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Summary

1. Emergent multiple predator effects (MPEs) might radically alter predictions of predatory

impact that are based solely on the impact of individuals. In the context of biological inva-

sions, determining if and how the individual-level impacts of invasive predators relates to

their impacts in multiple-individual situations will inform understanding of how such impacts

might propagate through recipient communities.

2. Here, we use functional responses (the relationship between prey consumption rate and

prey density) to compare the impacts of the invasive freshwater mysid crustacean Hemimysis

anomala with a native counterpart Mysis salemaai when feeding on basal cladoceran prey (i)

as individuals, (ii) in conspecific groups and (iii) in conspecific groups in the presence of a

higher fish predator, Gasterosteus aculeatus.

3. In the absence of the higher predator, the invader consumed significantly more basal prey

than the native, and consumption was additive for both mysid species – that is, group

consumption was predictable from individual-level consumption.

4. Invaders and natives were themselves equally susceptible to predation when feeding with

the higher fish predator, but an MPE occurred only between the natives and higher predator,

where consumption of basal prey was significantly reduced. In contrast, consumption by the

invaders and higher predator remained additive.

5. The presence of a higher predator serves to exacerbate the existing difference in individual-

level consumption between invasive and native mysids. We attribute the mechanism responsi-

ble for the MPE associated with the native to a trait-mediated indirect interaction, and

further suggest that the relative indifference to predator threat on the part of the invader con-

tributes to its success and impacts within invaded communities.

Key-words: emergent multiple predator effects, functional response, Hemimysis anomala,

invasive species, trait-mediated interactions

Introduction

Understanding and predicting how the impacts of invasive

species propagate through recipient communities remains

a key challenge in ecology (Kolar & Lodge 2001; Van

Kleunen et al. 2010; Simberloff et al. 2013; Dick et al. in

press). Determining individual-level traits that characterise

successful invaders, such as high rates of resource con-

sumption (Bollache et al. 2008; Dick et al. 2013), may fail

to fully quantify such impacts because they do not

account for how invaders interact with each other and

with other species in recipient communities. For example,

individual consumers can demonstrate both higher and

lower per capita feeding rates as their density increases

(Hassell 1978; Sommer 1992; Hansson et al. 2001).*Correspondence author. E-mail: doneill952@qub.ac.uk
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In addition, the presence of higher trophic level predators

can modify feeding rates through a combination of

density-mediation, i.e. predation and non-consumptive

trait-mediation, where intermediate consumer phenotypes

change as a result of predator threat (Peacor & Werner

2001; Werner & Peacor 2003). Although both mechanisms

are well known to drive cascading effects down through

food webs, there is accumulating evidence for the primacy

of non-consumptive, trait-mediated indirect interactions

(TMIIs; Abrams et al. 1996) over density mediation

(Gabowski 2004; Schmitz, Krivan & Ovadia 2004;

Trussell et al. 2004).

In the context of biological invasions where invasive

species may replace or dominate native counterparts,

asymmetries in the combination of density- and trait-med-

iated effects exerted by higher trophic level native preda-

tors have the potential to confound expectations of

invader impact based solely on individual level traits.

Non-consumptive effects are of particular importance in

this respect, as the presence of higher predators has the

capacity to reverse the efficacy of species feeding at lower

trophic levels; the most effective consumers in isolation

may become the least effective when faced with predator

threat (Mowles, Rundle & Cotton 2011). Furthermore, it

is necessary to account for the fact that higher predators

may consume both intermediate and basal species with

either positive or negative impacts on the latter (Finke &

Denno 2005; Schmitz 2007; Schneider, Scheu & Brose

2012). In either case, these impacts can be non-additive

(Sih, Englund & Wooster 1998; Griffen 2006), where the

sum of individual predators’ isolated impacts differs from

the combined impact when predators interact. Such phe-

nomena, collectively termed emergent multiple predator

effects (MPEs; Sih, Englund & Wooster 1998), must be

unravelled if we are to understand how individual level

traits are expressed in multi-individual situations, be they

intra-specific, inter-specific or, as is manifestly the case in

the majority of natural communities, both.

Multiple predator effects are often quantified for single,

or few, prey densities (Harvey, White & Nakamoto 2004;

Griffen 2006; Van Son & Thiel 2006), but the magnitude

of an MPE may vary with prey density, and in terms of

prey population stability and viability, the specific shape

of the relationship between prey density and prey con-

sumption rate (i.e. the functional response) is as impor-

tant as the magnitude (Williams & Martinez 2004).

