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Dispersal is fundamental to population dynamics. However, it is increasingly
apparent that, despite most models treating dispersal as a constant, many organisms
make dispersal decisions based upon information gathered from the environment.
Ideally, organisms would make fully informed decisions, with knowledge of
both intra-patch conditions (conditions in their current location) and extra-patch
conditions (conditions in alternative locations). Acquiring information is
energetically costly, however, and extra-patch information will typically be costlier
to obtain than intra-patch information. As a consequence, theory suggests that
organisms will often make partially informed dispersal decisions, utilising
intra-patch information only. We test this proposition in an experimental two-patch
system using populations of the aquatic crustacean, Daphnia carinata. We
manipulated conditions (food availability) in the population’s home patch, and in its
alternative patch. We found that D. carinata made use of intra-patch information
(resource availability in the home patch induced a 10-fold increase in dispersal
probability) but either ignored or were incapable of using of extra-patch information
(resource availability in the alternative patch did not affect dispersal probability).
We also observed a small apparent increase in dispersal in replicates with higher
population densities, but this effect was smaller than the effect of resource constraint,
and not found to be signiﬁcant. Our work highlights the considerable inﬂuence
that information can have on dispersal probability, but also that dispersal decisions
will often be made in only a partially informed manner. The magnitude of the
response we observed also adds to the growing chorus that condition-dependence
may be a signiﬁcant driver of variation in dispersal.
Subjects Animal Behavior, Ecology, Zoology, Freshwater Biology
Keywords Condition-dependent dispersal, Information use, Daphnia carinata, Biological invasion

