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Abstract
The success of invading species can be restricted by interspecific interactions such as competition and 
predation (i.e. biotic resistance) from resident species, which may be natives or previous invaders. Whilst 
there are myriad examples of resident species preying on invaders, simply showing that such an interaction 
exists does not demonstrate that predation limits invader establishment, abundance or spread. Support for 
this conclusion requires evidence of negative associations between invaders and resident predators in the 
field and, further, that the predator-prey interaction is likely to strongly regulate or potentially de-stabilise 
the introduced prey population. Moreover, it must be considered that different resident predator species 
may have different abilities to restrict invaders. In this study, we show from analysis of field data that two 
European predatory freshwater amphipods, Gammarus pulex and G. duebeni celticus, have strong negative 
field associations with their prey, the invasive North American amphipod Crangonyx pseudogracilis. This 
negative field association is significantly stronger with G. pulex, a previous and now resident invader in the 
study sites, than with the native G. d. celticus. These field patterns were consistent with our experimental 
findings that both resident predators display potentially population de-stabilising Type II functional re-
sponses towards the invasive prey, with a significantly greater magnitude of response exhibited by G. pulex 
than by G. d. celticus. Further, these Type II functional responses were consistent across homo- and hetero-
geneous environments, contrary to the expectation that heterogeneity facilitates more stabilising Type III 
functional responses through the provision of prey refugia. Our experimental approach confirms correla-
tive field surveys and thus supports the hypothesis that resident predatory invertebrates are differentially 
limiting the distribution and abundance of an introduced invertebrate. We discuss how the comparative 
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functional response approach not only enhances understanding of the success or failure of invasions in the 
face of various resident predators, but potentially also allows prediction of population- and community-
level outcomes of species introductions.
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Introduction

The biotic resistance hypothesis (Elton 1958), and its later formulation as the diversity-
invasibility hypothesis (Tilman 1999), posits that invasive species may fail or suffer 
reduced success in more diverse communities owing to lack of niche space, increased 
competition and other antagonistic interactions with native and other resident species 
(eg previous invaders; Levine et al. 2004). Overall, this hypothesis has received equivo-
cal support, because even though many studies show a negative correlation between 
invasibility and diversity (Maron and Marler 2007) many others report no association 
(Havel et al. 2005a, Havel et al. 2005b) or even a positive correlation (Dunstan and 
Johnson 2004). Further, prey naïveté, rather than reduced diversity in insular systems 
likely drives higher invasibility and impacts (Cox and Lima 2006).

Allied with the concept of biotic resistance, the enemy release hypothesis pos-
its that escape from enemies (such as predators, parasites, pathogens) might explain 
higher competitive ability and hence the heightened invasiveness of some introduced 
species (Torchin and Mitchell 2004). Again, the general utility of this hypothesis has 
been debated (Colautti et al. 2004, Hatcher et al. 2006, Dick et al. 2010). However, it 
is well known that native generalist predators can readily consume introduced species 
(Rodriguez 2006, Carlsson et al. 2009); this has been linked to the reduction in spread, 
distribution or abundance of invaders, although evidence ranges from circumstantial 
to clearly demonstrating cause and effect (see Reusch 1998, Monserrat et al. 2005, 
deRivera et al. 2005, Jensen et al. 2007, Carlsson et al. 2010, Carlsson et al. 2011, 
Twardochleb et al. 2012, Takizawa and Snyder 2012). Indeed, the presence of resident 
predators is often invoked as an explanation for geographic variation in the establish-
ment success and post-establishment spread and impact of many introduced aquatic 
species (Baltz and Moyle 1993, Ward et al. 2008, Marsh-Matthews et al. 2011).

