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Abstract

A new in-stream model of phosphorus (P) and macrophyte dynamics, the Kennet Model, was applied to a reach of
the River Kennet to investigate the impacts of changing flow conditions on macrophyte growth. The investigation was
based on the assessment of two flow change scenarios, which both included the simulation of decreasing total
phosphorus concentrations from a sewage treatment works due to improved effluent treatment. In the first scenario,
the precipitation and potential evaporation outputs from a climate change model (HadCM2 GGx) where input into
the catchment model INCA to predict the mean daily flows in the reach. In the second scenario, the mean daily flows
observed in a historically dry year were repeated as input to the in-stream model to simulate an extended low flow
period over 2 years. The simulation results suggest that changes in the seasonal distribution of flow were not
detrimental to macrophyte growth. However, the simulation of extended periods of low flow suggests that a
proliferation of epiphytic algae occurs, even when the in-stream phosphorus concentrations are reduced due to
effluent treatment. This epiphytic growth was predicted to reduce the macrophyte peak biomass within the reach by
approximately 80%. Thus, the model simulations suggest that flow was more important in controlling the macrophyte
biomass in the River Kennet, than the in-stream phosphorus concentrations, which are elevated due to agricultural
diffuse sources. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Macrophyte growth is dependent on a range of
environmental and biological factors including
nutrient availability, flow, turbulence, solar radia-
tion, water temperature, sediment depth and epi-
phytic growth (Ham et al., 1981). Perturbations in
these factors determine the relative abundance of
different macrophyte species and therefore, it is
important to identify the potential impacts of
likely perturbations in these controlling factors on
the plant community, particularly if the commu-
nity includes a rare or highly valued genus or
species. For example, Ranunculus is important in
the Chalk streams of southern England because
the plant provides a habitat for invertebrates and
fish. Furthermore, given the distribution of such a
species can influence the utilisation of the water
resource in terms of effluent discharge, abstrac-
tion and recreational activities then for resource
management it is important to understand how
the system functions.

Phosphorus (P) is now recognised as the major
limiting nutrient in UK freshwater systems, and
as such is probably the key nutrient in determin-
ing macrophyte growth. The main sources of P to
lakes and river systems are from diffuse agricul-
tural sources and from sewage treatment works
(STW) and industrial point sources (Jarvie et al.,
1998). Nutrient enrichment resulting from these
sources is a growing problem in many UK low-
land rivers, especially during the summer when
there is less water available to dilute the sewage
inputs. The balance between sewage inputs and
river flow is subject to change in the UK lowlands
due to increasing urbanisation, groundwater ab-
straction and projected patterns of climate vari-
ability leading to higher evapotranspiration and
correspondingly more extreme low-flow condi-
tions (CCIRG, 1991; Hulme and Jenkins, 1998).
Low flow conditions can encourage epiphytic al-
gal growth and under such conditions, the epi-
phytes, and the detritus that they trap, can form a
thick layer that shades the macrophyte’s surface,
thus restricting the macrophyte’s rate of pho-
tosynthesis (Sand-Jensen, 1977; Phillips et al.,
1978). Given the potential adverse impacts on
river ecology due to P enrichment and reduced

flows, it is important to understand and quantify
how changes in P availability, flow and epiphyte
growth will affect macrophyte growth. However,
developing strategies to control the impacts of
phosphorus on the aquatic ecology is difficult
because phosphorus in aquatic environments is
highly dynamic, with phosphorus cycling between
the water column, the sediments and the biota
(Mainstone et al., 2000). Furthermore, the effects
of the controlling factors on macrophyte growth
are an integrated result, and as such it is difficult
to determine the affect of an individual factor. To
this end, mathematical models are useful as they
serve as an aid to understanding complex systems
and, moreover, they begin to quantify future
changes under likely scenarios.

A new mathematical model of in-stream P and
macrophyte dynamics, the Kennet Model, has
been recently developed and applied to a reach of
the River Kennet (Wade et al.,, 2002a,b). The
River Kennet provides an important case study
for two reasons. Firstly, the Kennet drains a
catchment underlain mainly by a Cretaceous
Chalk aquifer that is typical of large areas of
lowland UK, and secondly, P has been removed
from the effluent of a STW located in the river’s
upper reaches. The objective of the work pre-
sented is to apply the model to explore how the
physical and chemical factors control macrophyte
and epiphyte growth. Thus, whilst it is recognised
that biological factors such as species competition
will also affect the macrophyte growth, these fac-
tors are not considered in this case. Specifically,
the work presented aims to assess how macro-
phyte biomass responds to: (a) a flow change
scenario generated by a climate change model;
and (b) the simulation of a 2-year low flow period.
With respect to each aim, the response will be
assessed against a background of high (pre-P re-
moval) and low (post-P removal) P inputs from
the STW.

2. Study area, sampling and analysis
The River Kennet (approx. 1100 km?) drains a

Cretaceous Chalk catchment in southern England
(Fig. 1). Rising from a source at 190 m, the river
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Fig. 1. Schematic of the River Kennet Catchment. The inset shows the location of Cretaceous Chalk within England.

flows broadly eastwards for approx. 40 km before
entering the River Thames at Reading. The Cre-
taceous Chalk is fairly ubiquitous within the
catchment and covers approximately 80% of the
total area. Gently sloping valleys dominate the
relief and the altitude ranges from 32 m at the
confluence with the Thames, to 294 m at the
highest point on the Marlborough Downs. The
Kennet has five major tributaries: the Lambourn;
the Enbourne; the Dun; the Og; and the Ald-
bourne.