INTRODUCTION
Dispersal, like survival and reproduction, is a fundamental facet of life history (Bonte &
Dahirel, 2017). Behaviours which govern dispersal can have profound consequences for a
variety of biological and ecological phenomena, such as individual ﬁtness, metapopulation
dynamics, and evolutionary outcomes across a species’ range (Bonte & Dahirel, 2017;
Clobert et al., 2001). For reasons of simplicity, the majority of spatially-explicit ecological
models assume that dispersal is both uninformed and unchanging; that individuals disperse
at ﬁxed rates, and that they do so without recourse to information about environmental
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conditions (e.g. by default in models utilising reaction-diffusion or integrodifference
equations; Fisher, 1937; Skellam, 1951; Kot, Lewis & Van Den Driessche, 1996;
but see Fronhofer, Nitsche & Altermatt, 2016). There is now considerable evidence, however,
that dispersal decisions are routinely informed by aspects of the environment (Clobert et al.,
2009), with such information use expected to have non-negligible effects on ensuing
population and evolutionary dynamics (Delgado et al., 2014; Ponchon et al., 2015;
Urban et al., 2016).
The most common form of informed (or condition-dependent) dispersal is
density-dependent dispersal (Bowler & Benton, 2005). Here, individuals acquire
information about population density, and, if conditions more favourable to survival and
reproduction are likely to be found elsewhere, make the decision to disperse. When all else
is equal, high density—with its greater competition for resources, greater rates of
disease transmission and so on—will be associated with poorer conditions (Bowler &
Benton, 2005). Many species have been shown to acquire information on density and act
upon it, such as the spider Erigone atra (De Meester & Bonte, 2010), protozoa like
Paramacium caudatum and Tetrahymena thermophila (Fellous et al., 2012; Fronhofer, Gut &
Altermatt, 2017), and the plant Heterosperma pinnatum (Martorell & Martínez-López, 2014).
In many species, this information is acquired through food availability; when local
resources are limited, individuals tend to be more dispersive, regardless of taxa. This was
demonstrated by Fronhofer et al. (2018), where resource limitation (and to a lesser extent,
predator presence) was shown to induce higher dispersal rates in organisms as varied
as, amongst others, protists, slugs, crustaceans, crickets, newts, and ﬁsh. Information on the
relative merits of different alternative locations can also be acquired in numerous ways,
including prospecting (e.g. actively assessing potential breeding sites, as in collared
ﬂycatchers (Ficedula albicollis) monitoring which locations are producing well-provisioned
nests; Pärt & Doligez, 2003) and by observing immigrating conspeciﬁcs (as in the common
lizard Zootoca vivipara; Cote & Clobert, 2007).
Several models have now been constructed to examine the evolution of informed
dispersal (Bocedi, Heinonen & Travis, 2012; Delgado et al., 2014). However, while they are
in general agreement that informed dispersal will often evolve, much hinges on the
ease with which information is acquired, along with its value (Poethke et al., 2016). In an
ideal world, we would expect dispersal decisions to be made on a balance of ‘push’ factors,
such as local patch conditions, and ‘pull’ factors, such as the quality of other patches.
The quality of the new patch should be high enough (relative to the home patch) that it
offsets the ﬁtness costs of moving. But organisms do not live in an ideal world: information
can be costly to acquire, both in terms of time and energy (Bonte et al., 2012), with a
likely asymmetry of cost such that information about alternative patches is harder to
obtain than information about an individual’s home patch. Thus, it may often be
the case that individuals act on the limited information that is most easily acquired:
intra-patch information.
Conversely, ecological and population dynamics may also be inﬂuenced by the relative
strength of the pull exerted by extra-patch information. In metapopulations with
dispersers that can take advantage of this kind of information, patch persistence may be
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expected to increase if patches with perilously low population sizes—but abundant
resources as a result—become more appealing to dispersers. Indeed, simply being able
to detect other conspeciﬁcs in these low-density patches may have the same effect
(Clobert et al., 2009), although patches with suitable habitat could also become
overpopulated if they attract a disproportionate number of migrants. In biological
invasions, invasion speed may be boosted if colonisers are able to use extra-patch
information to select suitable habitats, or hindered if it instead causes them to favour
ecological traps (Kokko, 2006). If intra-patch information is dominant in motivating
dispersal on the other hand, invaders may be expected to distribute themselves
indiscriminately, rendering the invasion highly sensitive to both the proportion of suitable
habitat in the landscape and any temporal ﬂuctuations in its quality (Neubert, Kot &
Lewis, 2000; Schreiber & Lloyd-Smith, 2009). Gauging the relative strength of the
push caused by intra-patch information and the pull caused by extra-patch information
may help to resolve such questions.
Here, we examine the relative inﬂuence of intra- and extra-patch information on
dispersal by manipulating food resource levels in experimental populations of the aquatic
crustacean, Daphnia carinata. Dispersal in Daphnia is usually characterised as being
driven by the passive transport of ephippia (long-lived resting eggs) by water fowl
or other vectors (Allen, 2007; Frisch, Green & Figuerola, 2007; Van De Meutter, Stoks &
De Meester, 2008); however, individuals can also actively disperse between permanently
or temporarily interconnected water bodies (Michels et al., 2001; Cottenie et al.,
2003). Although it has been demonstrated that Daphnia do boost ephippia production in
response to information cues indicating low local resource availability (Carvalho &
Hughes, 1983; Hobaek & Larsson, 1990; Kleiven, Larsson & Hobaek, 1992), a greater
range of responses has been observed regarding its effects on active movement.
Environments with relatively higher food concentrations have been shown to increase
Daphnia movement behaviours like swimming speed and sinking rate (Dodson et al.,
1997); however, in other instances, they have been shown to slow movement, with
much depending on the Daphnia species or clone line under examination (Young &
Getty, 1987; Larsson & Kleiven, 1996; Roozen & Lürling, 2001). Daphnia have also been
seen to adhere to ideal free distributions under ordinary circumstances, with individuals
favouring regions of high food concentration so long as they fall within natural
ranges (Jakobsen & Johnsen, 1987; Neary, Cash & McCauley, 1994; Jensen, Larsson &
Högstedt, 2001). It would appear likely then, that Daphnia exploit information to
regulate their dispersal efforts between patches. It is less clear however, if this behaviour
is governed entirely by intra-patch information, or if extra-patch information also
inﬂuences dispersal propensity.
Using D. carinata, we determine if individuals modify their rates of active
dispersal between patches in small multi-patch mesocosms when exposed to different
intra-patch resource levels. We also ask whether this response is contingent upon
extra-patch conditions; the presence or absence of ad libitum food in the
neighbouring patch.
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MATERIALS AND METHODS
Laboratory population of D. carinata
All D. carinata used were genetically identical members of a single clone line. The founding
member of this lineage was collected at 3810′34.3″S, 14421′14.1″E (a lake in Geelong,
VIC, Australia) in October 2016. Its offspring were used to establish laboratory stock
cultures, which were housed in glass jars containing 300 ml of ADaM zooplankton medium
(according to the recipe of Klüttgen et al., 1994; as modiﬁed by Ebert, Zschokke-Rohringer &
Carius, 1998 using only 5% of the recommended SeO2 concentration) and kept within
growth chambers maintained at 22  C on a 12.30 light:11.30 dark photoperiod. Stocks were
fed the non-motile green algae Scenedesmus. In order to reduce any potential impact of
maternal effects, all individuals used in the experiment were taken from stocks that
were maintained under these conditions for at least two generations.

Experimental materials and conditions
We set up two-patch microcosms within which to measure dispersal of Daphnia.
Each patch was a 950 ml plastic Cryovac XOP-0980 container ﬁlled with 600 ml of ADaM
and kept on bench tops in an open-air laboratory. The laboratory was maintained at 22  C
and each container was covered with a transparent plastic sheet that was only
removed during feeding and data collection. Each container measured 90  75 mm at the
base, was 110 mm high and widened gradually towards the top to 100  90 mm. A circular
hole with a diameter of 15 mm was centrally located 35 mm above the base on one
of the long sides of each container. This was connected to plastic PVC piping of an
identical internal diameter that linked one container to the next, acting as a 117 mm long
tunnel through which D. carinata could disperse between the two containers. For Daphnia
generally, such a length would be easily traversable within less than a minute for an
individual swimming in a straight line (O’Keefe, Brewer & Dodson, 1998). At the
commencement of the experimental trials, dispersal between containers was prevented
by inserting cotton balls into the openings of the connecting tunnel.

