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Abstract In common with many habitat elements of
riverine landscapes, exposed riverine sediments
(ERS) are highly disturbed, naturally patchy and regu-
larly distributed, whose specialists are strongly
adapted to flood disturbance and loss of habitat due to
succession. Investigations of dispersal in ERS habitats
therefore provide an important contrast to the unnatu-
rally fragmented, stable systems usually studied. The
present investigation analysed the three interdepen-
dent stages of dispersal: (1) emigration, (2) inter-patch
movement and (3) immigration of a common ERS
specialised beetle, Bembidion atrocaeruleum (Ste-
phens 1828) (Coleoptera, Carabidae), in a relatively
unmodified section of river, using mark-resight meth-
ods. Dispersal was correlated with estimates of local
population size and density, water level and patch
quality in order to test for condition-dependent dis-
persal cues. Flood inundation of habitat was found to
increase strongly the overall rate of dispersal, and the
rate of emigration was significantly higher from
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patches that were heavily trampled by cattle. Strongly
declining numbers of dispersers with distance sug-
gested low dispersal rates during periods of low water
level. Dispersal in response to habitat degradation by
cattle trampling would likely lead to a higher overall
population fitness than a random dispersal strategy.
Dispersal distances were probably adapted to the
underlying habitat landscape distribution, high-flow
dispersal cues and ready means of long-distance dis-
persal through hydrochory. Species whose dispersal is
adapted to the natural habitat distribution of riverine
landscapes are likely to be strongly negatively affected
by reduced flood frequency and intensity and habitat
fragmentation through flow regulation or channelisa-
tion.

Keywords Bembidion atrocaeruleum - Exposed
riverine sediments (ERS) - Fragmentation sensitivity -
Hydrochory - Riverine landscapes

Introduction

Dispersal between patches of habitat can have pro-
found consequences for the population and distribu-
tion dynamics of a species (Harrison 1991; Hanski and
Gilpin 1997). It is a key mechanism underlying theories
of risk spreading (den Boer 1968), metapopulation
dynamics (Levins 1969) and island biogeography (Mac-
Arthur and Wilson 1967) and is of considerable impor-
tance for conservation management, especially the
assessment of population viability (Shaffer 1981) and
fragmentation sensitivity (Henle et al. 2004). As a con-
sequence, there are a large number of studies investi-
gating the dispersal characteristics of rare and
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threatened species (e.g. Néve et al. 1996; Purse et al.
2003). In comparison, there are relatively few investi-
gations of the dispersal of more common species (Sutc-
liffe etal. 1997), despite the importance of such
information as a baseline against which the factors
driving relative rarity can be assessed (e.g. Thomas
et al. 1999). Conservation objectives, and the highly
managed nature of most developed landscapes, have
meant that most dispersal studies concentrate on spe-
cies in unnaturally fragmented habitats (Dennis et al.
2003). Research on the dispersal characteristics of spe-
cies adapted to naturally patchy habitats should high-
light characteristics that enhance survival in
fragmented habitats.

Globally, riverine landscapes cover in excess of
2 million km? and, in their natural condition, are some
of the most biologically productive and diverse ecosys-
tems on earth (Tockner and Stanford 2002). Natural
riverine landscapes consist of mosaics of habitats that
are patchy, typically linear and, often, regularly distrib-
uted (e.g. riffles, pools, meanders and their associated
point bars and eroding banks) due to the influence of
underlying hydraulic processes (Richards 1982; Ward
et al. 2002). Dispersal within linear habitats should be
more limited than that expected in habitat networks
(Roland et al. 2000), but, in riverine landscapes, flood
and flow pulses not only cause disturbances and the
modification of habitat mosaics (Junk et al. 1989; Tock-
ner et al. 2000) but can also potentially provide down-
stream dispersal through hydrochory (e.g. Lude et al.
1999; Goodson et al. 2003). These factors mean that
the dispersal processes of riverine habitat specialists
are likely to differ from those in other habitat net-
works.

