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Effect of prey size and structural 
complexity on the functional 
response in a nematode- nematode 
system
Bianca Kreuzinger-Janik, Henrike Brüchner- Hüttemann & Walter Traunspurger

The functional response of a predatory nematode and the influence of different prey sizes and habitat 
structure on the concerning parameters were analyzed. We hypothesized that the handling of small 
prey would be less time-consuming, whereas feeding on larger prey would be more efficient. Therefore, 
type II functional response curves were expected for large prey and a trend towards type III curves 
for small prey. We expected the introduction of prey refuges to shift the functional response curves 
from hyperbolic to sigmoidal and that the effect would be even more pronounced with smaller prey. 
P. muscorum consumed large amounts of small and large C. elegans, with daily per capita ingestion 
of prey reaching a maximum of 19.8 µg fresh weight, which corresponds to 4.8 times the predator’s 
biomass. Regardless of prey size and habitat structure, P. muscorum exhibit a type III functional 
response. Overall, the allometric effect of prey size had a greater effect on the predator’s functional 
response than did the addition of substrate, presumably due to the similar body shape and mobility of 
the two nematode species. Our results demonstrate that individual factors such as feeding behavior are 
important determinants of functional responses and therefore of ecosystem stability.

The quantitative characteristics of consumer-resource interactions determine our understanding of the stability of 
population dynamics, complex food webs and ecosystem function. These interactions are based on mechanisms, 
which can be experimentally investigated in functional-response experiments by analyzing the rate of ingestion 
of a consumer as a function of food density1. Three different types of functional responses were categorized by 
Holling2, depending on the curve progression. A type I functional response describes a linear relation between the 
predation rate and prey density up to a threshold and is typical of filter feeders (reviewed by3). A type II functional 
response is characterized by a hyperbolic curve and describes an increase in the amount of prey ingested with 
increasing prey density, until saturation of prey ingestion occurs. If the increase in the number of prey consumed 
decelerates when only few prey organisms are available, the shape of the curve becomes sigmoidal, indicative of a 
type III functional response and a switching or learning behavior of the predator4–6. A type II functional response 
was long expected to be the most common7–9, but more recent studies have clearly demonstrated the type III 
functional responses of many species10–16. Moreover, type III responses are not necessarily related to multi-prey 
environments, in contrast to previous reports5,17. In addition, there is strong evidence that functional response 
parameters (e.g. handling time, search coefficient) depend on the body masses of predator and prey13,14,18,19, the 
environmental temperature20,21, and habitat complexity [e.g.22,23], in addition to factors such as prey defenses, prey 
type and prey morphology24,25.

Nematodes are the most abundant metazoan group within the meiofauna, reaching maximum densities >106 
individuals per m² in the sediment and periphyton of stony hard-substrates of freshwater habitats26,27. They col-
onize all types of habitats and climatic zones and establish a permanent standing stock in the course of the year, 
comprising many different species28–31. Nematodes are exploited as prey, with a top-down influence on species 
composition and population dynamics exerted by their predators, including vertebrates such as juvenile fish32,33, 
and both macro- and meiofaunal invertebrates, such as copepods, tardigrades, turbellarians and chironomid 
larvae16,22,34,35. However, nematodes represent an important link between the microbenthos and macrobenthos 
of freshwater ecosystems27,36,37. With their diverse range of feeding types, they are able to parasite plants and 
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animals, feed as free-living species on micro-algae, fungi, and bacteria and prey on other invertebrates, including 
other nematode species, as well as protozoans (reviewed by38). Yet, the potential impact of predatory nematodes 
on meiofauna and especially on the nematode community has been poorly documented (but see39,40).

Most studies of predatory nematodes have focused on agricultural aspects and the potential of the respective 
species as biocontrol agents (reviewed by41) whereas few studies have examined the importance of nematode 
predators as regulatory forces in food webs. To our knowledge, only one study quantitatively assessed the func-
tional response of predatory nematodes, using two estuarine nematode species as predators42).

Habitat complexity may be a crucial factor in the feeding success of predatory nematodes living in the inter-
stices of sediments or plant material (e.g. moss, macrophytes). A more structurally complex habitat may be 
advantageous for potential prey, by offering hiding places and thereby increasing their survival probability15,43,44. 
Conversely, habitat complexity may promote prey mortality due to higher foraging efficiency of the predator45. 
A recent study46 demonstrated that an increase in the amount of predator-free space causes a shift from a type II 
to a type III functional response, with effects on the stability of predator- prey dynamics based on an accelerated 
predation risk at low resource densities.

In the present study, we conducted for the first time a classic functional-response experiment with the com-
mon mononchid nematode Prionchulus muscorum as predator and two different size classes of Caenorhabditis 
elegans as prey to measure the predator feeding rate in relation to prey density. We hypothesized that the handling 
of small prey would be easier and less time-consuming for the predator, whereas feeding on larger prey would 
be more efficient, especially at low prey densities and higher search coefficients for prey of higher body mass. 
Therefore, a hyperbolically shaped functional response curve (type II) was expected for large prey and a trend 
towards a sigmoidal functional response curve (type III) for small prey.

In a second functional-response experiment, the conditions were the same as in the first but the substrate was 
altered to simulate habitat complexity. It was anticipated that the introduction of prey refuges would shift the 
shape of the functional response curves from hyperbolic (type II) to sigmoidal (type III) and that the effect would 
be even more pronounced when the predator was confronted with smaller prey. Consequently, capture rates 
would be negatively affected by habitat complexity, whereas handling times were expected to remain constant 
over all experimental trials using prey of the same size.

