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The Impact of Microplastic Particles 
on Population Dynamics of 
Predator and Prey: Implication of 
the Lotka-Volterra Model
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Microplastic particles are widely distributed in a variety of ecosystems and can be transferred to 
predators along a food chain after being ingested by prey. However, how microplastic particles affect 
prey and predator populations is not fully understood. In this study, using the Lotka-Volterra model, 
we theoretically investigated predator-prey population dynamics in terms of toxicological response 
intensity (strength to population growth rate) to microplastic particles, and examined the negative 
effects on prey feeding ability and predator performance due to microplastic particles. Results of 
numerical simulations indicate the critical properties of the predator-prey system in response to 
microplastic particles: (i) predators are more vulnerable than prey under exposure to microplastic 
particles; (ii) the effect of microplastic particles on prey and predator population growths can be 
negligible when toxicological response intensities of prey and predator are small; (iii) this system is prey 
dependent for predator functional response, whose stability highly relies on the density of prey; (iv) the 
reduced feeding capacity of prey and predator induced by microplastic particles does not significantly 
affect the population dynamics of the predator-prey system. Moreover, our analysis suggests that 
dynamic Lotka-Volterra models can play a vital role in predicting ecological impacts of microplastic 
particles on predator-prey population dynamics.

Microplastic particles (<5 mm in size) are widely distributed in all land and water ecosystems1–3. Both marine 
and freshwater microplastic particles can impact ecosystem health4–6. In particular, population dynamics of 
organisms can be altered by microplastic particles through trophic interactions7,8, such as bioaccumulation. 
Microplastic particles can be ingested by a variety of aquatic organisms, and will be transferred to predators along 
the food chain, thereby raising environmental toxin levels9,10 and causing damage to the physiological functions 
of organisms under a high concentration of microplastic particles11. In addition to the physical harm, toxicity 
can also arise from reduced feeding capability and abnormal behavior9,12. Moreover, aquatic organisms exposed 
to microplastic particles may experience reduced growth, as well as low reproduction and survival rates13,14. 
Although microplastic particles clearly have profound impacts on the population dynamics of organisms, little 
is known about the impacts of microplastic particles on predator-prey interaction and their population dynam-
ics15. This study therefore examines how microplastic particles influence predator and prey population dynamics 
through the Lotka-Volterra predator-prey model.

The Lotka-Volterra model was initially proposed in the theory of autocatalytic chemical reactions16 and has 
been modified over the years by numerous researchers to make it more suitable for their particular application. 
For instance, the predator-prey version of the model is an extension of the logistic equation used to describe 
predator-prey population change17 and this study modifies the model to analyze the effects of toxicant accumu-
lation and exposure to a toxicant on a system level18. Since microplastic particles do not easily biodegrade and 
can remain intact for centuries, they are similar to other persistent organic pollutants19. Thus, we consider the 
toxicological effect of microplastic particles to be analogous to this toxicant model. The study of a toxicant model 
of microplastic particles may provide insights for solving other plastic problems and persistent organic pollutants, 
as it concerns the environment and ecosystem19.
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The objective of this study is to use a modified Lotka-Volterra model that combines the original Lotka-Volterra 
model16 with a single-species model under toxicant influence of microplastic particles18 to investigate how 
microplastic particles affect population dynamics of predator and prey populations in aquatic ecosystems. We 
discuss a simple system with only one predator and one prey. Furthermore, toxicological response intensity is 
a parameter about the growth rate of predator and prey in the reflection of microplatic particles, indicating the 
sensitivity to microplastic particles and the change of population dynamics due to toxicity of microplastic parti-
cles. Specifically, we test four hypotheses: (1) In the long run, microplastic particles will cause predator extinction 
eventually due to bioaccumulation in this system; (2) Population growth in the predator-prey system will not 
change much in the case of low response intensity (take value smaller than 1.0); (3) Coexistence of predator and 
prey depends on the abundance of prey; (4) The feeding capacity of prey and predator will greatly affect the pop-
ulation dynamics of this system. To observe the qualitative behaviour of the system, we plot the phase portrait of 
predator and prey. In addition, we use the time series graph to display the change in the number of predator and 
prey as time progresses.

Material and Methods
The model.  Predator-prey interactions have been investigated systenmatically by following the work of 
Lotka20. In this section, we first introduce the Lotka-Volterra model and single-species model with toxicity fac-
tors. We then combine these two models to obtain a new modified model. The Lotka-Volterra predator-prey 
model is depicted by16:
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In those two differential equations, r x10 1, r x20 2 are the intrinsic growth rate of prey and mortality rate of pred-
ator without toxicity, which is the same as conditions where prey reproduces exponentially in the system. We will 
show that this exponential growth can be limited by the bioaccumulation of microplastic particles. In addition, 
a x x1 1 2 refers to the lost amount of prey eaten by a predator. The a x x2 1 2 is the increasing number of predators due 
to the feeding of prey.