Exposed riverine sediments (ERS) are frequently
inundated areas of relatively un-vegetated, fluvially
deposited sand and gravel, which are distributed in dis-
tinct patches that are easily delineated from neighbour-
ing lotic and heavily vegetated riparian habitats. In
contrast with most riparian habitats (e.g. wet wood-
land, ox-bow lakes) in heavily modified landscapes,
ERS are often relatively unmodified because of their
highly disturbed, within-channel nature (but cf. Plach-
ter 1986; Kondolf 1997) and often maintain the patchy
but regular distribution typical of natural riverine land-
scapes (Naiman et al. 1993; Ward et al. 2002). Research
into the dispersal and spatial population dynamics of
specialised invertebrates of ERS can, therefore, poten-
tially provide highly valuable information on the dis-
persal adaptations that drive population and
distribution dynamics in natural riverine landscapes, in
addition to highlighting the likely response of ERS spe-
cialists to the degradation of their own habitat.

The availability and distribution of ERS habitat is in
a constant state of adjustment in response to flood dis-
turbances, which rejuvenate and redistribute patches,
and vegetation succession, which stabilise and there-
fore remove patches (Plachter and Reich 1998; Brewer
et al. 2000). The associated habitat turnover and spa-
tio-temporal variation in patch quality, combined with
the patchy distribution of ERS, should select for high
rates of dispersal in ERS specialists (cf. Southwood
1962; Henle et al. 2004; Bowler and Benton 2005).
Importantly, the high level of variation and relatively
low level of isolation in these regularly distributed hab-
itats might favour condition-dependent dispersal in
response to environmental quality, as the selective
advantage gained from dispersal from low-quality
patches is likely to outweigh the costs of movement
between patches. Such condition-dependent dispersal
is expected to be selected for over a wide range of cir-
cumstances and has been observed in a number of
empirical studies (Travis and French 2000; Bowler and
Benton 2005).

This investigation used mark-resight techniques to
study the dispersal dynamics of adults of the specia-
lised, but widespread, carabid beetle Bembidion
atrocaeruleum (Stephens 1828) (Coleoptera, Carabi-
dae) in a relatively natural ERS system. The three
interdependent stages of dispersal: (1) emigration, (2)
inter-patch movement and (3) immigration (Bowler
and Benton 2005) were studied separately and corre-
lated with estimates of local population size and den-
sity, water level and patch quality in order to test for
condition-dependent dispersal cues. The study aimed
to understand the factors driving the dispersal dynam-
ics of B. atrocaeruleum and to describe their likely
effects on the spatial population structure, and sensitiv-
ity to anthropogenic threats.

Materials and methods
Study species

Bembidion atrocaeruleum is almost exclusively asso-
ciated with ERS habitat, has a widespread distribu-
tion and is numerically dominant on ERS in the study
area. In the UK its lifecycle is generally thought to be
annual, with breeding in the early spring and larvae
and teneral adults present during the summer (June-
August inclusive). It over-winters as an adult, most
probably in less frequently inundated habitats away
from the river channel (cf. Andersen 1968). It is a
constantly macropterous species, possessing func-
tional flight muscles, and is always capable of flight
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(Desender 1989). The species ranges over most
micro-habitats within patches of ERS (Bates and
Sadler 2005) and is known to have an inter-patch dis-
persal rate indicating that each patch supports a local
population (Bates et al. 2005; cf. Harrison 1991).

Design considerations

The above findings of Bates et al. (2005) and Bates and
Sadler (2005) showed that using patches of ERS as the
main sampling and descriptive unit provides an appro-
priate study resolution. However, other habitats (e.g.
adjoining pasture and woodland) are most probably
used as flood refugia and over-wintering sites, so the
distribution of ERS patches do not completely corre-
late with the distribution of the species’ habitat per se
(cf. Dennis et al. 2003). Nonetheless, B. atrocaeruleum
is only found in riverine landscapes with ERS, and the
species spends the vast majority of its active phase liv-
ing on ERS patches, so the focus on these patches was
reasonable.

