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A B S T R A C T   

Microplastics are sometimes considered not harmful at environmentally relevant concentrations. Yet, such 
studies were conducted under standard thermal conditions and thereby ignored the impacts of higher mean 
temperatures (MT), and especially daily temperature fluctuations (DTF) under global warming. Moreover, an 
evolutionary perspective may further benefit the future risk assessment of microplastics under global warming. 
Here, we investigated the effects of two generations of exposure to an environmentally relevant concentration of 
polystyrene microplastics (5 μg L− 1) under six thermal conditions (2 MT × 3 DTF) on the life history, physiology, 
and behaviour of Daphnia magna. To assess the impact of thermal evolution we thereby compared Daphnia 
populations from high and low latitudes. At the standard ecotoxic thermal conditions (constant 20 ◦C) micro
plastics almost had no effect except for a slight reduction of the heartbeat rate. Yet, at the challenging thermal 
conditions (higher MT and/or DTF), microplastics affected each tested variable and caused an earlier maturation, 
a higher fecundity and intrinsic growth rate, a decreased heartbeat rate, and an increased swimming speed. 
These effects may be partly explained by hormesis and/or an adaptive response to stress in Daphnia. Moreover, 
exposure to microplastics at the higher mean temperature increased the fecundity and intrinsic growth rate of 
cold-adapted high-latitude Daphnia, but not of the warm-adapted low-latitude Daphnia, suggesting that thermal 
evolution in high-latitude Daphnia may buffer the effects of microplastics under future warming. Our results 
highlight the critical importance of DTF and thermal evolution for a more realistic risk assessment of micro
plastics under global warming.   

1. Introduction 

Microplastics, with particle sizes <5 mm, are ubiquitous in the 
environment (Rachman, 2018). For example, they have been detected in 
soil (Ding et al., 2021; Wang et al., 2021), freshwater (Li et al., 2018; 
Zhang et al., 2018a,b), oceans (Browne et al., 2011; Anderson et al., 
2016), and even in distant Arctic ice (Zarfl and Matthies, 2010; Obbard 
et al., 2014). Microplastics can persist in the environment for a long time 
and threaten organisms’ feeding, growth, reproduction and physiology, 
and even may result in death (Browne et al., 2013; Lu et al., 2016; 
Botterell et al., 2019). Currently, one prominent problem in ecotoxico
logical studies on microplastics is that most exposure concentrations are 
far greater than the actual concentrations of microplastics in the envi
ronment (i.e. 2-7 orders of magnitudes higher, Lenz et al., 2016). 

Furthermore, due to the low concentrations of environmental micro
plastics, long-term or even multiple generations of exposure may be 
needed to detect their effects on organisms (Guven et al., 2018). Recent 
studies that used multigenerational exposure have indeed shown that 
also the low environmentally relevant concentrations may cause bio
logical effects. Indeed, three generations of exposure to polystyrene 
microplastics (1 μg L− 1) caused oxidative damage in the water flea 
Daphnia pulex (Liu et al., 2020), and three generations of exposure to 
polystyrene (2000 particles ml− 1) reduced the survival of D. magna 
(Schür et al., 2020). Therefore, investigating the effects of microplastics 
at environmentally relevant concentrations under a multi-generational 
exposure scenario is crucial to assess their real ecological risks. 

In nature, microplastics is inevitably affected by other environmental 
stressors, of which warming is one of the most important. Studies have 
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shown warming and pollutants may interact with each other (Noyes 
et al., 2009; Moe et al., 2013). Notably, most studies addressing the 
interactive effects of pollutants and warming only focused on the 
traditional pollutants, and typically found both pesticides (e.g. Verheyen 
and Stoks, 2019a) and trace metals (e.g. Zhang et al., 2018a,b) to 
become more toxic at higher mean temperatures. Instead, “contami
nants of emerging concern” such as microplastics have only begun to 
gain attention very recently in the context of global warming (e.g. Jai
kumar et al., 2018; Sadler et al., 2019; Yang et al., 2020; Lyu et al., 
2021). Notably, recent studies indicated that the effects of microplastics 
on organisms may be influenced by temperature. Specifically, in the 
ecotoxicological model species Daphnia magna, the toxicity of micro
plastics was consistently higher at a higher mean temperature. Indeed, 
Lyu et al. (2021) found the toxicity of microplastics was more prominent 
at 30 ◦C than at 20 ◦C and 15 ◦C, and Jaikumar et al. (2018) reported 
that acute sensitivity to microplastics increased sharply with tempera
ture in D. magna. Yet, Sadler et al. (2019) found only limited effects of 
elevated temperature on the toxicity of microplastics. These results 
suggest more studies about how higher temperatures affect micro
plastics are needed. Compared to increases in mean temperature (MT), 
increases in daily temperature fluctuations (DTF) have received much 
less attention in global warming research (Vasseur et al., 2014). In
creases in DTF may, however, impact fitness more severely compared to 
increases in MT (Vasseur et al., 2014). This is because higher extreme 
temperatures are reached during the daily DTF cycle that ask for ener
getically costly mechanisms to deal with (Colinet et al., 2015). The few 
studies that integrated DTF into ecotoxicology demonstrated DTF to 
increase the toxicity of traditional pollutants: pesticides (e.g. Verheyen 
and Stoks, 2019a) and trace metals (Hallman and Brooks, 2015). Yet, 
whether and how the effects of microplastics are affected by DTF re
mains untested. 