Material and Methods
Organisms.  Individuals of the typical moss inhabiting large semiaquatic nematode species Prionchulus mus-
corum were extracted from terrestrial moss samples collected near Bielefeld University, Germany (52°02′16.1″N 
8°29′26.5″E) using a modified Baermann funnel and used as predator. A sieve plate (594 cm², hole width 
500 µm) was covered completely with moss and then placed on a funnel filled with filtered (10 µm) rainwater. 
After 24 h, the water in the funnel was filtered (10 µm) to obtain the organisms. Individuals of P. muscorum were 
selected individually using a binocular (Olympus SZ40, 40–100x magnification) and placed in a Petri dish filled 
with 2% agar covered with a thin layer of Volvic water. The body length and dry biomass of P. muscorum were 
1623.97 ± 269.8 µm (mean ± SD, n = 264) and 1.149 ± 0.606 µg (mean ± SD, n = 264), respectively. The predators 
were starved for 3 days prior to the experiments.

Two size classes of the nematode species Caenorhabditis elegans were used as prey. C. elegans was chosen 
because this species represents in length and body shape a typical (semi-) aquatic nematode community and 
can be obtained in very high numbers from laboratory cultures which was a crucial factor to perform the 
functional response experiments simultaneously. The nematodes were cultivated by transferring pieces of 
nematode-containing agar onto fresh agar plates (0.85% agar, 0.125% peptone, 0.15% NaCl, 500 µl CaCl2 l−1, 
500 µl MgSO4 l−1, 12.5 ml KH2PO4 l−1, and 500 µl cholesterol l−1) with a fresh lawn of Escherichia coli OP5047. 
After 7 days of incubation at 20 °C, the plates were rinsed with filtered (0.2 µm), autoclaved rainwater and the 
nematode suspension was then filtered sequentially through 20-µm, 10-µm and 5-µm sieves. C. elegans passing 
through the 20-µm sieve but retained on the 10-µm sieve had a mean body length of 383.9 ± 56.1 µm (mean ± SD, 
n = 50) and are hereafter referred to as “large prey”. C. elegans that passed through the 5-µm sieve (stage 1 juve-
niles48) had a mean body length of 308.9 ± 66.1 µm (mean ± SD, n = 50) and are hereafter referred to as “small 
prey”. The dry biomass of the large and the small prey was 0.017 ± 0.006 µg and 0.009 ± 0.004 µg (mean ± SD, 
n = 50), respectively.

Measurements.  The maximum body length and width of all tested individuals of P. muscorum and the 
lengths and widths of 50 small and large juvenile C. elegans were measured using a binocular (Olympus SZ40) 
and a stereomicroscope (Leica MZ 125) fitted with a camera (ProgRes C12plus). The images were processed using 
software ImageJ 1.48 (public domain).

The biomass was calculated according to Andrássy49 (Eq. 1):

= ×µ µ µBiomass width length /1,600,000 (1)g m m( ) ( )
2

( )

assuming a nematode dry mass that was 25% of the fresh weight and a specific gravity of 1.1350.

Functional-response experiments.  The four sets of functional response experiments tested two size 
classes (small and large) of prey, with and without substrate, and were performed in open vials with a volume 
of 10 ml and a diameter of 20 mm (3.1 cm2 bottom area). All vials were filled with 1 ml of filtered (10 µm), auto-
claved (121 °C, 20 min) rainwater and 1 ml of Volvic water. Half of the prepared vials were additionally filled 
with 0.04–0.05 g of dried, autoclaved moss (Hypnum cupressiforme) as substrate to add structural complexity and 
create a more natural 3D environment. The nematodes were added individually to the vials by mouth pipetting 
and allowed to acclimatize for 1 h before the start of the 4-h experiment, conducted at 20 °C (room temperature) 
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and under low-light conditions. For each prey size class with and without substrate, 11 densities of C. elegans (5, 
10, 15, 20, 30, 50, 75, 100, 150, 200, and 300) as prey and one specimen of P. muscorum as predator per vial were 
used. Additionally, a control treatment was conducted using prey at the same densities but without predator. Each 
prey density condition was replicated six times, both for the predator and the control (without predator), for the 
two size classes of C. elegans and with or without substrate, for a total of 528 samples (132 vials for each of the 
four treatments). All replicates of one treatment (predator and control) were placed randomly in a white box and 
tested at the same time. The experiment was started after carefully placing one predatory nematode in each vial. 
After 4 h, the nematodes were checked for viability. They were then heat-killed (1 h at 60 °C), stained with Rose 
Bengal and immediately counted at 45× magnification under a Leica S6E stereomicroscope.

The mean of the controls (n = 6) for each density was used to correct the initial density value. The difference 
between the corrected initial and counted final prey densities in the predator treatments was defined as the num-
ber of prey consumed by the predator. In some cases, this led to negative values, which were set to zero.

Statistical analyses.  Type II and type III functional responses can be distinguished based on the shape 
of the curves obtained by fitting polynomial logistic functions to proportional consumption data. A type II 
response is characterized by a negative first-order term (decreasing proportional consumption with increasing 
prey density), and a type III functional response by a positive first-order followed by a negative second-order term 
(increasing but then decreasing proportional consumption with increasing prey density)51. However, while this 
approach describes the general shape of the functional response, it is limited for particular mechanistic models. 
For this reason, we fitted flexible functional response models to allow a continuum of shapes, representing cate-
gorical type II to type III responses, and then compared the suitability of the models using the corrected Akaike 
information criterion (AICc), in which a lower AICc indicates a better fit.