The single-species model with the effects of toxicants is established18, which provides views of adding 
microplastic particles toxicity into the predator-prey system:
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In these formulas, x, C0 and CE denote population size, amount of toxicity inside the species and amount of 
toxicity in the environment respectively. The prey is assumed to reproduce exponentially without toxicity in the 
original Lotka-Volterra model. r0 stands for this exponential growth in Eq. (2.1). In addition, to demonstrat the 
extent of toxicity influences, r1 is utilized to denote the response intensity of toxicity. n is the restrictive factor of 
intraspecific competition here, but we will neglect effect of intraspecific competition and delete this term. As for 
Eq. (2.2), SCE denotes absorption rate of the toxicity. gC0 and mC0 represent the egestion rate and purification rate. 
In Eq. (2.3), g C x1 0  and u t( ) denote the toxicity excreted by organism and the emission rate of toxicity to the envi-
ronment respectively. k C xE1  and hCE represent the absorption rate of toxicity by organisms and the toxicity puri-
fication rate by the environment itself.

The significance of this model is that it provides terms C0 and CE to present the toxicity effects on population 
dynamics. We can draw an analogy between toxicant and microplastic particles. Consequently, based on this toxic 
effect model, we add the influence of microplastic particles into the Lotka-Volterra, predator- prey model and 
produce a new model.

After combining a single-species model with the Lotka-Volterra model, we obtain the modified Lotka Volterra 
model:
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This model demonstrates population dynamics of the predator-prey system with the influence of microplas-
tic particles. We will use this modified model to simulate the predator-prey system in the later analysis. Three 
assumptions made in this model are:

	(1)	 The model neglects the influence of the intraspecific competition.
	(2)	 The effect of the microplastic is shown by its concentration.
	(3)	 The egestion rate g g,1 2 is independent of the microplastic concentration in the environment CE, and the 

amount of microplastic concentration removed at each time step is independent of the total amount of 
microplastics in the organisms C1 and C2.

Equations (2.4) and (2.5) illustrate the toxicological effects of microplastics on the population of prey and 
predator. x1, x2 represent the population of prey and predator respectively. Microplastic particles have either 
negative or neutral effect on the reproduction and survival on aquatic organisms13. In particular, exposure to 
microplastic particles leads to behavioral abnormality including the interruption of feeding ability and the hypo-
activity phenomenon21,22. Such detrimental effects can cause the inhibition of the intrinsic growth rate of prey. 
Thus, we use d1 to denote the decline in the prey feeding ability. In addition, reduction of the predatory perfor-
mance and efficiency is emphasized when exposed to microplastic particles23. Since a x x2 1 2 measures the increas-
ing number of predators due to the feeding of prey in the model, we apply d2 to denote the adverse effect of 
reduced predatory performance, which can decrease the number of predators. Therefore, for the prey, the lost 
amount of prey eaten by the predator will decrease and is denoted by d3. Furthermore, there is a potential for 
microplastic particles to cause other detrimental effects and damage to organisms, including inflammatory 
responses, oxidative damage, disruption of metabolism, immunity, and neurotransmission dysfunction24–26. Here, 
we utilize r C11 1 and r C21 2 to express these toxicological effects induced by microplastic particles, which describe 
the response intensity of prey and predator to the microplastic particles respectively. We will later simulate the 
predator-prey system according to the values of r11 and r21. Note that r10, r20, a1 and a2 are all positive parameters. 
In addition, we assume r11 and d1 have the same sign, while r21, d2 and d3 have the same sign.

Equations (2.6) and (2.7) are related to the uptake, ingestion and egestion of microplastics. C1, C2 denoted 
average microplastic particles concentration distributed inside the body of prey and predator respectively. A 
review by Hidalgo-Ruiz et al.27 indicates that plastic particle selection occurs in the uptake of microplastics. 
Organisms may exert selectivity between particles, affecting the bioavailability of microplastics28. Physical factors 
of microplastics such as size, density, abundance and color can determine this bioavailability9. Therefore, we use 
S1 and S2 to present the effects of plastic particle selection of prey and predator respectively. Furthermore, S CE1  
represents the microplastic particles absorption rate of prey and S CE2  represents the direct microplastic particles 
ingest rate by predator from the environment. kC1 represents the accumulated toxicity of microplastic particles 
transferred from the prey, which is the effect of bioconcentration. As for the egestion of microplastics, Au et al.29 
suggest that the microplastic egestion rate is not significantly different to the microplastic concentration and is 
related to the mechanism of the organism itself. Consequently, different from Eq. (2.2) and Eq. (2.3), toxicity 
effect of egestion is simplified in this modified model, and we use g g,1 2 to represent the microplastics egestion 
rate of prey and predator.