Many such hypotheses in invasion ecology have, however, been recently criticized as 
being vague, poorly defined and their tests therefore not robust (see Jeschke et al. 2012, 
Heger et al. 2013, Ricciardi et al. 2013). Heger et al. (2013) in particular show that in-
vasion biology could be improved by its hypotheses being “branched” into “specific and 
testable hypotheses”, such that robust conclusions can emerge. In this context, we argue 
that tests of the “biotic resistance hypothesis” (BRH) with respect to predation cannot 
simply rely on demonstrations that introduced species are preyed on by residents, be-
cause predator-prey relationships can clearly be stable (Juliano 2001) or so weak as to 
have a negligible effect on invasive prey abundance (e.g. Twardochleb et al. 2012). We 
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thus refine the BRH here to our “predator restriction hypothesis”, support for which 
requires negative associations between invaders and resident predators in the field and, 
further, evidence of a predator-prey interaction that can regulate or de-stabilise prey 
populations. Thus, the utilization of the “functional response” of a predator (the re-
lationship between prey density and consumption rate; Holling 1959, Holling 1966) 
may allow more rigorous tests of this hypothesis, as functional responses can explain 
and predict the impact of predators on prey populations (see Juliano 2001, Dick et al. 
2013). In particular, it is important to distinguish between the various forms of this 
relationship owing to differences in potential contributions to prey population stability 
(Juliano 2001, Murdoch and Oaten 1975, Hassell et al. 1977). The Type III functional 
response is typified by relatively low prey consumption at low prey densities, and hence 
may provide prey with a refuge from predation pressure and thus promote population 
stability (but Type III responses can still strongly regulate prey populations and pro-
vide biotic resistance; Twardochleb et al. 2012). This is somewhat contrasted with the 
potentially population de-stabilising Type II functional response, whereby high propor-
tions of prey are consumed at low prey densities, hence potentially de-stabilising those 
prey populations (although weak Type II functional responses of resident predators can 
still allow invader prey to proliferate; Twardochleb et al. 2012) . Such an approach can 
therefore demonstrate that the predatory behaviour of resident species translates into a 
significant reduction in the invader prey population (such as the local extinction of the 
invader and disjunct distributions of invader and natives), driven by a clearly limiting 
or potentially de-stabilising predator-prey relationship (e.g. see also Kushner and Hovel 
2006). Further, invasive species encounter many potential resident predators and we 
require methods to establish the relative role of each in biotic resistance.

Here, we test our hypothesis and compare biotic resistance between two residents 
in a system where field data indicate that an invader might be restricted in distribution 
and abundance by the two resident species that are known to prey on the invader. We 
use comparative functional responses, a methodology that has successfully elucidated 
the impacts of various predatory invaders on native prey (Bollache et al. 2008, Dick 
et al. 2010, Kestrup et al. 2011, Dick et al. 2013). Specifically, the North American 
amphipod crustacean Crangonyx pseudogracilis has invaded western European freshwa-
ters, but typically shows a mutually exclusive distribution relative to Gammarus spp. 
amphipods over a range of spatial scales – from large geographical areas of N. America 
and Europe (Barton and Hynes 1976, Pinkster et al. 1992, J. Holsinger personal com-
munication) to between and within individual river basins (Holland 1976, Cao et al. 
1996, Dick 1996, MacNeil et al. 2000). This pattern in Europe is often assumed to 
be driven by environmental factors (see MacNeil and Dick 2011), but may also be 
linked to predation of the smaller, mainly herbivorous invader C. pseudogracilis by the 
larger European natives Gammarus pulex and Gammarus duebeni celticus (Dick 1996, 
MacNeil et al. 1999, 2000). However, support for our ‘predator restriction’ hypothesis 
requires demonstration that the interaction between natives and invaders can strongly 
regulate or drive local extinction of the latter. Demonstration of a strong Type II preda-
tory functional response of the resident predators towards the invasive prey, consistent 
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with field patterns of invasion, contact and overlap of the invader and residents, would 
be a powerful test of our hypothesis. Further, however, since functional responses are 
sensitive to environmental heterogeneity, whereby Type II responses often become 
Type III responses when moving from homogenous to heterogeneous habitats (Lipcius 
and Hines 1986, Anderson 2003, Alexander et al. 2012), support for our hypothesis 
would be enhanced if we find consistency in the type and magnitude of functional 
responses under varying environmental conditions. In addition to this, we expect field 
distributions to reflect interspecific differences in the abilities of resident predators to 
exert biotic resistance towards invading prey; specifically, we predict greater functional 
responses by those resident species that are associated with greater impacts on invader 
populations in the field.