A type II functional response of the predators was modeled using the appropriate equations, with prey deple-
tion considered by integrating instantaneous consumption over time, and solving them using the ‘Lambert-W’ 
function52 (Eq. 2):

= − −N N exp a N h T[1 ( ( ))] (2)e e0

Type III responses were modeled as described by Eq. 313,53:

= − −N N exp bN N h T[1 ( ( ))] (3)e
q

e0 0

where Ne is the number of C. elegans consumed, N0 the number of prey presented, a the attack rate, h the pro-
cessing time for a single prey item, T the total time available, b the capture coefficient and q the scaling expo-
nent. When q = 0, the capture rates are constant with prey density, resulting in a decelerating hyperbolic type 
II functional response. For q > 0, the functional responses become increasingly sigmoidal (type III) and follow 
a power-law relationship with resource density. As in Pritchard et al.54, the data were nonparametrically boot-
strapped (n = 2000) before a model using Eq. 2 or 3 was fitted. A type III functional response was assumed only 
when the scaling exponent q was significantly greater than zero. The resulting functional response curve was plot-
ted together with the 95% confidence intervals. Estimates of the model parameters attack rate (a) and handling 
time (h) for type II functional responses, and the search coefficient (b), handling time (h), and scaling exponent 
(q) for flexible type III functional responses are shown.

All statistical analyses were carried out using R 3.4.355. The results of the functional response experiments 
were analyzed using the R package frair54,56, which utilizes the maximum likelihood estimation within the bbmle 
package57.

Results
The maximum per capita ingestion of nematode prey per 4 h in the treatments without substrate occurred at 
a prey density of 300 nematodes, with 73 small and 52 large C. elegans individuals consumed in the respective 
treatments (Fig. 1). The maximum ingested biomass was therefore 2.409 µg (dry weight 0.681) and 3.172 µg (dry 
weight 0.896), respectively (accounting for up to 77% of the predators own biomass). Within the 4-h experiment, 
the number of consumed nematodes of either size class increased but only up to a density of 150 offered individ-
uals. Thereafter, at higher prey densities, the mean intake remained constant for small and large prey: 54 ± 18 and 
24 ± 13 ingested nematodes, respectively.

In the presence of the moss substratum, saturation occurred at a density of 200 offered prey individuals. 
Consumption reached a plateau at ~45 small and ~30 large nematodes (Fig. 1) and a maximum of 86 small and 
54 large C. elegans, which occurred at a density of 300 offered prey items, were consumed. This corresponded to 
a maximum ingested biomass of 2.838 µg (dry weight 0.802) and 3.294 µg (dry weight 0.931), respectively, and up 
to 80% of the average weight estimated for P. muscorum.

Logistic regression analyses indicated that the functional response curves of P. muscorum, regardless of prey 
size and substrate, could be appropriately described by the categorical type II functional response model, since 
the first-order terms were all negative and significant (all p < 0.001, Table 1). Nevertheless, two- term logistic 
regressions also provided significantly positive first-order terms for small prey in the absence and large prey in 
the presence of substrate (both p < 0.01, Table 1), indicating a type III functional response in which the scaling 
exponent q is allowed to vary. A comparison of the two models using the AICc yielded consistently lower values 
for the flexible type III functional response model, even though it contained an extra parameter. Thus, type III was 
selected as the preferred model (Fig. 1).

However, both models could be applied to each of the four experimental trials, yielding estimates for all 
parameters (Table 2). The attack rate was higher for small than for large prey, whereas the handling time increased 
with increasing prey size (Table 2, type II). In the absence of substrate, the search coefficient was lowest for 
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Figure 1.  Number of small and large Caenorhabditis elegans consumed by Prionchulus muscorum within 
4 h at offered nematode densities of 5–300 individuals, in the absence and presence of substrate. Data from 
all six replicates are shown. The curves represent the best-fitting functional response model (flexible type III 
functional response, see Eq. 3 in the text); 95% bootstrapped confidence intervals are shown as well. Parameter 
estimates are given in Table 2.

without substrate with substrate

small prey large prey small prey large prey

type II (Eq. 2)
attack rate 2.686 ± 0.142

(p < 0.001)
2.343 ± 0.201
(p < 0.001)

3.104 ± 0.195
(p < 0.001)

1.893 ± 0.142
(p < 0.001)

handling time 0.001 ±< 0.001
(p < 0.001)

0.005 ±< 0.001
(p < 0.001)

0.002 ±< 0.001
(p < 0.001)

0.003 ±< 0.001
(p < 0.001)

flexible (Eq. 3)

search coefficient 0.173 ± 0.059
(p = 0.003)

0.814 ± 0.402
(p = 0.043)

0.781 ± 0.285
(p = 0.006)

0.433 ± 0.172
(p = 0.012)

handling time 0.003 ±< 0.001
(p < 0.001)

0.006 ± 0.001
(p < 0.001)

0.003 ±< 0.001
(p < 0.001)

0.004 ±< 0.001
(p < 0.001)

scaling exponent 0.739 ± 0.087
(p < 0.001)

0.362 ± 0.166
(p = 0.029)

0.426 ± 0.11
(p < 0.001)

0.438 ± 0.114
(p < 0.001)

Table 2.  Parameter estimates from categorical type II (see Eq. 2 in the text) and flexible (Eq. 3) functional 
responses for the treatments without and with substrate and large vs. small C. elegans prey. Data are the original 
maximum likelihood estimates ± SE and the p-values.

