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Abstract Invasive species and environmental

change often occur simultaneously across a habitat

and therefore our understanding of their relative roles

in the decline of native species is often poor. Here, the

environmental mediation of a critical interspecific

interaction, intraguild predation (IGP), was examined

between invasive (Gammarus pulex) and native (G. d.

celticus) freshwater amphipods. In the laboratory, IGP

asymmetries (males preying on congeneric females)

were examined in river water sourced from zones

where: (1) the invader has completely displaced the

native; (2) the two species currently co-exist, and (3)

the native currently persists uninvaded. The invader

was always a more effective IG predator, but this

asymmetry was significantly weaker moving from

‘invader-only water’ through ‘co-existence water’ to

‘native-only water’. The constituent of the water that

drives this mediation of IGP was not identified.

However, balancing the rigour of laboratory experi-

ments with field derived ‘environment’ has advanced

understanding of known patterns in a native species

decline, and its co-existence and persistence in the

face of an invader.
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Introduction

Disentangling the respective roles of environment and

interspecific interactions in determining the success of

invasive species over natives is a difficult but neces-

sary task if we are to predict the spread and impacts of

the former (Kelly et al. 2006; Lockwood et al. 2007).

Field surveys often cannot identify cause and effect,

for example, when environmental disturbance and

invasive species occur simultaneously alongside

declines in native species, which has occurred, for

example, in many European rivers (Leppäkoski et al.

2002). On the other hand, laboratory studies may lack

realism as they cannot take account of all potential

factors, such as the myriad of environmental variables

and potential interactions among species. However,

we have a well characterised invasion scenario (see

Dick 2008) that allows us to test the hypothesis that an

interspecific interaction between an invader and a

native, an interaction which is known to be causal in
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the decline of the latter, is mediated by environmental

factors and this may explain observed spatio-temporal

patterns of exclusion, co-existence and native persis-

tence.

The freshwater amphipod Gammarus pulex invades

the lower stretches of Irish rivers and rapidly replaces

the native G. duebeni celticus (Dick et al. 1993;

MacNeil et al. 2004; Dick 2008). Intraguild predation

(IGP) is mutual but asymmetric in favour of the

invader and this explains the extirpation of natives

(Dick et al. 1993). However, there are short reaches of

co-existence upstream and, in the most upper reaches,

G. pulex ceases to spread, or does so only very slowly,

and the native G. d. celticus may persist long-term

(MacNeil et al. 2004). This suggests a gradient of

strength of the IGP interaction, but we have little

evidence as to what environmental feature would

mediate this. However, as IGP is most severe towards

moulting females of both species, we suspect some

feature of the water chemistry. To test this hypothesis,

we examined female survival and moult timing and the

asymmetry of mutual IGP between the native and

invader in laboratory experiments using water col-

lected directly from the field zones of current exclu-

sion, co-existence and native persistence.

Materials and methods

Specimen collection and maintenance

In July/August 2006, Gammarus spp. were collected

by kick sampling the River Lissan, Co. Tyrone, N.

Ireland. G. pulex (invader) was collected from imme-

diately upstream of the weir that hindered the upstream

invasion of this species until 2003 but is now entirely

colonized by the invader (UK Grid Ref. H828804; see

‘Mixed site’ in Kelly et al. 2003, 2006). G. d. celticus

(native) was collected from 8 km upstream

(H773850), a site that has not as yet been invaded by

G. pulex. This site was chosen because, typically,

G. pulex does not appear able to successfully invade

such higher reaches of Irish rivers, or does so only very

gradually (see Dick et al. 1993, 1994; MacNeil et al.

2001). The animals from each site were kept in tanks

(120 9 60 9 25 cm deep) with source water, gravel,

vegetation and fauna. Water was collected from the

two sites detailed above and also from an intermediate

site where the two species currently co-occur (‘mixed

Gammarus spp.’ site; H806806) corresponding to the

‘GDC’ site in Kelly et al. (2003, 2006). Point

measurements of temperature, pH, conductivity and

dissolved oxygen were taken at each site.

Experimental procedures

For all experiments, precopula pairs were removed

from holding tanks with males in the range of body

lengths 14–16 mm and females 8–10 mm for both

species, thus controlling for any effects of body size.