We thus tested our ‘predator restriction hypothesis’ by: (1) determining field pat-
terns of negative associations between the invasive N. American amphipod C. pseu-
dogracilis and the European amphipods G. pulex and G. d. celticus, by re-analysing 
several published field survey data sets; (2) examining these data sets for any apparent 
differential in biotic resistance of the two resident predators on the invader; and (3) ex-
perimentally deriving the type and magnitudes of functional responses of the two resi-
dent predators towards the invasive prey, in both homo- and heterogeneous habitats.

Materials and methods

Field patterns of amphipod species distributions

We used data from our past intensive surveys of Gammarus pulex, Gammarus duebeni 
celticus and Crangonyx pseudogracilis in Ireland and a British Island, the Isle of Man (see 
Dick et al. 1994, Dick 1996, Dick et al. 1997, MacNeil et al. 2009, 2001). G. d. celti-
cus is native in the British Isles, but is restricted in freshwaters (but not brackish waters) 
by the presence of G. pulex, which has become resident and naturalized in Ireland and 
the Isle of Man for several decades (Dick 1996, Dick et al. 1997). Crangonyx pseudogra-
cilis is a North American invader now found throughout many catchments (indicated 
by the aforementioned surveys). We chose the above data sets on the basis that the 
river and lake systems concerned had all three species present and that the three spe-
cies have had access to those systems for several decades. Data were from multiple sites 
within large water bodies and no isolated sites were used as they may have been un-
representative (e.g. not all species may have had access by simple chance events). Thus, 
the absence of any species was not due to any regional pattern of invasion or spread, 
with each study site having clearly been within the colonization range of all three spe-
cies. Another criterion was that none of the sites were heavily organically polluted, as 
C. pseudogracilis is more pollution tolerant than Gammarus spp. Heavily polluted sites 
were those classed as ‘poor’ or ‘bad’ on the General Quality Assessment Scheme (GQA) 
for rivers and canals (MacNeil 2006). We thus eliminated as far as possible any gross 
environmental determinant of the distributions of the three species in freshwaters, 
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allowing detection of the influence of inter-specific interactions on the distributions 
of the species. Since the rivers had been sampled using kick samples, while canals, 
reservoirs and lakes used a combination of kick, sweep and grab samples, we used only 
presence/absence data as these were comparable among sites, whereas density was not. 
We tested the association between the presence/absence of each Gammarus species and 
the presence/absence of C. pseudogracilis; we then tested the association between Gam-
marus species identity (i.e. G. pulex or G. d. celticus) and the presence/absence of C. 
pseudogracilis, all with Chi-square tests of association. We corrected for using the same 
data twice in the above analyses by the very conservative Bonferroni method; thus, we 
assign significance at p <0.025 (i.e. 0.05/2).

Animal collection for experiment

During May 2011, amphipods were collected using a Surber sampler (1mm mesh net) 
from riffle-pool stretches of rivers on the Isle of Man: G. pulex from the Middle River 
(U.K. ordnance survey grid reference SC 368 755); G. d. celticus from the Crogga 
River (SC 343 728); and C. pseudogracilis from the Colby River (SC 222 689). Col-
lecting from locations where only one amphipod species occurred allowed us to mimic 
initial interspecific contact and invasion in the experiment (Dick et al. 1993). Across 
all sites, there was little variation in water temperature (11.4–11.8°C), pH (7.0–7.2; 
Gallen Kampf meter), conductivity (199-231 µS cm-1; Dist WP; Hanna Instruments) 
or BOD5 (< 2 mgl-1). The average score per taxon (Armitage et al. 1983) biotic water 
quality index indicated ‘good’ to ‘very good’ biological water quality for all three sites 
(5.5, 5.3 and 6.1 for the Middle, Crogga and Colby, respectively). Species were main-
tained separately in aerated stock tanks (25 × 50 × 15 cm deep) at 11.5°C, 13:11 h 
light: dark (both regimes appropriate for the time of year) with source water, substra-
tum, flora and fauna from their sites of origin (Dick 1996).