The extent of the study area strongly influences the
characteristics of the measured dispersal parameters
(Schneider 2003). Dispersal success is dependent on
both the dispersal capabilities of the study species and
the landscape distribution of its habitat patches (Addi-
cott etal. 1987). Accordingly, the distribution of
patches in the landscape should, in part, determine the
scale of study. The relatively regular and tight distribu-
tion of patches within the study system enabled a rela-
tively small (~300m of river) spatial extent of
sampling to be used. This facilitated a high sampling
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intensity but reduced the range over which distance
effects on inter-patch movements could be character-
ised.

Site description and environmental variation

Six patches of ERS in a stretch of the River Severn in
the UK (3°25" E, 52°30" N) were originally chosen for
study, but sampling on one patch (Bar US) was discon-
tinued midway through the investigation (Fig.1).
Despite upstream flow regulation of the Clywedog trib-
utary and historical river engineering works, the
stretch has retained its semi-natural, wandering gravel
bed (sensu Church 1983) configuration, which is char-
acterised by a range of bar forms.

Eight environmental variables were measured for
each bar (Table 1): bar area, bar edge, edge-to-area
ratio, distance from study centre, typical sediment size,
vegetation cover, elevation range and the presence of
heavy cattle trampling. Sediment size was estimated
from several photographs of surface sediments using a
photo-sieving method (see Petts et al. 2000). Bar area,
bar edge, edge-to-area ratio, elevation range (height
above base flow), distance from study centre (from the
centre of bars to the centre of the study area) and dis-
tance between patches (edge to edge) were estimated
from a digital elevation model (DEM) of the study
reach, created with a Leica differential global position-
ing system. Patches fell within two categories related to
trampling intensity: (1) those where there was no tram-
pling, or trampling of minimal spatial extent (<5% by
area), and (2) those that were heavily trampled so that
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Fig. 1 The relative positions of the bars and the study site within the UK
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the natural sediment structure was destroyed over
most (>50%) of the patch.

Water levels were measured at the Environment
Agency stage measurement facility at Caersws
(~250 m downstream of the study site). Daily total
rainfall and daily maximum and minimum temperature
data were taken from the Meteorological Office sam-
pling stations at Llandinam (3°27'E, 52°29'N,
131 m.a.s.l., ~2.5 km from the study site) and Llanfair
Caereinion (3°16' E, 52°38' N, 243 m.a.s.l., ~28km
from the study site), respectively. Air temperature and
rainfall varied markedly over the study period, and
water levels responded both to reservoir releases (9-17
July 2003) and to rainfall events (Figure in supplemen-
tary material). Two events were likely to be of particu-
lar significance for the dispersal of B. atrocaeruleum:
(1) the complete, extended inundation of all patches
following prolonged rainfall in mid-May and (2) the
heavy rainfall and associated near inundation of bars 1
and 5 on 24 July 2003 (Figure in supplementary mate-
rial, Table 1).

Sampling

An earlier investigation (Bates et al. 2005) indicated
that a mark-resight approach (e.g. Dreitz et al. 2002)
was the most appropriate mark-recapture method, so
sampling was separated into marking and recapturing
periods. Three mark—recapture periods were con-
ducted over May, June and July 2003 (Table 2), as

Table 1 Summary of environmental variables and sampling intensity

mark losses after periods of >30 days (Bates et al.
2005) would have biased population estimates. During
recapture periods, all traps were open for ~24h
except for the first recapture period in July, when a
high rate of capture meant that some traps could not
be processed for <48 h. The May marking period was
not followed by any recapture periods because the
study reach was completely inundated shortly after-
wards.

Beetles were captured in 381 modified dry pitfall
traps (Bates et al. 2005), which were arranged in grids
across the bars at a density of ~0.06 m~2(Table 1). The
traps were designed to minimise mortality and stress in
captured beetles by protecting them from aerial preda-
tion, within-trap predation by large arthropods, desic-
cation, flooding and to prevent beetles escaping. Six
dots of non-toxic (Bates and Sadler 2004) paint
(extracted from Mark-Tex Tech-Pen ITW Dymon,
Kan., USA) applied to the beetles elytra were used to
individually mark beetles.

