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Abstract: The River Axe, a lowland river in South—west England is used as a model system for describing how
ecological status assessments can be applied in practice. Seasonal sampling over a three—year period established a
strong baseline against which future changes could be assessed. These indicated that the river was enriched with
nutrients and that ecological status was significantly below the good/moderate status boundary, implying the need
for a Programme of Measures to be implemented. Reductions in both point and diffuse sources of nutrients led
to changes in the diatom assemblage, reflected by increasing EQRs at monitored sites. An understanding of the
uncertainty inherent in diatom—based ecological status assessments allows the success of control measures to be
assessed. In the case of the River Axe, diatom-based assessments suggest that the river is now close to good status
at many monitored sites, although there is still evidence of some nutrient enrichment.
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Introduction

ZELINKA & MarvaN (1961) introduced the
weighted average equation to freshwater ecology,
thus providing an objective and quantitative
means of summarising changes in often-complex
assemblages of species along environmental
gradients. The approach has been used widely
by diatomists, both for the measurement and
assessment of pollution in rivers (Descy 1979;
CostE in CEMAGREF 1982, KELLY & WHITTON
1995) and for environmental reconstructions
(Birks et al. 1990, Bennion et al. 1996). The
equation is the basis for many methods developed
to meet the requirements of the Water Framework
Directive (WFD; EurorEAN UNION 2000; see KELLY
et al. 2009a) and, therefore, plays a significant
role in water management in Europe, almost half
a century after it was first introduced.

The WFD has spawned a huge quantity of
research in recent years (Tison et al. 2005, RIMET
et al. 2004, ScHaumMBURG et al. 2004, KELLY et
al. 2008); most of which shares two features.
The first is that almost all national methods
are based on indices developed prior to the
WEFD, and which focus on establishing a strong

relationship between diatoms and water quality,
rather than attempting to assess ecological status
directly. The second is that, until now, the focus
has been — rightly — on establishing approaches
for surveillence that can be applied consistently
within an entire country and which are, thanks
to intercalibration exercises, comparable within
broader regions (Birks & HeriNnGg 2009, KeLry
et al. 2009a). However, having identified those
water bodies that fail to achieve “good ecological
status (GES)”, Member States are then required
to apply “Programmes of Measures” in order for
these to achieve GES. In order to do this, they will
need to identify those pollution sources that are
responsible for the failures within a water body
in order to ensure that investment in water quality
improvements leads to benefits in ecological
status. This paper describes an instance where
diatoms were analysed with a view to providing
decision-makers with the information they need
to plan the measures necessary to bring about
ecological improvements. As the WFD is not yet
fully in force in the UK this is not technically a
Programme of Measures designed to bring this
water body back to GES, but an example drawn
from UK implementation of the Habitats Directive
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(EuropPEAN CommuNITY 1992) from which lessons
relevant to the WFD may be learnt. The paper
then goes on to describe the consequences for
the diatom flora of such steps and to highlight
some issues about how ecological status concepts
should be understood and applied. This final
point is important because, whilst weighted
averaging has proved to be a valuable means
for summarising chemical information, there is
a danger that the indiscriminate use of metrics
based on this equation will result in the loss of
valuable ecological information. This happens, in
part, because diatom—based metrics, by their very
nature, ignore changes in non-diatom components
of stream floras (KeLLy et al. 2009c) but also
because these metrics were developed in an era
before ecological health concepts were integral to
river basin management.