Parameter estimation.  With respect to parameter estimations, the concentration of microplastic particles 
in a freshwater environment (denoted by CE) is not a function of time, but will be affected by external factors such 
as rainfall, wind conditions as well as the local physical environment30. However, because this study is a theoreti-
cal analysis, we ignore the influence of external factors and just consider CE as a constant in this model. Also, we 
use data from the literature and the value of concentration in surface water (30 particles/m3) in the simulation.F

Egestion times of prey (denoted by g1) and egestion times of predator (denoted by g2) are other two important 
parameters to estimate removal of microplastic particles. Au et al.29 proposed that microplastics egestion rate is 
related to the microplastics shapes, size and life-stage of the organism, but not significantly varied by the exposure 
concentrations. Egestion times remain unchanged at different exposure of microplastic particles concentration, 
and is similar to the natural food items. This may indicate that microplastics egestion rate is independent of its 
concentration. Therefore, in this study we assume the egestion rate g g,1 2 to be two constants.

If experimental data is available, the intrinsic rate of the increase of prey without microplastic particles 
(denoted by r10) can be calculated. The computing method is to take the population after a time period minus the 
initial population and divide this result by the initial value31. Similarly, the increasing number of predators due to 
the feeding of prey (denoted by a2) can be estimated by the same formula. Furthermore, the natural mortality rate 
of the predator (denoted by r20) can be considered as the multiplicative inverse of a2.

However, due to lack of experimental data, this study investigates a model population instead of a real popu-
lation. We obtain proper parameters from an empirical study32 with the following values and initial conditions:

https://doi.org/10.1038/s41598-020-61414-3


4Scientific Reports |         (2020) 10:4500  | https://doi.org/10.1038/s41598-020-61414-3

www.nature.com/scientificreportswww.nature.com/scientificreports/











=
=
=
=

= .
= .
= .
= .
= .
= .
= .
= .
= .

= .
= .

= .

x
x
C
C
r
r
d
d
d
a
a
g
g
S
S
k

(0) 100
(0) 10
(0) 0
(0) 0

4 1
4 0
0 1
0 002
0 002
0 052
0 052
1 2
1 3
0 042
0 039

2 0

1

2

1

2

10

20

1

2

3

1

2

1

2

1

2

Numerical simulation.  The model is implemented using MATLAB programming and its Simulink toolbox. 
Figure 1 shows the operation of Simulink. We can study the toxicity of microplastic particles by taking different 
values of response intensity of prey (r11) and predator (r21) to microplastic particles. Furthermore, influence of the 
decline in prey feeding ability and predatory performance is analyzed by taking different values of d1, d2 and d3. 
For the convenience of discussion, we use letter ∆ to denote proportion of r11 and r21 ( )r

r
11

21
∆ = .

Results
We first investigate the toxicological effects of microplastic particles according to the value of response intensity 
r11 and r21. In this simulation, we consider d1, d2 and d3 as constants and take values of 0.1, 0.002 and 0.002 respec-
tively. We classify interactions to microplastic particles into four conditions to measure performance of popula-
tion dynamics of predator and prey.

(Condition a): without the influence of microplastic particles C C r r( 0, 0, 0, 0)1 2 11 21= = = = .
(Condition b): predator and prey have same response strength to microplastic particles ∆ = = .( )1 0r

r
11

21
.

(Condition c): predator has much larger response strength than prey ( )0 1r
r
11

21
∆ = = . .

(Condition d): predator has much smaller response strength than prey ∆ = = .( )10 0r
r
11

21
.

We then consider the effects of the decline in the ability of prey feeding (related to d1) and predatory perfor-
mance (related to d2 and d3) to the population dynamics of the predator-prey system. We increase the value of d1, 

Figure 1.  Simulink blocks’ diagram of Modified Lotka-Volterra equations. Simulink provides a simulation 
environment for editing the model. The integrator block 1/s outputs the number of predators and prey. All the 
simulations below use this diagram.
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d2 and d3 to 0.6, 0.012 and 0.12. We also refer to phase portrait and time series plot. The first graph is to explore 
the stability of the predator-prey system, and the second graph is the population of predator and prey.

Four response intensities of prey and predator to toxicological effects induced by microplas-
tic particle.  (Condition a): We first simulate the condition where no microplastic particles exist. Inside 
microplastic particles, concentrations of prey and predator and the response intensities are equal to zero 
(C1 = C2 = r11 = r21 = 0). Population of prey and predator can be stable in this case, and it fluctuates wildly with a 
high of 250 and a low of 20. In addition, the period is 2. By comparing these results with the simulations below, we 
can identify whether the predator-prey system will collapse due to microplastic particles.

(Condition b): Firstly, when effects of microplastic particles on prey and predator are both weak 
(r11 = r21 = 0.1). Figure 2b1 shows that the population of prey and predator fluctuates between 20 and 300, which 
does not change much compared with conditions in the absence of microplastic particles. Secondly, when effects 
of microplastic particles on prey and predator are both in the middle level, the number of prey is not the steady 
growth, but the growth of the fluctuation, especially the characteristic periodic increase (Fig. 2b2). However, the 
number of predators is generally decreasing with fluctuation and tends to become zero. Potential reason for this 
result is that: Microplastic particles reduce the number of predators, leading to the increase of prey. Although 
number of preys can be decreased by microplastic particles to a small extent, it is more than offset by less pred-
ators and lower predation rate. Therefore, the population of prey is trending upward, while the population of 
predators is trending downward. Conclusively, in this case, the predator tends to become extinct in the long run. 
Thirdly, when the effects of microplastic particles on prey and predator are very large. Note that after t = 3.4, 
the number of predators drops rapidly and becomes extinct (Fig. 2.b3). Nevertheless, the number of prey rises 

