastingly, at high food ration, dopamine ex-
posure increased adult size, and hence Daphnia competitiveness 
(Brooks & Dodson, 1965), compared to the control. The significant 
effects of dopamine treatment on adult size and somatic growth 
rate (and consequently age at maturation) at high food ration were 
surprising, given that treatment effects were expected to occur at 
restricted food ration only (Issa et al., 2020). There were, however, 
some differences in the setup between the current study and the 
study by Issa et al. (2020) that may potentially explain this: (1) in the 
present study, we performed exposure in groups, thus allowing for 
interactions between individuals, whereas Issa et al. (2020) exposed 
animals individually; (2) the present study used a different clone 
from Issa et al. (2020). Previous research shows that antidepressant 
effects on life history traits of Daphnia species can vary between 
clones, if they differ in their growth and reproductive performance 
(Campos et al., 2012). Thus, the generality of our results, both with 
respect to offspring fitness costs and maternal life history reaction 
norms, is somewhat limited by the use of a single clone. Yet, although 
the exact patterns may depend on clonal identity and experimental 
protocols, the results of the present study support the overall con-
clusion of Issa et al. (2020) that important life history responses to 
food abundance are shaped by the dopamine system.

The observed increase in Daphnia growth and advanced timing 
of reproduction from elevated dopamine levels may also be inter-
preted as a stress response. Indeed, evidence shows that fast spe-
cies (i.e., short- lived species, producing many offspring early in life), 
such as Daphnia, respond to stressful environments by accelerating 
their life cycle (Rochet et al., 2000; Trippel, 1995). Higher dopamine 
levels may stress individuals through dopamine oxidation. Elevated 
intracellular dopamine levels can promote the intracellular oxidation 

of dopamine, by increasing the production of reactive quinones and 
free	 radicals	 for	 a	 given	 rate	 of	 oxidation	 (Miyazaki	 &	 Asanuma,	
2008; Sun et al., 2018). In addition, increased extracellular dopamine 
can overload the antioxidant capacity in the extracellular space, 
causing dopamine oxidation (Blesa et al., 2015; LaVoie & Hastings, 
1999;	Miyazaki	&	Asanuma,	2008).	In	the	case	of	limited	investment	
in antioxidant defense, dopamine oxidation can then lead to oxida-
tive stress, which can potentially reduce longevity (Ishii et al., 1998; 
Moskovitz	 et	 al.,	 2001).	On	 the	 other	 hand,	 increased	 investment	
in antioxidant defense may lower investment in immune defense 
(Takahashi et al., 2017), ultimately increasing the susceptibility of 
individuals	to	diseases	and	parasites.	A	higher	investment	in	antioxi-
dant defense may also lower investment in reproduction (Speakman 
& Garratt, 2013). There may also be ecological costs of rapid growth 
associated with enhanced dopamine levels due to biotic interac-
tions. One such cost may be higher predation risk from faster growth 
(Urban, 2007), as individuals increase growth rates by increasing 
feeding rates, which in turn can lead to increased predator exposure 
(Lankford et al., 2001; Stoks et al., 2005). Thus, whether through ox-
idative stress, or increased investment in antioxidant defense, dopa-
mine oxidation may pose a proximate restriction for why Daphnia do 
not produce more endogenous dopamine. This in addition to more 
ultimate restrictions in the form of reduced survival, from oxidative 
stress, reduced immunity or increased predation risk, as well as low-
ered reproduction may be important to explore in order to under-
stand the evolution of the dopamine system.

In summary, maternal dopamine exposure boosted Daphnia off-
spring	survival	 in	addition	to	accelerating	 its	 life	cycle.	Altogether,	
these results emphasize the important role of dopamine as a regu-
lator of life history responses to food abundance but leave open the 
question of why D. magna do not evolve toward higher endogenous 
dopamine	 levels	despite	 the	apparent	 fitness	benefits.	A	potential	
proximate cause may be that higher dopamine levels promote do-
pamine	oxidation.	More	ultimate	causes	involve	the	potential	costs	
of dopamine oxidation to reproduction and survival, as well as eco-
logical costs of rapid growth due to biotic interactions (predation). 
Hence, further understanding of the evolution of the dopamine sig-
naling system may require a combined investigation of ultimate and 
proximate causes.