Food availability experiment
Within this two-patch system, we examined the effects of intra- and extra-patch food
availability on the dispersal rate of D. carinata. We seeded one half of each two-patch
system with 10 adult females taken from stock cultures, and allowed this population
to grow for 9 days in the experimental system while dispersal was blocked. This resulted in
each population containing individuals of a variety of age and size classes when dispersal
commenced (D. carinata have a lifespan of 1–2 months depending on the conditions
at which they are maintained, and generally reach reproductive maturity when between
5 and 10 days old; Venkataraman & Job, 1980). On the 10th day, we then unblocked
the dispersal tunnels and made one exhaustive count by eye of the number of adult
(i.e. individuals large enough to reproduce) and juvenile D. carinata in each patch every
24 h thereafter for 4 days.
Our patch pairs were allocated to four treatment combinations (n ¼ 5 per combination)
according to a two factor crossed design in which we independently modiﬁed food
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availability in the two patches. Factor 1 was intra-patch food availability: once the dispersal
tunnel was unblocked, half of the populations no longer received food in their starting
patch. Factor 2 was extra-patch food availability: here we either daily added food to
the second patch (commencing on day 7, 3 days before dispersal was allowed) or withheld
food altogether from this patch. This meant that half of the populations were dispersing
into patches that contained no food at all, and the other half into patches with an
abundance of food. Food in this case was a daily fed mixture of 8 million Scenedesmus sp.
cells (an unidentiﬁed Australian Scenedesmus) and 12 million Scenedesmus obliquus cells.
We examined the effect of feeding regimes on absolute population sizes using
ANOVA. There were two response variables: the total population size at 96 h (summed
across both patches); and the population size in patch 2 at 96 h. We veriﬁed that they did not
violate standard ANOVA assumptions by testing each for normality and homogeneity
of variances using the Shapiro–Wilk test and Levene’s test. Neither assumption was violated
for population size at 96 h (Shapiro–Wilk: W ¼ 0.92659, P ¼ 0.133; Levene’s: F ¼ 0.910,
P ¼ 0.458) nor population size in patch 2 at 96 h (Shapiro–Wilk: W ¼ 0.93031,
P ¼ 0.157; Levene’s: F ¼ 1.620, P ¼ 0.224). We next compared the proportion of
individuals that had reached patch 2 after 96 h between treatment combinations using a
generalised linear model with binomial errors and a logit link, with each individual
in each patch being characterised as a trial in which either success (dispersing into patch 2)
or failure (remaining in patch 1) had resulted. We likewise used a generalised
linear model with binomial errors and a logit link to see if adults or juveniles were
over-represented as dispersers after 96 h. Finally, we also examined the relationship
between the proportion of individuals dispersing and density using a generalised linear
model with quasibinomial errors and a logit link. A quasibinomial error distribution was
selected because there was a large difference between the residual deviance of the
binomial model (61.287) and its degrees of freedom (16).
All statistical tests were performed in R version 3.5.0 (R Development Core Team,
2018). All experimental data and scripts are available in the ﬁgshare repository at
https://doi.org/10.4225/49/5b0f62dc23b4c.

RESULTS
Over the course of the dispersal phase, total population sizes across both patches generally
increased or decreased according to whether patch 1 was fed or not, with fed treatments
overall growing in size and unfed treatments shrinking (Fig. 1). At 96 h, we found a
signiﬁcant effect of food availability in patch 1 on total population size across both patches
(F1,16 ¼ 10.826, P < 0.01; Table 1), but not of food availability in patch 2 (F1,16 ¼ 0.013,
P ¼ 0.912; Table 1). The interaction between feeding treatments in the two patches
was also not signiﬁcant with regard to total population size (F1,16 ¼ 0.481, P ¼ 0.498;
Table 1).
Examining the proportion of individuals dispersing after 96 h, we found no signiﬁcant
effect of the interaction between intra- and extra-patch feeding treatments (z ¼ 1.073,
P ¼ 0.283; Table 2), and likewise no signiﬁcant effect of food availability in patch 2
(z ¼ 0.138, P ¼ 0.890; Table 2). We did however ﬁnd a signiﬁcant effect of food availability
Erm et al. (2019), PeerJ, DOI 10.7717/peerj.6599
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Figure 1 D. carinata population size over time and space across distinct feeding regimes. The effect
of feeding regime on mean population size across both patch 1 and patch 2 over the dispersal phase
(n ¼ 5 container pairs per treatment combination). Bars are stacked, such that both patch 1 (black) and
patch 2 (grey) population sizes combine to indicate mean population size. Error bars show SE for each
patch’s mean population size, rather than for stacked mean population size. Replicates where patch 1 was
not fed produced higher numbers of dispersers despite having lower total population sizes (Table 1).
Full-size  DOI: 10.7717/peerj.6599/ﬁg-1

in patch 1 (z ¼ 10.843, P < 0.001; Table 2), with intra-patch food deprivation resulting
in an approximately 10-fold higher proportion of the total population dispersing
(food-deprived patch 1, mean ¼ 0.259, SE ¼ 0.0374; well-fed patch 1, mean ¼ 0.0218,
SE ¼ 0.00718; Fig. 2).
Since total population size did differ based on food availability in patch 1, we examined
its relationship with the proportion of D. carinata dispersing. Although the proportion
of dispersers in both the patch 1 fed and unfed groups appeared to increase with
higher densities (food-deprived patch 1, r2 ¼ 0.234; well-fed patch 1, r2 ¼ 0.401; Fig. A1),
we did not ﬁnd a signiﬁcant effect of density on the proportion of dispersers (t ¼ 1.273,
P ¼ 0.221; Table A1). We likewise found no signiﬁcant effect of the interaction
Erm et al. (2019), PeerJ, DOI 10.7717/peerj.6599
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Table 1 Statistical results for total population sizes and absolute number of dispersers after 96 h of
dispersal.
df