Materials and methods

Study site

The River Axe rises at 190 m above sea level in rich
agricultural land over the mixed geology (mostly
Triassic mudstones and Cretaceous sandstones) of
south Devon, and flows 45 km west, then southwest
to join the English Channel at Seaton (Fig. 1).
Nutrient concentrations are high due to a combination
of intensive agriculture along with a creamery,
whose effluents enter the river at km 22 (Chard) and
various small sewage works, the largest of which
is downstream of Axminster (km 32). Despite this,
the section between Wadbrook (approx. km 25) and
Colyford, at the tidal limit (km 45) has been designated
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Fig. 1. The River Axe, showing location of sample sites on
the main river. Arrow indicates the position of the input from
St Ivel creamery. Inset: location of River Axe catchment
within Great Britain
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as a Special Area of Conservation, under the terms of
the Habitats Directive (EuroPEAN CoMMUNITY 1992), as
a representative example of a “water course of plain
to montane levels with the Ranunculion fluitantis
and Callitricho—Batrachion vegetation”. The mixed
catchment geology of sandstones and limestones gives
rise to calcareous waters where Ranunculus penicillatus
ssp. pseudofluitans (SyME) S. WEBSTER dominates,
giving way to R. fluitans Lam. further downstream.
Short-leaved water—starwort Callitriche truncata Guss.
is an unusual addition to the Ranunculus community
for the UK and gives additional interest. Cladophora
glomerata (L.) Kutz. is common throughout the
catchment. Although the invertebrate fauna is healthy
(ENVIRONMENT AGENCY, unpublished data), there have
been problems with salmonid recruitment in recent
years, thought to be due to siltation of breeding grounds.
There are, in addition, three fish species of European
importance (bullhead Cottus gobio L., brook lamprey
Lampetra planeri BLocH, and sea lamprey Petromyzon
marinus L.).

Mass balance modelling in 2004 (Asu et al. 2004)
showed that about 63 tonnes per annum of phosphorus
entered the river, split almost equally between point
and diffuse sources. About half the point source
load came from a single input — a discharge from the
creamery at km 22,

Diatom sampling and analysis

15 sample sites were selected along the River Axe, in
order to permit the influence of key inputs and tributaries
to be differentiated. A sample was collected from each
site in spring (March — May); summer (June — August)
and autumn (September — November) of 2002 and
2003. In addition, summer and autumn samples were
collected in 2001 and some sampling also took place
in 1998. A limited sampling program continued after
diffuse nutrient control measures had been introduced
in parts of the catchment between 2004 and 2006, with
samples collected from five sites on the River Axe,
located close to areas where these control measures
had been implemented, along with tributary streams
draining catchments where control measures had also
been implemented.

Five cobbles were collected from mid-stream and
placed into a tray with a little stream water and the top
surface of each was brushed with a clean toothbrush
in order to remove the biofilm (KEeLLy et al. 1998;
CEN 2003). The resulting suspension was collected in
a plastic bottle, fixed with Lugol’s iodine and stored
prior to analysis. Samples were digested either in a
saturated solution of potassium permanganate and
concentrated hydrochloric acid (HENDEY 1974) or with
hydrogen peroxide (BATTARBEE 1986). Permanent slides
were prepared using Naphrax (refractive index = 1.74,
Brunel Microscopes Ltd) as a mountant.

At least 300 valves on each slide were identified to
the highest resolution possible and usually species
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or variety (CEN 2004). The primary floras and
identification guides used were KrRaMMER and LANGE—
Bertaror (1986, 1997, 2000, 2004) and HARTLEY,
BarBER and CArTER (1996). All nomenclature was
adjusted to that used by WHirtoN et al. (1998) which
follows conventions in Rounp, CRAWFORD & MANN
(1990) and Fourtanier & KocioLek (1999).

Data analysis

The Trophic Diatom Index (TDI) was calculated for all
samples, and used to derive Ecological Quality Ratios
(EQRs) as (100 — observed TDI] / [100 — expected
TDI]. The expected TDI for rivers was calculated
using the algorithm in KeLry et al. (2008) which uses
alkalinity and season as variables. Annual mean total
alkalinity data are available only for 2003 and not for
all sites. Values for sites that lacked measurements are
the means of the upstream and downstream values. As
total alkalinity levels are high in the Axe, the effect of
these interpolations is insignificant.

The Trophienindex of RotT et al. (1999) and the Trophic
index of CorING et al. (1999) were also calculated but
these gave very similar results to the TDI and are not
shown in this paper.

Chemical data were supplied by the Environment
Agency and consist of averages of monthly samples.