Although the use of functional responses is pervasive in

ecology (Jeschke, Kopp & Tollrian 2002; Englund et al.

2011; Rall et al. 2012), they are infrequently used to

quantify MPEs (but see Soluk 1993; Losey & Denno

1998), and are only recently being applied to understand

and predict the impacts of invasive species (Bollache et al.

2008; Haddaway et al. 2012; Dick et al. 2013, in press).

Here, we use a comparative functional response-based

approach (Dick et al. in press) to test whether two fresh-

water intermediate predators, the invasive Ponto-Caspian

Hemimysis anomala Sars, 1907, and the native Irish Mysis

salemaai Audzijonyte & Väin€olä (2005), exert different

impacts on prey, as individuals, in conspecific groups and

in conspecific groups in the presence of a higher fish pred-

ator, Gasterosteus aculeatus Linnaeus, 1758. These mysids

represent an ideal study system with which to explore

higher order interactions as, generally, mysids are gregari-

ous, group-forming animals whose predatory efficacy is

demonstrably related to their association with conspecifics

(Hansson et al. 2001) which, in turn, can alter the non-

consumptive effects exerted by higher predators (Lind�en

2006). More specifically, whilst congeners of M. salemaai

have themselves been implicated as damaging invaders

(Spencer, McCelland & Stanford 1991), H. anomala is

also known to have severe ecological impacts (Ketelaars

et al. 1999; Ricciardi, Avlijas & Marty 2011), and is a

more voracious predator of multiple prey species than

M. salemaai (Dick et al. 2013).

First, we determine the individual-level functional

responses of H. anomala, M. salemaai and G. aculeatus

towards a common prey species, Daphnia magna Straus

1820. Then, we use these as a framework to explore how

individual level impacts translate to impacts in multi-indi-

vidual mixtures; we test the hypothesis that individual-level

functional responses of these intermediate mysids predict

their combined functional responses in groups, and explore

how the presence of a higher predator alters the contribu-

tion of invader and native to impacts on basal prey.

Materials and methods

animal collection and maintenance

During June 2012, invasive Hemimysis anomala and native Mysis

salemaai were collected from Lough Derg, Co. Tipperary

(52�90562°N, 8�34126°W); both species were closely matched for size

(mean body mass/� SE = 19�3 mg/0�2 and 19�8 mg/0�2
respectively, t98 = 1�73, NS). Three-spined stickleback,

Gasterosteus aculeatus (215�9 mg/2�6) were collected from Lough

Neagh, Co. Armagh (54�49627°N, 6�38240°W). Each species was

maintained separately in dechlorinated tap water at 12 °C on a

reversed 12 D:12 L photoperiod (to facilitate daytime observation

of nocturnal feeding) and supplied fish food flakes ad libitum, before

being starved in isolation for 24 h prior to experimental trials.

Daphnia magna was used as a basal prey species in all trials;

individuals were obtained from continuous laboratory cultures

and transferred to holding tanks at 12 °C on a reversed 12 D:12

L photoperiod 10 d before trials. D. magna individuals were

extracted from the holding tanks 24 h before trials by transfer-

ring cultures through 2 mm and 1 mm stacked sieves, yielding

experimental animals with a wet weight of 2�9 mg/0�2 on the

1 mm sieve.

addit ive and substitutive experimental
designs

There is some debate as to the appropriateness of additive and

substitutive experimental manipulations for quantifying emergent

effects in ecological communities (Balvanera et al. 2006; Griffen

2006; O’Gorman, Enright & Emmerson 2008); substitutive
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designs hold total predator abundance constant between single

and multi-species mixtures, thereby removing it as an experimen-

tal confound, whereas additive designs use single predators, or

single predatory-units, and compare these to mixtures of multiple

predators or multiple predatory units. In this study we adopted

an additive approach (Fig. 1a–e) for three reasons; first, due to

the size difference between stickleback and mysids, their associ-

ated natural abundance and biomass should scale allometrically

(Schneider, Scheu & Brose 2012). Second, substitutive designs

only examine emergent effects between species relative to effects

within species, and with mysids in particular, emergent conspe-

cific effects are of clear importance. Finally, because mysid intro-

ductions often represent the insertion of a novel invertebrate

planktivore into existing food webs (Spencer, McCelland &

Stanford 1991), the ecological context is frequently additive, thus

an equivalent design is necessary to understand the ecological

consequences.