F stat

P-value

Food available in patch 1

1

10.826

<0.01

Food available in patch 2

1

0.013

0.912

Food available in patch 1  Food available in patch 2

1

0.481

0.498

Source
Total population sizes

16
Absolute number of dispersers
Food available in patch 1

1

13.605

<0.01

Food available in patch 2

1

0.102

0.754

Food available in patch 1  Food available in patch 2

1

0.408

0.532

16
Note:
ANOVA test results for differences in the total D. carinata population sizes and absolute number of dispersers after 96 h
of dispersal, depending on food availability in patch 1 and food availability in patch 2. Replicates with food available in
patch 1 produced a signiﬁcantly higher number of dispersers (P < 0.01) despite having signiﬁcantly lower total population
sizes (P < 0.01). Standard ANOVA assumptions were not violated.

Table 2 Statistical results for proportion of individuals dispersing after 96 h of dispersal.
Parameter

Estimate (SE)

z stat

P-value

Intercept

-0.938 (0.100)

9.371

<0.001

Food available in patch 1

-2.872 (0.265)

10.84

<0.001

Food available in patch 2

-0.0206 (0.150)

0.138

0.890

Food available in patch 1  Food available in patch 2

0.375 (0.350)

1.073

0.283

Note:
Test results for differences in the proportion of D. carinata dispersing after 96 h depending on food availability in patch 1
and food availability in patch 2. A generalised linear model was used with parameter estimates on the logit scale and
binomial errors. Food being available in patch 1 led a signiﬁcantly lower proportion (P < 0.001) of individuals dispersing.
Model variance was checked for overdispersion and did not violate standard GLM assumptions.

between patch 1 food availability and density (t ¼ 0.856, P ¼ 0.404; Table A1) despite the
seemingly steeper increase in dispersal when patch 1 was not fed (Fig. A1).
An analysis based on absolute numbers in patch 2, rather than proportions, yielded the
same overall trends in dispersal across our feeding treatments. Here, we found a signiﬁcant
difference in the total number of individuals in patch 2 according to whether patch 1
had been fed or not (F1,16 ¼ 13.605, P < 0.01; Table 1), but no signiﬁcant effect of food
availability in patch 2 (F1,16 ¼ 0.102, P ¼ 0.754; Table 1). Indeed, patch 1 unfed groups had
a far higher number of individuals in patch 2 despite their signiﬁcantly lower total
population sizes (individuals in patch 2: food-deprived patch 1, mean ¼ 25.1, SE ¼ 5.12;
well-fed patch 1, mean ¼ 4.3, SE ¼ 1.73). Dispersers were also overwhelmingly juveniles
(Fig. A2), although not disproportionately so (z ¼ 2.068, P ¼ 0.331; Table A2).

DISCUSSION
In our system, there was a signiﬁcant increase in inter-patch dispersal when D. carinata
were deprived of food (Fig. 2), indicating that D. carinata exploited intra-patch
information to inform their dispersal decisions. By contrast, extra-patch conditions
Erm et al. (2019), PeerJ, DOI 10.7717/peerj.6599
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***
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Figure 2 Proportion of D. carinata dispersersing after 96 h across distinct feeding regimes. The effect
of 96 h of food deprivation on the proportion of D. carinata that had dispersed into patch 2, both with
and without food available in patch 2 (n ¼ 5 container pairs per treatment combination).  indicates a
signiﬁcant difference between treatment combinations (at P < 0.001), NS indicates a non-signiﬁcant
difference. Each point and line is given by the mean number of D. carinata individuals in patch 2 as a
proportion
of the total population size between the two patches ± SE. SE was calculated as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
ð
1

pÞ= , where p is the proportion of dispersers and n is the number of individuals in the
SE=
n
container pair. Food availability in patch 1 alone was found to have a signiﬁcant effect on the proportion
of the population that dispersed (Table 2).
Full-size  DOI: 10.7717/peerj.6599/ﬁg-2

