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Water quality effects following establishment of the invasive
Dreissena polymorpha (Pallas) in a shallow eutrophic lake:
implications for pollution mitigation measures
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Abstract This study investigates whether ecosystem
alteration occurred in a shallow, lowland lake follow-
ing establishment of the alien zebra mussel, Dreissena
polymorpha (Pallas). Measurements of total phospho-
rus (TP) loads, lake TP concentrations, phytoplankton
(chlorophyll a) and transparency levels for the period
1990-2008 were examined to determine the water
quality effects of D. polymorpha. The period of time
also included the implementation of catchment mea-
sures aimed at reducing phosphorus (P) loading to the
lake. A range of loading-response models was tested to
explore changes in the net sedimentation rate for P.
Results show that while high TP loads from the
catchment were reduced, TP concentrations in the lake
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remained high after D. polymorpha invasion. Decou-
pling of the previous chlorophyll a—TP relationship
also occurred. Results from a TP loading-response
model that closely simulated observed concentrations
in the lake prior to establishment of D. polymorpha
indicated that measured TP post establishment was
statistically higher than predicted for the same condi-
tions but without the presence of D. polymorpha. Data
presented in the paper highlight the need to consider
the potential impacts of invasive species in evaluations
of the effectiveness of measures aimed at mitigating
aquatic pollution.

Keywords Biotic invasion - Mass-balance -
Nutrient - Ecosystem alteration - Budget - Water
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Introduction

Understanding the influence that individual and inter-
acting multiple stressors have on ecosystem function-
ing is fundamental in managing the impacts of humans
on the environment (Liu et al., 2013). Cultural
eutrophication, caused by over enrichment of water
bodies by nutrients, notably phosphorus (P) but also
nitrogen (N), linked to anthropogenic activity, is a
major cause of poor water quality worldwide (Schin-
dler et al., 2008; Johnson et al., 2010; Liu et al., 2012;
Carey et al., 2013; Carvalho et al., 2013). Lakes, and to
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a lesser extent rivers, are especially sensitive to
nutrient enrichment. The number of lakes exhibiting
eutrophication effects has risen substantially over the
last decade (Smith & Schindler, 2009; Seitzinger et al.,
2010), and is likely to increase further in coming years
owing to climate change and an extensification and
intensification of human activity (Moss, 2011; Cross-
man et al., 2013). More severe and extensive eutro-
phication problems in the future are particularly likely
without the effective implementation of measures
aimed at reducing inputs of P and N to water bodies
and areversal of their aquatic impacts (Liu et al., 2012;
McGonigle et al., 2012).

The risks of nutrient enrichment and other forms of
degradation of water bodies have provoked a response
by policy-makers and legislators at national and
international levels (Maguire et al., 2009). For exam-
ple, national water pollution legislation of member
states of the European Union (EU) has been subsumed
within the Water Framework Directive (WFD). The
WED seeks to achieve good chemical and ecological
status in water bodies, defined as close to predistur-
bance (or reference) conditions (European Commis-
sion, 2000), by the end of the current implementation
period (end of 2015). One way of achieving this
objective is through P remediation measures aimed at
reducing the availability of nutrients to aquatic
organisms (European Commission, 2000; Allan,
2012). However, eutrophication remains a major
problem in Europe (Schulte et al., 2010; Jordan
et al., 2012), even where measures have been imple-
mented (Doody et al., 2012). Consequently, the water
quality objectives of the WFD are only likely to be
achieved in about 50% of waterbodies to which they
apply by the end of 2015 (European Environment
Agency, 2010).

Effective mitigation schemes for P require a sound
scientific basis to their design (Doody et al., 2012;
Kroger et al., 2013), and the active engagement of all
interested parties in implementation (Wright & Frit-
sch, 2011). Part of the scientific basis is a clear
understanding of the reasons why particular water
bodies do not meet or are at risk of failing to meet good
status (Barnes et al., 2009). In some cases, the reasons
will be obvious, such as failure to decrease external P
loads from the catchment. In others, the confounding
factors may be less evident and, for example, reflect
non-linearity in cause—effect relationships (Rockstrom
et al., 2009), such as those caused by hysteresis
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(Spears et al., 2012; Jarvie et al., 2013a, b), or the
activities of invasive species (Strayer, 2010; Davis,
2013).