ACKNOWLEDG MENTS
We want to thank the staff at our lab facility for technical assistance 
and senior engineer Dr. Susana V. Gonzalez for performing the sam-
ple	 preparation	 and	 UPLC-	MS/MS	 analysis	 of	 dopamine.	 Analysis	
was	 performed	 at	 the	 Mass	 Spectrometry	 Lab	 at	 the	 Faculty	 of	
Natural Sciences (NV), NTNU. This work was supported by the 
Norwegian University of Science and Technology (NTNU) and the 
Research Council of Norway through its Centres of Excellence fund-
ing scheme, project no. 223257/F50.

CONFLIC T OF INTERE S T
The authors have no conflict of interest to declare.



8 of 9  |     ISSA et Al.

AUTHOR CONTRIBUTIONS
Semona Issa: Conceptualization (equal); investigation (lead); writ-
ing –  original draft (lead); writing –  review and editing (lead). Safa 
Chaabani: Investigation (supporting); writing –  review and editing 
(supporting). Alexandros G. Asimakopoulos: Investigation (support-
ing); methodology (supporting); writing –  review and editing (sup-
porting). Veerle L. B. Jaspers:	Methodology	(equal);	writing	–		review	
and editing (supporting). Sigurd Einum: Conceptualization (equal); 
methodology (equal); resources (supporting); supervision (support-
ing); writing –  review & editing (supporting).

DATA AVAIL ABILIT Y S TATEMENT
All	data	used	for	this	work	are	available	at	https://doi.org/10.5061/
dryad.63xsj 3v4d.

ORCID
Semona Issa  https://orcid.org/0000-0002-5628-2516 
Safa Chaabani  https://orcid.org/0000-0002-0902-2412 
Alexandros G. Asimakopoulos  https://orcid.
org/0000-0003-2530-0037 
Veerle L. B. Jaspers  https://orcid.org/0000-0002-2385-4493 
Sigurd Einum  https://orcid.org/0000-0002-3788-7800 

R E FE R E N C E S
Barron,	A.	B.,	Søvik,	E.,	&	Cornish,	 J.	L.	 (2010).	The	 roles	of	dopamine	

and related compounds in reward- seeking behavior across animal 
phyla. Frontiers in Behavioral Neuroscience, 4(163), 1– 9. https://doi.
org/10.3389/fnbeh.2010.00163

Bates,	 D.,	Maechler,	M.,	 Bolker,	 B.,	 &	Walker,	 S.	 (2015).	 Fitting	 linear	
mixed- effects models using lme4. Journal of Statistical Software, 
67(1), 1– 48. https://doi.org/10.18637/ jss.v067.i01

Benton,	 T.	 G.,	 St	 Clair,	 J.	 J.	 H.,	 &	 Plaistow,	 S.	 J.	 (2008).	 Maternal	 ef-
fects mediated by maternal age: From life histories to population 
dynamics. Journal of Animal Ecology, 77, 1038– 1046. https://doi.
org/10.1111/j.1365- 2656.2008.01434.x

Blesa,	 J.,	 Trigo-	Damas,	 I.,	 Quiroga-	Varela,	 A.,	 &	 Jackson-	Lewis,	 V.	 R.	
(2015). Oxidative stress and Parkinson’s disease. Frontiers in 
Neuroanatomy, 9, 91. https://doi.org/10.3389/fnana.2015.00091

Boggs, C. L. (2009). Understanding insect life histories and senescence 
through a resource allocation lens. Functional Ecology, 23, 27– 37. 
https://doi.org/10.1111/j.1365- 2435.2009.01527.x

Brooks, J. L., & Dodson, S. I. (1965). Predation, body size, and composi-
tion of plankton. Science, 150(3692), 28– 35.

Campos,	 B.,	 Piña,	 B.,	 Fernández-	Sanjuán,	M.,	 Lacorte,	 S.,	 &	Barata,	 C.	
(2012). Enhanced offspring production in Daphnia magna clones ex-
posed to serotonin reuptake inhibitors and 4- nonylphenol. Stage-  
and food- dependent effects. Aquatic Toxicology, 109, 100– 110. 
https://doi.org/10.1016/j.aquat ox.2011.12.003

Cleuvers,	M.,	Goser,	B.,	&	Ratte,	H.-	T.	(1997).	Life-	strategy	shift	by	intra-
specific interaction in Daphnia magna: Change in reproduction from 
quantity to quality. Oecologia, 110, 337– 345.

