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INTRODUCTION

The distribution of species inhabiting estuaries is pri-
marily determined by their responses to the highly
variable physical and chemical environment indicative
of the system (e.g. Wolff 1973). Whilst most research
effort has concentrated on physiological (e.g. McLusky
et al. 1982, Mangum 1986) and behavioural (e.g. Jans-
sen & Kuipers 1980, Roast et al. 1998) responses to tidal
fluctuations in environmental variables (particularly

salinity), the ultimate spatial extent of organism distri-
bution within estuaries is determined by the degree of
freshwater entering from major tributaries coupled
with the physiological tolerance to low-salinity condi-
tions (e.g. Remane & Schlieper 1971). Seasonal cycles
of precipitation and river flows also contribute to spa-
tial and temporal variability in the structure of estuar-
ine invertebrate assemblages (Chapman & Brinkhurst
1981, Attrill 1998). However, observed spatial and tem-
poral patterns may result from the indirect influence of
flow on other physico-chemical variables, such as dis-
solved oxygen (Attrill et al. 1999). Furthermore, 2 sim-
ilarly structured estuaries with different flow regimes
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can have markedly different levels of primary and sec-
ondary production (Montagna & Kalke 1992).

Drought conditions can seriously reduce the amount
of water flowing within river systems (Tallaksen et al.
1997), which is often compounded by abstraction for
drinking-water supplies (Harding et al. 1995). Whilst
the impact of such a reduction in water level has been
investigated for river invertebrate communities (Ex-
tence 1981, Chessman & Robinson 1987) and anadro-
mous fish species (Heggenes et al. 1996, Armstrong et
al. 1998), little consideration has been paid to the wider
consequence of drought-induced reduction of fresh-
water flow on the distribution of estuarine inverte-
brates. Attrill et al. (1996) investigated the effect of low
flows on tidal freshwater macroinvertebrates at the
head of an estuary, and noted dramatic changes in
community composition with small increases in salin-
ity. They concluded that management policies should
give wider consideration to the impact of drought on
aquatic systems, but no major study has yet docu-
mented the impact of drought on fully estuarine inver-
tebrate communities.

Drought conditions persisted in south-east England
for a 4 yr period from 1989 to 1992 (Boar et al. 1995),
resulting in record low levels of freshwater flowing
into the Thames estuary (Attrill et al. 1996, Littlewood
& Marsh 1996) and affecting patterns of water quality
further down the estuary (Attrill & Thomas 1996,
Attrill & Power 2000). The Thames has been closely
monitored since rehabilitation policies to mitigate
anoxic and azoic conditions (Wheeler 1979) were
introduced in the 1960s (Tinsley 1998). Consequently,
the Environment Agency and precursory organiza-
tions (Kinniburgh 1998) have collated a comparatively
long-term data set of water-quality measurements.
Together with continuous records of fish and inverte-
brate populations from power-station intakes (Andrews
1984, Attrill & Thomas 1996, Thomas 1998), the water-
quality data form a comprehensive data set avail-
able for the comparative study of non-drought (1977
to 1988) and drought (1989 to 1992) periods in the
estuary.

Accordingly, the aims of this paper
were: (1) to assess the impact of
drought-induced low flows on the popu-
lations of estuarine invertebrates by com-
paring data from the Thames estuary un-
der drought and pre-drought regimes;
(2) to construct models of these popula-
tions to determine which variables may
be influencing any changes in the pat-
terns of invertebrate distribution and;
(3) to assess the application of these
results to the management of aquatic
systems under drought conditions.

MATERIALS AND METHODS

Sampling methodology. Samples of invertebrates
were taken from the Thames estuary, UK, using the
cooling-water intake screens of National Power’s West
Thurrock power station, located on the north bank of
the mid-estuary, 67 km from Teddington weir (the
input from the River Thames). Sample methodology
has been outlined in Attrill & Thomas (1996) and fully
described in Thomas (1998). Information on the inver-
tebrate species entrapped is documented in Attrill &
Thomas (1996) and Attrill et al. (1999). In summary,
invertebrates (and fishes) entering the power station
through the cooling water system were removed using
rotating band screens and entrapped in nets below the
outflow system. These nets were emptied every 30 min
and the organisms present were identified and enu-
merated. For temporal comparison, the total catch over
a 4 h survey period was pooled and data converted to
the number of individuals per 500 million litres of
water filtered (see Attrill & Thomas [1996] for conver-
sion equation).