Tipping beetles into water allowed them to be easily
picked up and held for marking, after which they were
transferred into containers with damp sediment and
food (Bates et al. 2005). In marking periods beetles
were released in the centre of the bar upon which they
had been captured. In recapture periods, beetles were
released <0.5 m away from the point of capture. Stress
and consequent unusual movement behaviour (Singer
and Wedlake 1981) would be more likely after marking,
and more time was needed for beetles to re-establish

Bar Area (m?) Edge (m) Area/edge Distance from Total Trap Sediment Vegetation Heavily Elevation
study centre (m) traps density (m~2) size (mm) cover (%) trampled range (m)

1 823 151 0.18 128.9 47 0.057 26.5 20 Yes 0.8

2 2,354 278 0.12 67.3 130 0.055 31.1 35 No 1.0

3 1,539 194 0.13 29.4 90 0.058 21.3 20 No 12

4 969 181 0.19 42.5 58 0.060 17.7 3 Yes 1.2

5 838 152 0.18 115.7 56 0.067 35.0 35 No 0.6

Table 2 Sampling schedule for the mark and release of beetles. All dates refer to 2003

Schedule Bar 1 Bar 2 Bar 3 Bar 4 Bar 5

May mark 9-15 May 9-15 May 9-15 May 9-15 May 9-15 May

June mark 5-11 June 5-11 June 5-11 June 5-11 June 5-11 June

First recapture 17 June 17 June 17 June 17 June 17 June

Second recapture 23 June 23 June 24 June 24 June 24 June

Third recapture 28 June 28 June 29 June 29 June 29 June

Fourth recapture 3 July 3 July 4 July 4 July 4 July

July mark 5-11 July 5-11 July 5-11 July 5-11 July 5-11 July

First recapture 17 July 17-18 July 18-19 July 18 July 18-19 July

Second recapture 22 July 22 July 23 July 23 July 23 July

Third recapture 27 July 27 July 28 July 28 July 28 July

Fourth recapture 1 August 1 August 2 August 2 August 2 August
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their natural distribution following release in the centre
of bars, so longer intervals (at least 5 days) were left
between release and recapture periods than between
recapture periods (at least 2 days).

Analytical techniques

Bembidion atrocaeruleum disperses between patches
(Bates et al. 2005), so the open population programme
JOLLY (Pollock et al. 1990a, b), which uses variants
of the Cormack-Jolly-Seber model (Cormack 1964;
Jolly 1965; Seber 1965), was used to analyse the mark—
resight data. The programme tests the fit of a variety
of models and highlights when data violate model
assumptions. When more than one model was found
to fit the data adequately, the most parsimonious one
was used. Two models were selected: (1) ‘Jolly A’,
which is the standard Cormack—Jolly-Seber model,
and (2) ‘Jolly B’, which is the Cormack-Jolly-Seber
model with survival rate assumed to be constant per
unit time and time-specific capture probability
(Table 3). Population densities were calculated by
dividing estimated local population sizes by patch
area.

Emigration was measured as the percentage of all
recaptured individuals that were recaptured on a
different patch. Scatter plots of the percentage of dis-
persing individuals against the distance between
patches and comparisons of the number of upstream
and downstream dispersers were used to investigate
inter-patch movement patterns. Immigration was mea-
sured as a percentage of emigrating individuals that
moved from one patch to another, and total immigra-
tion was measured as a percentage of all individuals
that dispersed to a patch. The proximate causes of dis-
persal in June and July were investigated for the emi-
gration and total immigration variables using
Spearman’s rank correlations with local population

Table 3 Mark-recapture model selection and summary input

Release Bar Total Total unmarked Total marked Model

period marked captured individuals selected
captured

June 1 174 1,561 64 Jolly B
2 758 4,973 206 Jolly A
3257 1,520 80 Jolly B
4 134 470 23 Jolly A
5 314 3,816 89 Jolly B

July 1 248 1,838 71 Jolly A
2 487 8,251 163 Jolly B
3 294 2,048 103 Jolly B
4 265 486 41 Jolly A
5 500 5,312 166 Jolly B

@ Springer

size, density, bar area, bar edge, edge-to-area ratio,
distance from study centre, sediment size, vegetation
cover and trampling.