Experimental assessment of Gammarus spp. predation of C. pseudogracilis

Animals were allowed to acclimate (with flora and fauna from their collection sites) 
for 4 days prior to use in experiments and were killed in warm water immediately af-
ter experiments. Similar sized G. pulex and G. d. celticus were selected to match body 
lengths for experiments by visual inspection (to reduce potential stress effects incurred 
by handling) and, following experiments, body lengths (base of telson to base of anten-
nae) were measured under a dissecting microscope and means compared between the 
species with a t-test. Single males (starved for 24 hours prior to experiments to stand-
ardise hunger levels) were presented with C. pseudogracilis prey (body length, 3.8±S.E. 
0.3 mm), at 9 prey densities (2, 4, 6, 8, 10, 16, 20, 30 and 40; n = 3 per density), in 
plastic dishes (8cm diameter) with 300 ml of individually aerated stream water (50:50 
mix of predator and prey source waters). Each replicate had a new predator ie all 
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replicates were independent. These densities were realistic, as field densities can reach 
1300 individuals m2 in the Colby River (SC 222 689; MacNeil pers. obs). Replicates 
were run for both simple (bare container) and complex habitats (washed fine gravel 
substrate, four glass pebbles and a 5cm strand of washed Canadian pondweed, Elodea 
candensis), all concurrently. The latter mimics the typical habitat that Gammarus and 
Crangonyx species are found in, ranging from streams with gravel substrate to lake 
shores that also include vegetation. Also, since similar experimental substrate induced 
a change from Type II to Type III functional responses in another of our amphipod 
studies (Alexander et al. 2012), its use here gives us confidence that we are providing a 
realistic opportunity for use of refuge by prey to potentially drive changes in the preda-
tor functional response. Replicates were initiated at 17.30 hours and numbers of prey 
eaten determined at 16 hours; this was the number of prey killed and either wholly or 
partially consumed. Controls were three replicates of each prey density/habitat type 
without Gammarus predators present. All predator and potential prey individuals were 
used only once.

Statistical analyses

All statistical analyses were performed using the statistical software R, version 2.14.1 
(R Development Core Team 2011). Mean numbers of prey eaten were examined with 
respect to ‘predator species’, ‘prey density’ and ‘habitat type’ in a three-factor ANOVA 
(tests of normality (Shapiro-Wilks W-test, p > 0.05) and equality of variance (Bartlett’s 
test, p > 0.05) indicated raw data were appropriate for such analysis). There are nu-
merous modelling approaches to the assessment of functional responses and choice of 
model may depend on whether a particular study is mechanistic or phenomenological 
in approach (Jeschke et al. 2002). Thus, the mechanistic application of parameters 
such as attack rate and handling time must be approached with extreme caution, or 
be supported with empirical measurements of parameter estimates (Caldow and Fur-
ness 2001, Jeschke et al. 2002, Jeschke and Hohberg 2008). Phenomenological use of 
these parameters does, however, provide a tool to examine differences in functional 
response types and parameter estimates in comparative or factorial experiments and 
this is the approach taken here (see also Alexander et al. 2012, Dick et al. 2013). Thus, 
in R, logistic regression was used to determine if the Gammarus spp. displayed Type 
II or Type III predatory functional responses, by testing the relationship between the 
proportion of prey consumed and prey density (Juliano 2001). In this method, a sig-
nificant negative first order coefficient indicates a decreasing proportion of prey killed 
as prey density increases, that is, a Type II functional response, whereas a significant 
positive first order coefficient followed by a significant negative second order coefficient 
indicates a Type III functional response (Trexler et al. 1988, Juliano 2001). We then 
fitted Rogers’ random equation for data based on experiments where prey numbers 
deplete in replicates over time and prey individuals are not replaced upon consumption 
(Juliano 2001):
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Ne = N0 (1 – exp (a (Neh – T))) (1)

where Ne is the number of prey eaten, N0 is the initial density of prey, a is the attack 
constant, h is the handling time and T is the total time available. Owing to the implicit 
nature of the random predator equation, the Lambert W function was implemented 
to fit the model to the data (Bolker 2010). Bootstrapping was then used to generate 
multiple estimates (n=15) of the response parameters of attack rate a and handling 
time h and maximum feeding rate 1/hT, which were then compared with respect to 
‘predator species’ and ‘habitat type’ in two factor ANOVAs. As before, data met the 
assumptions of normality (Shapiro-Wilks W-test, p > 0.05) and equality of variance 
(Bartlett’s test, p > 0.05)