Surveys were repeated approximately every 2 wk at
low spring tide between 1977 and 1992 inclusive, giv-
ing a continual data set for a 16 yr period.

Daily flow rates of freshwater into the estuary from
the River Thames were measured by a fixed gauging
station at Teddington weir. Water-quality parameters
were obtained during water-analysis runs by the
National Rivers Authority (now Environment Agency)
sampling vessel along the length of the estuary. Sam-
pling was completed throughout the year at varying
intervals, increasing in frequency during summer as a
result of concerns about seasonal changes in water
quality. The mean time between samples was 2.6 wk,
with 80% of all samples being separated by ≤3.0 wk.
Minimum and maximum times between sample dates
were 1.5 and 6.1 wk respectively. All measurements
utilized here correspond to those for the zone off West
Thurrock power station. The physical factors consid-
ered over the time period of the study are listed in
Table 1, together with the reference for the relevant
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Parameter Source

Freshwater flow na (gauged flow over Teddington Weir [m3 s–1])
Temperature na (thermometer)
Salinity US EPA (1983), Method 353.3
Dissolved oxygen HMSO (1980a)
pH HMSO (1979) 
Suspended solids HMSO (1980b)
Total oxidised nitrogen US EPA (1983), Method 358.2

Table 1. List of measured physico-chemical variables, together with sources of
relevant analytical methods, where appropriate (na: not applicable)



Attrill & Power: Effects on invertebrates of changes in water quality

analytical methodology. Salinity was mid-tide-correct-
ed to allow valid temporal comparisons. Other vari-
ables (e.g. BOD [biological oxygen demand], phos-
phate, chlorophyll) were sporadically measured, but
did not have a sufficient time series to be included in
models.

Modelling details. The period 1989 to 1992 has been
treated as atypical of the Thames estuary because of
drought conditions prevailing in south-east England
(Attrill et al. 1996). Low freshwater flows resulting
from increased water abstraction have been shown to
have significant effects on measured water-quality
parameters (Attrill & Power 2000). To establish the sig-
nificance and seasonal pattern of possible effects on
estuarine organisms, pre-drought (1977 to 1988) inver-
tebrate population data were used to compute repre-
sentative monthly means and associated 95% confi-
dence intervals for each of: Carcinus maenas, Crangon
crangon, Gammarus spp. (G. zaddachi and occasional
G. salinus), Palaemon longirostris, Liocarcinus holsa-
tus, Palaemon serratus, Pleurobrachia pileus and
Aurelia aurita. Results were then compared to the
monthly means obtained from available data during
drought conditions (1989 to 1992). To further assess
possible differences between pre-drought and drought
periods, pre-drought and drought summer (July to
September) and winter (January to March) means for
all invertebrate populations were computed. Data used
in the computations were tested for normality using
the Shapiro-Wilk W-statistic before selection of the
statistical tests used to establish any possible signifi-
cant difference between the periods. The predomi-
nance of non-normal data required the use of the
Mann-Whitney U-statistic, which has been shown to
have good asymptotic efficiency when normality in the
data cannot be assumed (Conover 1980).

Multiple linear-regression methods were then used
to examine the significance of associations between
invertebrate abundance and available physico-chemi-
cal variables for the drought period, and comparison
was made to the pre-drought period. The estimated
models postulate that abundance will be related to the
physico-chemical conditions prevailing in the estuary
at a given point in time, either because conditions are
suited to a particular life-history stage of an organism
or because conditions exceed the physiological toler-
ances of the organism, and are of the form:

Yt =  a0 + a1X1t + a2X2t + .... + akXkt + ∈ t

where Y = available invertebrate data at a given point
in time (t ), X1t to Xkt = set of physico-chemical variates
that explain Yt, at time t, a0 to ak = estimated model
coefficients and ∈ t = normally distributed error term
with zero mean and unit variance (Draper & Smith

1981). Outliers, resulting in non-normal residuals,
were removed from model estimation data sets on the
basis of box and whisker plots and Grubb’s test
(Grubbs 1969). For the Crangon crangon data set this
resulted in the removal of 4 data points with values in
excess of 38 000.