When studying the interactive effects of pollutants and warming, a 
geographic perspective, especially the study of populations along ther
mal gradients, is highly relevant for two reasons. First, populations may 
show local adaptation along thermal gradients, such as latitudinal gra
dients, which may reduce the increase in toxicity of pollutants under 
warming (e.g. for pesticides: Verheyen et al., 2019a, for metals: Dinh 
Van et al., 2013). Second, contrasting populations from geographic re
gions with a temperature difference matching a warming scenario, may 
allow estimating the effects of thermal evolution in the cooler region (for 
example, a high-latitude region) under future warming by using the 
current phenotype in the already warmer region (for example, a 
low-latitude region). Such so-called “space-for-time substitutions” 
(Stoks et al., 2014; Frenne et al., 2013; Verheyen et al., 2019a) have only 
been applied few times in ecotoxicology (Verheyen et al., 2019a). The 
current sensitivity to pollutants under higher temperatures in 
warm-adapted, low-latitude populations may be used to predict such 
sensitivity in the future in cold-adapted, high-latitude populations 
(Verheyen et al., 2019a). Given its powerful prediction ability, 
“space-for-time substitutions” may add an evolutionary perspective into 
the impact of microplastics under future warming. 

Here, we investigated the effects of transgenerational exposure of 
polystyrene microplastics at environmentally relevant concentration in 
the water flea Daphnia magna. To explore the effects of microplastics 
under global warming and the influence of thermal evolution, we tested 
the single and combined effects of increases in mean temperature and in 
daily temperature fluctuations on the sensitivity to the microplastics 
both in low- and high-latitude populations of D. magna. Specifically, we 
tested: (i) if an environmentally relevant concentration of polystyrene 
microplastics (5 μg L− 1) affects D. magna after two generations of 
exposure; (ii) if DTF and a 4 ◦C increase in MT magnify the effects of 
polystyrene microplastics; and (iii) if thermal evolution can buffer any 
magnified effects of polystyrene microplastics under warming. We 
selected polystyrene microplastics because these have the highest pro
duction volume and make up the largest part of plastics pollution in the 
environment (Andrady and Neal, 2009). We contrasted high-latitude 

and low-latitude D. magna populations to explore the impact of ther
mal evolution on the sensitivity of polystyrene microplastics under 
warming in the high-latitude populations. To obtain a detailed picture of 
the effects, we studied key life history traits (intrinsic growth rate “r”, 
age at maturity, fecundity and somatic growth rate), behavioural trait 
(swimming speed) and physiological trait (heartbeat rate). Behavioural 
and physiological endpoints of D. magna can improve the detection of 
pollutant effects at low concentrations where traditional endpoints (e.g. 
mortality, immobilisation) may not be sensitive enough (Bownik and 
Pawlik-Skowrońska, 2019; Bownik et al., 2020). Our study design can 
not only generate results that benefit the ecological risk assessment of 
microplastics at environmentally relevant concentrations and in 
currently warmer regions, but can also improve the prediction of its 
future effects under global warming in currently cooler regions. 