Figure 2.  Phase portrait and short-term population dynamics of the predator-prey. Phase portrait depicts the 
trajectories of the predator-prey system, with the X axis showing population of prey (x1) and the Y axis the 
population of predator (x2). In time plot, X-axis measures time in months and Y axis measures the number of 
organisms (No./m3). Also, population of prey (x1) and population of predator (x2) are represented by blue full 
line and red full line respectively. Four conditions of different response strength in related to the population of 
prey and predator.
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sharply at t = 3.8 and after peaking at t = 6.6, it decreases dramatically to zero. Consequently, when the impact of 
microplastic particles is severe, it can cause the extinction of both predator and prey.

(Condition c): The population of predator and prey is stable under the different but little effect of microplastic 
particles, and shows a similar trend as conditions in the absence of microplastic particles (Fig. 2.c1). When the 
impact on prey is small while impact on predator is quite large, we can see from Fig. 2.c2 that the population of 
the predator fluctuates mildly while the peak of prey increases gradually. Although r21 = 10.0 can cause the extinc-
tion of predator in the previous simulation, the increase of prey offset that influence in this case.

(Condition d): Firstly, the degree of fluctuation of prey and predator is not influenced greatly by microplastic 
particles under small response intensity of predator and prey (Fig. 2.d1). Secondly, the peak of each period of 
predator is decreasing, but the regularity of prey cannot be obtained by only using one figure (Fig. 2.d2). However, 
we predict that the number of prey may go up since the number of predator has already decreased. Thirdly, in 
the case when the effect on prey is severe while the effect on predator is relatively small. The number of predators 
still falls sharply at t = 3.0 and eventually levels off at zero (Fig. 2.d3). Consequently, even though the response 
intensity of microplastic particles on prey (r11) is much larger than that on predator (r21), the number of predators 
still decreases earlier than prey. This may be interpreted as a decrease of prey will limit the increase of predator.

Negative effects of microplastic particles on prey feeding ability and predatory performance.  
When prey and predator have the same response intensity to toxicological effects of microplastic particles but 
worse prey feeding ability and weak predatory performance, as shown in Fig. 3.a–c, population dynamics of the 
prey-predator system show similar patterns and trends as Fig. 2. This suggests that the population dynamics of 
whole prey-predator system are not greatly influenced by the decline in prey feeding ability and predatory per-
formance. However, subtle change can be observed from Fig. 3.a that prey achieves its extreme value earlier than 
Fig. 2.b3 at t = 6.5. Also, Fig. 3.c and 2.d3 show that the peak of prey falls from 150 to 50 under the same toxico-
logical effects. Consequently, when the response intensities of prey and predator to microplastic toxicity are large, 
effects of microplastic particles on population dynamics of prey-predator system are not influenced by the decline 
in both prey feeding ability and predator performance, except a tiny decrease in prey number, which reveals that 
prey is relatively more susceptible.

Comparisons.  Firstly, under the circumstance where both prey and predator die out, the predator is extin-
guished earlier than the prey (Fig. 4.a). When the response intensity of prey r11 is tiny (Fig. 4.b), the population 
dynamic of prey shares the same trend, thus ( −a d x x)2 2 1 2 (increasing number of predators due to the feeding of 
prey) is not the reason for extinction of the predator. It can be seen from Fig. 4.c that population dynamics of 
predators fluctuate, which suggests that the growth rate of predators dx

dt
2  is not affected by microplastic particles. 

Consequently, by analyzing Eq. (2.5): r x r C x a d x x( )dx
dt 20 2 21 2 2 2 2 1 2

2 = − − + − , it is found that the average 
microplastic particles concentration distributed inside a predator (C2) is the main factor to affect the number of 
predators. Secondly, when the response intensity of prey and predator (r11 and r21) is tiny, regardless of the propor-
tion ∆ ( )r

r
11

21
∆ = , curves of prey and predator almost coincide in the case without microplastic particles 

(Fig. 4.d). Thus, the variation among the population period of prey and predator due to weak effects of  
microplastic particles is slight. Thirdly, Fig. 4e depicts that the increasing rate of prey is faster than predators. 
Moreover, from Eq. (2.5) = − − + −x r r C a d x( [ ( ) ])dx

dt 2 20 21 2 2 2 1
2 , we can find > 0dx

dt
2  happens only when 

− >a d x x( ) 02 2 1 2 . This means that only when there is a relatively large population of prey (x1), can we find an 
increase of predators. Thus, the density of prey depends on the coexistence of predator and prey in this system.