For statistical analysis, logarithmic (natural) transfor-
mations were completed on data, where necessary, to
ensure conformance to an approximate normal distrib-
ution (Draper & Smith 1981). To stabilize the variation
in the Carcinus maenas data set for use in regression,
a power transformation (Draper & Smith 1981) was
employed as follows:

W = (Y λ – 1)/λ

where Y = original data and λ = power transformation
parameter chosen to minimize the F-value connected
with the extra sum of squares as recommended by
Draper & Smith (1981). For the model results pre-
sented, λ was estimated to be 0.30.

Models were constructed from the set of environ-
mental variables used to explain pre-drought fluctua-
tions in abundance given in Attrill et al. (1999). In addi-
tion, models were tested specifically for possible
inclusion of salinity, oxygen, temperature and pH vari-
ables as a result of observed water-quality changes
during the drought period (Attrill & Power 2000). For-
ward step-wise regression techniques (Draper & Smith
1981, Dunn & Clark 1987) were used to select final
model variables from amongst the candidate set. The
procedure selects, from among the feasible set, the
independent variable with the highest F-value and
enters it in the model provided the F-value exceeds a
pre-specified F-to-enter criterion. At successive steps,
previously entered variables are retained in the equa-
tion providing their associated F-values do not subse-
quently fail to exceed a pre-specified threshold (F-to-
remove). Here the F-to-enter and F-to-remove values
used were at the upper α = 0.05 point of the F-distribu-
tion, as recommended by Draper & Smith (1981). Dif-
fering values of the F-to-enter and F-to-remove were
used to test the effect of the choice of entry and
removal criteria on the subset of model variables
selected, and were found to have no effect. Backward
elimination was further used to assess the stability of
the selected independent variable set used in each
regression and was found to have no effect on variable
selection. Instrumental variables were used to capture
seasonal influences on fluctuations in water-quality
parameters. Variables representing each month were
set equal to 1 if data were collected for that month, 0
otherwise (Koutsoyiannis 1977).

The Chow test (Chow 1960) was used to establish the
stability of estimated pre-drought and drought models
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Fig. 1. Invertebrate population abundance (monthly means) during pre-drought and drought periods. Continuous lines = 1977 to
1988 means; dashed lines = 95% confidence intervals; ■ = drought monthly means. Data here and in subsequent figures are indi-

viduals per 500 million litres of water filtered
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to changes in their respective estimation data sets. For
pre-drought models the test was carried out by ex-
panding the estimation data set to include all measure-
ments made during the drought. Drought models were
similarly tested by expanding their data-estimation
sets to include all measurements taken in the pre-
drought period. The Chow test is an F-statistic-based
test. Test significance establishes that changes in the
model variables have occurred as a result of some
event (Koutsoyiannis 1977), and in this instance would
establish the significance of drought effects on the
populations of invertebrates studied.

The statistical assumptions underpinning ordinary
least-squares were verified by examining model resid-
uals for normality, serial correlation and heteroscedas-
ticity. Royston’s extension of the Shapiro-Wilk W-statis-
tic (Royston 1982), applicable to sample sizes between 7
and 2000, was used to judge normality in model residu-
als. The Shapiro-Wilk statistic and its extensions have
been recognized as amongst the most powerful om-
nibus tests for normality (D’Agostino 1986). Normalized
versions of the Royston statistic were computed (Roys-
ton 1982), and may be compared to tabular values for
the standard normal distribution to determine signifi-
cance. Serial correlation was assessed using the runs
test (Law & Kelton 1991). The test is a direct assessment
of the independence assumption for model residuals
applicable when observations are not equally spaced in
time. Values of the test statistic were computed follow-
ing the procedure outlined in Banks & Carson (1984).
Finally, homoscedastic residuals were verified by plot-

ting standardized residuals against fitted model values
and examining the resulting plots for evidence of in-
creasing or decreasing variance, as recommended by
Draper & Smith (1981).