The hydrology of the Kennet catchment, taken
from NERC (1998) is, in brief, as follows. The
long-term annual precipitation over the catch-
ment is 774 mm, though approximately only 38%
becomes river flow due to high evapotranspira-
tion. Much of the precipitation is percolated into
the Chalk aquifer, and consequently the flow re-
sponse is highly damped, except in the clay-lined
River Enbourne tributary. The long-term annual
mean flow at Theale, the lowest gauging station
on the Kennet is 9.5 m® s™! (or 291 mm of

runoff), and the Q10 and the Q95 flows are
estimated as 16.7 and 3.7 m® s™!, respectively.
The catchment is mainly rural, with arable agri-
culture being the predominant land-use. There
are several large towns along the main stem, and
as such, treated sewage and industrial effluent is
discharged directly into the Kennet. The catch-
ment provides water for public and industrial
supply by means of direct surface and ground-
water abstractions. A substantial yield of 70-90
Ml day ! is abstracted from the chalk aquifer by
33 boreholes arranged in seven well fields that
make up the West Berkshire groundwater scheme.

The upper Kennet is the subject of an ongoing
investigation whose primary objective is to assess
the impact of effluent from Marlborough STW on
the receiving watercourse (Neal et al., 2000). In
this study, the model is applied to a reach that
lies 1.5-km downstream of Marlborough gauging
station, and is itself 1.5-km long from site 2 to site
3 (Fig. 1), Marlborough STW discharges immedi-
ately upstream of the reach. Weekly water chem-
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istry samples were taken upstream of the reach
and the STW at Clatford (site 1), and from the
downstream end of the reach at Mildenhall (site
3) from June 1997 to December 1999. These
samples were analysed for total phosphorus (TP),
soluble reactive phosphorus (SRP), boron (B) and
suspended sediment concentrations amongst other
determinands (Jarvie et al., 2002a). Thames Wa-
ter provided mean daily flows and TP concentra-
tions relating to the effluent discharged from
Marlborough STW. An automatic weather station
(AWS) was located alongside the reach providing
daily solar radiation data, and a Hydrolab contin-
uous monitor was also installed thereby providing
daily water temperature data. The macrophyte
and epiphyte biomass within the reach was mea-
sured when practical between April 1998 and
December 1999 (Flynn et al., 2002). The epiphyte
biomass measured provides an estimate of the
algal growth on the macrophytes. The flows in the
reach were calculated by mass balance from the
daily measurements recorded at the Environment
Agency gauges located on the Kennet at Marl-
borough and Knighton, the Og at Marlborough
and the Aldbourne at Ramsbury (Wade et al.,
2002a).

3. Methods
3.1. Kennet model description

The Kennet model is described in detail else-
where (Wade et al., 2002a,b). Briefly, the model is
a mathematical representation of the major stores
in the aquatic P cycle, and the in-stream processes
that determine the transfer of P between those
stores (Fig. 2).

At present the model, which is dynamic and
operates on a daily time step, is designed to
simulate a single reach. As such, it simulates the
mean daily flow, SRP, TP, boron and suspended
sediment streamwater concentrations in the water
column, and the SRP concentrations in the pore
water and the TP associated with the bed sedi-
ments (Table 1). In addition, the model also simu-
lates the resuspension of bed sediment, the depo-
sition of suspended sediment and the effects of

the P concentrations on the growth of the macro-
phyte and epiphyte populations within the reach,
and the subsequent feedback that such growth
has the water column SRP and TP concentra-
tions. Inputs to the model include measured and
estimated time series data describing the flow,
sediment and TP concentrations into the reach
(Table 2). Streamwater TP and SRP concentra-
tions are simulated in this first instance because
TP is a measure of the total amount of P in the
system and therefore, useful for mass balance,
whilst SRP is a measure of the dissolved P in the
streamwater which is biologically available. Fur-
thermore, measured SRP and TP concentrations
are available for a site upstream (Fig. 1, site 1) of
the STW input, at the end of the Mildenhall
reach and for the STW final effluent. It is as-
sumed that TP is the sum of SRP + PP + SUP
where PP is the particulate phosphorus and SUP
is the soluble unreactive phosphorus (also known
as DHP, dissolved hydrolysable phosphorus). In
this study, the total macrophyte biomass is de-
fined as including all submerged and emergent
species, given all macrophytes will influence the
total phosphorus available. Mass-balance equa-
tions are used to quantify the amount of P (and
carbon in the case of the macrophytes and epi-
phytes) associated with the different stores in the
aquatic P cycle (Table 3). The rates of mass
transfer between stores are modelled as first-order
(linear) exchanges and these rates are repre-
sented as parameters in the equations (Table 4).

3.2. Model calibration

The model was initially calibrated to the
observed mean daily flow, weekly TP and SRP
concentrations and the weekly macrophyte and
epiphyte data. For model calibration the period
simulated was from 1 January 1997 to 31 Decem-
ber 1998. This period was chosen because all the
necessary input data were readily available and,
moreover, the period covers times before, during
and after effluent treatment at Marlborough STW
where effluent treatment began in September
1997. Determining a unique set of model parame-
ters through calibration is difficult because of
structural uncertainty in the model, and the prob-



A.J. Wade et al. / The Science of the Total Environment 282—283 (2002) 375-393

379

SRP IN
STREAMWATER
TP out
A T
e $ Iy
s| S 8
al & S
EPIPHYTES u:. 5 % TP from
* solar radiation s 3 TP IN ¢ sTW
* water temperature [<E—— ) STREAMWATER
* P availability upstream
¢ death < TP
£
y ::{ P associated P associated
3 with sediment with sediment
7 epiphyte smothering | settling resuspension
MACROPHYTES
* solar radiation PIN
* water temperature BED
* P availability SEDIMENT
* self-shading L — E ———
* epiphyte smothering <8
* death o 3 8
g 3|8
H g
v
processes affecting transfer
of phosphorus
PO F?SCVTTER y factors affecting stores of

phosphorus

Fig. 2. Schematic of the model of in-stream phosphorus dynamics showing the main stores and transfer processes. The model is

described in detail in Wade et al. (2002a).