2. Materials and methods 

2.1. Preparation of microplastics 

Polystyrene microplastics (MP) were purchased from BaseLine 
Chromtech Research Centre, Tianjin, China. The initial concentration of 
microplastics was 10 g L− 1 according to the manufacture’s information. 
Before the experiment, the polystyrene microplastics were transferred to 
a dialysis bag (MWCO 1000 Da) for 3 days to remove additives from the 
solution. The mean diameter of the dialyzed MP (154.1 ± 2.9 nm) was 
determined by dynamic light scattering (DLS) (Zetasizer Nano ZS 90, 
Malvern Instrument, UK). Then the dialysed solution was ultrasonicated 
in an ultrasonic bath (Shumei KQ5200DE, Kunshan) for 30 min and 
diluted with MilliQ water to make the stock solution at a nominal con
centration of 100 mg L− 1. The stock solution was stored at 4 ◦C under 
darkness, and was further diluted with MilliQ water to the final con
centration of 5 μg L− 1 for the exposure experiment. Each time a test 
solution was made, the stock solution was ultrasonicated for 30 min at 
maximum power to eliminate aggregates. 

2.2. Study populations 

Three populations of D. magna were sampled from shallow ponds at 
each of two latitudes within Europe. The three low-latitude populations 
were sampled from southern France (south of Mireval, north of Mireval, 
and Frontignan), while the three high-latitude populations were from 
Sweden (Lake Bysjön), Norway (Pond Asklund), and Denmark (Lake 
Ring). Before the experiment, all D. magna clones were cultured in the 
laboratory under standard conditions (20 ± 1 ◦C, photoperiod of 16:8 L: 
D, daily fed 1 × 105 cells mL− 1 Acutodesmus obliquus) in glass flasks filled 
with dechlorinated tap water for nearly three months. To start the 
experiment, one clone from each of the six populations was randomly 
selected. To minimize interference from maternal effects, these clones 
were individually cultured for two generations (ca. one month) under 
the standard conditions. 

2.3. Experimental design 

To investigate the effects of exposure to microplastics, mean tem
perature and daily temperature fluctuations on high- and low-latitude 
D. magna, a full factorial experiment was set up. High- and low- 
latitude D. magna were exposed to two microplastics treatments (ab
sent and present) at one of the six temperature combinations: 2 MT 
treatments (20 ◦C and 24 ◦C) crossed with DTF treatments (constant =
0 ◦C, low = 5 ◦C, high = 10 ◦C). This resulted in 12 treatments combi
nations for each latitude: 2 MP × 2 MT × 3 DTF. An exposure concen
tration of 5 μg L− 1 of polystyrene was selected as this is within the 
reported range of environmentally relevant concentrations (1–230 μg 
L− 1, see for example: Dong et al., 2018; Naidoo and Glassom, 2019; 
Wang et al., 2019; Zhang et al., 2019; Liu et al., 2020). Animals were 
exposed throughout their life to the microplastics and the medium was 
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renewed every two days. 
The temperature treatments were chosen based on the current tem

perature regimes of the shallow water bodies (<1 m) that D. magna in
habits at the two latitudes: a MT of 20 ◦C with a maximum DTF of 5 ◦C at 
the high latitude (daily cycle going from 17.5 ◦C to 22.5 ◦C), and a MT of 
24 ◦C with a maximum DTF of 10 ◦C at the low latitude (daily cycle 
going from 19 ◦C to 29 ◦C) (see more details about the DTF treatment in 
Fig. S1). These temperature data were derived from the Flake model 
(Simmons et al., 2007) and were confirmed with in situ measured 
temperatures with data loggers (Hobo TidbiT v2 Temp logger) (De Block 
et al., 2013; Debecker and Stoks, 2019). Experimental water tempera
ture data were collected in the glass jars using an Elitech (GSP-6 ther
mometer) data logger (see Fig. S1). According to the predictions of the 
IPCC (Intergovernmental Panel on Climate Change) scenario RCP 
(Representative Concentration Pathway) 8.5, by the end of this century 
the mean temperature will increase ~4 ◦C and the magnitude of DTF 
will increase ~5 ◦C (IPCC, 2013). Therefore, the current temperature 
regime at the low latitude corresponds with the predicted temperature 
regime by 2100 at the high latitude under global warming. Following 
Paaijmans et al. (2013), the expected magnitude of DTF at the high 
latitude under warming scenario RCP 8.5 was estimated using daily 
temperature ranges obtained from the BSS_CSM 1.1 model (Beijing 
Climate Center Climate System Model 1.1). More details of the tem
perature conditions can be found in Verheyen et al. (2019a). 