Results

Annual mean nutrient concentrations in the River
Axe between 2000 and 2003 were elevated with
even sites close to the source close to the target
concentration for phosphorus for “good ecological
status” in lowland high alkalinity rivers (Fig
2). There is a sharp increase in P concentration
downstream of the creamery at Chard (km 22)
and it remains elevated until the tidal limit whilst
N concentrations show a gradual increase until
approximately km 25 and then decline again
towards the tidal limit. Analyses of elemental
ratios (not presented here) suggest that P was
more likely to be the limiting nutrient throughout
the catchment, though other factors (e.g. light,
temperature) may also have limited primary
production.

Achnanthidium minutissimum (K0t1z.) CZARNECKI
was abundant in samples from the first 10 km of
the River Axe, particularly in spring. At other
times of the year and at all sites downstream
from here, however, samples were dominated by
taxa more indicative of moderate or high nutrient
concentrations. The spring samples at these lower
sites were dominated by Navicula lanceolata (AG.)
EnrenB.and Navicula gregaria DoNKIN, whilst
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autumn samples were dominated by Amphora
pediculus (Kutz.) Grunow. These seasonal
changes are fairly characteristic of lowland rivers
in the UK.

TDI values in the River Axe showed relatively little
longitudinal variation, except at the uppermost
sites (Fig. 3a). The mean EQR value for all sites fell
below the threshold EQR value of 0.68, and only
two samples from Cheddington, the uppermost
site, falling into high or good status (Fig. 3b). The
first three sites on the river (Cheddington, u/s and
d/s Mosterton) all had three—year mean values
that indicated moderate status but all other sites
would be classified at poor status on the basis of
these results.

Phosphorus concentrations declined throughout
the study period (Fig. 4). Data for Whitford
Bridge, a site downstream of major point and
diffuse inputs, show this clearly, with a steep
decline from a peak in the middle of 2001, as
production was scaled back at the creamery,
followed by a more gradual decline from early
2004 onwards, as diffuse pollution controls were
introduced. However, P concentrations in the
river still oscillate around the target concentration
of 0.125 mg I'". These nutrient reductions led to
a concomitant increase in EQR at the five sites
on the main river where monitoring continued
(Fig. 3b), caused principally by an increase in the
proportion of Achnanthidium spp in the samples.
This was particularly pronounced at Broom (Fig.
5a), demonstrating a rising trend, starting in the
middle of 2003, and continuing until the end of
the study, when samples were achieving good
ecological status. A similar trend was observed
when all data from sites (main river and tributaries)
monitored from 2004 onwards were pooled (Fig.
5b) with a significant (P < 0.001) upward trend
in EQRs. At least two forms of Achnanthidium
were observed in these samples: Achnanthidium
minutissimum (KUtz.) CZARNECKI Sensu stricto
along with small, rhombic—lanceolate valves
attributed to Achnanthidium cf. eutrophilum
(LANGE-BERT.) LANGE—BERT.

Discussion

A key objective of the WFD is that all water
bodies should achieve good ecological status by
2015 (European Union 2000: Article 4). Until
now, discussion in the literature has focussed
primarily on developing means of establishing
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Fig. 2. Longitudinal change in annual mean concentrations
of a) dissolved phosphorus (orthophosphate—P) and b) total
oxidised nitrogen (TON) in the River Axe between 2000 and
2003. The source is defined as the furthest upstream point
of the river which appears on an Ordnance Survey 1:50000
scale map. Dotted line indicates position of the proposed
regulatory standard for P in lowland, high alkalinity UK
rivers (0.125 mg I''; no similar standard exists for N). Arrow
indicates the location of the creamery.

transferable concepts about how ecological status
should be assessed (HERING et al. 2006, KELLY et
al. 2009a) and less on how ecological data can be
used to support decision making at the catchment
scale. In this study, several components of a
classic before—after—control-impact study (BACI;
UnNpERWOOD 1991) are in place, with an extensive
period of monitoring prior to the introduction of
control measures in order to establish a baseline
against which future changes can be assessed.

The Axe presents an interesting paradox
being simultaneously, a river of apparently high
conservation value yet clearly nutrient enriched
and unlikely to achieve good ecological status.
Changing land use practices within the catchment
may explain part of this, with the possibility
that the rapidly-responding diatom assemblages
were indicating a situation that could, in time,
lead to degradation of the slower—responding
macrophytes unless action was taken.