(food either abundant or entirely absent) had no effect on dispersal rates. Thus it appears
that D. carinata either did not use, or were incapable of using, extra-patch information to
inform their dispersal decisions.
Our ﬁrst result—that animals increase dispersal propensity when faced with local
resource shortages—has been well established empirically. Studies on taxa ranging from
plants to invertebrates and vertebrates either imply, or experimentally demonstrate, that
resource shortage is a powerful piece of information motivating dispersal (Bowler &
Benton, 2005; Martorell & Martínez-López, 2014; Fronhofer et al., 2018). Our study adds
D. carinata to the long list of organisms that exploit this piece of intra-patch information.
Due to the seeming generality of this phenomenon across taxa (as established by
Fronhofer et al. (2018)), it also appears likely that comparable results would be seen for
other species of Daphnia, although additional studies using different clone lines or species
of Daphnia may be prudent. Indeed, our results can only strictly be said to apply to
the single clone line of D. carinata that we tested.
Erm et al. (2019), PeerJ, DOI 10.7717/peerj.6599
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That the dispersal we observed was largely driven by resource shortage, rather than
density, becomes obvious when examining patch 1 population sizes across treatments.
Density, independent of resource shortage, has been demonstrated to cause changes
in life-history in Daphnia spp. (Matveev, 1993; Burns, 1995, 2000); but here, intra-patch
resource shortage proved to be a far more powerful driver of dispersal than density in
and of itself. Since the nature of our experimental design precluded any attempt to control
density, those treatments that were well fed in patch 1 kept growing over time compared
to those that were not, manifesting in a signiﬁcantly higher total population sizes by
the end of the experiment (Fig. 1). Despite these higher densities, which would not only
have created more potential dispersers but also exacerbated any density-driven push
effect, a signiﬁcantly greater number of individuals dispersed in the treatments
experiencing lower densities. Density did possibly drive some dispersal, with higher
total population sizes increasing the proportion of the population dispersing regardless of
whether patch 1 was fed or not (Fig. A1), although this effect was not found to be
statistically signiﬁcant (Table A1). Likewise, no signiﬁcant effect was found for the
interaction between density and food availability in patch 1, despite the apparent difference
in the slopes of the patch 1 fed and unfed groups seen in Fig. A1. The quasibinomial error
structure used in our GLM and the relatively low number of replicates means that
any conclusions concerning the effects of density should only be drawn with caution;
further investigation of the speciﬁc effects of density may be warranted.
The surprising result that food availability in patch 2 had no effect on ﬁnal patch 2
population size (which should have been inﬂuenced by both births and deaths within
the patch) was likely due a combination of factors. Since almost all dispersers were
juveniles (Fig. A2), there was limited potential for births to occur in patch 2, regardless of
food availability. Moreover, even if coming from a starved patch 1, those individuals
that migrated to patch 2 had to be healthy enough to disperse in the ﬁrst place, presumably
depressing the death rate there. Nonetheless, had we recorded population sizes in patch 2
beyond 96 h, it seems likely that some difference would have soon become apparent
between fed and unfed patch 2 populations.
The magnitude of the dispersal increase we observed also indicates that the effect of local
resource information on dispersal rates may be pronounced. In terms of the proportion
of dispersers, 25.9% of individuals dispersed into patch 2 under food deprivation,
whereas less than a tenth of that (2.18%) did so under well-fed conditions (Fig. 2).
Although this particular measure may have been inﬂated by the population growth that
continued to occur in the well-fed treatments, the large difference in the absolute number
of dispersers (food-deprived patch 1, 25.1 dispersers; well-fed patch 1, 4.3 dispersers)
despite the afore-mentioned higher density in the well-fed treatments reiterated the
strength of the effect. This suggests that ecological models may beneﬁt substantially by
accounting for conditional factors, like resource availability, that may have a large effect
on dispersal behaviour.
We caution, however, that parameterising models using our or similar results should
only be undertaken with great care. Such ﬁndings are likely to be inﬂuenced by the
size and arrangement of the experimental set-up. Additionally, this study and comparable
Erm et al. (2019), PeerJ, DOI 10.7717/peerj.6599
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efforts using Daphnia or other organisms typically rely upon highly unnatural
environments within which to measure dispersal and movement (Young & Getty, 1987;
Dodson et al., 1997; Larsson & Kleiven, 1996; Roozen & Lürling, 2001; Fronhofer
et al., 2018), which may prompt aberrant behaviours. In our set-up in particular, it is
possible that some individuals may not have recognised the dark tunnel opening as a
dispersal avenue, or that individuals in general may have only encountered the
opening infrequently. The length and width of the connections between our patches were
likewise considerably smaller and narrower in scale than dispersal avenues might be
expected to be in natural settings (Michels et al., 2001). Conducting equivalent experiments
in natural environments and at scales relevant to the dispersal of the organisms under
examination is likely to be useful, although admittedly difﬁcult in practice.
Our second result—that favourability of conditions in the second patch had no effect on
dispersal—highlights the apparent importance of push vs pull factors in driving a
population’s movement. In our study, to obtain information that would draw D. carinata
into the second patch individuals either had to engage in prospecting within the
inter-patch tunnel and the second patch, or to sense extra-patch conditions remotely.
We found no evidence to suggest that D. carinata was capable of exploiting either source of
information. In terms of more direct means of gathering information, extra-patch
information gathering behaviours like prospecting are predicted to be costly due to the
threat of predation that comes from moving into novel environments (Bonnet, Naulleau &
Shine, 1999; Hiddink, Kock & Wolff, 2002; Bonte et al., 2012), or the simple energetic
cost of having to move to assess new patches (Delgado et al., 2014). In D. carinata
speciﬁcally, it seemed much more likely that chemoreception would serve as the primary
means of ascertaining extra-patch conditions, as chemical signals from both conspeciﬁcs
and other organisms have been demonstrated to have a multitude of effects on
Daphnia growth and behaviour (Larsson & Dodson, 1993; Dodson et al., 1994). Indeed, it
has been previously shown that D. magna and D. pulex are unaffected by olfactory cues
from algae (Roozen & Lürling, 2001), but that a D. galeata and D. hyalina hybrid responds
to them (Van Gool & Ringelberg, 1996). Here, however, the dominance of resource
limitation in pushing dispersal from the local patch indicated that the pull to move into
new patches was relatively weak in comparison, either because obtaining more information
was costly, or because that information was in some way imperceptible or ignored.