Enserink,	E.	L.,	Kerkhofs,	M.	J.	J.,	Baltus,	C.	A.	M.,	&	Koeman,	J.	H.	(1995).	
Influence of food quantity and lead exposure on maturation in 
Daphnia magna; evidence for a trade- off mechanism. Functional 
Ecology, 9, 175– 185. https://doi.org/10.2307/2390562

Garbutt,	J.	S.,	&	Little,	T.	J.	 (2014).	Maternal	food	quantity	affects	off-
spring feeding rate in Daphnia magna. Biology Letters, 10, 20140356. 
https://doi.org/10.1098/rsbl.2014.0356

Glazier, D. S. (1992). Effects of food, genotype, and maternal size and age 
on offspring investment in Daphnia magna. Ecology, 73(3), 910– 926. 
https://doi.org/10.2307/1940168

Gliwicz,	 Z.	 M.	 (1990).	 Food	 thresholds	 and	 body	 size	 in	 cladocerans.	
Nature, 343, 638– 640. https://doi.org/10.1038/343638a0

Gliwicz,	 Z.	 M.,	 &	 Guisande,	 C.	 (1992).	 Family	 planning	 in	 Daphnia: 
Resistance to starvation in offspring born to mothers grown at dif-
ferent food levels. Oecologia, 91, 463– 467. https://doi.org/10.1007/
bf006 50317

Gorbi,	G.,	Moroni,	 F.,	 Sei,	 S.,	&	Rossi,	V.	 (2011).	Anticipatory	maternal	
effects in two different clones of Daphnia magna in response to 
food shortage. Journal of Limnology, 70, 222– 230. https://doi.
org/10.4081/jlimn ol.2011.222

Hafer, N., Ebil, S., Uller, T., & Pike, N. (2011). Transgenerational effects 
of food availability on age at maturity and reproductive output in 
an asexual collembolan species. Biology Letters, 7, 755– 758. https://
doi.org/10.1098/rsbl.2011.0139

Huet,	M.,	&	Franquinet,	R.	(1981).	Histofluorescence	study	and	biochem-
ical assay of catecholamines (dopamine and noradrenaline) during 
the course of arm- tip regeneration in the starfish, Asterina gibbosa 
(Echinodermata,	Asteroidea).	Histochemistry, 72, 149– 154. https://
doi.org/10.1007/BF004 96789

Ishii,	N.,	Fujii,	M.,	Hartman,	P.	S.,	Tsuda,	M.,	Yasuda,	K.,	Senoo-	Matsuda,	
N.,	Yanase,	S.,	Ayusawa,	D.,	&	Suzuki,	K.	(1998).	A	mutation	in	suc-
cinate dehydrogenase cytochrome b causes oxidative stress and 
ageing in nematodes. Nature, 394(6694), 694– 697. https://doi.
org/10.1038/29331

Issa,	S.,	Gamelon,	M.,	Ciesielski,	T.	M.,	Vike-	Jonas,	K.,	Asimakopoulos,	A.	
G., Jaspers, V. L. B., & Einum, S. (2020). Dopamine mediates life- 
history responses to food abundance in Daphnia. Proceedings of 
the Royal Society B: Biological Sciences, 287, 20201069. https://doi.
org/10.1098/rspb.2020.1069

Klüttgen,	B.,	Dülmer,	U.,	Engels,	M.,	&	Ratte,	H.	T.	(1994).	ADaM,	an	arti-
ficial freshwater for the culture of zooplankton. Water Research, 28, 
743– 746. https://doi.org/10.1016/0043- 1354(94)90157 - 0

Lampert, W. (2001). Survival in a varying environment phenotypic and 
genotypic responses in Daphnia populations. Limnetica, 20(1), 3– 14. 
https://doi.org/10.23818/ limn.20.02

Lande,	 R.	 (2009).	 Adaptation	 to	 an	 extraordinary	 environment	 by	
evolution of phenotypic plasticity and genetic assimilation. 
Journal of Evolutionary Biology, 22, 1435– 1446. https://doi.
org/10.1111/j.1420- 9101.2009.01754.x