Results

Field patterns of amphipod species distributions

We had data for 316 field sampling sites in Ireland and the Isle of Man that satisfied 
our selection criteria to detect interspecific interactions as distinct from gross environ-
mental determinants of resident/invader species distributions (see above). Where G. 
pulex was absent, C. pseudogracilis occurred at 38% of sites, whereas where G. pulex was 
present, C. pseudogracilis occurred at a significantly lower proportion of sites (7%; X2 = 
21.6, d.f.=1, p < 0.0001).Where G. d. celticus was absent, C. pseudogracilis occurred at 
36% of sites, whereas where G. d. celticus was present, C. pseudogracilis again occurred 
at a significantly lower proportion of sites (18%; X2 = 5.9, d.f.=1, p < 0.02). Further, 
however, C. pseudogracilis occurred at a significantly lower proportion of G. pulex sites 
than at G. d. celticus sites (X2 = 4.7, d.f.=1, p < 0.025).

Experimental assessment of Gammarus spp. predation of C. pseudogracilis

No control C. pseudogracilis died over the course of 16 hours and therefore experimen-
tal deaths were ascribed to predation by Gammarus, which were directly observed kill-
ing and feeding on C. pseudogracilis. This was also evidenced by scattered C. pseudogra-
cilis body parts accumulating on the bottoms of containers. There was no significant 
difference in mean body length between experimental animals of the two Gammarus 
spp. (means (+/- SE) = 15.54 (0.07) and 15.57 (0.08) mm for G. pulex and G. d. celti-
cus respectively; t106 = 0.4, NS).

Significantly more C. pseudogracilis were consumed by G. pulex as compared to G. 
d. celticus (F1,72 = 43.1, p < 0.001; Figs 1a, b), at higher prey densities (F8,72 = 108.7, p < 
0.001; Figs 1a, b) and in simple habitat as compared to complex habitat (F1,72 = 12.6, p 
< 0.001; Figs 1a, b). There was a significant ‘Gammarus spp. × prey density’ interaction 
effect (F8,72 = 3.1, p < 0.01), reflecting the steeper rise and higher asymptote in prey 
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Table 1. Linear coefficients (lc) and significance levels derived from logistic regression analyses of propor-
tion of Crangonyx pseudogracilis killed against initial density, with the native predators Gammarus pulex 
and Gammarus duebeni celticus, in simple and complex habitats.

Predator species Habitat type lc P Functional response type

G. pulex 
Simple -0.095 <0.001 II

Complex - 0.073 <0.001 II

G. d. celticus
Simple -0.075 <0.001 II

Complex -0.062 <0.001 II

Figure 1. Functional responses of the native European predators G. pulex and G. d. celticus towards C. 
pseudogracilis prey in a simple and b complex habitats.

a

b
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numbers consumed by G. pulex relative to G. d. celticus as initial prey density increased 
(c.f. Figs 1a and b).