without substrate with substrate

small prey large prey small prey large prey

logistic regression type II
1st term −0.0032 −0.0049 −0.004 −0.004

P <0.001 <0.001 <0.001 <0.001

logistic regression type III

1st term 0.0153 −0.0095 −0.0053 0.0049

P <0.001 <0.001 <0.001 0.004

2nd term <−0.001 <−0.001 <−0.001 <−0.001

P <0.001 0.005 0.187 <0.001

AICc: type II model 773.957 584.44 552.957 484.796

AICc: flexible type III model 692.081 580.989 537.267 470.306

Table 1.  The results of logistic regressions for the selection of categorical type II or type III functional response 
models are shown, together with the corrected Akaike information criterion (AICc) values for fitted categorical 
type II (see Eq. 2 in the text) and flexible type III (Eq. 3) functional response models for treatments without and 
with substrate and using large vs. small C. elegans prey.
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small prey and highest for large prey but in the presence of substrate it reached a higher value for small than for 
large prey (Table 2, type III). The estimated handling time in the flexible type III functional response followed 
the same pattern as that in the categorical type II functional response, but the effect was less pronounced. For 
the experiment that included substrate, comparable scaling exponents were obtained for small and large C. ele-
gans: 0.426 ± 0.11 and 0.438 ± 0.114, respectively. In the experiment without substrate, the scaling exponent was 
0.739 ± 0.087 for small and 0.362 ± 0.166 for large prey (Table 2, type III). Table 3 shows the statistical output 
obtained in comparisons of the functional response parameters of the flexible model for the analysis of the influ-
ence of prey size [small vs. large and (small + substrate) vs. (large + substrate)] and habitat structure [small vs. 
(small + substrate) and large vs. (large + substrate)].

Discussion
This study shows for the first time that there is a strong interaction of predatory nematodes with nematodes as 
prey, both with and without substrate. Investigations into the type and strength of the interactions between pred-
atory nematodes and their potential prey are important for a better understanding of the structure and function 
of the food webs in which these organisms participate. Our study of P. muscorum showed that it consumed large 
amounts of small and large C. elegans, with the daily per capita ingestion of prey reaching a maximum of 19.8 µg 
fresh weight, which corresponds to 4.8 times the predator’s biomass. In general, the number of ingested nema-
todes increased with an increasing number of prey offered, until a plateau was reached, regardless of prey body 
mass or habitat complexity, as shown in similar studies using other predators e.g.16,22,34,35. The proportion of bio-
mass ingested vs. the predator’s own biomass was comparable to that reported for copepods34 and twice as high as 
that determined for tardigrades22. In the study of Nelmes58, adult individuals of the nematode Prionchulus punc-
tatus were able to consume up to six times their own volume in nematodes per day. Previous studies have largely 
overlooked the potential impact of predatory nematodes on nematode communities, although early observations 
as well as our own suggest that the predation pressure on nematode prey provoked by predatory nematodes is an 
important factor in the modeling of food webs and calculations of carbon flow.

All four functional response curves of P. muscorum were type III and thus sigmoidal in shape, with a scaling 
exponent significantly greater than zero, as recently shown for several other predator- prey systems [e.g.10–13,15,16], 
and implying severe consequences for population dynamics and stability11,59,60. These results demonstrate that 
predator- prey body mass ratios together with environmental factors such as habitat complexity may significantly 
impact estimations of functional response parameters under laboratory conditions as well as food- web stability 
in natural ecosystems.

Influence of prey size.  Recent studies have shown a strong allometric effect on functional responses13,14,21,61. 
In the present work, the results of both functional response trials, i.e., with and without substrate, confirmed 
our initial hypothesis, that an increase in prey mass may cause a significant increase in handling time. Larger  
C. elegans are presumably harder to capture and process for P. muscorum, although observations of the predator’s 
feeding behavior in this study showed that prey of both size classes were swallowed completely. However, in 
some cases, P. muscorum individuals regurgitated large C. elegans several times before finally ingesting them. This 
behavior could explain the shorter handling times for small prey.

The values of the search coefficients were expected to follow a similar pattern, increasing with increasing 
prey body mass, because within a given area it is easier for a predator to encounter larger prey items24,62. For  
P. muscorum, however, this was only the case in the absence of substrate, as in the more complex habitat the search 
coefficients did not significantly differ between the two prey sizes, indicating that the predator’s advantage in 
capturing larger prey vanished in the presence of substrate. A sigmoid type III functional response was obtained 
for P. muscorum regardless of prey size and habitat complexity, but the scaling exponent was significantly higher 
for small prey without substrate. This result corroborated our hypothesis that increasing predator-prey body mass 
ratios are aligned with both higher capture rates and higher scaling exponents. As for the search coefficient, this 
effect could not be verified under conditions that included the presence of substrate, as the scaling exponents for 
the two prey sizes were essentially the same.

Influence of habitat structure.  Adding habitat structure to our experimental setup did not affect the func-
tional response parameters for either prey size class as severely as reported by other authors23,63 and per capita 
consumption remained at comparable levels in the presence and absence of substrate. This may have been due to 
the nearly identical body shape and mobility of predator and prey, which allowed P. muscorum to follow C. elegans 
into almost all interstices, resulting in a low level of hideouts for the prey. A similar effect was described for the 
centipede Lithobius mutabilis feeding on springtails in leaf litter23. Nonetheless, contrary to our expectations, for 

small vs. large

search 
coefficient

handling 
time

scaling 
exponent

p = 0.114 p < 0.001 p = 0.044

small + substrate vs. large + substrate p = 0.297 p = 0.009 p = 0.938

small vs. small + substrate p < 0.001 p = 0.189 p < 0.001

large vs. large + substrate p = 0.43 p = 0.002 p = 0.779

Table 3.  Statistical output (p-values) obtained in comparisons of the search coefficients, handling times and 
scaling exponents resulting from a flexible (Eq. 3) functional response and depending on prey size and habitat 
structure.
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large prey the search coefficient was not influenced by the presence of substrate and for small prey it was even 
positively affected. The addition of substrate to the experimental set-up may have created a three-dimensional 
environment that led to an improvement of the predator’s agility and enhanced its foraging behavior, at least for 
more easily handled small prey. Accordingly, the increase of the functional response curve for small prey with 
substrate was not as decelerated as without substrate with a significant lower scaling exponent. However, this 
scenario was ruled out by the results of the experimental trial with large prey, in which both the search coefficient 
and the scaling exponent remained unaffected.