Results
Rate of recapture and dispersal dynamics

The overall rate of recapture was lowest for the May
release (11.7%), compared with June (29.6%) and July
(25.6%), despite the longer time period for recaptures.
Both the overall and daily adjusted emigration rates
were highest for the May release (39.5%, 0.5% per
day) compared with those for June (6.43%, 0.1% per
day) and July (7.84%, 0.3% per day). Total immigra-
tion was mainly into bar2 in May and, to a lesser
extent in June, and into bar 2 and 3 in July (Fig. 1,
Table 4).

Figure 2 compares the relationships between dis-
persal distance and the percentage of dispersers in
May, June, July, and June and July (overall relation-
ship at low water) combined. Significant negative expo-
nential relationships were found for July (F=17.9,
significant at 1% level; R’=0.69) and June and July
(F=8.4, significant at 5% level; R?=0.51), and both
curves suggested a fairly rapid reduction in the per-
centage of dispersers with distance. For May this
reduction in the percentage of dispersers with distance
was barely apparent.

Of the 60 emigrating individuals marked in May, 41
(68.3%) dispersed upstream and 19 (31.7%) dispersed
downstream within the study area, although most of
these upstream movements were to bar 2 (35, 85.4%).
The percentage of emigrating individuals that dis-
persed upstream and downstream in the June
(upstream 13, 44.8%; downstream 16, 55.2%) and July
(upstream 20, 50%; downstream 20, 50%) releases
were much more balanced.

Dispersal correlates for the June and July releases

The mean estimated population size and density on
each bar for the June and July mark-recapture periods
are shown in Fig. 3. Emigration was: (1) significantly
positively correlated with heavy trampling, which nega-
tively co-varied with local population size, local popula-
tion density and vegetation cover, and (2) significantly
negatively correlated with local population size, which
negatively co-varied with sediment size and heavy tram-
pling and positively co-varied with vegetation cover and
local population density. Immigration was significantly
negatively correlated with the area-to-edge ratio, which
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Table 4 Migration of B. atrocaeruleum in each release period

Release Bar Total Total Percentage Total

Percentage Immigration (percentage of total emigrated)

period released released recaptured recaptured emigration emigration 5 B 2 S
May 1 191 11 5.8 8 72.7 - 62.5 12.5 0.0 25.0
2 311 38 12.2 10 26.3 20.0 - 30.0 0.0 50.0
3 359 70 19.5 14 20.0 0.0 92.9 - 0.0 7.1
4 167 20 12.0 12 60.0 0.0 583 25.0 - 16.7
5 349 37 10.6 16 432 12.5 62.5 18.8 6.3 -
UsS 249 14 5.6 142 100.0 7.1 64.3 0.0 7.1 21.4
Total immigration (percentage of all emigration) 6.8 59.5 13.5 2.7 17.6
June 1 175 75 42.9 6 8.0 - 100.0 0.0 0.0 0.0
2 758 247 32.6 11 4.5 18.2 - 36.4 18.2 27.3
3 257 78 30.4 1 1.3 0.0 100.0 - 0.0 0.0
4 134 26 194 5 19.2 20.0 40.0 20.0 - 20.0
5 314 111 354 6 5.4 0.0 50.0 333 16.7 -
UsS 201 7 35 7? 100.0 429 57.1 0.0 0.0 0.0
Total immigration (percentage of all emigration) 16.7 44.4 19.4 8.3 111
July 1 248 60 242 5 83 - 80.0 0.0 0.0 20.0
2 487 148 30.4 13 8.8 23.1 - 53.8 23.1 0.0
3 294 81 27.6 3 3.7 0.0 333 - 333 333
4 265 35 132 15 42.9 13.3 26.7 40.0 - 20.0
5 500 135 27.0 4 3.0 0.0 50.0 50.0 0.0 -
Total immigration (percentage of all emigration) 12.5 275 37.5 10.0 12.5

2Did not sample again after initial release
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positively co-varied with heavy trampling and nega-
tively co-varied with local population size, vegetation
cover, edge and area (Table 5).
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Discussion
Inundation disturbance response