Both resident Gammarus predators exhibited potentially population de-stabilizing 
Type II functional responses towards the invasive C. psuedogracilis in both simple and 
complex habitats (Figs 1a,b and Table 1). Mean attack rate a was significantly higher 
for G. pulex compared to G. d. celticus (F1,56 = 30.6, p < 0.001; Fig. 2a) and significantly 
higher in simple as compared to complex habitats (F1,56 = 83.4, p < 0.001; Fig. 2a). A sig-
nificant ‘predator species × habitat type’ interaction effect (F1,56 = 4.8, p <0.05; Fig. 2a) 
reflects a greater difference in attack rate between the two predator species in simple as 
compared to complex habitats (Fig. 2a). Mean handling time h was significantly lower 
for G. pulex compared to G. d. celticus (F1,56 =128.1, p < 0.001; Fig. 2b) and significantly 
lower in simple as compared to complex habitats (F1,56 = 6.8, p < 0.05; Fig. 2b). There 
was no significant interaction (F1,56 = 0.2, NS; Fig. 2b). Mean maximum feeding rate 1/
hT was significantly higher for G. pulex as compared to G. d. celticus (F1,56 = 157.3, p < 
0.001; Fig. 2c) and significantly higher in simple as compared to complex habitats (F1,56 
= 8.2, p < 0.001; Fig. 2c). There was no significant interaction (F1,56 = 1.7, NS; Fig. 2c).

Discussion

The ‘biotic resistance hypothesis’ (BRH; Elton 1958, Levine et al. 2004) posits that 
resident species (natives and previous invaders) can constrain the success of invasive 
species, but the hypothesis does not specify at what stage of the invasion process (see 
Blackburn et al. 2011) this might occur: do natives resist the introduction, establish-
ment, or spread of the invader? Further, biotic resistance may occur through many 
mechanisms; although most emphasis has been placed on competition as the mode of 
resistance (Levine et al. 2004), consumption of invaders by resident species has also 
been invoked (Maron and Vila 2001, Monserrat et al. 2005, deRivera et al. 2005, 
Jensen et al. 2007, Carlsson et al. 2009, Carlsson et al. 2010, Carlsson et al. 2011, 
Twardochleb et al. 2012). However, broad hypotheses such as the BRH require refine-
ment if they are to be specific and testable (Heger et al. (2013)); simply demonstrating 
the existence of a predator-prey relationship between residents and invaders does not in 
itself provide evidence of biotic resistance, as predator-prey interactions can be stable 
(Juliano 2001), predators may not affect the abundance of their prey (e.g. Twardochleb 
et al. 2012) and predators and their prey can clearly co-exist. More compelling sup-
port requires demonstration that resident predators have population-level effects on 
the invader – as evidenced by, for example, local extinctions of invaders and disjunct 
resident/invader distributions. Further, demonstrating that the predatory impact of 
residents can limit an invader, such as by characterising the functional response of resi-
dents to invaders (see Twardochleb et al. 2012, Dick et al. 2013), would be compelling 
evidence of cause and effect. We thus refine the BRH for the purposes of this study to 
our ‘predator restriction hypothesis’ and test this in the field and laboratory in a system 
of two resident predatory amphipods and their invasive prey.
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Figure 2. Mean (+SE) a attack rate b handling time, and c maximum feeding rate derived from boot-
strapping (n = 15) for G. pulex and G. d. celticus when habitat structure was simple and complex.

c

b

a
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Our survey data sets of the European residents Gammarus pulex and G. duebeni 
celticus and the N. American invader Crangonyx psuedogracilis reveal that the latter spe-
cies has strong negative associations with the two former species. All rivers and lakes 
considered in our analyses (see Dick et al. 1994, Dick 1996, Dick et al. 1997, MacNeil 
et al. 2009, 2001) have all three species present and the invader has had several decades 
in which to spread throughout the systems. We can thus assume that C. pseudogracilis 
has had ample opportunity to colonise all sites, despite being absent from the major-
ity of sites where the aforementioned residents are found. There may be some abiotic 
component of such patterns, whereby Gammarus spp. are less likely to be found in 
heavily organically polluted areas where C. pseudogracilis can survive (MacNeil and 
Dick 2011). However, this cannot explain the disjunct distributions of invader and 
residents in, for example, stretches of the same lake shoreline or river where water qual-
ity is consistent among sample sites, as with our sampling sites selected and analysed 
here. Indeed, the current study excluded any grossly organically polluted sites and we 
thus eliminated as far as possible this potential major environmental driver of differing 
species distributions and associations. Further, during transplantation experiments, C. 
pseudogracilis was able to survive at Gammarus sites when the invader was in bioassay 
tubes that allowed water exchange but protected the invader from contact with the 
residents (MacNeil et al. 2000), strongly suggesting that biotic rather than abiotic fac-
tors limit the spread of the invader.