RESULTS

The comparisons of drought and pre-drought mean
monthly abundances for all invertebrates are pre-
sented in Fig. 1, with Mann-Whitney tests demonstrat-
ing significant differences in mean Carcinus maenas
and Gammarus spp. summer and winter sample sizes
and mean summer Palaemon longirostris and Crangon
crangon sample sizes (Table 2). These seasonal differ-
ences are further reflected in model estimates for each
species in the pre-drought and drought periods. Chow
tests indicated that all models were sensitive to
changes in the data set used for estimation, whether
the changes in the estimation data set occurred as a
result of adding the drought period observations to the
pre-drought model estimation data set or vice versa
(Table 3). The results are indicative of structural
change in the underlying function defining the rela-
tionship amongst modelled variables and suggestive of
a significant effect of drought on invertebrate abun-
dance in the estuary. As a result, both pre-drought and
drought models are combined on single plots as a
means of highlighting the significant changes in pop-
ulation trends associated with the onset of drought
(Figs. 2 to 4). 
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Species Winter Summer
Pre-drought Drought p-value Pre-drought Drought p-value

Carcinus 14.2 32.6 0.006 82.3 123.8 0.026
maenas 3.5–18.5 9.0–52.0 41.5–104.0 53.0–160.5

Gammarus spp. 227.5 9.9 0.001 2865.3 57.9 0.001
30.0–405.0 6.0–8.0 38.0–830.0 8.0–45.5

Palaemon 1497.8 88.9 0.188 434.4 96.4 0.009
longirostris 14.5–405.5 2.0–126.0 17.5–515.5 6.5–83.5

Crangon 1496.7 2212.4 0.428 21240.0 8925.6 0.039
crangon 347.5–2067.5 450.0–3390.0 3562.5–27240.0 3762.0–14610.0

Liocarcinus 0.3 0.0 0.918 23.7 24.3 0.470
holsatus 0.0–0.0 0.0–0.0 0.0–21.5 0.3–35.3

Palaemon 0.1 0.1 0.877 0.3 4.5 0.740
serratus 0.0–0.0 0.0–0.0 0.0–0.0 0.0–0.0

Pleurobrachia 7.5 1.3 0.487 2108.5 501.4 0.161
pileus 0.0–1.0 0.0–1.0 1.0–375.0 1.0–28.5

Aurelia 0.0 0.0 0.994 187.1 28.6 0.093
aurita 0.0–0.0 0.0–0.0 6.5–60.5 6.0–36.0

Table 2. Invertebrate population abundance (individuals per 500 million litres of water filtered (see ‘Materials and methods; Sam-
pling methodolgy’ for details). Seasonal means (upper value) and inter-quartile range (lower values) for each population. Signifi-
cant differences between mean pre-drought and drought abundance for winter (January, February, March) and summer (July,
August, September) established using Mann-Whitney U-statistic. Underlined values: differences in p-values significant at α = 0.05
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Comparisons of the pre-drought and drought models
in terms of significant model coefficients and propor-
tion of explained variation are completed in Table 4,
with variables entering into models as significant vari-
ables indicated. Results of the residual normality-test-
ing, normalized version of the Shapiro-Wilk W-statistic

and runs-test statistic are given in Table 3. Reported
values provided no evidence for questioning the statis-
tical adequacy of the estimated models. Standardized
residual plots further confirmed that residuals were
homoscedastic.

During drought periods, temperature becomes the
dominant abiotic influence on species abundance
(Table 4). Only Crangon crangon showed a response to
any other abiotic variable, in this instance oxygen,
which also played a significant role in determining
pre-drought abundance. Seasonal effects are also in
evidence; significant monthly variables occurred gen-
erally in the spring (March to June) period during the
drought, whereas they were spread throughout the
year in the pre-drought period. This may be related to
the significant declines in flow evident during the
same period and the consequent reduction in associ-
ated estuarine flushing. Trends also change between
the pre-drought and drought periods, with Carcinus
maenas switching from a slight downward trend in
abundance to an increase (Fig. 2). There is a halt in the
pre-drought decline in C. crangon abundance during
the drought period (Fig. 3), whilst the Gammarus spp.
population continues the declining trend in pre-
drought abundance throughout the drought period
(Fig. 4). For C. maenas and C. crangon there is also a
notable reduction in the amplitude of variation in pop-
ulation abundance during drought years, due mainly
to higher minima (Figs. 2 & 3).