lems associated with scaling field data in both
space and time to provide appropriate parameter
values (Oreskes et al., 1994; Neal et al., 2002).
Given this, model calibration was achieved using
a Monte Carlo technique. Namely, the model was
run 10000 times and the output compared against
a set of pre-defined behaviour criteria. These
criteria and the model set-up are identical to that
described in Wade et al. (2002b) and are sum-
marised in Table 5. On each run, parameter val-
ues where chosen randomly from specified ranges
determined from the literature. Each parameter
set that generated a model output that fitted the

behaviour criteria was kept, and subsequently
used for the model scenario runs. Of the 10000
runs, 277 parameter sets that produced model
output that matched the behaviour criteria were
identified. Since the model is dependent upon
initial conditions then the first 30 days of model
output where not used in the calculation of any
statistics used to check the model output with the
behaviour criteria. During this initial period it is
assumed that the dependency of the model out-
put on the initial conditions shifts to a depen-
dency on the input time series. This assumption
seems reasonable for three reasons. Firstly, the
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Table 1
Model outputs

Variable Description Units

X Flow out of reach at time, ¢ ms™!
X, Suspended sediment at time, ¢ mgl !
X3 Moveable bed load at time, ¢ kgm 2
Xy TP in water column at time, ¢ mgP1 !
Xs B in water column at time, ¢ gPm™?
X TP in pore water at time, ¢ mgP1 !
X Macrophyte biomass at time, ¢ gCm?2
Xg Epiphyte biomass at time, ¢ gC m~?
Xq Grain diameter suspended at time, ¢ pm

X1 Concentration of sediment resuspended or settled at time, ¢ mgl™!
Xy SRP in water column at time, ¢ mgP1 ™!
X SRP in pore water at time, ¢ mgPI1!
T, Residence time of water in reach at time, ¢ day
VEL Water velocity in reach at time, ¢ m’ s !

initial conditions relating to flow, TP concentra-
tion and the macrophyte and epiphyte biomass
are derived from observed data. Secondly,
observed daily flow and weekly TP concentration
time series are used as input data. Thirdly, previ-

Table 2
Input time series and constants

ous simulations show that the output flow, sus-
pended sediment, SRP and TP concentrations
from the first day of the simulation match to a
reasonable degree of accuracy those observed
(Wade et al., 2002b).

Input variable Description Units Measured /
Time series Estimated
u; Flow into reach at time, ¢ m’s™? E?
U, Suspended sediment at time, ¢ mg Sed | ! M
U B in water column at time, ¢ mgB17! M
u, TP in water column at time, ¢ mg P 1! M
us Flow into reach from STW at time, ¢ m’ s ! M
U TP concentration in sewage effluent at time, ¢ mgP1™! M
R Solar radiation at time, ¢ Normalised 0—-1°¢ M
T Water temperature at time, ¢ °C M
U Lateral flow into reach at time, ¢ m’s™? E?
U B concentration in sewage effluent at time, ¢ mg B 1! E®
Constants
L Reach length m M
w Reach width m M
PM Change in potentially moveable bed mass kg pm ! M
with respect to grain diameter
By, Total B concentration mg B 1! E
from all sources into
reach at time, ¢
P, Total TP concentration mgP17! E

from all sources into
reach at time, ¢

Abbreviations: M = measured data available for input; E* = flows estimated from measurements at nearest gauging stations;
E’ = B effluent input estimated from mass-balance within reach. “The original time series of net radiation values (W m~2) were

normalised to the range 0 to 1 by dividing by the maximum value observed.
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Table 3
The model equations

Determinand Equation
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Table 4
Model parameters

Parameter Description Units Value or Range Range used in Reference
given in or Monte Carlo
derived from simulations
the literature
¢ Sediment pmsm > 1-10 5-50 Estimated
resuspension /settling
c, Pore water depth [Z] 0.25-0.45 0.25-0.45 Estimated
(multiplier)
c3 Proportion of P gP g71 C 0.0054 0.0054* Dawson, 1976
in epiphytes
¢, Epiphyte growth m?gC 'day™!  0.004-0.04 0.004-0.04 Chapra, 1997
rate
Cs Half-saturation mg P 1! 0.0002-0.496 0.002-0.2 Bowie et al., 1985
of P for epiphyte
growth
K K, for suspended dm’ kg~ 200 100-300 Jarvie et al., 2002a
sediment
Cq P exchange day™! 0.4-86.4 0.3-3.0 Wagner and Harvey, 1997
(water column \
pore water)
cg Precipitation of day71 0.68 0.35-1.05 House et al., 1995
P in water column
Co K, for bed (] 0.1-1.0 0.1-1.0 Jarvie et al., 2002a
sediment, K2°¢ (as a
fraction of K,;™*)
Cio Macrophyte day ™! 0.1-0.8 0.2-0.6 Dawson, 1976
growth rate Wright et al., 1982
ci Half-saturation mgP17! 0.0002—-0.496 0.002-0.2 Bowie et al., 1985
of P for
macrophyte
growth
Cin Self-shading gC m? 74 10-50 Dawson, 1976
C13 Bed (bulk) m 0.1-1.0 0.1-1.0 Estimated
sediment depth
4 Macrophyte sgC 'day™! 0.01-0.3 0.01-1.0 Chapra, 1997
death rate
Cis Proportion of P gPg™' C 0.0054 0.0054* Dawson, 1976
in macrophytes
Cip Epiphyte death rate s day;1 m 0.01-0.05 0.01-0.05 Bowie et al., 1985
Oy Macrophyte [2] 1.01-1.066 1.066* Bowie et al., 1985
temperature
dependency
0p Epiphyte [@] 1.01-1.066 1.066* Bowie et al., 1985
temperature
dependency
n Porosity [@] 0.3 0.3% Chow et al., 1988
Ps Bulk sediment kgm’ 2.65 2.65% Chow et al., 1988
density
A Velocity—flow m~2 0.18 0.18 Estimated
parameter
B Velocity—flow D] 0.68 0.68 Estimated
parameter