CONCLUSIONS
In conclusion, our results add to the growing body of evidence that condition-dependent
dispersal is the norm amongst taxa, and that it is capable of generating substantial differences
in dispersal behaviour (Legrand et al., 2015; Fronhofer et al., 2018). This growing
empirical consensus warns against the simplifying assumption—used in the majority of
ecological and evolutionary models—that dispersal rate is constant with respect to
conditions. Relaxing that assumption is now well justiﬁed on empirical grounds, and the
magnitude of shift in dispersal resulting from condition dependence suggests that it will
have non-trivial effects when incorporated into mechanistic models of evolution,
population dynamics, invasion spread, and so on. Amongst others, these effects may
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include increased local adaptation within populations (Armsworth, 2008; Armsworth &
Roughgarden, 2008), heightened risk of overcrowding (Armsworth, 2008), greater
metacommunity stability (Fronhofer et al., 2018), and differences in metapopulation and
invasion dynamics (Neubert, Kot & Lewis, 2000; Kokko, 2006; Clobert et al., 2009;
Schreiber & Lloyd-Smith, 2009). In this light, the relative use of extra- vs intra-patch
information is important because, when we move to a conditional dispersal model, the
obvious simplifying assumption is that organisms exploit only intra-patch information.
Our results suggest that intra-patch information is dominant in D. carinata, but the
degree to which this is true generally will determine how complex our models of
dispersal really need to be.

ACKNOWLEDGEMENTS
We thank Katrina-Lee Ware and Hannah Edwards for their invaluable assistance in the
preparation of the experimental set-up. We also thank Pepijn Luijckx, Christina
Buesching, and Nicolas Schtickzelle for their comments on drafts of the manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS
Funding
This work was supported by funding provided by the Australian Research Council
(DP160101730; FT160100198). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Australian Research Council: DP160101730; FT160100198.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
 Philip Erm conceived and designed the experiments, performed the experiments,
analysed the data, prepared ﬁgures and/or tables, authored or reviewed drafts of the
paper, approved the ﬁnal draft.
 Matthew D. Hall analysed the data, authored or reviewed drafts of the paper, approved
the ﬁnal draft.
 Ben L. Phillips conceived and designed the experiments, analysed the data, authored or
reviewed drafts of the paper, approved the ﬁnal draft.

Data Availability
The following information was supplied regarding data availability:
All experimental data and scripts are available in the ﬁgshare repository: ERM,
PHILIP (2019): CDD data and scripts. University of Melbourne. Fileset.
https://doi.org/10.4225/49/5b0f62dc23b4c.
Erm et al. (2019), PeerJ, DOI 10.7717/peerj.6599

11/15

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.6599#supplemental-information.

REFERENCES
Allen MR. 2007. Measuring and modeling dispersal of adult zooplankton. Oecologia
153(1):135–143 DOI 10.1007/s00442-007-0704-4.
Armsworth PR. 2008. The evolution of non-random movement along clines. Evolutionary
Ecology Research 10:967–985.
Armsworth PR, Roughgarden JE. 2008. The structure of clines with ﬁtness-dependent dispersal.
American Naturalist 172(5):648–657 DOI 10.1086/591685.
Bocedi G, Heinonen J, Travis JMJ. 2012. Uncertainty and the role of information acquisition
in the evolution of context-dependent emigration. American Naturalist 179(5):606–620
DOI 10.1086/665004.
Bonnet X, Naulleau G, Shine R. 1999. The dangers of leaving home: dispersal and mortality
in snakes. Biological Conservation 89(1):39–50 DOI 10.1016/S0006-3207(98)00140-2.
Bonte D, Dahirel M. 2017. Dispersal: a central and independent trait in life history.
Oikos 126:472–479 DOI 10.1101/065151.
Bonte D, Van Dyck H, Bullock JM, Coulon A, Delgado M, Gibbs M, Lehouck V, Matthysen E,
Mustin K, Saastamoinen M, Schtickzelle N, Stevens VM, Vandewoestijne S, Baguette M,
Barton K, Benton TG, Chaput-Bardy A, Clobert J, Dytham C, Hovestadt T, Meier CM,
Palmer SCF, Turlure C, Travis JMJ. 2012. Costs of dispersal. Biological Reviews 87(2):290–312
DOI 10.1111/j.1469-185X.2011.00201.x.
Bowler DE, Benton TG. 2005. Causes and consequences of animal dispersal strategies:
Relating individual behaviour to spatial dynamics. Biological Reviews 80(2):205–225
DOI 10.1017/s1464793104006645.
Burns CW. 1995. Effects of crowding and different food levels on growth and reproductive
investment of Daphnia. Oecologia 101(2):234–244 DOI 10.1007/BF00317289.
Burns CW. 2000. Crowding-induced changes in growth, reproduction and morphology of
Daphnia. Freshwater Biology 43(1):19–29 DOI 10.1046/j.1365-2427.2000.00510.x.
Carvalho GR, Hughes RN. 1983. The effect of food availability, female culture-density and
photoperiod on ephippia production in Daphnia magna Straus (Crustacea: Cladocera).
Freshwater Biology 13(1):37–46 DOI 10.1111/j.1365-2427.1983.tb00655.x.
Clobert J, Danchin E, Dhondt AA, Nichols J. 2001. Dispersal. New York: Oxford
University Press.
Clobert J, Galliard L, Cote J, Meylan S, Massot M. 2009. Informed dispersal, heterogeneity
in animal dispersal syndromes and the dynamics of spatially structured populations.
Ecology Letters 12(3):197–209 DOI 10.1111/j.1461-0248.2008.01267.x.
Cote J, Clobert J. 2007. Social information and emigration: lessons from immigrants.
Ecology Letters 10(5):411–417 DOI 10.1111/j.1461-0248.2007.01032.x.
Cottenie K, Michels E, Nuytten N, De Meester L. 2003. Zooplankton metacommunity
structure: regional vs. local processes in highly interconnected ponds. Ecology 84(4):991–1000
DOI 10.1890/0012-9658(2003)084[0991:ZMSRVL]2.0.CO;2.
De Meester N, Bonte D. 2010. Information use and density-dependent emigration in an
agrobiont spider. Behavioral Ecology 21(5):992–998 DOI 10.1093/beheco/arq088.