The remobilisation of P in sediments can poten-
tially confound recovery (Sgndergaard et al., 2003;
Withers & Jarvie, 2008). Retention processes in lakes
temporarily remove and/or transform P from the water
column for storage in the surface sediment. Phospho-
rus, bound in sediment to redox-sensitive iron com-
pounds or fixed in labile forms (Selig et al., 2002), may
be remobilised at a later stage allowing the opportunity
for biotic assimilation, with net sedimentation rate
indicating whether sediment acts as an overall source
or sink for P in a lake. Sediment-bound P is released
under low redox conditions in a form (PO,) that is
readily available for biological uptake (Moore et al.,
1998), and can occur while other parts of a lakebed are
experiencing net sedimentation. The release of P from
sediments may continue for decades (May et al., 2011)
and can continue to support primary productivity after
external loadings of P have been reduced (Welch &
Jacoby, 2001).

The invasive zebra mussel (Dreissena polymorpha,
Pallas) has become established in many lakes across
western Europe and North America, profoundly
impacting both the ecological (Ozersky et al., 2012)
and economic (Connelly et al., 2007) status of invaded
water bodies by affecting the cycling of P. Whether D.
polymorpha accentuates or attenuates P concentra-
tions in the water column appears to depend, primar-
ily, on initial conditions in the water body (Fahnenstiel
et al., 1995; Maguire et al., 2003; Qualls et al., 2007;
Higgins et al., 2008; Cha et al., 2013). Where P is
readily available, P is filtered from the water column
by D. polymorpha and subsequently amalgamated in
biodeposits rejected or excreted in pseudofeces or
faeces, respectively. The organically and nutrient
enriched biodeposits settle on the sediment, stimulat-
ing microbial activity at the sediment—water interface,
reducing dissolved oxygen levels and effectively
fuelling the release of PO, from the sediment (Newell,
2004; Bykova et al., 2006). However, increased
releases of dissolved P into the water column may
not necessarily be marked by greater phytoplankton
abundance because D. polymorpha may also exact
strong grazing pressure resulting in reduced phyto-
plankton biomass and increased transparency of the
water column (Maclsaac, 1996; Brines Miller &
Watzin, 2007; Higgins & Zanden, 2010). These
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activities may ultimately result in increased transfer of
energy and biomass from the pelagic to the benthos in
well mixed or shallow systems (Ward & Ricciardi,
2007; Gergs et al., 2009; Higgins & Zanden, 2010).
The establishment of D. polymorpha in eutrophic
lakes can, therefore, lead to apparent improvements in
lake water quality (Zhu et al., 2006; Fishman et al.,
2009; Higgins & Zanden, 2010). Where measures
aimed at mitigating eutrophication have been intro-
duced, the establishment of D. polymorpha could
conceivably have a positive influence on their appar-
ent effectiveness, although few studies have demon-
strated this in practice (Nicholls & Hopkins, 1993;
Dzialowski & Jessie, 2009; Chapra & Dolan, 2012).
Several studies have reviewed the cultivation of D.
polymorpha to improve the quality of water in
impaired systems (Elliott et al., 2008; McLaughlan
& Aldridge, 2013).