experimental trials

Trials were conducted under 15 W red lights in arenas

(22 9 22 cm) containing 4 L of dechlorinated tap water. Basal

prey were introduced at seven densities (2, 4, 6, 8, 15, 30, 60,

n = 4 each) 2 h before the introduction of predator treatments

(Fig. 1b–e). Controls were predator-free arenas at all prey densi-

ties, n = 4 each. Trials were terminated after 3 h on removal of

predators, after which surviving prey were counted.

Predation by H. anomala and M. salemaai, and intra-specific

MPEs were compared by conducting trials with single predators

and trials with groups of three conspecifics (Fig. 1b, c). Per cap-

ita consumption by single predators was multiplied by three (this

value was capped at the maximum number of available prey) to

generate estimates of additive group consumption for both spe-

cies, which were compared with actual prey consumption by con-

specific groups. To determine the presence of inter-specific MPEs

between stickleback and conspecific mysid groups, trials were

conducted with single stickleback predators and D. magna prey

(Fig. 1d), combining prey consumption here with prey consump-

tion from trials with mysid groups (also capped at maximum

available prey); this gave estimates of additive inter-specific prey

consumption, which were then compared with actual prey con-

sumption by mixtures of interacting stickleback and conspecific

mysid groups (Fig. 1e). Any mysids killed by stickleback were

immediately replaced by individuals transferred from identical

surplus mixtures; this ensured replacement mysids were in a com-

parable state of satiation and exposure to predatory threat. Pilot

trials under experimental conditions indicated that maximal pre-

dation by stickleback in mixtures with either mysid species was

not more than three individuals in three hours. Therefore, the

necessary disturbance of mysid replacement was controlled for by

extracting and / or replacing mysids with a dip net (or disturbing

with a dip net in controls and single-stickleback treatments) such

that there were always three similar disturbances throughout all

trials. In trials involving mixtures of mysids and stickleback, we

also recorded mysid mortality to quantify the direct effects of

stickleback on invaders and natives.

statist ical analyses

All statistical analyses were undertaken in R (R Core Team

2013). Here, we used functional response modelling not to gain

mechanistic insight into predator behaviour, as is frequently the

case (Jeschke, Kopp & Tollrian 2002), but to understand the phe-

nomenological consequences for prey populations. Functional

response types were defined using logistic regression to determine

the shape of the relationship between proportion of prey

consumed and prey density for each data set. If the proportion of

Daphnia
magna

Gasterosteus
aculeatus

Hemimysis anomala/  
Mysis salemaai

Trophic schematic

Experimental predator treatments:
Single Hemimysis anomala/Mysis salemaai 

Three Hemimysis anomala/Mysis salemaai

Single Gasterosteus aculeatus  

Single Gasterosteus aculeatus and three
Hemimysis anomala/Mysis salemaai

(a)

(b)

(c)

(d)

(e)

Fig. 1. (a) Trophic schematic indicating direction of interactions

between predators and basal prey, and (b)–(e) predator treat-

ments added to experimental arenas containing Daphnia magna.
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prey consumed decreases with increasing prey density, then the

logistic regression yields a significant negative first order term,

and the functional response is appropriately described by a Type

II model (Juliano 2001). Functional responses were subsequently

modelled using maximum likelihood estimation (MLE; Bolker

2010) with the random predator equation, which assumes a Type

II shape and accounts for the non-replacement of prey as they

are consumed (Rogers 1972):

Ne ¼ N0 ð1� exp ða ðNeh� TÞÞÞ eqn 1

where Ne is the number of prey eaten, N0 is the initial density

of prey, a is the attack rate, h is the handling time and T is the

total time available.

Raw consumption data were non-parametrically bootstrapped

(n = 2000), subsequently applying eqn (1) to each data set to

construct 95% confidence intervals around the mean functional

response curve of each predator treatment; MLE starting values

of a and h for each bootstrapped data set were the same as those

derived from the original data for each predator treatment. These

analyses formed the basis of an integrated package for functional

response analysis in R (frair; Pritchard 2013).