DISCUSSION

The comprehensive data set obtained from the
Thames estuary (for both invertebrate populations and
physico-chemical variables) has enabled a detailed
assessment of the effects of drought-induced changes
in water quantity and quality on the population
dynamics of the most abundant mobile invertebrate
species inhabiting the mid-estuary region sampled by
the power station. The drought period investigated
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Fig. 2. Carcinus maenas. Model results for population in 1977
to 1988 (pre-drought period) and 1989 to 1992 (drought
period). (a) Predicted versus actual values (dashed line =
actual values; continuous line = model); (b) predictive 95%
confidence limits of model (continuous lines), with actual val-

ues as individual datum points ( )

Model Pre-drought Drought
Shapiro-Wilk Runs test Chow test Shapiro-Wilk Runs test Chow test

normalised W- Z-statistic F-statistic normalised W- Z-statistic F-statistic
statistic statistic

Carcinus maenas –0.602 1.248 5.90 0.614 0.362 5.86
Crangon crangon –0.578 0.421 2.85 1.484 0.000 2.61
Gammarus spp. –0.851 –1.229– 5.07 0.838 –1.112– 3.64

Table 3. Carcinus maenas, Crangon crangon, Gammarus spp. Pre-drought and drought invertebrate model-regression diagnos-
tics. Values of normalized Shapiro-Wilk or the runs test Z-statistic  > 1.96 or < –1.96 indicate non-normal or non-random residu-
als, respectively. Chow test was used to establish stability of estimated model coefficients when estimation data set was
expanded. Tests here used estimated pre-drought and drought models, respectively, and each used expanded data estimation

sets to include data from the other period. All reported F-statistic values were significant at α = 0.05

a

b
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Fig. 3. Crangon crangon. Model results for population in 1977
to 1988 (pre-drought period) and 1989 to 1992 (drought
period). (a) Predicted versus actual values (dashed line =
actual values, continuous line = model); (b) predictive 95%
confidence limits of model (continuous lines) with actual val-

ues as individual datum points ( )

Fig. 4. Gammarus spp.  Model results for population in 1977 to
1988 (pre-drought period) and 1989 to 1992 (drought period).
(a) Predicted versus actual values (dashed line = actual val-
ues, continuous line = model); (b) predictive 95% confidence
limits of model (continuous lines) with actual values as indi-

vidual datum points ( )

Seasonal variables Physico-chemical variables
J F M A M J J A S O N D SA DO TE TR WK r2

Carcinus maenus
Pre-drought ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ 0.60
Drought h h h h h h 0.53

Crangon crangon
Pre-drought ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ 0.65
Drought h h h h h h 0.58

Gammarus spp.
Pre-drought ■ ■ ■ ■ ■ ■ ■ 0.53
Drought h h h h h 0.43

Table 4. Seasonal and physico-chemical variables featuring in pre-drought (■) and drought (h) fitted models for invertebrate
populations, together with adjusted r2 for each model. Value of r2 adjusts for effect of additional explanatory variables and allows
valid comparisons of explanatory power of different model forms. Seasonal variables: J–D = January–December; physico-chem-

ical variables; SA = salinity; DO = dissolved oxygen; TE = temperature; TR = trigger, WK = weeks

a a

b b
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(1989 to 1992) was the driest recorded in the south-east
of England (Littlewood & Marsh 1996), which facili-
tates comparison of population fluctuations with those
observed and described for the pre-drought period
(Attrill et al. 1999). Additionally, significant changes
in salinity, dissolved oxygen, temperature, pH (all
higher), freshwater flow and suspended solids (both
lower) during drought years imply that population
changes can be related to drought-induced variations
in water quality (Attrill & Power 2000).