Dreissena polymorpha populations have become
established in many lakes in Ireland since the 1990s
(Minchin & Moriarty, 1998), including Lough Sheelin
(Fig. 1), a shallow, alkaline (>100 mg 17! CaCO3)
lowland lake and the focus of the current study. Falling
lake water quality, largely as a result of the intensi-
fication of agriculture in the catchment, has been a
problem since at least the 1970s (Champ, 1993; EPA,
1994; Keys & Gibbons, 2006). More recently, multi-
ple point sources such as wastewater treatment plants
(WWTPs), industry and septic tanks have significantly
contributed to the large exports of P entering the lake
(Kerins et al., 2007; Greene et al., 2011). Attempts to
improve water quality have largely targeted P. A brief
period of recovery in water quality was documented
during an early attempt to reduce external loadings of
P (1990-1992) that restricted the spreading of live-
stock manure during winter months (Champ, 1993).
From 1998 to 2008, however, several phases of
catchment-scale P mitigation were implemented
(Greene et al., 2011). Completion of an upgrade to
and expansion of treatment facilities at a WWTP and
the issue of an integrated pollution prevention control
license to a meat processing plant, both located in the
catchment, occurred in 1999 (Kerins et al., 2007). An
interim P removal regime was introduced at a second
WWTP in the catchment in 2003. Catchment-wide,
septic tank bye-laws were officially introduced in
2004, following minor improvements initiated in
2000. Agricultural bye-laws to regulate the storage
and management of livestock wastes were in place by

2003 (Keys & Gibbons, 2006), and have since been
superseded by national regulations under the Nitrates
Directive. Licensing of trade discharges to water,
septic tank compliance, pollutant investigations and
farm surveys were also introduced in 2003. Past
declines in water quality, together with the continued
presence of diffuse and point sources of P in the
catchment, have resulted in Lough Sheelin being
identified as a lake at high risk of not meeting the water
quality objectives of the WFD (Anon, 2005). The lake
is particularly suitable for D. polymorpha (Maguire &
Sykes, 2004). Establishment of a community of D.
polymorpha occurred in 2003, by 2006 the population
had the ability to filter the total volume of the lake
within 13 days (Kerins et al., 2007; Millane et al.,
2008) and were incorporated into the diet of high level
consumers (Millane et al., 2012).

In the current study available observation data from
the long-term monitoring of Lough Sheelin, together
with TP loading data from the catchment, were used to
examine components of the lake ecosystem prior to
and following the introduction of D. polymorpha. A
series of analyses were aimed at determining whether
any discernible shifts occurred in external TP loads,
TP concentrations, phytoplankton (Chl @) and trans-
parency levels in the lake and whether these alterations
were accompanied by a modified chlorophyll a—TP
relationship. Given that D. polymorpha has potential
to alter P sedimentation rates in lakes, a variety of
loading-response models that estimate in-lake P
concentrations using a range of approximations for
the retention of P in sediment were tested for
suitability in order to explore timeseries changes in
the net sedimentation rate for P.

Materials and methods
Study site description

Lough Sheelin (53°08'N, 7°33'W, 65.4 m above mean
sealevel) (Fig. 1) has a mean depth of 4.5 m, a surface
area of 18.1 km? and a volume of 81.5 x 10° m>. The
lake receives water from 10 rivers draining a catch-
ment of 256 km” and has a hydrological residence
time of 6 months. Located in the drumlin region of the
central-northern part of Ireland, agriculture, and in
particular grassland supporting ca. 150 cattle km ™2, is
the main land use in the catchment. The northern,
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Fig. 1 Location of Lough Sheelin and its catchment in the upper reaches of the Shannon International River Basin District, Ireland.
The boundaries of the seven monitored tributaries are delineated and named

upland part of the catchment is predominately under-
lain by impermeable strata, while the southern extent,
where the lake is situated, is characterised by more
permeable carboniferous limestone. Glacial drift
deposits blanket the bedrock, providing the catchment
with its distinctive drumlin landscape and, because of
their low permeability, protecting aquifers from
surface contamination.