Pairs were separated by placement on tissue paper.

Experiment 1: For both species, females were

placed individually in 5 cm diameter plastic cups

with 30 ml of each of the three water sources (n = 15

each group), and monitored for deaths and moulting

for 3 weeks at 16�C and 12:12 h Light:Dark (see

Table 1).

Experiment 2: Plastic containers of 10 cm diam-

eter were supplied with washed stones, decaying leaf

material and 250 ml of source water in temperature

and light conditions as above. For both species, five

females were placed with two male congenerics, this

for each of the three source waters (n = 10 per

group). We counted surviving females after 3 weeks

and noted evidence of predatory interactions (see

Table 1).

Table 1 Experimental design and replicate numbers for Experiment 1 (bold) and Experiment 2 (italics)

Species Source of experimental water

G. pulex zone Mixed species zone G. d. celticus zone

G. pulex (invader) 15/10 15/10 15/10

G. d. celticus (native) 15/10 15/10 15/10

In Expt. 1, replicates were single females for each species housed in each of the three water types for 3 weeks, with survival and

moult dates recorded; in Expt. 2, replicates were five females for each species housed with two congeneric males in each of the three

water types and survival recorded at 3 weeks. There were 90 and 420 animals used, respectively, in the two experiments
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For both experiments, the animals were fed with

catfish pellets and their water replaced every 2 days.

We used v2 on frequency data and ANOVA

(SuperAnova) on continuous data (proportional data

were arcsine transformed; Sokal and Rohlf 1995).

Least Squares Means contrast tests were used, in

Experiment 2, for planned comparisons among means

across factors (see Abacus Concepts 1989).

Results

Gross measures of site physico-chemistry (Table 2)

differed little among years (2003 data from Kelly et al.

2006) and there was little indication of differences

among sites on the day of collection (Table 2). In

experiment 1, there were no significant differences in

female survival among water types for G. d. celticus

(v2 = 0.034; NS) or G. pulex (v2 = 0.034; NS).

Survival was very high, only three Gammarus dying,

two G. pulex and one G. d. celticus in their own source

waters. There was no significant difference in mean

time to moult between the species (F1,84 = 0.9, NS;

Fig. 1) or among the water sources (F2,84 = 1.1, NS;

Fig. 1) and there was no significant ‘species’ 9 ‘water

source’ interaction effect (F2,84 = 1.93, NS; Fig. 1).

In experiment 2, all males survived and their predation

of females was actually observed, and apart from that

the dishes were littered with female body parts. There

was no significant difference in overall mean percent-

age survival of female Gammarus spp. among the

three water sources (F2,54 = 0.24, NS; Fig. 2), how-

ever, overall survival of G. d. celticus was significantly

lower than that of G. pulex (F1,54 = 42.1, P \ 0.001;

Fig. 2) and the interaction term was close to signif-

icance (F2,54 = 2.2, P = 0.1; Fig. 2). Indeed, our

planned comparisons show that there was significantly

lower survival of G. d. celticus females in the G. pulex

source water as compared to females in both the

‘mixed species’ source water (P \ 0.05; Fig. 2) and

the G. d. celticus source water (P \ 0.02; Fig. 2).

Discussion

Invasive species and habitat modification are sepa-

rately regarded as two of the most important drivers

of biodiversity change (Sala et al. 2000). However,

invaders often arrive coincidentally with environ-

mental disturbances, confounding cause and effect

interpretations of native species declines and losses

(Leppäkoski et al. 2002). Previously, it was identified

Table 2 Physico-chemical

parameters at the three

study sites in 2003 and 2006

Parameter Site/year

G. pulex
2003/2006

Mixed species

2003/2006

G. d. celticus
2006

Temperature (�C) 13.3/18.2 12.9/16.7 15.6

Conductivity (lscm-1) 224/206 211/199 189

pH 7.8/7.7 7.8/7.8 7.9

Dissolved O2 (%) 103/82 104/94 88
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Fig. 1 Mean (± SE) time

to moult for G. d. celticus
(native) and G. pulex
(invader) in the three source

waters (GPW = water from

the G. pulex site;