Lankford,	T.	E.,	Billerbeck,	J.	M.,	&	Conover,	D.	O.	(2001).	Evolution	of	
intrinsic growth and energy acquisition rates. II. Trade- offs with 
vulnerability to predation in Menidia menidia. Evolution, 55(9), 
1873– 1881. https://doi.org/10.1111/j.0014- 3820.2001.tb008 
36.x

LaVoie,	M.	J.,	&	Hastings,	T.	G.	(1999).	Dopamine	quinone	formation	and	
protein modification associated with the striatal neurotoxicity of 
methamphetamine: Evidence against a role for extracellular dopa-
mine. The Journal of Neuroscience, 19(4), 1484– 1491. https://doi.
org/10.1523/jneur osci.19- 04- 01484.1999

Lázaro-	Nogal,	A.,	Matesanz,	S.,	Godoy,	A.,	Pérez-	Trautman,	F.,	Gianoli,	
E., & Valladares, F. (2015). Environmental heterogeneity leads to 
higher plasticity in dry- edge populations of a semi- arid Chilean 
shrub: Insights into climate change responses. Journal of Ecology, 
103, 338– 350. https://doi.org/10.1111/1365- 2745.12372

Lynch,	 M.	 (1989).	 The	 life	 history	 consequences	 of	 resource	 de-
pression in Daphnia pulex. Ecology, 70(1), 246– 256. https://doi.
org/10.2307/1938430

Martínez-	Jerónimo,	 F.,	 Villaseñor,	 R.,	 Rios,	 G.,	 &	 Espinosa,	 F.	 (1994).	
Effect of food type and concentration on the survival, longevity, 
and reproduction of Daphnia magna. Hydrobiologia, 287, 207– 214. 
https://doi.org/10.1007/BF000 10735

https://doi.org/10.5061/dryad.63xsj3v4d
https://doi.org/10.5061/dryad.63xsj3v4d
https://orcid.org/0000-0002-5628-2516
https://orcid.org/0000-0002-5628-2516
https://orcid.org/0000-0002-0902-2412
https://orcid.org/0000-0002-0902-2412
https://orcid.org/0000-0003-2530-0037
https://orcid.org/0000-0003-2530-0037
https://orcid.org/0000-0003-2530-0037
https://orcid.org/0000-0002-2385-4493
https://orcid.org/0000-0002-2385-4493
https://orcid.org/0000-0002-3788-7800
https://orcid.org/0000-0002-3788-7800
https://doi.org/10.3389/fnbeh.2010.00163
https://doi.org/10.3389/fnbeh.2010.00163
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.1365-2656.2008.01434.x
https://doi.org/10.1111/j.1365-2656.2008.01434.x
https://doi.org/10.3389/fnana.2015.00091
https://doi.org/10.1111/j.1365-2435.2009.01527.x
https://doi.org/10.1016/j.aquatox.2011.12.003
https://doi.org/10.2307/2390562
https://doi.org/10.1098/rsbl.2014.0356
https://doi.org/10.2307/1940168
https://doi.org/10.1038/343638a0
https://doi.org/10.1007/bf00650317
https://doi.org/10.1007/bf00650317
https://doi.org/10.4081/jlimnol.2011.222
https://doi.org/10.4081/jlimnol.2011.222
https://doi.org/10.1098/rsbl.2011.0139
https://doi.org/10.1098/rsbl.2011.0139
https://doi.org/10.1007/BF00496789
https://doi.org/10.1007/BF00496789
https://doi.org/10.1038/29331
https://doi.org/10.1038/29331
https://doi.org/10.1098/rspb.2020.1069
https://doi.org/10.1098/rspb.2020.1069
https://doi.org/10.1016/0043-1354(94)90157-0
https://doi.org/10.23818/limn.20.02
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1111/j.0014-3820.2001.tb00836.x
https://doi.org/10.1111/j.0014-3820.2001.tb00836.x
https://doi.org/10.1523/jneurosci.19-04-01484.1999
https://doi.org/10.1523/jneurosci.19-04-01484.1999
https://doi.org/10.1111/1365-2745.12372
https://doi.org/10.2307/1938430
https://doi.org/10.2307/1938430
https://doi.org/10.1007/BF00010735


    |  9 of 9ISSA et Al.