Assembly of research database and exploratory
analysis

Data for Lough Sheelin referred to in the current study
were extracted from a database developed by Inland
Fisheries Ireland and comprise monthly measurements
of concentrations of TP (ug 1), chlorophyll a (ug 17"
and water transparency (secchi depth, m) for the period
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1990-2008. The database also included measurements
of TP concentrations collected three times per week at
monitoring stations located on seven of the ten rivers
draining into the lake (draining the subcatchments of
Bellsgrove, Carrick, Crover, Halfcarton, Mountnugent,
Ross and Schoolhouse). Water flow rates (m> s~ ') for
the seven rivers were collected as daily mean flows. The
concentration of TP (ug 17") in unfiltered water samples
was determined using methods based on Murphy &
Riley (1962); digestion followed Eisenreich et al.
(1975). The concentration of chlorophyll a (ng 1
was determined by hot methanol extraction and mea-
sured spectrophotometrically (Talling, 1974). Concen-
trations of TP from the three unmonitored rivers
draining into Lough Sheelin were estimated based on
levels in rivers draining neighbouring subcatchments
with similar soil and landuse (Greene et al., 2011).



Hydrobiologia

Information regarding the invasion and establishment of
D. polymorpha in the lake was obtained from Kerins
et al. (2007) and Millane et al. (2008, 2012).

Total phosphorus (TP), chlorophyll a, flow and
secchi depth data were divided according to hydro-
logical year (1st October in year n to 30th September
inyear n + 1) in preparation for analysis. Exploratory
analysis revealed that several data points for 2000 and
2001 were missing. As a consequence, the years 2000
and 2001 were excluded from the study. Linear
regression analysis and analysis of variance
(ANOVA) were used in determining the degree of
significance (P < 0.05) of changes in average annual
flow-weighted load of TP entering the lake from
external sources (i.e. external loadings of TP, or TP;;,)
and average annual concentration of TP in the lake
(TPyue) from 1990-1997 and 1998-2008. These two
periods bracket the commencement of sustained
efforts to mitigate transfers of P to water bodies in
the catchment. In addition, a grouping of monitoring
data from before the onset of D. polymorpha invasion
(1990-1999) was used as a control reference against
which to compare P and chlorophyll @ dynamics post
D. polymorpha establishment (2004-2008). Both
earlier year groupings included attempts of P remedi-
ation in the catchment (1990-1992) that involved
limiting the spreading of livestock manure over the
winter.

Reconstruction of the TP budget of Lough Sheelin

A TP budget for Lough Sheelin was reconstructed
using TP data for the hydrological years 1990-2008
(excluding 2000 and 2001). The annual net retention
of TP (t yearfl) in the lake (TP, for each year of
data was calculated according to the mass-balance
Eq. 1 (Jorgensen & Vollenweider, 1989) in which all
TP inputs are balanced by equal outputs and biotic
assimilation, unless storage in the lake sediments takes
place

TPnet = (Tpload_TPout) - (TPend_TPslarl)7 (1)

where TP, is the net TP uptake (+) or release (—)
(t yearfl); TPyy.q 1s the external TP load (t yearfl);
TP, is the TP load at lake outflow (t yearfl); TP.pqis
the lake water TP mass at end of year (t year™'); and
TPgar 1s the lake water TP mass at beginning of year

(t yearfl).

The total annual TP load (t year ') entering the
lake from the entire catchment was calculated as the
cumulative total TPjy,q (t yearfl), comprising loads
from: (i) measurements at monitoring stations on
seven tributaries; (ii) estimates for the remaining three
unmonitored tributaries; and (iii) estimates of direct
runoff. Annual TP),,q (t year™ D) entering the lake from
each of the seven monitored tributaries was calculated
using the load estimation method in Eq. 2:

n n 365.25
TPoaa (tyear ') = |:Z(TP)* (dmf)/Z(dmf)* ( Z dmf):| ,
()

where TP is the measured TP concentration (pg 17")
from each monitored river; dmf is the measured daily
mean flow (m> s™!) from each monitored river; and
n is the number of days in the hydrological year that
TP samples were taken.

Annual TP,q (t yearfl) entering the lake from the
stretch of river downstream from a nutrient monitoring
point was determined using a conversion factor for TP
load per unit area derived from the corresponding
monitored data. For the three unmonitored tributaries,
annual TPjg,q (t year_l) was extrapolated from esti-
mates of TP load derived from neighbouring, moni-
tored rivers with similar soil types and land uses.
Annual TP,q4 (t yearfl) from direct runoff was also
estimated using a conversion factor derived from a
combination of measurements relating to the seven
monitored subcatchments. The TP load leaving the
lake at the Inny outlet (TP,,,) was calculated using the
TP flow-weighted method described in Eq. 2. The
change in storage of TP (t year '), was calculated
from the difference between the TP concentrations
measured in the lake at the beginning and end of each
hydrological year.