Direct observations revealed the ability of P. muscorum to feed on nematodes much larger than those used 
in this study. These larger prey were discarded after being punctured or their contents were partially sucked out. 
Accordingly, subtle changes in prey size may dramatically alter both the feeding behavior and therefore the func-
tional response of the predator. Other factors, such as habitat complexity, temperature and prey morphology, may 
exacerbate the impact of these changes24.

In conclusion, in our study of the relationship between a nematode predator and its nematode prey, the allo-
metric effect of prey size had a greater effect on the predator’s functional response than did the addition of sub-
strate, presumably due to the similar body shape and mobility of the two nematode species even though the 
difference between the two prey size classes used in this experiment was rather small. Our results demonstrate 
that individual factors, which may differ for every predator-prey relationship, are important determinants of 
functional responses and therefore potentially the ecosystem stability.

Data Availability
The datasets generated and analysed during the current study are available from the corresponding author on 
reasonable request.

References
	 1.	 Solomon, M. E. The Natural Control of Animal Populations. J Anim Ecol 18, 1–35, https://doi.org/10.2307/1578 (1949).
	 2.	 Holling, C. S. The components of predation as revealed by a study of small mammal predation of the European pine sawfly. Can 

Entomol 91, 293–320, https://doi.org/10.4039/Ent91293-5 (1959).
	 3.	 Jeschke, J. M., Kopp, M. & Tollrian, R. Consumer-food systems: why type I functional responses are exclusive to filter feeders. Biol 

Rev 79, 337–349, https://doi.org/10.1017/S1464793103006286 (2004).
	 4.	 Murdoch, W. W. & Marks, R. J. Predation by Coccinellid beetles: Experiments on switching. Ecology 54, 160–167, https://doi.

org/10.2307/1934385 (1973).
	 5.	 Murdoch, W. W., Avery, S. & Smyth, M. E. B. Switching in predatory fish. Ecology 56, 1094–1105, https://doi.org/10.2307/1936149 

(1975).
	 6.	 Oaten, A. & Murdoch, W. W. Switching, functional response, and stability in predator- prey systems. Am Nat 109, 299–318, https://

doi.org/10.1086/282998 (1975).
	 7.	 Hassell, M. P., Lawton, J. H. & Beddington, J. R. The Components of Arthropod Predation: I. The Prey Death-Rate. J Anim Ecol 45, 

135–64, https://doi.org/10.2307/3772 (1976).
	 8.	 Begon, M., Harper, J. L. & Townsend, C.R. Ecology: individuals, populations, and communities. (Blackwell, Oxford, 1996).
	 9.	 Jeschke, J. M., Kopp, M. & Tollrian, R. Predator functional responses: Discriminating between handling and digesting prey. Ecol 

Monograph 72, 95–112, https://doi.org/10.1890/0012-9615(2002)072[0095:PFRDBH]2.0.CO;2 (2002).
	10.	 Sarnelle, O. & Wilson, A. E. Type III functional response in Daphnia. Ecology 89, 1723–1732, https://doi.org/10.2307/3474 (2008).
	11.	 Alexander, M. E., Dick, J. T. A., O’Connor, N. E., Haddaway, N. R. & Farnsworth, K. D. Functional responses of the intertidal 

amphipod Echinogammarus marinus: effects of prey supply, model selection and habitat complexity. Mar Ecol Prog Ser 469, 
191–202, https://doi.org/10.3354/meps09978 (2012).

	12.	 Vucic-Pestic, O., Birkhofer, K., Rall, B. C., Scheu, S. & Brose, U. Habitat structure and prey aggregation determine the functional 
response in a soil predator- prey interaction. Pedobiologia 53, 307–312, https://doi.org/10.1016/j.pedobi.2010.02.003 (2010a).

	13.	 Vucic-Pestic, O., Rall, B. C., Kalinkat, G. & Brose, U. Allometric functional response model: body masses constrain interaction 
strengths. J Anim Ecol 79, 249–256, https://doi.org/10.1111/j.1365-2656.2009.01622.x (2010b).

	14.	 Kalinkat, G. et al. Body masses, functional responses and predator-prey stability. Ecol Lett 16, 1126–1134, https://doi.org/10.1111/
ele.12147 (2013b).

	15.	 Toscano, B. J. & Griffen, B. D. Predator size interacts with habitat structure to determine the allometric scaling of the functional 
response. Oikos 122, 454–462, https://doi.org/10.1111/j.1600-0706.2012.20690.x (2013).

	16.	 Kreuzinger- Janik, B., Kruscha, S., Majdi, N. & Traunspurger, W. Flatworms like it round: nematode consumption by Planaria torva 
(Müller 1774) and Polycelis tenuis (Ijima 1884). Hydrobiologia 819, 231–242, https://doi.org/10.1007/s10750-018-3642-8 (2018).