In the first experimental generation, for each D. magna clone, sets of 
8–12 neonates that were born within 48 h were exposed to one of the 12 
treatment combinations. Note that most glass jars had 10 neonates, but 
due to pipetting errors (two units [0.93%] had 8 neonates, and one unit 
[0.46%] had 12 neonates). Given only few glass jars started with a 
different number of neonates and all glass jars were given enough food 
which is unlikely to have generated density effects. There were three 
replicates per treatment combination, resulting in 216 experimental 
units: 6 clones × 2 MP × 2 MT × 3 DTF × 3 replicates. The experimental 
animals (F1) were reared in 730 mL glass jars containing 500 mL of 
culture medium in the absence and presence of microplastics. Animals 
were fed A.obliquus daily, 105 cells mL− 1, and the medium was refreshed 
every two days. After they released the second brood, 12–15 neonates 
(mostly 12 neonates, three units [1.39%] had 15 neonates, and four 
units [1.85%] had 14 neonates) from the third brood were randomly 
selected to start up the second generation (F2). The released offspring 
were counted and removed every day to keep densities in each jar 
constant throughout the experiment. The F2 D. magna were reared under 
the same treatment conditions as their mothers. Total exposure time was 
31 days, including 16 days for the first generation and 15 days for the 
second generation. In the second generation, the response variables 
were quantified. 

2.4. Life history 

In the F2 generation, we quantified following key life history traits of 
D. magna: intrinsic growth rate “r”, age at maturity, fecundity and so
matic growth rate. The intrinsic growth rate was calculated based on the 
first two broods using the Euler equation:1 =

∫
e-rx lx mx dx, where lx 

represents the survival up to age x, and mx the number of offspring 
released at day x. Age at maturity was defined as the day when more 
than half of the D. magna in a given glass jar were mature (carried brood 
in their brood pouch). Age at release for first and second clutch were 
defined as the first day of the mass release of first and second clutch 
respectively. The fecundity was calculated as the total number of 
offspring in the first and second clutch divided by the number of mother 
Daphnia present in the glass jar. To determine the somatic growth rate, 
the body length of D. magna when one day old and the day of maturation 
were measured using a SZ2-ILST stereomicroscope (Olympus, Tokyo, 
Japan) connected to a Longbase 1610 E camera (Longbase, Qingdao, 
China). D. magna body length was taken as the length from the top of the 
eyes to the base of the spine. The somatic growth rate was calculated as 

(body length at maturity – body length on day one)/age at maturity. 

2.5. Swimming speed and heartbeat rate 

When the F2 D. magna matured, two individuals from each glass jar 
were randomly picked and transferred to separate wells in a 6-well 
plastic plate to quantify their swimming speed. These animals were 
video recorded for 1 min (10 frames per second) from above using a 
GoPro 7 camera that was fixed above the plate. Only two mL culture 
medium was left in each well to minimize the depth of the medium. 
Therefore, the vertical swimming of D. magna was negligible. Before 
recording, D. magna was given 2 min for acclimation. The swimming 
speed of D. magna was analysed frame by frame using Tracker software 
following Bownik et al. (2020). As the vertical swimming was negligible, 
D. magna was considered only swimming in two dimensions and the 
swimming speed was analysed based on x- and y-coordinates. The 
swimming track left by each D. magna individual (interpreted as a mass 
point in Tracker) was recorded by clicking the mass point in each frame, 
and the mean velocity was calculated based on the two individuals 
tested per clone (Graph of swimming speed, see Fig. S2). 

To investigate the heartbeat rate, two individuals from each jar were 
randomly selected and transferred to another six-well plastic plate. 
Before the video recording started the D. magna were given 2 min to 
acclimatize. The surrounding medium was removed with a pipet to 
minimize the movement of D. magna so that the heartbeat rate could be 
observed accurately (Bownik et al., 2020). The animals were 
video-recorded under a stereomicroscope (SZ2-ILST) connected to a 
camera (Longbase 1610 E) for 1 min. The heartbeat rate was analysed 
with a KM player (https://en.kmplayer.com/) software by the 0.5x slow 
playback method. 

2.6. Statistical analyses 

To test the single and combined effects of exposure to microplastics, 
MT, DTF and latitude on the response variables, generalized linear 
models were used. Clone was nested as random factor in latitude. 
Fisher’s LSD post-hoc tests were applied to explore the significant dif
ferences among treatment combinations. To specifically test whether the 
MP had an effect under standard thermal conditions of a typical ecotoxic 
test we systematically contrasted the control and MP exposure treatment 
at a mean temperature 20 ◦C that was kept constant (DTF = 0 ◦C). P 
values < 0.05 were considered significant. As there were two-way and 
three-way interactions, significant differences were shown in a table 
with P values rather than asterisks on the bar plots. All analyses were 
conducted using IBM SPSS Statistics 26, and figures were plotted with 
Origin pro 2018C. 