Generalised Linear Models (GLMs) assuming Poisson distribu-

tions were used to compare raw prey consumption between

appropriate predator treatment pairings, with z-tests between

coefficients used to ascribe significance – here no adjustment of a
for multiplicity was used as all predator-treatment pairings were

not logically comparable. A step-deletion procedure was used to

select appropriate GLMs with v2 used to compare residual devi-

ance between models and, where appropriate, v2 was reported to

communicate a factor’s relevance to the dependent variable.

Results

Survival of Daphnia magna in controls averaged 99�8 %

at 3 h, therefore we attribute most experimental mortality

to predation. Where stickleback and groups of either

Hemimysis anomala or Mysis salemaai were combined,

neither mysid was more susceptible to stickleback preda-

tion (v2 = 0�25, NS, Fig. 2), which occurred in only 29%

of relevant trials, with mean number of mysids killed less

than one for both H. anomala and M. salemaai (Fig. 2).

Also, the initial prey density of D. magna had no effect on

number of mysids consumed by stickleback (v2 = 0�32,
NS). Mysids spent time handling D. magna with their max-

illipeds before consuming, whereas stickleback consumed

D. magna whole. In trials where stickleback and mysids

were combined, stickleback readily attacked both mysids

and D. magna, although rarely consuming whole individu-

als when preying on mysids.

First-order terms derived from logistic regressions of

proportions eaten were negative, indicating Type II func-

tional responses in all cases (Table 1). Correspondingly,

maximum likelihood estimations of attack rates, a, and

handling times, h, derived from eqn (1) were all significant

at the P < 0�05 level (Table 1).

When feeding alone, H. anomala consumed significantly

more D. magna than did M. salemaai (z = 4�48,
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Fig. 2. Predatory interactions between the higher fish predator

Gasterosteus aculeatus and the intermediate mysid predators

Hemimysis anomala and Mysis salemaai during relevant experi-

mental trials. Values are mean numbers of mysids killed � SE.

Those mysids killed were replaced (see text for details).

Table 1. Parameter estimates and associated probabilities of first order terms from logistic regressions of proportions of prey consumed,

alongside maximum likelihood estimations and associated probabilities of the parameters a and h from the random predator eqn (1)

Predators Actual/predicted data First order term, P a P h P

1 H. anomala Actual �0�027, <0�001 0�785 <0�001 0�144 <0�001
1 M. salemaai Actual �0�017, 0�011 0�194 <0�001 0�127 0�02
1 G. aculeatus Actual �0�024, <0�001 0�796 <0�001 0�088 <0�001
3 H. anomala Actual �0�029, <0�001 1�672 <0�001 0�037 <0�001
3 H. anomala Predicted �0�030, <0�001 2�007 <0�001 0�041 <0�001
3 M. salemaai Actual �0�011, 0�016 0�52 <0�001 0�027 0�008
3 M. salemaai Predicted �0�002, <0�001 0�7 <0�001 0�045 <0�001
3 H. anomala, 1 G. aculeatus Actual �0�021, <0�001 1�742 <0�001 0�017 <0�001
3 H. anomala, 1 G. aculeatus Predicted �0�008, 0�036 2�161 <0�001 0�022 <0�001
3 M. salemaai, 1 G. aculeatus Actual �0�001, 0�015 0�532 <0�001 0�026 0�013
3 M. salemaai, 1 G. aculeatus Predicted �0�023, <0�001 1�402 0�001 0�004 <0�001

H. anomala, Hemimysis anomala ; M. salemaai, Mysis salemaai; G. aculeatus, Gasterosteus aculeatus.
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P <0�001), and had a higher functional response, but 95%

confidence intervals overlapped above prey densities of 22

(Fig. 3a); here, higher consumption at lower prey densities

by H. anomala manifested as a result of a higher attack

rate, which was comparable with that of the larger stickle-

back (Table 1), whose functional response towards basal

prey is shown in Fig 3b. When feeding in conspecific

groups, H. anomala consumed significantly more

D. magna than did M. salemaai (z = 4�48, P <0�001) and

the invader had a higher functional response, but here

95% confidence intervals overlapped only above prey den-

sities of 37 (Fig. 4a). Again, the higher consumption by

invasive conspecifics is attributable to higher attack rates,

as handling times were comparable (Table 1). No emer-

gent MPEs were apparent for either invader or native

when feeding in conspecific groups, as consumption by

groups was not significantly different to that predicted

from additive estimates derived from single predator con-

sumption (H. anomala; z = 0�14, NS, M. salemaai;
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Fig. 3. Single predator functional responses towards Daphnia

magna of (a) Hemimysis anomala (dashed line) and Mysis

salemaai (solid line) and (b) Gasterosteus aculeatus (dotted line).