Spring and summer bankfull flows in temperate rain-fed
systems are rare when the lifespan of ERS beetles are
considered and are also highly unpredictable. However,
such events are a fundamental characteristic of these
systems and are common in longer hydrological time
series. The May inundation provided a unique opportu-
nity to investigate the dispersal responses of individual
B. atrocaeruleum to this short-term unavailability of
their main habitat. There were three inter-related lines
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Table S Spearman’s rank correlations for the June and July re-
leases between (a) migration variables and local population den-
sity, local population size and the environmental variables and (b)
those variables that significantly co-varied with local population
size, trampling and area-to-edge ratio (VS not significant)

Parameter Correlation P
coeflicients
(a) Migration correlations
Emigration (% )—heavily trampled 0.71* 0.021
Emigration (% )—local population size —0.64* 0.048
Emigration (% )—area/edge 0.57 (NS)  0.088
Emigration (% )—local population —0.54 (NS) 0.108
density (m~?)
Emigration (% )—immigration (%) —0.54 (NS)  0.111
Emigration (% )—vegetation cover (%)  —0.47 (NS) 0.173
Emigration (% )—sediment size (phi) 0.39 (NS)  0.260
Emigration (% )—distance from study —0.16 (NS)  0.658
centre (m)
Emigration (% )—bar area (m?) —0.12(NS)  0.735
Emigration (% )—edge (m) —0.12(NS)  0.735
Immigration (% )—area/edge —0.88##* <0.001
Immigration (% )—heavily trampled —0.61 (NS)  0.063
Immigration (% )—bar area (m?) 0.58 (NS)  0.079
Immigration (% )—edge (m) 0.58 (NS)  0.079
Immigration (% )—local population size 0.54 (NS)  0.106
Immigration (% )—vegetation cover (%) 0.50 (NS)  0.146
Immigration (% )—local population 031 (NS) 0.383
density (m~?)
Immigration (% )—sediment size (phi) —0.27 (NS)  0.447
Immigration (% )—distance from study 0.15(NS)  0.684
centre (m)
(b) Significant covariations
Local population size—density (m~2) 0.93%#** <0.001
Local population size—vegetation (0.93%%* <0.001
cover (%)
Local population size—heavily trampled = —0.85%* 0.002
Local population size—sediment size (phi) —0.84%* 0.003
Local population size—area/edge —0.79%%* 0.007
Heavily trampled—area/edge 0.87%%* 0.001
Heavily trampled—vegetation cover (%) —0.76* 0.011
Heavily trampled—density (m~2) —0.71* 0.021
Area/edge—vegetation cover (%) —0.74* 0.015
Area/edge—edge (m) —0.70* 0.024
Area/edge—area (m?) —0.70* 0.024

Significant at *5% level, **1% level, ***0.1% level

of evidence that suggested that the dispersal of beetles
released in May was markedly different from that
observed in June and July. Firstly, there was a far
higher overall total rate of emigration in the May
release (39.5%) than in June (6.4%) and July (7.8%).
This was also far higher than the rates observed by
Bates et al. (2005) in June (5.7%) and August (3.0%)
2002 in the same stretch of river when water levels were
low. Secondly, there were markedly different inter-
patch movement patterns between the May and June/
July releases. A larger percentage of beetles dispersed
upstream from the May release, and the relationship
between percentage of dispersers and dispersal distance
was also weak for the May release.

@ Springer

The final line of evidence was the low rate of recap-
ture from the May release (11.69%, compared with
29.58% in June and 25.59% in July). This could have
been due to a variety of factors, acting individually or
in association: (1) enhanced mark loss over the longer
time period over which recaptures could be made; (2) a
longer time period over which the background rate of
mortality could act; (3) higher migration of individuals
from the study area during the inundation event and
(4) higher mortality during the inundation event. Large
floods can markedly reduce the abundance of ERS
specialised carabids (Hering et al. 2004), most proba-
bly through direct mortality. However, it is unlikely
that smaller inundation events cause substantial mor-
tality in adult ERS specialised carabids because they
can swim and survive inundation (Andersen 1968;
Hammond 1998). However, if individuals did enter the
river as the water rose, many could have been carried
out of the study area before they could get to shore.
Given the higher rate of emigration in the May event,
it seems probable that at least some of the lower rate of
recapture can be explained by migration out of the
study area.