3. Results 

3.1. Life history 

Survival was high in all treatment combinations (>93%). Micro
plastics had no effects on any of the tested life history traits under the 
standard thermal conditions of MT = 20 ◦C and DTF = 0 ◦C (contrasts of 
the control versus MP exposure treatment: all P > 0.522). In contrast, 
several effects of MP exposure on life history were found at the higher 
MT of 24 ◦C and/or in the presence of DTF. 

Exposure to microplastics decreased the age at maturity (main effect 
of MP), but only at the high 10 ◦C DTF (LSD: P = 0.011, MP ✕ DTF: 
Table 1, Fig. 1A). Moreover, while this reduction at 10 ◦C DTF was at 
24 ◦C present for both latitudes (LSD: all P < 0.011), at 20 ◦C it was only 
present for the low-latitude clones (LSD: P = 0.011) (MP × MT × DTF ×
Lat, Table 1). As expected, D. magna matured earlier at the higher mean 
temperature (MT: Table 1, Fig. 1A). Low-latitude D. magna matured 
earlier than high-latitude D. magna (Lat: Table 1, Fig. 1A), but only at 
20 ◦C combined with 0 ◦C and 5 ◦C DTF (LSD: both P < 0.01, DTF × MT 
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× Lat: Table 1, Fig. 1A). 
Notably, exposure to microplastics increased the fecundity, yet only 

under 5 ◦C DTF (LSD: P = 0.001, MP ✕ DTF: Table 1, Fig. 1B). The effects 
of microplastics were also affected by mean temperature and latitude 
(MP ✕ MT ✕ Lat: Table 1, Fig. 1B): the microplastics-induced higher 
fecundity was only significant in high-latitude D. magna at 24 ◦C (LSD: P 
= 0.001). The interaction between mean temperature and DTF (Table 1, 
Fig. 1B) indicated that at a mean of 20 ◦C, 5 ◦C DTF increased the 
fecundity (LSD: P < 0.001), while at a mean of 24 ◦C, both 5 ◦C (LSD: P 
= 0.007) and 10 ◦C DTF (LSD: P = 0.006) decreased the fecundity. 

While there was a main effect of exposure to microplastics for the 
intrinsic growth rate, this depended on the mean temperature, DTF and 
their combination resulting in a significant MP ✕ MT ✕ DTF interaction 
(Table 1, Fig. 1C). At a mean temperature of 20 ◦C, expose to micro
plastics increased the intrinsic growth rate but only at 5 ◦C DTF (LSD: P 
= 0.001), while at a mean temperature of 24 ◦C, this occurred only at 
10 ◦C DTF. Importantly, there was a MP ✕ MT ✕ Lat interaction (P <
0.001, Table 1, Fig. 1C): the microplastics-induced higher intrinsic 
growth rate at 24 ◦C was only significant in high-latitude clones (LSD: P 
< 0.001). In general, the low-latitude D. magna had a higher intrinsic 
growth rate than the high-latitude D. magna (Lat: Table 1, Figs. 1C), and 
4 ◦C warming increased the intrinsic growth rate (Table 1, Fig. 1C). 

The effect of exposure to microplastics on the somatic growth rate 
depended jointly on both thermal factors and latitude, resulting in a 
significant MP × MT × DTF × Lat interaction (Table 1, Fig. 2). At a mean 
temperature of 24 ◦C, exposure to microplastics only increased the so
matic growth rate in high-latitude D. magna under 10 ◦C DTF (LSD: P <
0.001). As expected, the somatic growth rate was higher at the higher 
mean temperature (MT: Table 1, Fig. 2). Overall, the low-latitude 
D. magna grew faster compared to the high-latitude D. magna (Lat: 
Table 1, Fig. 2). 

3.2. Swimming speed and heartbeat rate 

When tested under standard thermal conditions (20 ◦C and DTF =
0 ◦C), microplastics did not affect the swimming speed (contrast: P =
0.271). There was a significant MP × DTF × MT × Lat interaction for 
swimming speed (Table 1, Fig. 3A). At a mean temperature of 20 ◦C, 
exposure to microplastics reduced the swimming speed of low-latitude 
D. magna under 10 ◦C DTF (LSD: P = 0.046), yet increased the swim
ming speed for low-latitude D. magna under 5 ◦C DTF (LSD: P = 0.001). 