Shaded areas are bootstrapped 95 % confidence intervals.
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Fig. 4. Predicted and actual functional responses of three mysids

towards Daphnia magna: (a) actual functional responses of three

Hemimysis anomala (dashed line) and three Mysis salemaai (solid

line); (b) actual functional response of three H. anomala (dashed

line) and predicted functional response for this species (dotted

line) based on Fig. 3a data; (c) actual functional response of three

M. salemaai (solid line) and predicted functional response for this

species (dash-dotted line) based on Fig. 3a data. Shaded areas are

bootstrapped 95 % confidence intervals.

© 2013 The Authors. Journal of Animal Ecology © 2013 British Ecological Society, Journal of Animal Ecology, 83, 693–701

Fortune favours the bold 697



z = 0�11, NS). Accordingly, 95% confidence intervals

overlapped for actual and predicted group functional

responses over the entire range of prey densities for both

H. anomala (Fig. 4b) and M. salemaai (Fig. 4c). Con-

sumption of D. magna by the stickleback and H. anomala

mixture was significantly higher than by the stickleback

and M. salemaai mixture (z = 18�06, P < 0�001), and here

95% confidence intervals did not overlap at all for the

functional response curves (Fig. 5a). The functional

response parameters reflected this difference, as attack

rates were higher and handling times were shorter in the

invasive mixture (Table 1). No emergent MPE occurred

between H. anomala groups and stickleback (Fig. 5b), as

actual prey consumption by this mixture was additive, i.e.

not significantly different from predictions derived from

combining prey consumption by stickleback and H. ano-

mala groups (z = 0�04, NS), and the 95% confidence

intervals for the predicted and actual functional responses

of this mixture overlapped throughout the entire range of

prey densities (Fig. 5b). In contrast, an emergent MPE

was apparent for the stickleback and M. salemaai mixture

(Fig. 5c), as predicted prey consumption derived from

combining prey consumption by stickleback and M. sa-

lemaai groups was significantly higher than actual prey

consumption for this mixture (z = 5�20, P < 0�001).
Further, the actual functional response was lower than

the predicted functional response for this mixture, where

95% confidence intervals overlapped only at the highest

prey densities (Fig. 5c) and actual attack rates were lower,

whilst actual handling times were longer (Table 1).

Discussion

As ecological communities almost exclusively consist of

multiple predators feeding on shared prey resources (Sih,

Englund & Wooster 1998), accounting for emergent

intra- and inter-specific MPEs is essential for under-

standing, and perhaps ultimately predicting, the impacts

of invasive predators. Here we demonstrate that the

invasive Hemimysis anomala has a higher functional

response towards prey, Daphnia magna, than does its

native counterpart, Mysis salemaai. We also find that

predatory impacts of conspecific groups of both H. ano-

mala and M. salemaai are additive, as they are well pre-

dicted by the impacts of individuals. However, the range

of prey densities at which functional responses did not

overlap for invaders and natives increased between indi-

vidual and group-level functional responses, reiterating

the importance of considering impacts in an ecologically

relevant manner. Here, individual-level functional

responses may underestimate the difference between

invader and native, even before the influence of a higher

predator is quantified. Indeed, the presence of the higher

predator, G. aculeatus, elicited an emergent impact-

reducing MPE within the native mixture; in contrast,

the invasive mixture resulted in additive impacts on the

basal prey.
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Fig. 5. Predicted and actual functional responses of three mysids

and one Gasterosteus aculeatus towards Daphnia magna: (a) actual

functional responses of threeHemimysis anomala and one G. acule-

atus (dashed line) and three Mysis salemaai and one G. aculeatus

(solid line); (b) actual functional response of three H. anomala and

one G. aculeatus (dashed line) and predicted functional response

for this mixture (dotted line) based on Fig. 3b and Fig. 4a data; (c)