*Model parameters fixed with a single value for model simulations since literature suggested these were the most appropriate
values. Estimated = parameter values estimated through calibration and expert knowledge.
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Factor Behaviour Reference
Macrophyte Peak macrophyte biomass must be <100 g C m? Dawson, 1976
biomass inyear 1 and >50gC m~? and 1< 150 gC m~%in Wright et al., 1982
year 2 Flynn et al., 2002
Peak macrophyte biomass must occur between 1
May and 1 August in year 1 and between 1
August and 1 October in year 2
Epiphyte biomass The peak in the epiphyte biomass must occur
between 1 May and 1 September in year 1 and
between 1 August and 1 December in year 2
Suspended Daily suspended sediment concentrations must Jarvie et al., 2002a
sediment be greater than 0.2 and less than 250 mg 1!

Pore water SRP

Water column SRP

Mean annual pore water SRP concentrations
must be greater than 0.1 and less
than 10 mg P 1™+

Mean annual water column SRP concentrations
must be less than 0.2 mg P 17"

Jarvie et al., 2002a

Jarvie et al., 2002a

3.3. Model scenarios

To investigate the potential impact of climate
change and hence changing flow conditions on
the P and macrophyte dynamics, two scenarios
were investigated. The first scenario investigated
the impact of altered flow seasonality caused by
the spatial and temporal shifts in the global pat-
terns of precipitation, evaporation and tempera-
ture. The second investigated the affects of a
2-year low flow period. In the subsequent sections
of this paper the flow seasonality and extended
low flow scenarios are referred to as scenario 1
and 2, respectively.

3.4. Seasonal flow patterns

To determine the impact of changes in flow
seasonality, a new mean daily flow input time
series was generated for 1997 and 1998. This was
achieved by using forecasted changes in precipita-
tion and potential evaporation derived from the
Hadley Centre Coupled Model version 2
(HadCM2), a general circulation model (Johns et
al., 1997) to scale precipitation data, and then by

running the scaled precipitation through the
INCA model (integrated nitrogen catchment
model, Whitehead et al., 1998) to generate the
new flow time series (Limbrick et al., 2000). The
precipitation data was obtained from the Meteo-
rological Office as a spatially weighted average
for the Kennet catchment. This precipitation data
was scaled by the forecasted percentage change in
precipitation and then converted to hydrologically
effective precipitation by using MORECS and the
modelled potential evaporation derived from
HadCM2 (Thompson et al., 1981; Hough et al.,
1997; Table 6). An estimated soil moisture deficit
time series was also derived. The HadCM2 model
is a coupled ocean-atmosphere general circula-
tion model (GCM) with a spatial resolution of
2.5° latitude X 3.75° longitude. The output from
the model, which relates to a period approxi-
mately 2050, was disaggregated to 0.5° X 0.5° grid
squares to provide data for the location of the
Kennet catchment (Limbrick et al., 2000). The
climate change simulations assumed that the
forecast changes depended only upon future
changes in greenhouse gas concentrations. The
effects of sulfate aerosols on climate were not
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Table 6

Forecast monthly changes in the rainfall, potential evaporation (PE) and temperature in the River Kennet catchment (after

Limbrick et al., 2000)

Change in: Jan. Feb. Mar. Apr. May. Jun.

Rainfall (%) 9.5 14.0 4.4 7.5 2.0 -33
PE (%) —19.6 —-11.8 -1.1 1.8 3.7 2.1
Temperature (°C) 1.4 1.4 1.3 12 1.2 1.0
Change in: Jul. Aug. Sep. Oct. Nov. Dec.

Rainfall (%) —15.8 -9.0 1.1 5.6 14.6 14.9
PE (%) 7.9 15.4 17.1 8.0 —15.0 —30.0
Temperature (°C) 1.4 1.6 1.6 1.5 1.5 1.6

These changes were forecast using the Hadley centre’s climate model (version 2, HadCMv2) that incorporated the effects of

greenhouse gas forcing alone.

considered, as such impacts are highly uncertain
at present (Hulme and Jenkins, 1998).

INCA was initially calibrated to the flow condi-
tions observed in 1997 and 1998 using hydrologi-
cally effective precipitation data derived from
spatially weighted precipitation and evaporation
data collected by the Meteorological Office at
their observation sites. The hydrologically effec-
tive precipitation and soil moisture deficit values
derived from the climate scenario where then
input into the INCA, and the new flow time series
derived.

The fit of the simulated flow output, resultant
from the initial calibration, to that observed was
good at the gauging stations in the lower reaches
of the catchment but in the upper reaches, the
simulated flows tended to be an overestimate
when compared to the observed flows, though the
dynamics were reasonable (Table 7). In the upper
Kennet it is known that the topological catchment
area is greater than the hydrological catchment
area (NERC, 1998). It is the topological catch-
ment area that is used within INCA to generate
the flow estimates, and therefore this seems a
likely explanation for the over-estimation. To
overcome this problem, the daily flow time series
resultant from the scenario simulation was di-
vided by the flow time series derived through the
calibration of INCA. This produced a time series
of ratios, which represent the changes in the
mean daily flow pattern due to the climate change
scenario. These ratios were then multiplied by the
corresponding mean daily flows input to the in-

stream P model during its calibration to give a
new scenario input flow time series for use within
the in-stream model.