Miyazaki,	I.,	&	Asanuma,	M.	(2008).	Dopaminergic	neuron-	specific	oxida-
tive stress caused by dopamine itself. Acta Medica Okayama, 62(3), 
141– 150. https://doi.org/10.18926/ amo/30942

Moskovitz,	 J.,	 Bar-	Noy,	 S.,	Williams,	W.	M.,	Requena,	 J.,	 Berlett,	B.	 S.,	
&	Stadtman,	E.	R.	 (2001).	Methionine	 sulfoxide	 reductase	 (MsrA)	
is a regulator of antioxidant defense and lifespan in mammals. 
Proceedings of the National Academy of Sciences of the United 
States of America, 98(23), 12920– 12925. https://doi.org/10.1073/
pnas.23147 2998

OECD. (2012). Test No. 211: Daphnia magna reproduction test. In OECD 
Guidelines for the Testing of Chemicals, (pp. 1– 25). Section 2. OECD 
Publishing. https://doi.org/10.1787/97892 64185 203- en

Pinheiro,	J.,	&	Bates,	D.	M.	(2000).	Mixed- effects models in S and S- PLUS. 
Springer.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & R Core Team. (2020). nlme: 
Linear and nonlinear mixed effects models (Version R package 3.1- 
144).	Retrieved	from	https://CRAN.R-	proje	ct.org/packa	ge=nlme

Porter,	K.	G.,	Feig,	Y.	S.,	&	Vetter,	E.	F.	(1983).	Morphology,	flow	regimes,	
and filtering rates of Daphnia, Ceriodaphnia, and Bosmina fed nat-
ural bacteria. Oecologia, 58, 156– 163. https://doi.org/10.1007/
bf003 99211

R Core Team. (2020). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from https://
www.R- proje ct.org/

Reznick,	D.,	Callahan,	H.,	&	Llauredo,	R.	(1996).	Maternal	effects	on	off-
spring quality in poeciliid fishes. American Zoologist, 36, 147– 156. 
https://doi.org/10.1093/icb/36.2.147

Rochet,	 M.-	J.,	 Cornillon,	 P.-	A.,	 Sabatier,	 R.,	 &	 Pontier,	 D.	 (2000).	
Comparative analysis of phylogenetic and fishing effects in life 
history patterns of teleost fishes. Oikos, 91, 255– 270. https://doi.
org/10.1034/j.1600- 0706.2000.910206.x

Saastamoinen,	M.,	Hirai,	N.,	&	Van	Nouhuys,	S.	(2013).	Direct	and	trans-	
generational responses to food deprivation during development in 
the Glanville fritillary butterfly. Oecologia, 171, 93– 104. https://doi.
org/10.1007/s0044 2- 012- 2412- y

Speakman,	J.	R.,	&	Garratt,	M.	 (2013).	Oxidative	stress	as	a	cost	of	re-
production: Beyond the simplistic trade- off model. BioEssays, 36, 
93– 106. https://doi.org/10.1002/bies.20130 0108

Stoks,	 R.,	 Block,	 M.	 D.,	 Van	 de	 meutter,	 F.,	 &	 Johansson,	 F.	 (2005).	
Predation cost of rapid growth: Behavioural coupling and physio-
logical decoupling. Journal of Animal Ecology, 74, 708– 715. https://
doi.org/10.1111/j.1365- 2656.2005.00969.x

Sun,	Y.,	Pham,	A.	N.,	Hare,	D.	J.,	&	Waite,	T.	D.	(2018).	Kinetic	modeling	
of pH- dependent oxidation of dopamine by iron and its relevance 
to	 Parkinson's	 disease.	 Frontiers in Neuroscience, 12(859), 1– 18. 
https://doi.org/10.3389/fnins.2018.00859

Takahashi,	 L.	 S.,	 Biller-	Takahashi,	 J.	D.,	Mansano,	C.	 F.	M.,	Urbinati,	 E.	
C.,	 Gimbo,	 R.	 Y.,	 &	 Saita,	 M.	 V.	 (2017).	 Long-	term	 organic	 sele-
nium supplementation overcomes the trade- off between immune 

and antioxidant systems in pacu (Piaractus mesopotamicus). Fish 
& Shellfish Immunology, 60, 311– 317. https://doi.org/10.1016/j.
fsi.2016.11.060