It is possible that earlier in the season B. atrocaeru-
leum have a dispersal phase associated with reproduc-
tion, or emergence from over-wintering diapause, or
that flight conditions were favourable due to higher
temperatures and low rainfall (Southwood 1962), and
that the enhanced migration rate following habitat
inundation was coincidental. However, given the
known higher rate of flight activity by riparian carabids
during and after floods (Bonn 2000) and the low tem-
peratures and high levels of rainfall during the early
summer (Figure in supplementary material), this seems
unlikely.

In contrast to the bankfull event in May, the
incomplete inundation that occurred on 24 July 2003
did not clearly increase the rate of emigration. The
overall percentage movement rate was higher in July
(0.27% per day) than in June (0.11%), but mark loss
after more than 1 month would have been the cause
of some of this difference. Therefore, the partial inun-
dation, or heavy rainfall (Figure in supplementary
material, cf. Lytle 1999), did not increase the rate of
emigration, but total inundation acted as the condi-
tion-dependent dispersal cue. Dispersal has costs,
such as energy loss and dispersal mortality (e.g.
Waser et al. 1994), so individuals are unlikely to dis-
perse unless the increase in fitness gained through the
dispersal outweighs the costs of that dispersal
(Bowler and Benton 2005). In this case, dispersal
seems to have been the result of movements to and
from flood refugia, where the costs associated with
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entering the river at high flow are potentially high.
Andersen (1968) observed ERS specialised Bembi-
dion species allowing themselves to be taken by rising
flow levels when there was no more chance of escape
by running. This could have been because of low air
temperature at the time, which can prevent insects
from taking flight (Southwood 1962), suggesting that
the condition-dependent inundation response might
vary with changes in air temperature.

Trampling disturbance emigration response

Over the June and July releases, the emigration rate
was negatively correlated with local population size
and positively correlated with trampling. However,
these two variables significantly co-varied with each
other, so potentially either or both variable(s) could
have influenced the emigration rate. It is unlikely that
an individual would be able to perceive the total size
of its local population, so this variable in itself was
unlikely to have influenced the emigration rate. How-
ever, the strong positive correlation between local
population size and density suggests that density
might have influenced the emigration rate. Negative
density-dependent relationships, where emigration
rate increases at lower densities, have been observed
(e.g. Kuussaari et al. 1996; Bonte et al. 2004) but are
much less common than positive density-dependent
emigration (Bowler and Benton 2005). Negative den-
sity-dependent emigration can be selected for if the
advantages of group living outweigh the costs of com-
petition (Bowler and Benton 2005) or can result from
using the presence of conspecifics as a determinant of
habitat quality (Reed and Dobson 1993; Kuussaari
et al. 1996). However, it will weaken self-limitation,
lead to some suitable patches becoming unoccupied,
and will reduce the ability of a species to increase
when rare (Sather et al. 1999; Amarasekare 2004).
Therefore, such negative density-dependent migration
is unlikely for the common B. atrocaeruleum and is
unlikely to be selected for in the highly unstable ERS
environment. It is most likely, therefore, that the sig-
nificant negative relationship between local popula-
tion size and emigration rate was an artefact of the
negative co-variation between population size and
trampling.

Livestock grazing and trampling are known to nega-
tively affect lotic and riparian biotic communities (e.g.
Jansen and Robertson 2001). Livestock trampling can
negatively influence the conservation value of ERS
beetle communities (Bates etal. 2006), probably
through sediment compaction or defecation, which
can damage ERS habitats by destroying the interstitial

cavities that many ERS specialised beetles use for
shelter (Sadler et al. 2004). Some negative effect of
trampling was therefore expected for B. atrocaeru-
leum, but the observed enhanced rate of dispersal
from trampled patches is particularly interesting as it
can influence the spatial distribution of the species
over an area that is more extensive than the area
directly impacted upon by the trampling. Similar to
the inundation dispersal response, there was a clear
cost associated with staying in the degraded habitat
patch, and the cost of dispersal to another patch might
well have been outweighed by the increased popula-
tion fitness gained.