Using these scenario flow data, the in-stream P
model was run with the 277 parameter sets which
where observed to give output values within spe-
cific behaviour criteria during the calibration
phase (Wade et al., 2002b). Estimates of the
median, 10 (Q10) and 90 (Q90) percentiles and
standard deviations for the flows, SRP and TP
concentrations and macrophyte and epiphyte bio-
mass on each day in the time series were then
calculated. The median was used rather than the
mean because it is less affected by extreme val-
ues. The distribution of outputs around the mean
is also skewed and therefore, the Q10 and Q90
giving a better indication of the spread of values
rather than the standard deviation which assumes
a normal distribution.

3.5. Two-year low-flow period

To assess the impact of the 2-year low-flow
period, the 1998 input flow data used for model
calibration were deleted from the input time se-
ries and replaced by the 1997 input flow data, as
such, the 2-year time series represented two repe-
titions of the 1997 flows. These flows represent
extreme low-flow conditions for the River Ken-
net. The flows observed in 1997 were very low,
because of the lower than average precipitation
throughout 1996 and during the winter of 1997.
Again the 277 parameter sets that produced model
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Table 7

Co-efficient of determination (as defined by Nash and Sut-
cliffe, 1970) relating INCA simulated mean daily flows to
those observed

Site Co-efficient of
determination

Marlborough 0.66
Knighton 0.78
Newbury 0.77
Theale 0.63

behaviours during calibration were run through
the in-stream model with the scenario mean daily
flow data. Five of the parameter sets produced
outputs where the solution of the equations rep-
resenting the TP and SRP concentrations in both
the water column and pore water became numeri-
cally unstable. As such, these model outputs were
rejected from the subsequent analysis. Again esti-
mates of the median and the 10 and 90 per-
centiles for the output flows, SRP and TP concen-
trations and macrophyte and epiphyte biomass on
each day in the time series were calculated.

4. Results

4.1. Simulated flows

The median flow outputs resulting from cali-
bration and scenarios 1 and 2 are shown in Fig. 3.
Due to the wetter winters forecast by the Had-
CMv2 model then the flows relating to scenario 1
are generally higher in both years than the simu-
lated flow generated during model calibration.
Only in December (from day 324 to 366) in the
first year do the scenario 1 flows fall below those
in the calibration output flow time series. This
result suggests that if the climate model is broadly
representative of future climate changes then, in
terms of the seasonal precipitation distribution,
higher flows can be expected during the spring
and summer. As such, the periods of higher flow

will correspond to the periods of macrophyte and
epiphyte growth in the Chalk rivers of southern
England. However, this simple pattern may be
perturbed by a succession of dry years. For the
2-year low-flow scenario, given the original flows
in 1997 were repeated for the second simulation
year then in the second year the flows for this
scenario are lower than both the calibration and
scenario 1 flows. The simulated flows for the first
simulated year during calibration and in scenario
2 are below the Q95 flow (0.57 m® s~ !) estimated
for Knighton gauging station 82% of the time.

4.2. Simulated SRP and TP concentrations

The SRP and TP concentrations simulated dur-
ing model calibration and scenarios 1 and 2
change according to the amount of water avail-
able to dilute the inputs from the STW (Fig. 3b,c).
Prior to effluent treatment (September, 1997),
both the SRP and TP concentrations are lowest
for scenario 1 because more water is available to
dilute the P inputs from the STW. After effluent
treatment the lowest amount of water is available
for dilution occurs in scenario 2, and therefore,
both the SRP and TP concentrations are higher
in year 2 for this scenario than during calibration
or scenario 1.

4.3. Simulated macrophyte and epiphyte biomass

In the first year the simulated macrophyte peak
biomass is very similar in all three cases at ap-
proximately 40 g C m™~2, though the biomass in
scenario 1 has a slightly higher peak that occurs a
few days later than for the model calibration and
scenario 2 (Fig. 3d). In the second year, the peak
biomasses are 77, 43 and 15 g C m~? for model
calibration and scenario 1 and 2, respectively. The
timing of the peak obtained during calibration in
mid-August is also approximately 100 days later
than in the other two cases, where the two peaks
in macrophyte biomass coincide. For the calibra-
tion and scenario 2 cases the onset of macrophyte
growth occurs at the same time (approx. day 480)
whereas for scenario 1 the onset of growth occurs
earlier, approximately day 385. This earlier growth
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Fig. 3. (a) The original flows calculated from the mass-balance of observed flows in 1997 and 1998 and the flows generated for the
HadCM2 and extended low flow scenarios and the affects of the different flow conditions on the (b) SRP and (¢) TP concentrations
and the (d) macrophyte and (e) epiphyte biomass estimates.
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occurs most probably because the biomass at the
end of year 1 was higher than in the other two
cases, and the equation describing the macro-
phyte growth is dependent on the macrophyte
biomass (Table 3).

The timing of the peaks in the epiphyte bio-
mass is dependant on the macrophyte growth,
since the epiphytes can only establish themselves
in the presence of macrophytes (Fig. 3e). The
greatest peak in the epiphyte biomass occurs in
year 1 during both model calibration and the
scenario 2 simulations and, in both instances, the
peaks correspond to the lowest flows and highest
in-stream SRP and TP concentrations simulated.
Following effluent treatment, in each of the 3
cases (calibration and scenario 1 and 2), the epi-
phyte biomass in year 2 is lower than the corre-
sponding peak in year 1, in year 2 the simulated
flows are higher in case of the model calibration
and scenario 1, whilst the SRP and TP concentra-
tions are lower in all three cases. In year 2, the
greatest peak in the simulated epiphyte biomass
occurs for scenario 2 when the modelled flows are
lowest and the SRP and TP concentrations are

highest of the three cases. The peak macrophyte
biomass simulated in scenario 2 is only approxi-
mately 20% of the peak simulated during model
calibration, which implies that the epiphytic
growth is causal in the macrophyte decline.