Tessier,	 A.	 J.,	 &	 Consolatti,	 N.	 L.	 (1989).	 Variation	 in	 offspring	 size	 in	
Daphnia and consequences for individual fitness. Oikos, 56, 269– 
276. https://doi.org/10.2307/3565347

Tessier,	 A.	 J.,	 Henry,	 L.	 L.,	 Goulden,	 C.	 E.,	 &	 Durand,	 M.	 W.	 (1983).	
Starvation in Daphnia: Energy reserves and reproductive alloca-
tion. Limnology and Oceanography, 28(4), 667– 676. https://doi.
org/10.4319/lo.1983.28.4.0667

Trippel,	 E.	A.	 (1995).	Age	 at	maturity	 as	 a	 stress	 indicator	 in	 fisheries.	
BioScience, 45(11), 759– 771. https://doi.org/10.2307/1312628

Uller, T. (2008). Developmental plasticity and the evolution of parental 
effects. Trends in Ecology & Evolution, 23(8), 432– 438. https://doi.
org/10.1016/j.tree.2008.04.005

Urban,	M.	C.	(2007).	The	growth–	predation	risk	trade-	off	under	a	grow-
ing gape- limited predation threat. Ecology, 88(10), 2587– 2597. 
https://doi.org/10.1890/06- 1946.1

Vijendravarma, R. K., Narasimha, S., & Kawecki, T. J. (2010). Effects of 
parental larval diet on egg size and offspring traits in Drosophila. 
Biology Letters, 6, 238– 241. https://doi.org/10.1098/rsbl.2009.0754

Weiss, L. C., Leese, F., Laforsch, C., & Tollrian, R. (2015). Dopamine is 
a key regulator in the signalling pathway underlying predator- 
induced defences in Daphnia. Proceedings of the Royal Society B: 
Biological Sciences, 282(1816), 20151440. https://doi.org/10.1098/
rspb.2015.1440

West-	Eberhard,	 M.	 J.	 (2003).	 Developmental plasticity and evolution. 
Oxford University Press.

Yashchenko, V., Fossen, E. I., Kielland, Ø. N., & Einum, S. (2016). Negative 
relationships between population density and metabolic rates are 
not general. Journal of Animal Ecology, 85, 1070– 1077. https://doi.or
g/10.1111/1365- 2656.12515

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	 online	
version of the article at the publisher’s website.

How to cite this article:	Issa,	S.,	Chaabani,	S.,	Asimakopoulos,	
A.	G.,	Jaspers,	V.	L.	B.,	&	Einum,	S.	(2022).	Maternal	
dopamine exposure provides offspring starvation resistance 
in Daphnia. Ecology and Evolution, 12, e8785. https://doi.
org/10.1002/ece3.8785

https://doi.org/10.18926/amo/30942
https://doi.org/10.1073/pnas.231472998
https://doi.org/10.1073/pnas.231472998
https://doi.org/10.1787/9789264185203-en
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1007/bf00399211
https://doi.org/10.1007/bf00399211
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1093/icb/36.2.147
https://doi.org/10.1034/j.1600-0706.2000.910206.x
https://doi.org/10.1034/j.1600-0706.2000.910206.x
https://doi.org/10.1007/s00442-012-2412-y
https://doi.org/10.1007/s00442-012-2412-y
https://doi.org/10.1002/bies.201300108
https://doi.org/10.1111/j.1365-2656.2005.00969.x
https://doi.org/10.1111/j.1365-2656.2005.00969.x
https://doi.org/10.3389/fnins.2018.00859
https://doi.org/10.1016/j.fsi.2016.11.060
https://doi.org/10.1016/j.fsi.2016.11.060
https://doi.org/10.2307/3565347
https://doi.org/10.4319/lo.1983.28.4.0667
https://doi.org/10.4319/lo.1983.28.4.0667
https://doi.org/10.2307/1312628
https://doi.org/10.1016/j.tree.2008.04.005
https://doi.org/10.1016/j.tree.2008.04.005
https://doi.org/10.1890/06-1946.1
https://doi.org/10.1098/rsbl.2009.0754
https://doi.org/10.1098/rspb.2015.1440
https://doi.org/10.1098/rspb.2015.1440
https://doi.org/10.1111/1365-2656.12515
https://doi.org/10.1111/1365-2656.12515
https://doi.org/10.1002/ece3.8785
https://doi.org/10.1002/ece3.8785