Our field data also revealed a significantly greater negative association of the inva-
sive C. psuedogracilis with the previous invader G. pulex as compared to the native G. 
d. celticus. This is fully consistent with our experimental findings of Type II functional 
responses of both resident predators towards this invader prey, and with the functional 
responses of G. pulex being significantly greater in magnitude, and its higher attack 
rates, lower handling times and greater maximum feeding rates than G. d. celticus. In 
addition, for both predators, the functional response was clearly and consistently of 
Type II even in heterogeneous habitat conditions, where prey may often have refuge 
from predators, leading to a change to more stabilising Type III functional responses 
(Lipcius and Hines 1986, Anderson 2003, Alexander et al. 2012, in press). We saw 
no such change in functional response Type from II to III when predator and prey 
were housed in heterogeneous conditions, as was noted in our similar experimental 
systems for the native marine amphipod Echinogammarus marinus (Alexander et al. 
2012, in press). Although predation rate was somewhat reduced overall in heteroge-
neous conditions (with lower attack rates, increased handling times and hence lower 
maximum feeding rates), this latter reduction, although statistically significant, was 
actually rather trivial biologically; for example, the maximum feeding rate for G. d. 
celticus in heterogeneous conditions only dropped to 0.58 prey per hour (p/hr) from 
0.59p/hr in homogeneous conditions, and for G. pulex the decline was only to 0.70p/
hr from 0.75p/hr. A further consideration of the effect of Gammarus as predators is 
that they themselves are subject to predation, for example by fish, and this could alter 
their functional responses towards prey through trait-mediated indirect interactions 
(TMIIs). We have shown that TMIIs can alter both the shape and magnitude of am-
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phipod functional responses in sometimes counter-intuitive ways (eg heterogeneity 
increased the magnitude of Type III responses; Alexander et al. in press). We thus 
encourage more studies of the community context within which the biotic resistance 
hypothesis, and its refinements, are tested and conducted.