Calibration of TP loading-response models

The monitoring of variations in lake water quality is
frequently constrained by the availability of resources
(Haith et al., 2012). A mass-balance modelling
approach that estimates in-lake P concentrations as a
function of P loading from the catchment and other
lake parameters provides a viable, cost-effective
alternative to in situ measurements (Johnes et al.,
2007; Ozkundakci et al., 2010; Chapra & Dolan,
2012). Vollenweider first presented a mass-balance
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Table 1 Formulae and references for the five TP loading-response models used in the study

Model type Reference Model formula
’ Foy (1992) TPy, = L24(TPa)”"
()

9 OECD (1982) general 1, \0%2
TPue = 1.55 (1%

o OECD (1982) shallow p, 038
TP = 1.02(]+ m)

o+ R Prairie (1989) TPy, = L(1-0.3010L11025)

ake qs
R Dillon & Rigler (1974) TPie = L(1-R)

s

o TP sedimentation rate (the fraction of TP in the lake water column that enters the sediment), R TP retention coefficient (the fraction
of TP loading to the lake that gets retained in the sediment), 7P, annual TP concentration in lake (ug 171, TP, annual flow-
weighted load of TP entering the lake from external sources (pg 171, 1,, water residence time of lake (yearfl), L areal TP loading rate
(g m? year™"), z mean lake depth (m), and g areal hydraulic loading rate (m year™")

model for P in lakes, based on the assumption that lake
TP concentration can be estimated if the rates of TP
inputs and the TP sedimentation rate are known
(Vollenweider, 1975). According to Brett & Benjamin
(2008), the most commonly used TP loading-response
models today can be broadly categorised into three
groups, based on whether TP concentrations are
estimated using: (i) a TP sedimentation coefficient,
(e.g. OECD (1982) general and shallow model); (ii) a
TP retention coefficient, R (Dillon & Rigler, 1974); or
(iii) a combination of both (Prairie, 1989) (Table 1).

The annual flow-weighted TP load, TP;, (ug 1,
exported to the lake from the catchment was calcu-
lated as the cumulative total TPjg,q (t year_l) [calcu-
lated from Eq. 2 divided by the cumulative annual
hydrological flow, Q (m3 year_l)]. Values for R, the
TP retention coefficient in the Dillon & Rigler (1974)
model, were calculated using a series of eight R
estimation models (Table 2). Annual lake flushing
rates (p year '), a metric of the frequency of lake
water renewal, were determined by dividing the
cumulative hydrological load (Q m’ year™') by the
estimate of lake volume (81.5 x 10° m?). Lake water
residence time (1,,) was calculated as the inverse of the
flushing rate, p (Brett & Benjamin, 2008). Lake areal
hydraulic loading rate (g m year™'), the inflow water
volume applied over the surface area of Lough
Sheelin, was determined from cumulative hydrolog-
ical load (Q) divided by lake surface area (A;). Lake
TP concentration, TPy,., was calculated from an
annual average of measured TP concentrations in the
lake. The final TP parameter, L (areal TP loading rate
g m? year '), was calculated using the formula
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L= (0 xTPy)/AL, (3)

where L is the areal TP loading rate (g m” year ');
Q is the cumulative annual hydrological flow (m’ -
yearfl); TP;, is the annual flow-weighted TP load
(ng 17"); and A is the lake surface area (km?).

The accuracy of predictions from the loading-
response models was evaluated by root mean square
error (RMSE) analysis, comparing predicted values
with measured values, described in Eq. 4.

RMSE = \/Z (TPiage — TPpred)z/na 4)
i=1

where TPy, is the measured TP concentration in lake
averaged over a year (ug 17'); TPpyeq is the predicted
lake TP concentration for the same year (ug 17"); and
n is the number of years of data in the study.