actual functional response of three M. salemaai and one G. aculea-

tus (solid line) and predicted functional response for this mixture

(dash-dotted line) based on Fig. 3b and Fig. 4a data. Shaded areas

are bootstrapped 95 % confidence intervals.
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Importantly, the higher predator showed no preference

for either mysid species as prey, thus we suggest that the

MPE associated with the higher predator and native

M. salemaai is the result of predator avoidance behaviour,

i.e. a trait-mediated indirect interaction (TMII), whereas

the invasive H. anomala appears to be less influenced by

the same predator threat. Typically, such pronounced dif-

ferences amongst species occupying the same functional

niche correspond directly to differences in vulnerability to

predation (Mowles, Rundle & Cotton 2011), but here this

is clearly not the case. Although cascading effects are clas-

sically considered to be driven by density-mediated indi-

rect interactions (DMIIs; Abrams 1995; Abrams et al.

1996), a growing body of evidence highlights the impor-

tance of TMIIs (Schmitz, Krivan & Ovadia 2004) which,

in many instances, are the primary drivers of cascades

(Gabowski 2004; Trussell, Ewanchuk & Matassa 2006;

Zhao et al. 2013). Even so, the relative contributions of

DMIIs and TMIIs to the net effects of predators remains

a source of some debate; in part, because interplay

between the state-dependence and allometry of predator-

prey relationships, as well as the breadth of prey habitat

use relative to predators, all impinge on resulting net

effects (Ovadia & Schmitz 2002; Schmitz, Krivan &

Ovadia 2004). Ultimately, however, the absolute limits of

predator-prey interactions can be abstracted and defined

primarily by body-mass ratios (Brose 2010; Schneider,

Scheu & Brose 2012). We note that the function of

G. aculeatus, both as a competitor and predator of mys-

ids, is usefully viewed in this context, particularly because

G. aculeatus rarely consumed whole mysids. As G. aculea-

tus showed no preference for mysids at lower basal prey

densities (where mysids represent a larger proportion of

the total available prey), we speculate that mysids repre-

sent a sub-optimal prey type and size for the higher pred-

ator, and that any associated predation can be viewed as

interference competition.

Although a broad, size-based approach to quantify

predator-prey dynamics has the capacity to progress our

understanding of impact in food webs (Schneider, Scheu

& Brose 2012), we also highlight the need to consider

fine-scale behavioural and ecological context. Historically,

mysids have been deliberately introduced into new habi-

tats precisely because they represent an ideal prey size and

type for larger fish predators. However, as a result of

diurnal habitat shifts on the part of the mysids, the

ecosystem-level consequence is often a prevalence of

competition over predation and an associated decline in

fish abundance (Spencer, McCelland & Stanford 1991;

Ricciardi, Avlijas & Marty 2011). It is apparent, then,

that any experimental manipulations designed to inform

our understanding of impact in species that undergo sig-

nificant habitat shifts must reflect the appropriate context.

For example, it is clear that increased light levels would

probably increase the predatory efficacy of G. aculeatus,

towards both mysids and cladocerans (Townsend & Rise-

brow 1982), but the low light levels used in this study

reflect the fact that these intermediate and basal prey pri-

marily encounter limnetic G. aculeatus in inshore surface

waters during the night (Southern & Gardiner 1932). In

addition, the basal prey concentrations used in our experi-

mental trials fall well within natural abundances found in

the field, typically between 1 and 100 individuals L�1

(Southern & Gardiner 1932; Pociecha, Higgins & McCar-

thy 2010). Therefore, we contend that the results pre-

sented here should not simply be viewed as an artefact of

coercing mixtures of species that lack real-word relevance.

The ‘adaptive lag’ (Carlsson, Sarnelle & Strayer 2009)

of native predator assemblages is one possible mechanism

which may facilitate the rapid spread and establishment

of non-native species, both because native predators may

not recognise a novel resource and because invaders may

be indifferent to novel predator threat, but here we note

that G. aculeatus co-occurs with both mysids in their

respective native environments. Thus, we cannot attribute

the apparent lack of a TMII associated with invasive

H. anomala to differences in evolutionary experience.

Although the precise mechanisms by which density- and

trait-meditated interactions combine to elicit net impacts

are necessarily masked, particularly as multiple higher

order interactions can yield net additivity (Sih, Englund &

Wooster 1998), the consequences for prey populations are

clear; in this example, the presence of a higher predator

exacerbates the difference in impact between invasive

H. anomala and native M. salemaai, and the observed

overlap in individual-level functional responses at high

prey densities is attenuated, or eliminated, in multiple-

individual mixtures.