Under the standard thermal ecotoxic test conditions of 20 ◦C and 0 ◦C 
DTF, microplastics decreased the heartbeat rate (contrast: P = 0.032). 
The full model showed that the microplastics-induced decrease in the 
heartbeat rate depended on the DTF and latitude (MP × DTF × Lat: 
Table 1, Fig. 3B). Under 0 ◦C DTF, microplastics only decreased the 
heartbeat rate of high-latitude D. magna (LSD: P = 0.007), while under 
10 ◦C DTF microplastics only decreased the heartbeat rate of low- 
latitude D. magna (LSD: P < 0.001). D. magna generally had a higher 
heartbeat rate at the higher mean temperature (main effect of MT: 
Table 1, Fig. 3B), especially under 10 ◦C DTF (LSD: P < 0.001, MT ×
DTF: Table 1, Fig. 3B). Low-latitude D. magna had a higher heartbeat 
rate than high-latitude D. magna (Table 1, Fig. 3B). The effect of DTF on 
the heartbeat rate depended both on mean temperature and latitude 
(MT × DTF × Lat): 5 ◦C and 10 ◦C DTF increased it in high-latitude 
D. magna at 20 ◦C (LSD: P = 0.001, P = 0.003, respectively), but 
10 ◦C DTF decreased it in both latitudes at 24 ◦C (LSD: both P = 0.013). 

4. Discussion 

Multigenerational exposure to an environmentally relevant concen
tration of microplastics was able to change key life history, physiological 
and behavioural traits of D. magna. Notably, these effects were rarely 
detected under the standard thermal conditions of ecotox tests (20 ◦C 
and 0 ◦C DTF), and were mainly observed at the higher mean temper
ature and/or under 5 ◦C and 10 ◦C DTF. Indeed, at the standard thermal Ta
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Fig. 1. Effects of microplastics (MP) on life history traits of low-latitude and high-latitude D. magna as a function of mean temperature and daily temperature 
fluctuations (DTF). (A) age at maturity, (B) fecundity, and (C) intrinsic growth rate. Given are means ± 1 SE. Asterisks indicate significant differences between 
treatments based on LSD tests (*: p < 0.05; **: p < 0.01). 

Fig. 2. Effects of microplastics (MP) on somatic growth rate of low-latitude and high-latitude D. magna as a function of mean temperature and daily temperature 
fluctuations (DTF). Given are means ± 1 SE. Asterisks indicate significant differences between different treatments based on LSD tests (*: p < 0.05; **: p < 0.01). 

Fig. 3. Effects of microplastics (MP) on swimming speed (A) and heartbeat rate (B) of low-latitude and high-latitude D. magna as a function of mean temperature and 
daily temperature fluctuations (DTF). Given are means ± 1 SE. Asterisks indicate significant differences between treatments based on LSD tests (*: p < 0.05; **: p 
< 0.01). 
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conditions only an effect on heartbeat rate could be observed, while all 
variables were affected by microplastics under the more challenging 
thermal conditions. Moreover, capitalizing on a “space-for-time substi
tution” approach, we for the first time showed that the effects of 
microplastics under warming may be buffered by gradual thermal evo
lution, adding an important novel insight for the risk assessment of 
microplastics under global warming. 

Based on our results and the presence of controls without micro
plastics we can safely conclude that the here used MP particles had a 
negative effect that is strongly dependent on thermal regimes. Never
theless, we cannot determine what in particular about microplastics was 
inducing a biological response. To this end, future work would benefit 
from including an extra control treatment with natural particles of the 
same size and shape (Cunningham & Sigwart, 2019; Ogonowski et al., 
2018; Yap et al., 2020). It is, however, important to note that the three 
studies that we know that directly compared the effects of “natural 
particles” and microplastics in our study species D. magna consistently 
showed that effects of natural particles were smaller than those of 
microplastics (Ogonowski et al., 2016; Schür et al., 2020; Zimmermann 
et al., 2020). In general, Ogonowski et al. (2018) showed the LOEC 
values of microplastics to be significantly lower compared to the values 
for suspended mineral particles for higher-level responses. Current evi
dence for the study species therefore suggests our results cannot be 
simply explained by the effects imposed by small particles in general. 