Discussion
Results reveal several ecologically important patterns: (1) Predators are more sensitive to the impact of 
microplastic particles; (2) When response intensities of predator and prey are weak, population dynamics of the 
predator-prey system are almost the same as in natural conditions; (3) This modified Lotka-Volterra predator-prey 
model is more prey dependent; (4) Decline of prey feeding ability and predatory performance does not have a 

Figure 3.  Three conditions of different response strength while value of d1, d2 and d3 has increased to d 0 61 = . , 
= .d 0 0122  and d3 = 0.012. Phase portrait and short-term population dynamics of the predator-prey. Phase 

portrait depicts the trajectories of predator-prey system, with the X axis showing population of prey (x1) and the 
Y axis the population of predator (x2). In time plot, X-axis measures time in months and Y axis measures the 
number of organisms (No./m3). Also, population of prey (x1) and population of predator (x2) are represented by 
blue full line and red full line respectively.
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great effect on the population dynamics of the predator-prey system. The following section explores the impor-
tance of these findings, and discusses the implications for the ecological coexistence of the predator-prey system.

Predators are more vulnerable than prey under the influence of microplastic particles.  The first 
hypothesis, that predators are likely to extinguish in the long run due to microplastic particles, is accepted to some 
extent. Our results suggest that predators are more sensitive to the effects of microplastic particles and that they 
always die out earlier than prey. This concurs with results from previous studies, which indicate that bioaccumu-
lation of microplastic particles may be responsible for these phenomena. Mattsson et al. and Cedervall et al.33,34 
confirmed that nano-sized microplastic particles can be transported to top-consumers, having adverse effects on 
their metabolism and behavior. Other studies also show that after being transported through food webs, 
microplastic particles and associated contaminants will accumulate and magnify into higher order predators35,36, 
which suggests that predators are more susceptible to the toxicological effects of microplastic particles33,34,37. This 
is significantly correlated with differential Eq. (2.6) ( )S C gdC

dt E1 1
1 = −  and Eq. (2.7) ( )S C kC gdC

dt E2 1 2
2 = + −  in 

Figure 4.  Five important comparisons of previews results. (a) Population dynamics of the predator-prey with 
response intensity of = .r 10 011 , = .r 1 021  and when = = .r r 10 011 21 . Both prey and predator tend to extinguish 
in this graph. (b) Population dynamics of the prey with response intensity of prey (r11) same in each plot. (c) 
Population dynamics of the predator with response intensity of prey (r11) same in each plot. (d) Different short-
term population dynamics of the prey and predator when response intensities of prey and predator are small 
(r r r r r r0 0, 0 1 0 1, 1 0 0 111 21 11 21 11 21= = = . = . = . = .  and = . = .r r0 1 0 111 21 ). (e) Population dynamic of 
prey and predator with response intensity of prey equal to 1.0 r( 1 0)11 = .  and response intensity of predator 
equal to 10.0 r( 10 0)21 = . . For prey, the peak values of each period are 272.3, 310.5, 537.5, 788.8, 1040, 1291, 
1544 and 1795. For predator, the peak values of each period are 289.5, 273.2, 326.5, 372.7, 402.7, 442.5, 469.7 
and 493.6.
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our model, which explains that the concentration of microplastic particles in predators is higher than prey due to 
the term kC1 (bioaccumulation effect). To sum up, we conclude that bioaccumulation of microplastic particles (k) 
is the reason why predators are more vulnerable.

As one of the top predators in the ecological system, humans can be negatively affected by bioaccumulation of 
microplastic particles. The uptake of plastic particles by humans can occur through the consumption of terrestrial 
and aquatic food products, drinking water and inhalation38,39. However, it is also important to note that the modi-
fied Lotka-Volterra model used in this study focuses on the short-term performance of this system, and this study 
suggests that the system will collapse due to the continuous accumulation of microplastic particles.

When response strength ,r r11 21 are small, the influences of microplastic particles on both prey 
and predator can be neglected.  Findings from our study support the second hypothesis that population 
dynamics of predator and prey will not change much when taking small values of response intensity to microplas-
tic particles. Results show that there are slight variations among the population period of prey and predator due 
to weak effects of microplastic particles. In a short period, if the effect of microplastic particles is small enough, 
the performance of population dynamics is almost the same as in the absence of microplastic particles. 
Meanwhile, the peak and trough in each period are generally the same. These results are in agreement with Lin40, 
who found that survival rates of organism under low concentrations of microplastic particles were almost the 
same as the survival rates in natural condition without microplastic particles. Therefore, we can deduce that when 
the response intensity of prey and predator (r11 and r21) is tiny, the population dynamic of prey and predator can 
be stable, and it is not affected by the proportion ∆ ∆ =( )r

r
11

21
. Consequently, we conclude that when response 

intensities r , r11 21 are very small, the influence of microplastic particles on population changes in prey and preda-
tor may be ignored.