Given that Type II predatory functional responses are considered as potentially 
de-stabilising towards prey populations owing to the increased risk of mortality at 
low prey densities (Hassell 1978), and have been suggested as potential drivers in 
local extinctions of prey (Taylor and Collie 2003, Rindone and Eggleston 2011), 
our experimental and field results are congruent, with the resident predators show-
ing disjunct distributions with the invader, which mostly fails to establish where the 
residents are present. This is most extreme with regards to the more efficient predator 
G. pulex, which exhibits a significantly greater magnitude Type II functional response 
and relatively rarely co-exists with the invader. However, we must not only consider 
the type of functional response, but also the magnitude, because relatively ‘low’ Type 
II functional responses – where predation rate is more than offset by prey reproduc-
tive rate – could lead to exponential growth of the prey and hence, in the present con-
text, successful invasion (see Twardochleb et al. 2012). On the other hand, relatively 
‘high’ Type II functional responses, where predation rate outstrips prey reproductive 
rate, may drive invasive prey to extinction (Twardochleb et al. 2012). Thus, the bal-
ance of resident predation rate and invader reproductive rate must be examined to 
further elucidate the likely population consequences of the resident/invader interac-
tion. Female C. pseudogracilis produce on average 33 offspring every 22 days at our 
experimental temperature (see Hynes 1955, Sutcliffe and Carrick 1981), that is, ap-
proximately 1.5 offspring per day. G. pulex and G.d. celticus, even under heterogene-
ous conditions, can consume 17 and 14 C. pseudogracilis per day, respectively. All else 
being equal, therefore, the resident predator predation rate can clearly outstrip the 
invader prey reproductive rate, even when the ratio of predator:prey abundance is 1:1 
or substantially in favour of the invader. Such ratios are, however, unlikely in an inva-
sion scenario whereby C. pseudogracilis attempts to colonise areas where Gammarus 
populations are established at densities measured in the 100s to 1000s per square 
metre (Kelly and Dick 2005); indeed, C. pseudogracilis was only present at sites where 
Gammarus densities were measured only in the 10s of individuals or were absent (see 
above and Dick 1996). Our field and laboratory results are thus in agreement with 
the theoretical biotic resistance framework provided by Twardochleb et al. (2012); 
that is, we have shown a relatively high Type II functional response that is likely to 
drive invasive prey extinct, and we find no evidence, even in heterogeneous habitat, 
of a Type III functional response that is more likely to allow invasion. Our negative 
field associations of predator and prey, with the complete absence of the invader com-
monly associated with the presence of resident predators, strongly corroborates the 
laboratory results. Further, it is clear that comparing two resident predators with re-
spect to their functional responses can reveal the mechanism of differential biotic re-
sistance, again corroborated by our field results whereby the predator with the higher 
functional response exerts more biotic resistance.
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Predator exclusion experiments provide compelling evidence for biotic resistance 
(Robinson and Wellborn 1988, Carlsson et al. 2011); however, it is often unfeasible 
to manipulate small invertebrate predators for such experiments in the field. Labora-
tory microcosm studies, although sometimes criticised as to their ecological realism 
and problems with edge effects are, however, a fruitful route to identifying mecha-
nisms behind the success or otherwise of invasions (see discussion in Dick and Plat-
voet 2000). The experimental derivation of the types and magnitudes of functional 
responses of resident predators towards invasive prey can offer a practical alternative to 
field based studies and still allow understanding and perhaps prediction of the popula-
tion- and community-level outcomes of invasions in the face of resident predators. We 
encourage the use of functional response experiments more broadly in invasion biol-
ogy, where hypotheses require tests of ecological impacts. Thus, for example, we have 
shown that the invasive ‘killer shrimp’ Dikerogammarus villosus has a higher functional 
response than native gammarid species, consistent with its field patterns of impact 
on prey (Bollache et al. 2008), while the magnitude of difference in the functional 
responses of invader and native mysids in the laboratory explained and predicted im-
pacts on prey species in the field (Dick et al. 2013). This method has been used to test 
the enemy release hypothesis and discovered that, counter to the predictions of this 
hypothesis, parasitized invasive amphipods had higher functional responses than those 
unparasitized (Dick et al. 2010). Differential functional responses of natives and invad-
ers towards juvenile heterospecifics have been used to explain invader/native coexist-
ence in another amphipod system in N. America (Kestrup et al. 2011). In addition, 
some authors, whilst not using comparisons among species, still elucidate the impacts 
of invaders by deriving their functional responses (Hoof and Bollens 2004, Jones et 
al. 2011). It should also be noted that the functional response methodology is not re-
stricted trophically or taxonomically, as all consumers utilise resources in quantifiable 
ways that can be assessed by their functional responses. Finally, methods of assessing 
functional responses are not restricted to small-scale experiments, since they can be 
measured in the field (Schenk and Bacher 2002, Smout et al. 2010) and by scat and gut 
contents analyses (Hoof and Bollens 2004, Middlemas et al. 2006, Jones et al. 2011), 
making the comparative functional response method widely applicable and achievable.

Conclusions

The success of invading species may be restricted if biotic resistance occurs as a result 
of predation by resident species. Support for this requires evidence of negative associa-
tions between invaders and resident species in the field, in addition to a strongly regu-
lating or de-stabilising predator-prey interaction. We show that two resident predatory 
amphipods, one native and the other a previous introduction, have strong negative as-
sociations with an invasive amphipod prey in the field. Further, our experiments indi-
cate that the resident species both exhibit potentially de-stabilising Type II functional 
responses towards the invasive prey, in both homo- and heterogeneous environments. 
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Furthermore, however, the resident predator exhibiting the greater biotic resistance in 
the field also had the higher functional response in the laboratory. In addition, resident 
amphipod predation rates are considerably greater than the reproduction rate of the 
invader, suggesting biotic resistance is likely as predation can clearly outstrip reproduc-
tion. We therefore recommend the use of comparative functional response methodolo-
gies as an effective way of understanding, as well as potentially predicting, the success 
and failure of invasions and testing invasion ecology hypotheses.
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