The species under investigation can be divided into
2 categories: those present in the mid-Thames estuary
over the majority of the year (Carcinus maenas, Cran-
gon crangon, Palaemon longirostris, Gammarus spp.)
and species generally only occurring during the sum-
mer period (Liocarcinus holsatus, Palaemon serratus,
Pleurobrachia pileus, Aurelia aurita). The significance
of drought impacts varied, depending on the habit of
the species. For all summer species there were no sig-
nificant differences in mean abundance between
drought and pre-drought periods, despite apparent
large changes in the reported values (e.g. P. pileus in
summer). This lack of significance (at the α = 0.05
level) largely resulted from the combination of high
variance and small sample size concentrated into a few
months. 

For all 4 main invertebrate species resident in the
mid-estuary region sampled, drought conditions re-
sulted in significant changes in mean values during
summer, with Carcinus maenas and Gammarus spp.
population abundances also varying during winter. In
addition, none of the 3 significant pre-drought models
constructed by Attrill et al. (1999; C. maenas, Crangon
crangon, Gammarus spp.) fitted the data during
drought years, the fluctuations during this period (1989
to 1992) being described by alternative models.

During the drought period, catches of the shore crab
Carcinus maenas were significantly larger in both win-
ter and summer, this being a progressive increase over
the drought years, as evidenced by the positive tempo-
ral trend in the model (Fig. 2). Additionally, the
increased catches in winter resulted in higher minima
during drought years, the consequence being a
notably different model for C. maenas populations,
with a contrasting range of significant seasonal vari-
ables. However, temperature remained the only signif-
icant physico-chemical variable to feature in both
drought and pre-drought models, and highlights the
importance of this parameter as a key environmental
cue for the behaviour of the organism (Naylor et al.
1971, Atkinson & Parsons 1973, Aagaard et al. 1995).
Attrill et al. (1999) defined a ‘trigger’ instrumental vari-
able in their model of C. maenas pre-drought popula-
tions in order to simulate a temperature threshold for
activity, reporting this variable to be most significant at

T = 8°C. This ‘trigger’ variable, however, does not fea-
ture in the C. maenas drought model, but its absence
aids explanation of the increased minima noted for the
model (Fig. 2). Temperatures were significantly ele-
vated during the drought period (Attrill & Power 2000),
with water temperature dropping below 8°C on only 1
occasion (7°C: February 1991). It would therefore
appear that because temperatures generally remained
above the threshold for C. maenas activity over the
drought period, increased numbers of crabs were
caught during winter.

Populations of the brown shrimp Crangon crangon
demonstrated similar patterns during the drought
period to Carcinus maenas, with a reduced range in
recorded abundances and a change in the temporal
trend. C. crangon abundances were significantly lower
in summer, exceptionally large swarms being more
apparent during pre-drought years. In contrast, winter
populations during drought years were maintained at
a slightly higher level (Fig. 3), this stability being
reflected in the lack of a significant temporal trend
during the drought period. C. crangon tend to migrate
to waters of higher salinity during winter (Bamber &
Henderson 1994). As salinity was significantly higher
in the Thames during the drought period (Attrill &
Power 2000), it is probable that C. crangon were over-
wintering further up the estuary, thus increasing the
number caught during winter in the mid-estuary
region. Despite the elevated salinity levels during the
drought years, and reports that the distribution of the
shrimp is governed by responses to salinity (e.g. Lloyd
& Young 1947), this variable remained insignificant in
the drought model for the species. Dissolved oxygen
featured in both drought and pre-drought C. crangon
models, reinforcing the suggestion that this variable is
a major environmental cue for the species (Dyer 1978,
Attrill et al. 1999). Temperature also proved significant
during drought years. Water temperature has been
reported as being a major controlling variable for the
species (Boddeke 1968, Beukema 1992), but its
absence from the pre-drought model suggests that this
factor perhaps only becomes significant when in-
creased above a certain threshold.