	17.	 Kalinkat, G., Rall, B. C., Vucic-Pestic, O. & Brose, U. The Allometry of Prey Preferences. PLoS ONE 6(10), e25937, https://doi.
org/10.1371/journal.pone.0025937 (2011).

	18.	 Pawar, S., Dell, A. I. & Savage, V. M. Dimensionality of consumer search space drives trophic interaction strengths. Nature 486, 
485–489, https://doi.org/10.1038/nature11131 (2012).

	19.	 Barrios-O’Neill, D. et al. On the context-dependent scaling of consumer feeding rates. Ecol Lett 19, 668–678, https://doi.org/10.1111/
ele.12605 (2016).

	20.	 Englund, G., Öhlund, G., Hein, C. L. & Diehl, S. Temperature dependence of the functional response. Ecol Lett 14, 914–921, https://
doi.org/10.1111/j.1461-0248.2011.01661.x (2011).

	21.	 Rall, B. C. et al. Universal temperature and body-mass scaling of feeding rates. Philos Trans R Soc B 367, 2923–2934, https://doi.
org/10.1098/rstb.2012.0242 (2012).

	22.	 Hohberg, K. & Traunspurger, W. Predator-prey interactions in soil food web: functional response, size-dependent foraging 
efficiency, and the influence of soil texture. Biol Fert Soils 41, 419–427, https://doi.org/10.1007/s00374-005-0852-9 (2005).

	23.	 Kalinkat, G., Brose, U. & Rall, B. C. Habitat structure alters top-down control in litter communities. Oecologia 172, 877–887, https://
doi.org/10.1007/s00442-012-2530-6 (2013a).

	24.	 Kalinoski, R. M. & DeLong, J. P. Beyond body mass: how prey traits improve predictions of functional response parameters. 
Oecologia 180, 543–550, https://doi.org/10.1007/s00442-015-3487-z (2016).

	25.	 Heethoff, M. & Rall, B. C. Reducible defence: chemical protection alters the dynamics of predator- prey interactions. Chemoecology 
25, 53–61, https://doi.org/10.1007/s00049-014-0184-z (2015).

	26.	 Schroeder, F., Peters, L. & Traunspurger, W. Temporal variations in epilithic nematode assemblages in lakes of different 
productivities. Fund Appl Limnol 181, 143–157, https://doi.org/10.1127/1863-9135/2012/0332 (2012).

https://doi.org/10.1038/s41598-019-42213-x
https://doi.org/10.2307/1578
https://doi.org/10.4039/Ent91293-5
https://doi.org/10.1017/S1464793103006286
https://doi.org/10.2307/1934385
https://doi.org/10.2307/1934385
https://doi.org/10.2307/1936149
https://doi.org/10.1086/282998
https://doi.org/10.1086/282998
https://doi.org/10.2307/3772
https://doi.org/10.1890/0012-9615(2002)072[0095:PFRDBH]2.0.CO;2
https://doi.org/10.2307/3474
https://doi.org/10.3354/meps09978
https://doi.org/10.1016/j.pedobi.2010.02.003
https://doi.org/10.1111/j.1365-2656.2009.01622.x
https://doi.org/10.1111/ele.12147
https://doi.org/10.1111/ele.12147
https://doi.org/10.1111/j.1600-0706.2012.20690.x
https://doi.org/10.1007/s10750-018-3642-8
https://doi.org/10.1371/journal.pone.0025937
https://doi.org/10.1371/journal.pone.0025937
https://doi.org/10.1038/nature11131
https://doi.org/10.1111/ele.12605
https://doi.org/10.1111/ele.12605
https://doi.org/10.1111/j.1461-0248.2011.01661.x
https://doi.org/10.1111/j.1461-0248.2011.01661.x
https://doi.org/10.1098/rstb.2012.0242
https://doi.org/10.1098/rstb.2012.0242
https://doi.org/10.1007/s00374-005-0852-9
https://doi.org/10.1007/s00442-012-2530-6
https://doi.org/10.1007/s00442-012-2530-6
https://doi.org/10.1007/s00442-015-3487-z
https://doi.org/10.1007/s00049-014-0184-z
https://doi.org/10.1127/1863-9135/2012/0332


7Scientific Reports |          (2019) 9:5696  | https://doi.org/10.1038/s41598-019-42213-x

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

	27.	 Traunspurger, W., Höss, S., Witthöft-Mühlmann, A., Wessels, M. & Güde, H. Meiobenthic community patterns of oligotrophic and 
deep Lake Constance in relation to water depth and nutrients. Fund Appl Limnol 180, 233–248, https://doi.org/10.1127/1863-
9135/2012/0144 (2012).

	28.	 Traunspurger, W. Distribution of benthic nematodes in the littoral of an oligotrophic lake (Königssee, Nationalpark Berchtesgaden, 
FRG). Arch Hydrobiol 135, 393–412 (1996a).

	29.	 Traunspurger, W. Distribution of benthic nematodes in the littoriprofundal and profundal of an oligotrophic lake (Königssee, 
Nationalpark Berchtesgaden, FRG). Arch Hydrobiol 135, 555–575 (1996b).

	30.	 Beier, S. & Traunspurger, W. Seasonal distribution of free-living nematodes in the Körsch, a coarse-grained submountain carbonate 
stream in southwest Germany. Nematology 5, 481–504, https://doi.org/10.1163/156854103322683229 (2003a).

	31.	 Beier, S. & Traunspurger, W. Seasonal distribution of freeliving nematodes in the Krähenbach, a fine- grained submountain 
carbonate stream in Southwest Germany. Nematology 5, 113–136, https://doi.org/10.1163/156854102765216740 (2003b).