Erm et al. (2019), PeerJ, DOI 10.7717/peerj.6599

12/15

Delgado MM, Barton KA, Bonte D, Travis JMJ. 2014. Prospecting and dispersal: their
eco-evolutionary dynamics and implications for population patterns. Proceedings of the Royal
Society of London B: Biological Sciences 281(1778):20132851 DOI 10.1098/rspb.2013.2851.
Dodson SI, Crowl TA, Peckarsky BL, Kats LB, Covich AP, Culp JM. 1994. Non-visual
communication in freshwater benthos: an overview. Journal of the North American Benthological
Society 13(2):268–282 DOI 10.2307/1467245.
Dodson SI, Ryan S, Tollrian R, Lampert W. 1997. Individual swimming behavior of
Daphnia : effects of food, light and container size in four clones. Journal of Plankton Research
19(10):1537–1552 DOI 10.1093/plankt/19.10.1537.
Ebert D, Zschokke-Rohringer CD, Carius HJ. 1998. Within–and between–population variation
for resistance of Daphnia magna to the bacterial endoparasite Pasteuria ramosa.
Proceedings of the Royal Society B: Biological Sciences 265(1410):2127–2134
DOI 10.1098/rspb.1998.0549.
Fellous S, Duncan A, Coulon A, Kaltz O. 2012. Quorum sensing and density-dependent dispersal
in an aquatic model system. PLOS ONE 7(11):e48436 DOI 10.1371/journal.pone.0048436.
Fisher RA. 1937. The wave of advance of advantageous genes. Annals of Eugenics 7(4):355–369
DOI 10.1111/j.1469-1809.1937.tb02153.x.
Frisch D, Green AJ, Figuerola J. 2007. High dispersal capacity of a broad spectrum of
aquatic invertebrates via waterbirds. Aquatic Sciences 69(4):568–574
DOI 10.1007/s00027-007-0915-0.
Fronhofer EA, Gut S, Altermatt F. 2017. Evolution of density-dependent movement during
experimental range expansions. Journal of Evolutionary Biology 30(12):2165–2176
DOI 10.1111/jeb.13182.
Fronhofer EA, Legrand D, Altermatt F, Ansart A, Blanchet S, Bonte D, Chaine A, Dahirel M,
Laender FD, Raedt JD, Gesu LD, Jacob S, Kaltz O, Laurent E, Little CJ, Madec L, Manzi F,
Masier S, Pellerin F, Pennekamp F, Schtickzelle N, Therry L, Vong A, Winandy L,
Cote J. 2018. Bottom-up and top-down control of dispersal across major organismal groups.
Nature Ecology and Evolution 2:1859–1863 DOI 10.1101/213256.
Fronhofer EA, Nitsche N, Altermatt F. 2016. Information use shapes the dynamics of
range expansions into environmental gradients. Global Ecology and Biogeography 26:400–411
DOI 10.1111/geb.12547.
Hiddink J, Kock R, Wolff W. 2002. Active pelagic migrations of the bivalve Macoma balthica are
dangerous. Marine Biology 140(6):1149–1156 DOI 10.1007/s00227-002-0794-9.
Hobaek A, Larsson P. 1990. Sex determination in Daphnia Magna. Ecology 71(6):2255–2268
DOI 10.2307/1938637.
Jakobsen PJ, Johnsen GH. 1987. Behavioural response of the water ﬂea Daphnia pulex to a
gradient in food concentration. Animal Behaviour 35(6):1891–1895
DOI 10.1016/S0003-3472(87)80082-9.
Jensen KH, Larsson P, Högstedt G. 2001. Detecting food search in Daphnia in the ﬁeld.
Limnology and Oceanography 46(5):1013–1020 DOI 10.4319/lo.2001.46.5.1013.
Kleiven OT, Larsson P, Hobaek A. 1992. Sexual reproduction in Daphnia magna requires
three stimuli. Oikos 65(2):197–206 DOI 10.2307/3545010.
Klüttgen B, Dülmer U, Engels M, Ratte HT. 1994. ADaM, an artiﬁcial freshwater for the culture
of zooplankton. Water Research 28(3):743–746 DOI 10.1016/0043-1354(94)90157-0.
Kokko H. 2006. From individual dispersal to species ranges: perspectives for a changing world.
Science 313(5788):789–791 DOI 10.1126/science.1128566.