Decisions to implement Programmes
of Measures cannot be taken lightly, as large
investment is required, impacting both on
public finances and the profitability of private
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Fig. 3. (a) observed (closed circles) and expected (open
circles) values of the TDI in the River Axe; (b) EQR values
in the River Axe, based on data collected between 1998 and
2003 (closed circles) and between 2004 and 2006 (open
circles). Solid line indicates the mean EQR value at each site.
The solid line represents the boundary between good and
moderate ecological status whilst the dashed line corresponds
to EQR = 0.68 (the point on the EQR scale when there is
>95% confidence that a site is not at good status — see KELLY
et al., 2009b for more details).

enterprises. Whilst water quality planners have
experience of linking pollutant loads in rivers to
known sources via mass—balance models (e.g.
Howpen et al. 2009), the WFD introduces an
extra tier of uncertainty, as the primary criterion
for establishing whether a river achieves desired
status is ecological. The fast growth rates and
rapid community turnovers means that diatoms
respond rapidly to environmental changes (see
above) although, at the same time, this can mean
that diatom assemblages are more variable than
assemblages of other organism groups (SPRINGE et
al. 2006, Lavoie et al. 2008). KeLLy et al. (2009b)
describe the implications of different sample sizes
on uncertainty, pointing out that a sample that is
close to a boundary inevitably has a relatively
high risk of misclassification. Modelling, based
on these data, has allowed the point on the EQR
gradient where one can be 95% certain that a
site is not at high or good status to be identified
and we can therefore state, with a high degree of
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Fig. 4. P (as ortho-phosphate) concentrations in the River Axe at Broom (km 25), between 2000 and 2006.

confidence that a Programme of Measures on a
river such as the Axe is likely to yield ecological
benefits.

This was, indeed, the case, with a pronounced
change in the TDI and EQR accompanying the
nutrient control measures, reflecting a shift in
community composition away from one dominated
largely by motile taxa and towards one where
short—stalked Achnanthidium was more abundant.
Interpretation is not, however, straightforward as
the Achnanthidium—dominated assemblage was
actually a mixture of 4. minutissimum and A. cf.
eutrophilum, the latter having a preference for
more nutrient-rich waters (Potapova & HAMILTON
2007). Some diatom metrics (e.g. Indice de
Polluosensiblité, Coste in CEMAGREF 1982)
would have applied separate sensitivity value to
these two taxa and, perhaps, damped down the
effect of changes in the River Axe. This raises
an interesting question about whether a change
in species composition necessarily indicates
a change in ecological status or whether it is
possible for a change in pressure to result in a
change in composition but for the ecological
status to remain unchanged. The WFD defines
ecological status as “an expression of the structure
and functioning of aquatic ecosystems” (European
Union 2000: Article 2) and we argue that a change
from a largely—motile assemblage to one with
a high proportion of stalked diatoms suggests a
significant change in structure and, therefore,
qualifies as a change in status. The presence of 4.
eutrophilum should not, therefore, influence the
status designation per se although it serves as a
warning that nutrient levels are still elevated.
This problem is compounded by the relatively
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Fig. 5. (a) change in EQR over time at Broom. Trend line is
moving average based on n = 6 samples; (b) change in EQR
at all sites (main river and tributary) monitored from 2004
onwards. R?=0.36. Dashed lines indicate EQR = 0.68 (the
point on the EQR scale when there is >95% confidence that
a site is not at good status) and EQR = 0.88 (the point on the
EQR scale when there is > 95% confidence that a site is not
at moderate status or less).

uncritical adoption of existing metrics to fulfil
the needs of the WFD (exemplified by HErRING
et al. 2006) and by a focus on the various
biological quality elements separately rather than
development of an integrated view of “ecological
status” that reflects how different organism
groups knit together within the stream ecosystem.
To this end, we suggest that grazing invertebrates
are probably better judges of whether a shift in
species composition of diatoms is significant
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than taxonomists, however experienced. This
opens the door towards a second generation of
tools for evaluating ecological status, integrating
information from across taxonomic groups.
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