The higher flows simulated in the spring and
early summer in scenario 1 appear to limit epi-
phytic growth as the biomass reached is lower
than in the other two cases, even though the SRP
and TP concentrations are similar to the those
simulated during model calibration. The simu-
lated epiphytic growth, in scenario 1, occurs ear-
lier than during calibration because the macro-
phyte biomass is higher in this case, and there-
fore, sufficient for the epiphytes to start growing
whilst the epiphyte growth simulated during cali-
bration occurs later in year 2 because the onset of
macrophyte growth also occurs later in year 2.

If the low-flow time series is extended to 6
years, then the simulated results suggest that the
epiphyte and macrophyte peak biomass decreases
to approximately 6 and 10 g C m™2, respectively
(Fig. 4). Thus, the simulations suggest that even
with lower in-stream TP and SRP concentrations
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Fig. 4. Long term changes in the simulated (a) macrophyte and (b) epiphyte biomass in response to a 6-year succession of low flows.

due to effluent removal, then low flows could
cause the macrophyte biomass to decline by ap-
proximately 75%.

5. Discussion

The work presented represents one of the first
studies to simulate the impact of changing flow
conditions on macrophyte growth in groundwater
fed streams and rivers in the UK. Whilst there
are many simplifications within the work, the study
presents valuable insights into the possible out-
comes of climate change on river ecology. Speci-
fically, the results of the study begin to quantify
the potential impacts of climate change on the
macrophyte biomass of the River Kennet. How-
ever, the quantification of the changes in the
macrophyte biomass must remain tentative given
the structural and parameter uncertainty within
the in-stream model. Nevertheless, the results
provide a first approximation to the potential
impacts of climate change and thereby provide a
focus for discussion and a basis for future work.

From the results, it is evident that flow is more
important than the current in-stream TP and SRP
concentrations in controlling the macrophyte bio-
mass, which is the same conclusion as that drawn
from field studies (Ham et al., 1981). Flow con-
trols the dilution of the SRP and TP input from
the STW and, furthermore, flow also controls the
macrophyte biomass directly through wash out
and indirectly by controlling the epiphyte bio-
mass. Based on the model results it is suggested
that there may be two important flow thresholds
with regard to macrophyte growth. The first
threshold, lower than the second, relates to the
removal of epiphytes from the system thereby
allowing unrestricted macrophyte photosynthesis.
The second threshold relates to the flow above,
which macrophyte leaves and stems (and possibly
whole plants) are washed from the reach.

The analysis of the results for the model cali-
bration relating to 1997 and the extended low
flow scenario (2) are important because the flows
in 1997 were very low, only the flows observed in
1976 were lower in the recorded history of the
River Kennet. As such, the simulations of the
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1997 flows represent an extreme low-flow case
that suggests epiphytic growth can increase rapidly
and reach levels that have a detrimental effect on
macrophyte growth, the lowest macrophyte peak
biomass and the greatest epiphyte biomass occur
in the second year following effluent treatment
but when the flows are lowest (scenario 2). Thus,
the major concern regarding the impacts of
changed precipitation is not the shift in the seaso-
nal patterns when the summers may become drier
but winters become wetter, but the frequency of
dry years. This is the most important result of the
study given the output from current climate
change models predict that drier years are likely
to become more frequent, especially in the south-
east of England (Hulme and Jenkins, 1998). As
such, future work should be focused upon investi-
gating the particular effects of a long sequence of
dry years. Initial simulations suggest that the epi-
phyte biomass reaches a stable peak biomass for
6 years and therefore, the problem will persist
whereby the macrophyte peak biomass will de-
cline from that in year 1.

This is an important result in the context of
managing groundwater abstraction management
and defining eutrophication standards. Whilst
obviously abstracting water during low-flow peri-
ods will lower flows, further placing stress on the
river’s plant and animal life, such abstraction may
also encourage the epiphytic algal growth. If flow
conditions did become lower then of major
concern would be the increased growth of plants
on the margins of the river, which may occur at
the expense of Ranunculus at the river’s edges.
To some extent, this has been verified by the
circumstantial evidence that arose during the
Axford Public Enquiry, whereby local people had
observed excessive epiphyte growth and reduced
macrophyte growth during extended low-flow
periods (Neal et al., 2002).

The results presented in this study regarding
the growth of macrophytes and epiphytes must be
considered as conjectures since they are based on
model simulation, and therefore, are affected by
the structural and parameter uncertainty within
the model. In scenario 1, the simulated macro-
phyte growth occurs earlier in year 2 than during
model calibration. As such, it may be expected

that both the macrophyte and epiphyte biomass
should be higher than those simulated during
calibration. When the macrophyte biomass in sce-
nario 2 peaks and then decreases the flows are
lower and the solar radiation and water tempera-
ture higher than during the preceding period of
growth. This possibly suggests a limitation in the
equation that represents the relationship between
the macrophytes and epiphytes using the
Lotka—Volterra equation (Lotka, 1925; Volterra,
1926, Table 3). Consequently, the macrophyte
death rate is dependent on the macrophyte bio-
mass, and therefore, when this biomass is suffi-
ciently high the macrophyte biomass can decline
even if the solar radiation and water temperature
are increasing. Whilst this is obviously a limita-
tion to the model, the use of an equation based
on the Lotka—Volterra idea of predicting the
abundance of a species is a pragmatic solution to
permit the development of the modelling ap-
proach taken, and allows a first approximation of
the macrophyte growth in response to climate
change scenarios to be derived. As knowledge of
species competition improves then the represen-
tative equations can be encapsulated in the model.