	32.	 Spieth, H. R., Möller, T., Ptatscheck, C., Kazemi-Dinan, A. & Traunspurger, W. Meiobenthos provides a food resource for young 
cyprinids. J Fish Biol 78, 138–149, https://doi.org/10.1111/j.1095-8649.2010.02850.x (2011).

	33.	 Weber, S. & Traunspurger, W. The effects of predation by juvenile fish on the meiobenthic community structure in a natural pond. 
Freshwater Biol 60, 2392–2409, https://doi.org/10.1111/fwb.12665 (2015).

	34.	 Muschiol, D., Marković, M., Threis, I. & Traunspurger, W. Predator-prey relationship between the cyclopoid copepod Diacyclops 
bicuspidatus and a free-living bacterivorous nematode. Nematology 10, 55–62, https://doi.org/10.1163/156854108783360203 (2008).

	35.	 Ptatscheck, C., Kreuzinger-Janik, B., Putzki, H. & Traunspurger, W. Insights into the importance of nematode prey for chironomid 
larvae. Hydrobiologia 757, 143–153, https://doi.org/10.1007/s10750-015-2246-9 (2015).

	36.	 Bergtold, M. & Traunspurger, W. Benthic production by micro-, meio-, and macrobenthos in the profundal zone of an oligotrophic 
lake. J N Am Benthol Soc 24, 321–329 (2015).

	37.	 Majdi, N., Threis, I. & Traunspurger, W. It’s the little things that count: Meiofaunal density and production in the sediment of two 
headwater streams. Limnol Oceanogr 62, 151–163, https://doi.org/10.1002/lno.10382 (2017).

	38.	 Majdi, N. & Traunspurger, W. Free- living nematodes in the Freshwater Food Web: a review. Nematology 47, 28–44 (2015).
	39.	 Prejs, K. Distribution and feeding of the predatory nematode Anatonchus dolichurus (Mononchoidea) in the Dokka delta (Norway) 

and its impact on the benthic meiofauna. Freshwater Biol 29, 71–78, https://doi.org/10.1111/j.1365-2427.1993.tb00745.x (1993).
	40.	 Kennedy, A. D. Predation within meiofaunal communities: description and results of a rapid-freezing method of investigation. Mar 

Ecol Prog Ser 114, 71–79 (1994).
	41.	 Khan, Z. & Kim, Y. H. A review on the role of predatory soil nematodes in the biological control of plant parasitic nematodes. Appl 

Soil Ecol 35, 370–379, https://doi.org/10.1016/j.apsoil.2006.07.007 (2007).
	42.	 Moens, T., Herman, P., Verbeeck, L., Steyaert, M. & Vincx, M. Predation rates and prey selectivity in two predacious estuarine 

nematode species. Mar Ecol Prog Ser 205, 185–193, https://doi.org/10.3354/meps205185 (2000).
	43.	 Humphries, A. T., La Peyre, M. K. & Decossas, G. A. The effect of structural complexity, prey density, and “predator- free space” on 

prey survivorship at created oyster reef mesocosms. PLoS ONE 6, e28339, https://doi.org/10.1371/journal.pone.0028339 (2011).
	44.	 Alexander, M. E., Dick, J. T. A. & O’Connor, N. E. Trait-mediated indirect interactions in a marine intertidal system as quantified by 

functional responses. Oikos 122, 1521–1531, https://doi.org/10.1111/j.1600-0706.2013.00472.x (2013).
	45.	 Marinelli, R. L. & Coull, B. C. Structural complexity and juvenile fish predation on meiobenthos: an experimental approach. J Exp 

Mar Biol Ecol 108, 67–81, https://doi.org/10.1016/0022-0981(87)90131-6 (1987).
	46.	 Barrios-O’Neill, D., Dick, J. T. A., Emmerson, M. C., Ricciardi, A. & MacIsaac, H. J. Predator-free space, functional responses and 

biological invasions. Funct Ecol 29, 377–384, https://doi.org/10.1111/1365-2435.12347 (2015).
	47.	 Sulston, J. & Hodgkin, J. Methods. In Wood, W. B. (Ed.), The Nematode Caenorhabditis elegans. 587–606 (Cold Spring Harbor 

Laboratory Press, Plainview, 1988).
	48.	 Findeis, P. M., Barinaga, C. J., Willet, J. D. & Farwell, S. O. Age- synchronous culture of Caenorhabditis elegans: technique and 

applications. Exp Geronto 18, 263–275, https://doi.org/10.1016/0531-5565(83)90037-2 (1983).
	49.	 Andrássy, I. Die Rauminhalts- und Gewichtsbestimmung der Fadenwuermer (Nematoda). Acta Zool Hung 2, 1–15 (1956).
	50.	 Feller, R. J. & Warwick, R. M. Energetics. In Higgins, R. P. & Thiel, H. (eds), Introduction to the study of meiofauna. 181–196 

(Smithsonian Institution Press, Washington, 1988).
	51.	 Juliano, S. A. Nonlinear curve fitting. Design and Analysis of Ecological Experiments, 2nd edn, 178–196 (eds Scheiner, S. M. & 