4.1. Effects of microplastics at a low concentration under thermal stress 

A key finding was that under standard ecotoxic test conditions (20 ◦C 
and 0 ◦C DTF), exposure to microplastics at an environmentally relevant 
concentration did not affect any trait, except for heartbeat rate. While 
under the more challenging thermal conditions (higher mean tempera
ture and/or under DTF), microplastics did affect each tested variable. 
There is increasing awareness that microplastic exposure studies should 
be environmentally relevant (Lenz et al., 2016; Wang et al., 2019; Zhang 
et al., 2019). Yet, the limited number of studies on the effects of 
microplastics under environmentally relevant concentrations was 
mostly conducted under standard ecotox thermal conditions and re
ported no (Guven et al., 2018) or little effects (Zhang et al., 2019; Liu 
et al., 2020). We also observed that only one trait was directly affected 
by MP at the standard thermal conditions (constant 20 ◦C), i.e., the 
heartbeat rate was decreased. No studies tested the effects of multi
generational exposure to microplastics at a low concentration. Xu et al. 
(2020) found exposure of one generation to a much higher concentra
tion (50 mg L− 1) of polystyrene microplastics also decreased the 
heartbeat rate of D. magna. Though they did not find microplastics in the 
heart of exposed D. magna, the possibility of microplastics penetrating 
and accumulating in the heart of D. magna cannot be excluded (Xu et al., 
2020). 

Under more challenging thermal conditions, the microplastics 
induced an earlier maturation, a higher fecundity and a higher intrinsic 
growth rate. Liu et al. (2020) also showed an increased fecundity and 
growth rate of D. magna exposed to a low concentration of polystyrene 
microplastics for three generations. The apparently beneficial effect of 
the microplastics at the low concentration may be related to the horm
esis effect where low concentrations of pollutants may stimulate or 
benefit organisms while negative effects become only apparent at higher 
concentrations (Mattson, 2008). The increased fecundity might also 
reflect a strategy where the D. magna try to maximize the chance that 
some offspring survive under microplastics exposure (Liu et al., 2020). 

Compared with life history traits, behavioural responses may better 
reflect the effects of microplastics at environmentally relevant concen
trations as they are more sensitive indicators (Bownik and Pawlik-
Skowrońska, 2019; Bownik et al., 2020). Nevertheless, also the effects of 
microplastics on swimming speed were only detected under more 
challenging thermal conditions. To date, no studies investigated the 
behavioural responses of D. magna in response to multigenerational 

exposure to low concentration microplastics. Yet, exposure during one 
generation to a much higher concentrations of polystyrene (1.25 mg L− 1 

and 12.5 mg L− 1) enhanced the swimming activity of D. magna (De 
Felice et al., 2019). Our results showed that microplastics significantly 
increased the swimming speed under 5 ◦C DTF. An increased swimming 
activity of D. magna in response to pollutants has been interpreted as 
avoidance behaviour to escape more polluted microsites in water bodies 
(Lopes et al., 2004) and/or attempts to get rid of the microplastics 
particles (De Felice et al., 2019). It is noteworthy that the increased 
swimming speed may increase food ingestion and consequently may 
have contributed to the here observed increased fecundity as D. magna 
are filter-feeders whose food intake is tightly related to swimming 
(Enserink et al., 1993). 

Another novel finding of our study is that the effects of microplastics 
depended not only on an increase in mean temperature but also on daily 
temperature fluctuations. The interactive effects between pollutants and 
the omnipresent DTF only attracted attention in recent years and the few 
available studies documented that DTF can magnify the effects of 
traditional contaminants (e.g. pesticides: Verheyen and Stoks, 2019b; 
trace metals: Hallman and Brooks, 2015). Though microplastics, as a 
“contaminant of emerging concern”, has received ample attention in 
recent years, no studies have explored the toxicity of microplastics under 
more realistic and challenging DTF. We here for the first time showed 
that the effects of microplastics also depended on DTF. Specifically, only 
when under a 5 ◦C DTF cycle, exposure to microplastics increased 
fecundity and the intrinsic population growth rate; this might partly 
have been caused by a higher food ingestion linked to the higher 
swimming speed of (low-latitude) D. magna. Notably, 10 ◦C DTF did not 
further change the fecundity of D. magna exposed to microplastics 
compared to 0 ◦C DTF. This may be explained by two reasons: (i) less 
food was ingested, and (ii) an energy-based trade-off between growth 
and defence mechanisms against high temperatures. During each 10 ◦C 
DTF cycle, a maximum temperature of 29 ◦C at a mean temperature of 
24 ◦C was encountered by D. magna which might have exceeded its 
optimum temperature, resulting in a lower swimming speed and thus a 
decreased food intake. This is in line with the study that at the thermal 
optimum (32 ◦C) a high 12 ◦C DTF strongly decreased the survival of 
Anopheles stephensi mosquito larvae compared to a lower 8 ◦C DTF 
(Paaijmans et al., 2013). 