MX = water from the

mixed Gammarus spp. site;

and GDCW = water from

the G. d. celticus site)
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that mutual but asymmetrical IGP drives the replace-

ment of the native G. d. celticus by invading G. pulex

but that, upstream, there remain reaches of rivers that

are populated only by the native and these popula-

tions appear to ‘resist’ invasion in the long term, or

are only gradually invaded (Dick et al. 1993;

MacNeil et al. 2004; Dick 2008). In the present

study, females of the two species survived and

moulted normally in water collected from regions

of invader-driven native exclusion, and current co-

existence and native persistence. Superficially, the

water chemistries of these zones appear similar,

shown in this and previous studies (Kelly et al. 2003,

2006) and the level of agricultural impact is low, with

low levels of suspended solids (5 mg L-1) and

nutrients (2.2 mgN L-1 of nitrate; 0.06 mgN L-1 of

ammonium and 0.04 mgN L-1 of phosphate; Water

Management Unit, Northern Ireland Environment and

Heritage Service, pers. com). Indeed, the catchment

area of the River Lissan is free from industrial plants

and other major pollution discharges. The lack of

difference of response among water sources in terms

of female survival and moulting could thus be

interpreted as indicating little difference in water

chemistry, or any differences that do occur do not

directly disadvantage one species over the other.

In a second experiment, however, the effect of the

three water sources on the predatory interaction of

males with moulting females was examined, such

predation being a large determinant of the exclusion

of G. d. celticus by G pulex (Dick et al. 1993).

G. pulex males were always more effective predators

of G. d. celticus females than in the reciprocal

interaction, however, the strength of this asymmetry

was clearly influenced by some feature of the water

chemistry. Female G. d. celticus were significantly

more often killed and consumed by male G. pulex in

the water originating from where the native has been

replaced. However, female natives increasingly

resisted invader predation moving ‘upstream’, that

is, in water from the zone of current co-existence to

the zone currently only populated by G. d. celticus.

This demonstrates an environmental mediation of a

critical interspecific interaction, the experimental

data being entirely congruent with the repeatedly

observed field spatio-temporal patterns of displace-

ment, co-existence and persistence (Dick et al. 1994;

MacNeil et al. 2001, 2004). Indeed, we can predict

that, while G. d. celticus populations in the upper

stretches of this river have so far not been invaded,

the lesser magnitude of the asymmetry in IGP may

only slow this process, with the eventual invasion of

these areas likely since IGP is still in favour of

G. pulex in such water. By similar argument, we

predict the zone of current co-existence will become

G. pulex only in future. We will test these predictions

in future years.

The specific constituent(s) of the water that could

be responsible for the observed mediation of preda-

tion were not identified. G. pulex is more tolerant

than G. d. celticus to low dissolved oxygen concen-

tration, organic pollution and chemically degraded

water (MacNeil et al. 2004, Piscart et al. 2007), but

the large differences in these parameters that drive

large scale patterns of distribution between two

species (see Kelly and Dick 2005) are not evident

(
nae

M
±

lavivrus egatnecrep )
ES

0

20

40

60

80

100

GPW MX GDCW

G. d. celticus

G. pulex

P<0.0001 P<0.002 P<0.02

Fig. 2 Mean (± SE) percentage survival of female G. d.
celticus and G. pulex in the presence of male congenerics in the

three source waters (GPW = water from the G. pulex site;

MX = water from the mixed Gammarus spp. site; and

GDCW = water from the G. d. celticus site). P-values

correspond to between-species comparisons by the Least

Squares Means test
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in the present study. Sub-lethal effects of chemical

parameters are likely, such as concentrations of ions

that affect the moulting process. For example,

moulting might be less efficient and/or lead to softer

cuticles for longer in G. d. celticus in response to

small differences in available ions, such as Ca, Mg

and Na (e.g. see Wright 1980). Elucidating the causal

agents requires systematic exploration of a huge

number of chemical constituents both in isolation and

combination. This is outside the scope of the present

study, however, the current laboratory experimental

approach using field derived water is an advance in

disentangling the role of environment in mediating

interspecific interactions and helping explain invader/

native distribution patterns in real systems.
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