Density of prey is the key factor to ensure stability of the predator-prey system.  The third 
hypothesis is supported by our results suggesting that prey dominates the stability of the predator-prey system. 
A crucial element that needs to be taken into consideration in this model is the functional response, which is the 
rate of prey consumed by a predator41,42. Previous theoretical work has shown that most predator-prey interaction 
is predator-dependent functional response43, and it emphasizes that both predator and prey affect the functional 
response of the system44,45. However, our model highlights a significant prey dependence, which means that the 
density of prey alone dominates the response. Specifically, our results show that when the prey becomes extinct, 
the predator will be extinguished as well. Meanwhile, if prey increases, regardless of the impact of microplastic 
particles on predators, the predator-prey system remains stable and the predator would not be extinguished. The 
reason for differences in the results may be because of the bioaccumulation of microplastic particles as previously 
discussed. Therefore, we infer that the density of prey can determine the coexistence of prey and predator in this 
system.

The influence of declined prey feeding ability and predatory performance on prey-predator 
population dynamics is small.  Contrary to the fourth hypothesis, our results show that a decline in feed-
ing ability of prey and predator induced by microplastic particles does not significantly influence the popula-
tion dynamics in this system. Microplastic ingestion is known to impede the feeding of organisms, which can 
result in the reduction of biomass and reduced growth46,47. However, our simulation results do not support this 
expectation and only a slight reduction in the population of prey was observed. An explanation for this discrep-
ancy, we can consider it from the view of predator’s functional response, which suggests that the predation rate 
depends on the abundance of prey and predator other than the low feeding capacity41,42. This study indicates that 
the negative impacts of a declining feeding capacity induced by microplastic particles on the population dynamics 
of the predator-prey system are small.

Conclusion
Impacts of microplastic particles on predator, prey and their interaction in an aquatic environment were investi-
gated by using a modified Lotka-Volterra model. Four important response patterns of the dynamics of predator 
and prey to microplastic particles are found. First, the predator is more vulnerable than prey to the detrimental 
impact of microplastic particles. Second, the coexistence of a predator and prey population relies on the exist-
ence of prey, and density of prey is the key factor to ensure stability of a predator-prey system. Third, under a low 
response intensity (values smaller than 1.0), the impact of microplastic particles on a model predator-prey system 
is very weak. Fourth, the decline in feeding ability of prey and predator induced by microplastic particles does not 
significantly influence the population dynamics of the predator-prey system. There are two important implica-
tions from this study. (1) For the long-term research, bioaccumulation of microplastic particles is a crucial factor 
in plastic pollution, which needs further investigation of their impacts on multiple species. The effects of bioac-
cumulation differ in various food web systems, and might perform different functions to impact predator-prey 
populations. (2) This modified model provides an innovative approach to the prediction of population dynamics 
of the predator-prey system under toxicological effects of microplastic particles or similar persistent organic pol-
lutants. Thus, in future, by further modifying this Lotka-Volterra model, we can study the influence of microplas-
tic particles or other plastic pollutants on the population dynamics of multiple predator and prey species.

Received: 17 May 2019; Accepted: 17 December 2019;
Published: xx xx xxxx

https://doi.org/10.1038/s41598-020-61414-3


9Scientific Reports |         (2020) 10:4500  | https://doi.org/10.1038/s41598-020-61414-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

References
	 1.	 Dawson, A. L. et al. Turning microplastics into nanoplastics through digestive fragmentation by Antarctic krill. Nature 

communications 9, 1001 (2018).
	 2.	 Rochman, C. M. Microplastics research—from sink to source. Science 360, 28–29 (2018).
	 3.	 Weithmann, N. et al. Organic fertilizer as a vehicle for the entry of microplastic into the environment. Science Advances 4, eaap8060 

(2018).
	 4.	 Lusher, A. L., Burke, A., O’Connor, I. & Officer, R. Microplastic pollution in the Northeast Atlantic Ocean: validated and 

opportunistic sampling. Marine pollution bulletin 88, 325–333 (2014).
	 5.	 Lusher, A. L. et al. Microplastic and macroplastic ingestion by a deep diving, oceanic cetacean: the True’s beaked whale Mesoplodon 

mirus. Environmental Pollution 199, 185–191 (2015).
	 6.	 Setälä, O., Fleming-Lehtinen, V. & Lehtiniemi, M. Ingestion and transfer of microplastics in the planktonic food web. Environmental 

pollution 185, 77–83 (2014).
	 7.	 Nelms, S. E., Galloway, T. S., Godley, B. J., Jarvis, D. S. & Lindeque, P. K. Investigating microplastic trophic transfer in marine top 

predators. Environmental Pollution 238, 999–1007 (2018).
	 8.	 Germanov, E. S., Marshall, A. D., Bejder, L., Fossi, M. C. & Loneragan, N. R. Microplastics: no small problem for filter-feeding 

megafauna. Trends in ecology & evolution 33, 227–232 (2018).
	 9.	 Wright, S. L., Thompson, R. C. & Galloway, T. S. The physical impacts of microplastics on marine organisms: a review. Environmental 

pollution 178, 483–492 (2013).
	10.	 Browne, M. A. et al. Accumulation of microplastic on shorelines woldwide: sources and sinks. Environmental science & technology 