To corroborate the simulation results further
fieldwork needs to be done because work pre-
sented in the literature reporting the affects of
flow on the macrophyte and epiphyte communi-
ties remains inconclusive. Some field and mod-
elling studies suggest that flow does control
macrophyte and epiphyte growth (Sand-Jensen,
1977; Phillips et al., 1978; Ham et al., 1981; Wade
et al., 2002a) and a recent study suggests that
Ranunculus grew back rapidly in a reach of the
Kennet near the Savernake Forest downstream of
the Marlborough STW in 1998 (Wright et al.,
2002). However, another recent study highlights
little relationship between epiphyte biomass and
flow (Flynn et al., 2002). To improve the model, it
is recommended that detailed monitoring of both
macrophytes and epiphytes should be undertaken
to assess the changes in their biomass in relation
to flow and phosphorus concentrations. Ideally,
such a study should be done just downstream of
STW both before and after the removal of P from
the final effluent. Such studies should also assess
whether it is the flow or the localised turbulence
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around the macrophytes that is most important,
possibly be relating biomass to Reynolds number.
The effects of water temperature and solar radia-
tion changes on plant growth need to be assessed.
Recent reports suggest that macrophyte diversity
may be very sensitive to temperature changes
(Mainstone et al., 2000; Mainstone and Parr,
2002). Furthermore, future field and modelling
studies should consider the biological influences
on macrophyte growth, in addition to those resul-
tant from chemical and physical factors. Such
biological influences should include species com-
petition and grazing of macrophytes by zooplank-
ton.

Given the present uncertainty regarding flow-
related controls on plant life and the strategic
importance of assessing the effects of climatic
variability on stream ecology there is a need for
long-term biological and chemical data records to
be collected. Such records must cover decades, or
longer, given the climate variability is large and
changing on a decadal or longer scale. For in-
stance, in the 2 years covered by this study, both
extreme low- and high-flow conditions were
observed. At Marlborough, the lowest and highest
monthly runoff totals since records began in 1972
were observed in January and November, respec-
tively (NERC, 1998). Biological surveys are often
missed from environmental studies where general
water quality data is collected and this is a short-
fall since general patterns of change cannot be
assessed without cross-reference. The link
between the current Kennet modelling studies
and the active field research provides a clear
indication of the value of a combined approach,
as does a companion study of the River Thame
(Cooper et al., 2002a,b; Gardner et al., 2002)

6. Conclusions

Assessing the impacts of phosphorus removal
from sewage works under changing flow condi-
tions on the water quality and biology remains an
important issue, and clearly there is a need to
continue to test and extend mathematical pro-
grammes such as the Kennet model to describe

the changes occurring. Given the complexity of
aquatic systems, then modelling approaches that
incorporate the relevant processes through the
balance of ‘lumped’ and ‘distributed’ approaches
taken seem appropriate given they offer a balance
between useful model output, reasonable process
representation and pragmatic data requirements.

This simulation study has flagged that flow may
be a major control on macrophyte and epiphyte
growth in a single reach of the River Kennet.
Thus, clearly it is important to consider the flow
regime when assessing the potential impact of
both point and diffuse source P inputs to a river
system on the in-stream ecology. Clearly, many
questions remain regarding the factors and
processes that will be important in controlling the
macrophyte and epiphyte biomass under changing
flow conditions (Jarvie, 2002b). Despite this, the
study has demonstrated the utility of a new water
quality model that represents the current under-
standing regarding P and macrophyte dynamics in
rivers. However, investigations of other aquatic
systems are required. In particular, the Kennet
Model needs to be scaled-up to simulate multiple
reaches and diffuse source inputs in order to
describe basin wide functioning. Furthermore, the
present model should be applied to systems were
the P concentrations are lower than those
observed in the Kennet as such systems may be
more sensitive to fluctuations in P concentrations.

Acknowledgements

The authors would like to thank Dan Evans for
the Grain Diameter data and Heather Browning
for the illustrations. This research has drawn
together work funded by the Natural Environ-
ment Research Council and the Environment
Agency.

References

Bowie GL, Mills WB, Porcella DB, Campbell CL, Pagenkopf
JR, Rupp GL, Johnson KM, Chan WH, Gherini SA. Rates,
constants and kinetics formulations in surface water quality
modeling. second edition Athens, Georgia: Environmental



392 A.J. Wade et al. / The Science of the Total Environment 282—283 (2002) 375-393

Research Laboratory, Office of Research and Develop-
ment, U.S. Environmental Protection Agency, 1985, p. 455,
30613.

Cooper DM, House WA, May L, Gannon B. The phosphorus
budget of the Thame catchment, Oxfordshire, UK. 1. Mass
balance. Sci Total Environ 2002a;282-283:233-251.

Cooper DM, House WA, Reynolds B, Hughes S, May L,
Gannon B. The phosphorus budget of the Thame catch-
ment, Oxfordshire; 2. Modelling. Sci Total Environ
2002b;282-283:435-457.

CCIRG, Climate Change Impacts Review Group. The poten-
tial effects of climate change in the United Kingdom.
London: HMSO, 1991, p. 124.

Chapra S. Surface water quality modeling. New York: Mc-
Graw-Hill Inc, 1997, p. 844.

Chow VT, Maidment DR, Mays LW, editors. Handbook of
applied hydrology. McGraw-Hill, 1988:33-40.

Dawson FH. The annual production of the aquatic macro-
phyte Ranunculus penicillatus var. calcareous (R.W.
Butcher) CDK Cook. Aqua Bot 1976;9:145-152.

Flynn NJ, Snook D, Wade AJ, Jarvie HP. Macrophyte and
epiphyte dynamics in a UK chalk river: the River Kennet
case study. Sci Total Environ 2002;282-283:143-157.

Gardner CMK, Cooper DM, Hughes S. Phosphorus in soils
and field drainage water in the Thame catchment, UK. Sci
Total Environ 2002;282-283:253-262.