Erm et al. (2019), PeerJ, DOI 10.7717/peerj.6599

13/15

Kot M, Lewis MA, Van Den Driessche P. 1996. Dispersal data and the spread of invading
organisms. Ecology 77(7):2027–2042 DOI 10.2307/2265698.
Larsson P, Dodson S. 1993. Invited review: chemical communication in planktonic animals.
Archiv für Hydrobiologie 129(2):129–155 DOI 10.1127/archiv-hydrobiol/129/1993/129.
Larsson P, Kleiven OT. 1996. Food search and swimming speed in Daphnia. In: Lenz PH,
Hartline DK, Purcell JE, Macmillan DL, eds. Zooplankton: Sensory Ecology and Physiology.
First Edition. Amsterdam: Gordon and Breach Science Publishers, 375–590.
Legrand D, Trochet A, Moulherat S, Calvez O, Stevens VM, Ducatez S, Clobert J, Baguette M.
2015. Ranking the ecological causes of dispersal in a butterﬂy. Ecography 38(8):822–831
DOI 10.1111/ecog.01283.
Martorell C, Martínez-López M. 2014. Informed dispersal in plants: Heterosperma pinnatum.
(Asteraceae) adjusts its dispersal mode to escape from competition and water stress. Oikos
123(2):225–231 DOI 10.1111/j.1600-0706.2013.00715.x.
Matveev V. 1993. An investigation of allelopathic effects of Daphnia. Freshwater Biology
29(1):99–105 DOI 10.1111/j.1365-2427.1993.tb00748.x.
Michels E, Cottenie K, Neys L, De Meester L. 2001. Zooplankton on the move: ﬁrst results on the
quantiﬁcation of dispersal of zooplankton in a set of interconnected ponds. Hydrobiologia
442(1–3):117–126 DOI 10.1023/A:1017549416362.
Neary J, Cash K, McCauley E. 1994. Behavioural aggregation of Daphnia pulex in Response to
food gradients. Functional Ecology 8(3):377–383 DOI 10.2307/2389831.
Neubert MG, Kot M, Lewis MA. 2000. Invasion speeds in ﬂuctuating environments.
Proceedings of the Royal Society B: Biological Sciences 267(1453):1603–1610
DOI 10.1098/rspb.2000.1185.
O’Keefe TC, Brewer MC, Dodson SI. 1998. Swimming behavior of Daphhnia: its role in
determining predation risk. Journal of Plankton Research 20(5):973–984
DOI 10.1093/plankt/20.5.973.
Pärt T, Doligez B. 2003. Gathering public information for habitat selection: prospecting birds cue
on parental activity. Proceedings of the Royal Society B: Biological Sciences 270(1526):1809–1813
DOI 10.1098/rspb.2003.2419.
Poethke HJ, Kubisch A, Mitesser O, Hovestadt T. 2016. The evolution of density-dependent
dispersal under limited information. Ecological Modelling 338:1–10
DOI 10.1016/j.ecolmodel.2016.07.020.
Ponchon A, Garnier R, Grémillet D, Boulinier T. 2015. Predicting population responses to
environmental change: the importance of considering informed dispersal strategies in spatially
structured population models. Diversity and Distributions 21(1):88–100 DOI 10.1111/ddi.12273.
R Development Core Team. 2018. R: a language and environment for statistical computing.
Vienna: The R Foundation for Statistical Computing. Available at http://www.R-project.org/.
Roozen F, Lürling M. 2001. Behavioural response of Daphnia to olfactory cues from food,
competitors and predators. Journal of Plankton Research 23(8):797–808
DOI 10.1093/plankt/23.8.797.
Schreiber SJ, Lloyd-Smith JO. 2009. Invasion dynamics in spatially heterogeneous environments.
American Naturalist 174(4):490–505 DOI 10.1086/605405.
Skellam JG. 1951. Random dispersal in theoretical populations. Biometrika 38(1–2):196–218
DOI 10.2307/2332328.
Urban MC, Bocedi G, Hendry AP, Mihoub JB, Pe’er G, Singer A, Bridle JR, Crozier LG, De
Meester L, Godsoe W, Gonzalez A, Hellmann JJ, Holt RD, Huth A, Johst K, Krug CB,

Erm et al. (2019), PeerJ, DOI 10.7717/peerj.6599

14/15

Leadley PW, Palmer SCF, Pantel JH, Schmitz A, Zollner PA, Travis JMJ. 2016.
Improving the forecast for biodiversity under climate change. Science 353(6304):aad8466
DOI 10.1126/science.aad8466.
Van De Meutter F, Stoks R, De Meester L. 2008. Size-selective dispersal of Daphnia resting
eggs by backswimmers (Notonecta maculata). Biology Letters 4(5):494–496
DOI 10.1098/rsbl.2008.0323.
Van Gool E, Ringelberg J. 1996. Daphnids respond to algae-associated odours. Journal of
Plankton Research 18(2):197–202 DOI 10.1093/plankt/18.2.197.
Venkataraman K, Job SV. 1980. Effect of temperature on the development, growth and egg
production in Daphnia carinata King (Cladocera-Daphnidae). Hydrobiologia 68(3):217–224
DOI 10.1007/BF00018829.
Young S, Getty C. 1987. Visually guided feeding behaviour in the ﬁlter feeding cladoceran,
Daphnia magna. Animal Behaviour 35(2):541–548 DOI 10.1016/s0003-3472(87)80279-8.

Erm et al. (2019), PeerJ, DOI 10.7717/peerj.6599

15/15