4.2. Thermal evolution may buffer the effects of microplastics under 
warming 

Low-latitude D. magna, living at higher mean temperatures, had 
evolved a faster life history. Indeed, low-latitude D. magna matured 
earlier, grew faster, and had a higher fecundity and intrinsic growth rate 
compared to high-latitude D. magna. Similarly, Brans and De Meester 
(2018) found a genetically determined faster pace of life (earlier 
maturation, increased fecundity and higher population growth rate) in 
D. magna isolated from warmer urban ponds compared to colder rural 
ponds. Together, this suggests that D. magna evolves in response to 
warmer conditions a faster life history. In the same set of here studied 
clones, Wang et al. (in prep) also showed across a large range of rearing 
temperatures that the optimal temperature for intrinsic growth rate was 
higher in the low-latitude than in the high-latitude clones. This matches 
the pattern of Geerts et al. (2014) who observed a higher heat tolerance 
of D. magna in low-latitude compared to high-latitude clones. This all 
points to low-latitude D. magna having evolved a higher tolerance to 
warmer temperatures and a faster life history. 

As can be expected, this adaptation to the local thermal conditions 
also shaped how D. magna from both latitudes differently responded to 
microplastics at the higher mean temperature. Exposure to microplastics 
at the higher mean temperature increased the fecundity and intrinsic 
growth rate only for the high-latitude D. magna. This may be explained 
by low-latitude D. magna being adapted to the higher mean temperature 
meaning they may have more energy to deal with the microplastics at 
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24 ◦C, thus buffering the effects of microplastics at the higher mean 
temperature. It is important to note hereby that D. magna typically re
sponds to a stressor, such as predation risk, by increasing its intrinsic 
growth rate (Zhang et al., 2016). Hence, we interpret the lack of a 
microplastics-induced increase in intrinsic growth rate at 24 ◦C in 
low-latitude D. magna as indicating they were stressed less by the 
microplastics at 24 ◦C than the high-latitude D. magna. Alternatively, at 
24 ◦C the high-latitude D. magna experienced the microplastics as more 
stressful than the low-latitude D. magna and therefore only high-latitude 
D. magna showed a hormetic response. As the future thermal conditions 
at the high-latitude sites under global warming by 2100 (IPCC, 2013) 
are predicted to match the current thermal conditions at the low-latitude 
sites, the future effects of microplastics on high-latitude D. magna under 
global warming can be predicted based on the current effects of 
microplastics on low-latitude D. magna (Verheyen et al., 2019b). Our 
results therefore suggest that high-latitude D. magna may become able to 
buffer the effects of microplastics at 24 ◦C (as current low-latitude 
D. magna) by gradual thermal evolution under future 4 ◦C warming by 
2100. 

4.3. Implications for risk assessment of microplastics under global 
warming 

By studying the single and combined effects of 4 ◦C warming and 
DTF on the effects of microplastics, we added two novel insights for the 
risk assessment of microplastics under global warming. First, environ
mentally relevant concentrations of microplastics may have no observ
able impact on D. magna under widely-used standard thermal 
conditions, while their effects become distinct under more realistic and 
challenging thermal conditions, i.e. a higher mean temperature and/or 
DTF. This is important to consider both for current risk assessment, as 
there is large spatial variation in these thermal factors (e.g. along lat
itudinal and urbanisation gradients, Verheyen et al., 2019b) and DTFs 
are encountered by most organisms in natural environments, and for 
future risk assessment as both mean temperatures and DTF are expected 
to increase under global warming (IPCC, 2013). Second, based on a 
“space-for-time substitution”, our results suggest that thermal evolution 
may buffer the effects of microplastics under warming at the 
high-latitude sites, highlighting of the importance of an evolutionary 
perspective for risk assessment of microplastics. 

5. Conclusions 

Our results demonstrated that microplastics at an environmentally 
relevant concentration had no effects on the tested variables (expect for 
heartbeat rate) on D. magna under standard thermal conditions. Yet, 
under more realistic and challenging thermal conditions, microplastics 
changed each tested variable: an earlier maturation, a higher fecundity 
and intrinsic growth rate, a decreased heartbeat rate and an increased 
swimming speed. This highlighted that global warming should be 
considered in the ecological risk assessment of microplastics. Further
more, capitalizing on “space-for-time substitution” approach, we 
showed that high-latitude D. magna may buffer the effects of micro
plastics under warming by gradually thermal evolution, which provided 
novel insights on the ecological risk assessment of microplastics under 
global warming. Taken together, our results demonstrated that more 
realistic thermal conditions (including DTF) and an evolutionary 
perspective are critical for a more realistic current and future ecological 
risk assessment of microplastics. 
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