Gurevitch, J.) (Oxford University Press, 2001).
	52.	 Rogers, D. Random search and insect population models. J Anim Ecol 41, 369–383 (1972).
	53.	 Real, L. A. The kinetics of functional response. Am Nat 111, 289–300, https://doi.org/10.1086/283161 (1977).
	54.	 Pritchard, D. W., Paterson, R. A., Bovy, H. C. & Barrios-O’Neill, D. Frair: an R package for fitting and comparing consumer 

functional responses. Methods Ecol Evol 8, 1528–1534, https://doi.org/10.1111/2041-210X.12784 (2017).
	55.	 R Development Core Team. R: a language and environment for statistical computing. R Foundation for Statistical Computing, 

Vienna.(2017).
	56.	 Pritchard, D. W. frair: functional response analysis in R. R Package version 0.4, http://cran.r-project.org/package=frair (2014).
	57.	 Bolker, B. M. bbmle: tools for general maximum likelihood estimation. R Package version 1.0.17., http://cran.r-project.org/

package=bbmle (2014)
	58.	 Nelmes, A. J. Evaluation of the feeding behavior of Prionchulus punctatus (Cobb), a nematode predator. J Anim Ecol 43, 553–565, 

https://doi.org/10.2307/3383 (1974).
	59.	 Murdoch, W. W. & Oaten, A. Predation and population stability. Adv Ecol Res 9, 1–31 (1975).
	60.	 Williams, R. J. & Martinez, N. D. Stabilization of chaotic and non-permanent food-web dynamics. N D Eur Phys J B 38, 297–303, 

https://doi.org/10.1140/epjb/e2004-00122-1 (2004).
	61.	 Rall, B. C., Kalinkat, G., Ott, D., Vuvic- Pestic, O. & Brose, U. Taxonomic versus allometric constraints on non‐linear interaction 

strengths. Oikos 120, 483–492, https://doi.org/10.1111/j.1600-0706.2010.18860.x (2011).
	62.	 McCoy, M. W., Bolker, B. M., Warkentin, K. M. & Vonesh, J. R. Predicting predation through prey ontogeny using size- dependent 

functional response models. Am Nat 177, 752–766, https://doi.org/10.1086/659950 (2011).
	63.	 Hauzy, C., Tully, T., Spataro, T., Paul, G. & Arditi, R. Spatial heterogeneity and functional response: an experiment in microcosms 

with varying obstacle densities. Oecologia 163, 625–636, https://doi.org/10.1007/s00442-010-1585-5 (2010).

Acknowledgements
We are grateful to Sascha Müller for his help with the experiments, Stefanie Gehner for technical assistance and 
to Birgit Gansfort, Christoph Ptatscheck and Benjamin Wilden for valuable advice and discussions. This research 
was supported by the German Federal Institute of Hydrology (BfG). We acknowledge support for the Article 
Processing Charge by the Deutsche Forschungsgemeinschaft and the Open Access Publication Fund of Bielefeld 
University.

https://doi.org/10.1038/s41598-019-42213-x
https://doi.org/10.1127/1863-9135/2012/0144
https://doi.org/10.1127/1863-9135/2012/0144
https://doi.org/10.1163/156854103322683229
https://doi.org/10.1163/156854102765216740
https://doi.org/10.1111/j.1095-8649.2010.02850.x
https://doi.org/10.1111/fwb.12665
https://doi.org/10.1163/156854108783360203
https://doi.org/10.1007/s10750-015-2246-9
https://doi.org/10.1002/lno.10382
https://doi.org/10.1111/j.1365-2427.1993.tb00745.x
https://doi.org/10.1016/j.apsoil.2006.07.007
https://doi.org/10.3354/meps205185
https://doi.org/10.1371/journal.pone.0028339
https://doi.org/10.1111/j.1600-0706.2013.00472.x
https://doi.org/10.1016/0022-0981(87)90131-6
https://doi.org/10.1111/1365-2435.12347
https://doi.org/10.1016/0531-5565(83)90037-2
https://doi.org/10.1086/283161
https://doi.org/10.1111/2041-210X.12784
http://cran.r-project.org/package
http://cran.r-project.org/package
http://cran.r-project.org/package
https://doi.org/10.2307/3383
https://doi.org/10.1140/epjb/e2004-00122-1
https://doi.org/10.1111/j.1600-0706.2010.18860.x
https://doi.org/10.1086/659950
https://doi.org/10.1007/s00442-010-1585-5


8Scientific Reports |          (2019) 9:5696  | https://doi.org/10.1038/s41598-019-42213-x

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

Author Contributions
B.K.J., H.B.H. and W.T. conceived and designed the experiment. B.K.J. and H.B.H. performed the experiment. 
B.K.J. analyzed the data and wrote the manuscript, H.B.H. and W.T. provided editorial advice.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42213-x.
Competing Interests: The authors declare no competing interests.
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) 2019

https://doi.org/10.1038/s41598-019-42213-x
https://doi.org/10.1038/s41598-019-42213-x
http://creativecommons.org/licenses/by/4.0/

	Effect of prey size and structural complexity on the functional response in a nematode- nematode system

	Material and Methods

	Organisms. 
	Measurements. 
	Functional-response experiments. 
	Statistical analyses. 

	Results

	Discussion

	Influence of prey size. 
	Influence of habitat structure. 

	Acknowledgements

	Figure 1 Number of small and large Caenorhabditis elegans consumed by Prionchulus muscorum within 4 h at offered nematode densities of 5–300 individuals, in the absence and presence of substrate.
	Table 1 The results of logistic regressions for the selection of categorical type II or type III functional response models are shown, together with the corrected Akaike information criterion (AICc) values for fitted categorical type II (see Eq.
	Table 2 Parameter estimates from categorical type II (see Eq.
	Table 3 Statistical output (p-values) obtained in comparisons of the search coefficients, handling times and scaling exponents resulting from a flexible (Eq.