45, 9175–9179 (2011).
	11.	 Browne, M. A., Niven, S. J., Galloway, T. S., Rowland, S. J. & Thompson, R. C. Microplastic moves pollutants and additives to worms, 

reducing functions linked to health and biodiversity. Current Biology 23, 2388–2392 (2013).
	12.	 Cole, M., Foley, C. J., Feiner, Z. S., Malinich, T. D. & Höök, T. O. A novel method for preparing microplastic fibers. Scientific reports 

6, 34519 (2016).
	13.	 Foley, C. J., Feiner, Z. S., Malinich, T. D. & Höök, T. O. A meta-analysis of the effects of exposure to microplastics on fish and aquatic 

invertebrates. Science of the Total Environment 631, 550–559 (2018).
	14.	 do Sul, J. A. I. & Costa, M. F. The present and future of microplastic pollution in the marine environment. Environmental pollution 

185, 352–364 (2014).
	15.	 Eerkes-Medrano, D., Thompson, R. C. & Aldridge, D. C. Microplastics in freshwater systems: a review of the emerging threats, 

identification of knowledge gaps and prioritisation of research needs. Water research 75, 63–82 (2015).
	16.	 Lotka, A. J. Contribution to the theory of periodic reactions. The Journal of Physical Chemistry 14, 271–274 (1910).
	17.	 Liu, X. & Chen, L. Complex dynamics of Holling type II Lotka–Volterra predator–prey system with impulsive perturbations on the 

predator. Chaos, Solitons & Fractals 16, 311–320 (2003).
	18.	 Hallam, T. & De Luna, J. Effects of toxicants on populations: a qualitative: approach III. Environmental and food chain pathways. 

Journal of Theoretical Biology 109, 411–429 (1984).
	19.	 Worm, B., Lotze, H. K., Jubinville, I., Wilcox, C. & Jambeck, J. Plastic as a persistent marine pollutant. Annual Review of Environment 

and Resources 42, 1–26 (2017).
	20.	 Véron, J. & Alfred, J. Lotka and the mathematics of population. Journal Électronique d’Histoire des Probabilités et de la Statistique 

[electronic only] 4, Article 6, 10 p., electronic only-Article 16, 10 p., electronic only (2008).
	21.	 Gregory, M. R. Environmental implications of plastic debris in marine settings—entanglement, ingestion, smothering, hangers-on, 

hitch-hiking and alien invasions. Philosophical Transactions of the Royal Society B: Biological Sciences 364, 2013–2025 (2009).
	22.	 Chen, Q. et al. Quantitative investigation of the mechanisms of microplastics and nanoplastics toward zebrafish larvae locomotor 

activity. Science of the total environment 584, 1022–1031 (2017).
	23.	 de Sá, L. C., Luís, L. G. & Guilhermino, L. Effects of microplastics on juveniles of the common goby (Pomatoschistus microps): 

confusion with prey, reduction of the predatory performance and efficiency, and possible influence of developmental conditions. 
Environmental Pollution 196, 359–362 (2015).

	24.	 Lu, Y. et al. Uptake and accumulation of polystyrene microplastics in zebrafish (Danio rerio) and toxic effects in liver. Environmental 
science & technology 50, 4054–4060 (2016).

	25.	 Chen, Q. et al. Enhanced uptake of BPA in the presence of nanoplastics can lead to neurotoxic effects in adult zebrafish. Science of 
the Total Environment 609, 1312–1321 (2017).

	26.	 Rehse, S., Kloas, W. & Zarfl, C. Short-term exposure with high concentrations of pristine microplastic particles leads to 
immobilisation of Daphnia magna. Chemosphere 153, 91–99 (2016).

	27.	 Hidalgo-Ruz, V., Gutow, L., Thompson, R. C. & Thiel, M. Microplastics in the marine environment: a review of the methods used for 
identification and quantification. Environmental science & technology 46, 3060–3075 (2012).

	28.	 Moore, C. J. Synthetic polymers in the marine environment: a rapidly increasing, long-term threat. Environmental research 108, 
131–139 (2008).

	29.	 Au, S. Y., Bruce, T. F., Bridges, W. C. & Klaine, S. J. Responses of Hyalella azteca to acute and chronic microplastic exposures. 
Environmental Toxicology and Chemistry 34, 2564–2572 (2015).

	30.	 Dris, R. et al. Microplastic contamination in an urban area: a case study in Greater Paris. Environmental Chemistry 12, 592–599 
(2015).

	31.	 Taylor, D., Taylor, J., Lazari, A. & Mohammed-Awel, J. Investigation of a Pest Control Method Involving Chemical and Biological 
Methods Using the Lotka-Volterra Model with Fishing. Georgia Journal of Science 66, 7 (2008).

	32.	 Ferrarini, A. Evolutionary network control also holds for nonlinear networks: Ruling the Lotka-Volterra model. Network. Biology 5, 
34 (2015).

	33.	 Carbery, M., O’Connor, W. & Palanisami, T. Trophic transfer of microplastics and mixed contaminants in the marine food web and 
implications for human health. Environment International 115, 400–409 (2018).