Ham SF, Wright JF, Berrie AD. Growth and recession of
aquatic macrophytes on an unshaded section of the River
Lambourn, England, from 1971 to 1976. Freshwater Biol
1981;11:381-390.

Hough M, Palmer S, Weir A, Lee M, Berrie 1. The meteoro-
logical office rainfall and evaporation calculation system
MORECS version 2.0, An update to Hydrological Me-
morandum 45, Meteorological Office, pp. 80.

House WA, Denison FH, Armitage PD. Comparison of the
uptake of phosphorus to a suspended and stream bed-sedi-
ment. Water Res 1995;29(3):767-779.

Hulme M, Jenkins GJ. Climate change scenarios for the UK;
scientific report. UKCIP Technical Report No. 1. Norwich:
Climate Research Unit, 1998, p. 80.

Jarvie HP, Whitton BA, Neal C. Nitrogen and phosphorus in
east coast British rivers: speciation, sources and biological
significance. Sci Total Environ 1998;210/211:79-109.

Jarvie HP, Neal C, Williams RJ, Tagg A, Neal M, Wickham
HD, Hill LK, Wade AJ, Warwick A, White J. Phosphorus
sources, speciation and dynamics in a lowland eutrophic
Chalk river: the River Kennet, UK. Sci Total Environ
20022;282-283:175-203.

Jarvie HP. Phosphorus uptake into algal biofilms in a lowland
Chalk river, UK. Sci Total Environ 2002b;282-283:353—-373.

Johns TC, Carnell RE, Crossley JF, Gregory JM, Mitchell
JFB, Senior CA, Tett SFB, Wood RA. The second hadley
centre coupled ocean-atmosphere GCM: model descrip-
tion, spinup and validation. Climate Dynam 1997;13:
103-134.

Lotka AJ. Elements of physical biology. Baltimore: Williams
and Wilkins, 1925, p. 460.

Limbrick KJ, Whitehead PG, Butterfield D, Reynard N. As-
sessing the potential impacts of various climate change
scenarios on the hydrological regime of the River Kennet
at Theale, Berkshire, south-central England, UK: an appli-
cation and evaluation of the new semi-distributed model,
INCA. Sci Total Environ 2000;251 /252:539-555.

Mainstone CP, Parr W, Day M. Phosphorus and river Ecology:
tackling sewage inputs. English nature. Peterborough, PE1
1UA: Northminster House, 2000, p. 46.

Mainstone CP, Parr W. Phosphorus in rivers-ecology and
management. Sci Total Environ 2002;282-283:25-47.

Nash JE, Sutcliffe JV. River flow forecasting through concep-
tual models. Part 1-a discussion of principles. J Hydrol
1970;10:282-290.

Neal C, Jarvie HP, Howarth SM, Whitehead PG, Williams RJ,
Neal M, Harrow M, Wickham H. The water quality of the
River Kennet: initial observations on a lowland chalk stream
impacted by sewage inputs and phosphorus remediation.
Sci Total Environ 2000;251 /252:477-495.

NERC, Natural Environment Research CouncilMarsh TJ,
Lees ML, editors. Hydrological data United Kingdom, hy-
drometric register and statistics 1991-1995. Wallingford,
UK: Institute of Hydrology, 1998, p. 207.

Neal C, Jarvie HP, Wade AJ, Whitehead PG. Water quality
functioning of lowland permeable catchments: inferences
from an intensive study of the River Kennet and upper
River Thames. Sci Total Environ 2002;282-283:3-7.

Oreskes N, Schrader-Frechette K, Belitz K. Verification, vali-
dation and confirmation of numerical models in the earth
sciences. Science 1994;263:641-646.

Phillips GL, Eminson D, Moss B. A mechanism to account for
macrophyte decline in progressively eutrophicated waters.
Aqua Bot 1978;4:103—126.

Sand-Jensen K. Effect of epiphytes on eelgrass photosynthe-
sis. Aqua Bot 1977;3:55-63.

Thompson N, Barrie IA, Ayles M. The meteorological office
rainfall and evaporation calculation system (MORECS),
Hydrological Memorandum 45. Meteorological Office, p.
69, 1981.

Volterra V. Fluctuations in the abundance of a species con-
sidered mathematically. Nature 1926;118:558-560.

Wade AJ, Hornberger GM, Whitehead PG, Jarvie HP, Flynn
N. On modelling the mechanisms that control in-stream
phosphorus, macrophyte and epiphyte dynamics: an assess-
ment of a new model using general sensitivity analysis.
Water Resour Res, in press, 2002a.

Wade AJ, Whitehead PG, Hornberger GM, Jarvie HP, Flynn
N. On modelling the impacts of phosphorus stripping at
sewage works on in-stream phosphorus and macrophyte /
epiphyte dynamics: the River Kennet case study. Sci Total
Environ 2002b;282-283:395-415.

Whitehead PG, Wilson EJ, Butterfield D. A semi-distributed
nitrogen model for multiple source assessments in catch-
ments (INCA): Part 1-model structure and process equa-
tions. Sci Total Environ 1998;210 /211:547-558.

Wagner BJ, Harvey JW. Experimental design for estimating



A.J. Wade et al. / The Science of the Total Environment 282—283 (2002) 375-393 393

parameters of rate-limited mass transfer: analysis of stream Wright JF, Gunn RJM, Winder JM, Wiggers R, Vowles K,
tracer studies. Water Resour Res 1997;33(7):1731-1741. Clarke RT, Harris I. A comparison of the macrophyte

Wright JF, Cameron C, Hiley PD, Berrie AD. Seasonal cover and macroinvertebrate fauna at three sites on the R.
changes in biomass of macrophytes on shaded and un- Kennet in the mid-1970s and the late 1990s. Sci Total
shaded sections of the River Lambourn, England. Freshwa- Environ 2002;282-283:121-142.

ter Biol 1982;12:271-283.