During the drought period, Gammarus spp. demon-
strated a significantly reduced population size during
both summer and winter. This difference was partly a
function of a pre-drought downward trend reported by
Attrill et al. (1999), resulting in a mean population sev-
eral orders of magnitude smaller than was previously
present in mid-Thames. However, a significant trend
component in the Gammarus spp. model (Table 4)
indicated that the population size continued to de-
crease during drought years. Additionally, the pre-
drought model could not be fitted to the drought data,
which were better described by an alternative model
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(Table 4), indicating that drought conditions had a sig-
nificant effect on the Gammarus spp. population.
Whilst this change may be explained by an upstream
movement of the population following the reduction
in flows (Attrill 1998, Attrill et al. 1999), the main 
Gammarus species comprising the samples from the
Thames, G. zaddachi, is known to undertake summer
reproductive migrations into more saline water
(Hough & Naylor 1992), and thus large numbers of
individuals would be expected to be sampled at West
Thurrock during the summer months. This was not evi-
dent during the drought period, and the population
size was decreasing prior to the onset of drought, so a
real reduction in Gammarus spp. abundance appears
to have occurred in the Thames rather than a perma-
nent movement to lower-salinity regions.

Any changes in the populations of Carcinus maenas,
Crangon crangon and Gammarus spp. resulting from
drought conditions, or other factors, would have subse-
quent implications for other components of the estuar-
ine food web, as these crustacean species act as both
predators and prey for a wide range of estuarine spe-
cies. Many fish species in particular utilize C. crangon
and Gammarus spp. as major prey items, whereas con-
versely both C. crangon and C. maenas are important
predators of juvenile fishes. Of the most abundant fish
species occurring in the mid-Thames estuary (Thomas
1998) bass Dicentrarchus labrax, sand goby Poma-
toschistus minutus and dover sole Solea solea are all
reliant to some degree on Gammarus spp. as a food
source (Wheeler 1969, Aprahamian & Barr 1985). How-
ever, the amphipods are a major constituent of the diet
of smelt Osmerus eperlaunus and juvenile flounder
Platichthys flesus because of movement by these fish
species into less saline water where Gammarus zad-
dachi is the dominant invertebrate species (Attrill
1998). The reduction in Gammarus spp. abundance
may, therefore, be a contributing factor to the reported
decline in juvenile flounder abundance in the mid-
Thames estuary since the mid-1980s (Thomas 1998).
Additionally, Gammarus spp. are initial hosts of the
intestinal helminth parasite Pomphorhynchus laevis,
with flounder and smelt being the 2 most heavily
infected final hosts present in the Thames (Munro et al.
1998). Any significant changes in Gammarus spp.
abundance could therefore influence the diet and par-
asite load of Thames fish species. 

In European estuaries, Crangon crangon has been
regarded as one of the most pivotal species in estuar-
ine food webs (e.g. Costa & Elliott 1991, Henderson et
al. 1992). Because of its high abundance, the brown
shrimp is the main food source for juvenile and adult
stages of several major fish species, such as flounder,
sand goby (Wheeler 1969) and juvenile gadoids (Kühl
& Kuipers 1979). C. crangon numbers have been re-

corded to crash following large influxes of whiting
Merlangius merlangus (Berghahn 1996), whilst Elliott
& Taylor (1989) confirmed that predation on epibenthic
shrimps results in bottom-dependency for several fish
species. However, C. crangon has a further influence
on food-web structure through predation on other
invertebrates (e.g. Nilsson et al. 1993, Kamermans &
Huitema 1994) and settling juveniles of flatfish species
(e.g. Modin & Pihl 1996, Wennhage & Gibson 1998).
Such predation on juvenile fishes has also been
recorded for Carcinus maenas (Ansell et al. 1999), so
significant reductions or increases in either of these
species due to drought conditions are likely to have
consequent effects on the structure of estuarine food
webs at several trophic levels. Certainly, the relation-
ship between drought-induced changes in water qual-
ity and invertebrate and fish population-dynamics
requires further investigation. Currently, however, it is
clear that changes in the amount of freshwater enter-
ing an estuary can have significant effects on the pop-
ulations of organisms inhabiting an estuarine system.
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