	34.	 Farrell, P. & Nelson, K. Trophic level transfer of microplastic: Mytilus edulis (L.) to Carcinus maenas (L.). Environmental pollution 
177, 1–3 (2013).

	35.	 Cedervall, T., Hansson, L.-A., Lard, M., Frohm, B. & Linse, S. Food chain transport of nanoparticles affects behaviour and fat 
metabolism in fish. PloS one 7, e32254 (2012).

	36.	 Mattsson, K. et al. Altered behavior, physiology, and metabolism in fish exposed to polystyrene nanoparticles. Environmental science 
& technology 49, 553–561 (2014).

	37.	 Kelly, B. C., Ikonomou, M. G., Blair, J. D., Morin, A. E. & Gobas, F. A. Food web–specific biomagnification of persistent organic 
pollutants. science 317, 236–239 (2007).

	38.	 Rochman, C. M. et al. Anthropogenic debris in seafood: Plastic debris and fibers from textiles in fish and bivalves sold for human 
consumption. Scientific reports 5, 14340 (2015).

	39.	 Vethaak, A. D. & Leslie, H. A. Plastic Debris Is a Human Health Issue. Environmental Science & Technology 50(13), 6825–6826 
(2016).

	40.	 Lin, V. S. Research highlights: impacts of microplastics on plankton. Environmental Science: Processes & Impacts 18, 160–163 (2016).
	41.	 Arditi, R. & Ginzburg, L. R. Coupling in predator-prey dynamics: ratio-dependence. Journal of theoretical biology 139, 311–326 

(1989).

https://doi.org/10.1038/s41598-020-61414-3


1 0Scientific Reports |         (2020) 10:4500  | https://doi.org/10.1038/s41598-020-61414-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

	42.	 Hanski, I. The functional response of predator: worries about scale. TREE 6, 141–142 (1991).
	43.	 Abrams, P. A. & Ginzburg, L. R. The nature of predation: prey dependent, ratio dependent or neither? Trends in Ecology & Evolution 

15, 337–341 (2000).
	44.	 Arditi, R. & Akçakaya, H. Underestimation of mutual interference of predators. Oecologia 83, 358–361 (1990).
	45.	 Osenberg, C. W., Sarnelle, O., Cooper, S. D. & Holt, R. D. Resolving ecological questions through meta‐analysis: goals, metrics, and 

models. Ecology 80, 1105–1117 (1999).
	46.	 Cole, M. et al. Microplastic ingestion by zooplankton. Environmental science & technology 47, 6646–6655 (2013).
	47.	 Cole, M., Lindeque, P., Fileman, E., Halsband, C. & Galloway, T. S. The impact of polystyrene microplastics on feeding, function and 

fecundity in the marine copepod Calanus helgolandicus. Environmental science & technology 49, 1130–1137 (2015).

Acknowledgements
We would like to thank Xi’an Jiaotong-Liverpool University for financial support from the SURF (Summer 
Undergraduate Research Fellowship) programme. This study was also supported by XJTLU RDF (RDF-15-
01-50) and the Natural Science Foundation of Jiangsu Province (BK20171238), as well partially by XJTLU Key 
Programme Special Fund (KSF-P-02). We are also grateful to Dr. Eduardo Medina-Roldan for discussions and 
comments and Dr. Martyn Hills for proof reading that improved the manuscript.

Author contributions
Q.H., L.Y., Q.Z. and Y.Z. designed the study. Q.H., L.Y. and Q.Z. built and analyzed the model. L.Y. built 
a program and ran the numerical simulations. L.Y. and Q.Z. analyzed the simulation results and verified the 
mathematical properties of the models. Q.H., L.Y. and Q.Z. prepared all the figures. Q.H. and L.Y. drafted the 
main text. Y.Z. eidted the manuscript and directed the project. F.M provided mathematical technical support. All 
authors reviewed the manuscript and gave final approval for publication.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.Z.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-61414-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The Impact of Microplastic Particles on Population Dynamics of Predator and Prey: Implication of the Lotka-Volterra Model

	Material and Methods

	The model. 
	Parameter estimation. 
	Numerical simulation. 

	Results

	Four response intensities of prey and predator to toxicological effects induced by microplastic particle. 
	Negative effects of microplastic particles on prey feeding ability and predatory performance. 
	Comparisons. 

	Discussion

	Predators are more vulnerable than prey under the influence of microplastic particles. 
	When response strength are small, the influences of microplastic particles on both prey and predator can be neglected. 
	Density of prey is the key factor to ensure stability of the predator-prey system. 
	The influence of declined prey feeding ability and predatory performance on prey-predator population dynamics is small. 

	Conclusion

	Acknowledgements

	Figure 1 Simulink blocks’ diagram of Modified Lotka-Volterra equations.
	Figure 2 Phase portrait and short-term population dynamics of the predator-prey.
	Figure 3 Three conditions of different response strength while value of , and has increased to , and d3 = 0.
	Figure 4 Five important comparisons of previews results.