Emergent MPEs have been observed to increase in

magnitude with increasing prey density in studies that

have incorporated prey density into experimental design

(Soluk 1993; Losey & Denno 1998). Similarly, this study

reiterates the importance of such an experimental

approach, given the variety of conclusions which could be

drawn from a single prey density using these data (see

also Dick et al. in press). It is apparent that differences in

functional response shape and magnitude, at lower prey

densities in particular, have the capacity to drive substan-

tial changes in prey populations. Generally, ecologists

consider Type III functional responses to impart stability

to prey populations, whilst Type II functional responses

are regarded as de-stabilising (Murdoch & Oaten 1975;

Wennhage 2002; Taylor & Collie 2003; Rall, Guill &

Brose 2008; Alexander et al. 2012). However, Williams &

Martinez (2004) assert that the difference between what

constitutes a stabilising or de-stabilising relationship, both

at a population and ecosystem level, is far more subtle

than this, and they challenge empiricists to develop

experimental designs capable of detecting these subtleties.

Our experimental design focuses on lower prey densities

for this very reason, and we suggest that the discernible

difference between the functional responses of H. anomala

and M. salemaai at lower prey densities contributes to the

difference in known field impacts between these species.
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From its native range in the Ponto-Caspian region of

eastern Europe, H. anomala has spread rapidly through-

out western Europe (Ketelaars et al. 1999; Bij de Vaate

et al. 2002; Minchin & Boelens 2010) and North

America (Ricciardi, Avlijas & Marty 2011). Species in

the Mysis relicta group, of which M. salemaai is a mem-

ber (Audzijonyt _e & V€ain€ol€a 2005), are known to have

deleterious ecological impacts that can propagate to the

highest trophic levels (Spencer, McCelland & Stanford

1991; Ricciardi, Avlijas & Marty 2011). Introduced pop-

ulations of H. anomala, however, have known field

impacts that are even more pronounced (Dick et al.

2013), often leading to the elimination of prey species

(Ketelaars et al. 1999). H. anomala individuals were pre-

viously shown to have higher functional responses

towards multiple prey species than comparator species in

the M. relicta group (Dick et al. 2013), but this study

examined only individual-level functional responses. The

current study indicates that when placed in the broader

community, the impacts of M. salemaai, as natives or

invaders, may be somewhat ameliorated by higher preda-

tors through a combination of direct and non-consump-

tive mechanisms, whereas the impacts of invasive

H. anomala may be primarily ameliorated via direct

mechanisms. As studies have indicated that predator

avoidance behaviour in gregarious mysids is more pro-

nounced in individuals than in groups (Lind�en 2006), the

ecological consequences of direct and non-consumptive

effects will primarily relate to the group level. Further,

the risk-foraging trade-offs that result from predator

avoidance can result in reduced growth and fecundity

(Lima 1998), and M. salemaai is only capable of produc-

ing one brood per year, whereas H. anomala can produce

up to four (Minchin & Boelens 2010). Thus, the higher

per capita impact of this invader may facilitate its ability

to maintain higher population densities, further exacer-

bating impacts within invaded communities. Considering

how these observed differences between invader, native

and their immediate interactors, propagate into the wider

food web is clearly speculative, but two salient points

are apparent; weak interactors and predator interference

tend to stabilise predator-prey dynamics and food webs

(McCann 2000; Arditi et al. 2004; Rall, Guill & Brose

2008). Thus, the mechanisms by which H. anomala, and

perhaps other successful invasive predators, de-stabilise

food webs may be threefold; first, by virtue of being

stronger interactors than native equivalents, second, by

reducing net predator interference and third, by eliminat-

ing other species, thereby increasing the average interac-

tion strength within a food web.

Finally, we highlight the utility of comparative func-

tional response studies as tools to inform our under-

standing of invasions (Bollache et al. 2008; Dick et al.

2013, in press), particularly through their potential to

quantify MPEs and TMIIs (McCoy, Stier & Osenberg

2012; Alexander, Dick & O’Connor in press), which

must be addressed if we are to develop a predictive

capability to describe how existing, emerging and poten-

tial invasive predators might impact on recipient

communities.
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