Effect of the edge-to-area ratio on the rate
of immigration

A large edge-to-area ratio can increase dispersal when
the edge encounter rate influences the decision to emi-
grate from a patch, and a large edge can increase the
immigration of dispersing individuals into a patch by
increasing the likelihood of encountering a patch.
However, immigration was found to be negatively
associated with edge-to-area ratio in this investigation.
This was unlikely to be a valid effect and might rather
have been the result of one of the co-variations
(Table 5) such as heavy trampling, or the distance
effect on inter-patch movements (Fig. 2).

Spatial dynamics and its implications

Populations can be classified as patchy (Harrison
1991) when: (1) movement between patches is not so
frequent that individuals occupy many patches in
their lifetime, (2) all suitable patches in a system are
occupied because local extinctions do not occur or
are not important due to high rates of dispersal and
(3) on average, an individual inhabits more than one
patch in its lifetime. B. atrocaeruleum was present on
every ERS patch in the study area and in the ~6 km
stretch of river upstream of the site (J. P. Sadler
et al., unpublished data). Furthermore, the rates of
migration observed in this and the previous study
(Bates et al. 2005) suggest that the average individual
is likely to inhabit more than one patch in its lifetime,
especially when inundation responses are taken into
account. Consequentially, B. atrocaeruleum can be
classified as having one patchy population connected
by migration.

The rate of dispersal and the dynamic spatial popula-
tion structure are both dependent on the dispersal capa-
bilities of the species and the underlying distribution of
the habitat (Addicott et al. 1987). Although B. atrocaer-
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uleum had a patchy population structure, characterised
by a high rate of dispersal, the actual number of dispers-
ing individuals under stable water levels declined rapidly
with distance and was likely to be zero at a separation of
~210 m (July) to ~280 m (June and July). This dispersal
distance is relatively low (e.g. Matter 1996; Schneider
2003), given the naturally patchy and disturbed nature of
the environment (Southwood 1962; Henle et al. 2004;
Bowler and Benton 2005). There are two explanations
for this relatively low dispersal distance.

Firstly, habitat inundations raise the rate and most
probably the dispersal distance of B. atrocaeruleum
both through active flight and hydrochory of some
individuals. The ability of many ERS specialised bee-
tles to swim and survive underwater for long periods
(Andersen 1968) suggests that long distance dispersal
downstream by hydrochory is likely. Indeed, many
ERS specialised beetles can be found in stranded
flood debris following high water levels (Hammond
1998). Secondly, the dispersal capabilities of a species
are likely to be adapted to the natural distribution of
their habitat. In natural systems, patches of ERS are
typically regularly and closely distributed like beads
along a necklace; therefore, there might be little evo-
lutionary pressure for the selection of large dispersal
distances.

Any reduction in the frequency and magnitude of
high flow events could reduce the level of dispersal
both through flight and hydrochory, and any fragmen-
tation of the naturally regular and closely distributed
arrangement of habitat patches could reduce the rate
of dispersal by flight. This will be particularly detri-
mental for upstream populations where immigration
by hydrochory is not possible. The direct costs of dis-
persal will also increase with increasing fragmentation
and might reach the point where the costs of dispersal
outweigh the enhanced fitness gained by that dispersal
(Bowler and Benton 2005). Another implication is that
reductions in the number of flow pulses will reduce the
selective advantage accrued by flight ability (Denno
et al. 1989). Both these increases in costs will favour
more generalised riparian species over those, such as
B. atrocaeruleum, that are full-winged and constantly
associated with ERS. In addition, if the level of dis-
persal is reduced to a level that isolates populations
then local extinctions through demographic stochastic-
ity are also likely to occur.

The implications for less common specialists, par-
ticularly those with lower dispersal capability, are
likely to be more extreme (cf. Stelter et al. 1997). Not
surprisingly, therefore, the widespread modification
of natural hydrological regimes through river regula-
tion and channelisation has reduced the extent of con-
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nectivity of ERS habitat and is regarded as being the
main contributor towards the considerable rarity of
many ERS specialised invertebrates (Plachter 1986;
Stelter et al. 1997; Sadler etal. 2004; Bates et al.
2005).
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