The TP loading-response model that showed the
highest prediction accuracy in the grouped years
prior to D. polymorpha invasion (1990-1999) was
used to represent the long-term TP loading-
response relationship in the lake system before
establishment of D. polymorpha, and for predicting
expected TPy, concentrations for the period post
establishment of the invasive in 2004. Using
ANOVA, if the measured TPy, was significantly
(P < 0.05) greater than predicted concentrations
then increased internal loading of TP was assumed
to have occurred. Conversely, if the opposite
occurred and there was a decline in estimated TP
concentrations, then the difference was attributed to
the additional amount of TP retained in the
sediments (Qualls et al., 2007).
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Table 2 Models used to generate the retention (R) formula for the Dillon & Rigler (1974) TP loading-response model in Table 1

Reference

Model formula®

Vollenweider (1975)
Dillon & Kirchner (1975)
Chapra (1975)

Ostrofsky (1978a)
Niirnberg (1984)

Larsen & Mercier (1976)

Kirchner & Dillon (1975)
Ostrofsky (1978b)

10

R= 10+¢s
132
R= 13.2+4¢s
_ _16
16+,
7
30+gs
_ _15
R= 18+¢s
— 1
R= 1+p03

R =0.43 exp(—0.27¢5) + 0.57 exp(—0.0095¢;)
R =0.2 exp(—0.043¢;) + 0.57 exp(—0.0095g;)

R TP retention coefficient (the fraction of TP loading to the lake that gets retained in the sediment), g, Areal hydraulic loading rate

(m year™ "), and p Lake flushing rate (year ")
Evaluation of chlorophyll a—TP relationships

The strength of the logarithmic linear relationship
between chlorophyll a and TP concentrations (Dillon
& Rigler, 1974) in Lough Sheelin, based on averaged
annual data, was determined for the periods both pre
and post establishment of D. polymorpha.

The general regression equation used was

logChl a = a + b * log TP, (5)

where log Chl a is the log of chlorophyll a (pg 17);
log TP is the log of TP (ug17'); and @ and b are
estimated model coefficients for the regression inter-
cept and slope, respectively.

A test of parallelism was applied to the regression
models to assess the significance (P < 0.05) of
differences in slope and intercept for the periods pre
and post establishment of D. polymorpha (Kleinbaum
et al., 1998). The statistical analysis was implemented
in PRISM 5 Graphpad software (Motulsky, 2007).

Results
Temporal trends in lake parameters

According to linear regression and ANOVA results,
external loadings of TP to the lake were significantly
lower (P < 0.05) in the period following implementation
of P mitigation measures (1998-2008 mean = TP
66 pg 17") when compared with the period 1990-1997
(mean = TP 95 ug 1™"). However, despite this differ-
ence in external loadings pre- and post-implementation
of measures aimed at reducing P loading from the

catchment, an increase (ca. 20%) in mean, in-lake TP
concentrations occurred between the periods 1990-1997
(overall mean = 25 pg 171) and 1998-2008 (overall
mean = 31 pg 17") (Fig. 2a). According to the Carlson
(1977) trophic status index (TSI) for TP, the lake was
classed eutrophic in 1993, and was still in the same status
by 2008. The TSI for chlorophyll a showed a similar
eutrophic trajectory until 2005, when movement to a
meso-eutrophic status occurred. Concentrations of TPy,
and chlorophyll a were generally related during the
period 1990-1997 and up to 2003 (Fig. 2b), with rises
and falls in both parameters accompanied by concurrent
changes in transparency. However, the chlorophyll a—TP
relationship appears to change abruptly from 2004, with
variations in one variable no longer matched by similar
sign changes in the other.

TP budget

Estimated annual net loads of TP peaked in 1994
(26 t year™') and were positive in all years except
2004, when negative TP, indicates release of TP to
the water column (1.76 t yearfl).

TP loading-response models

Figure 3 shows regression lines for the relationship
between measured TPj,. concentrations for
1990-2008 and the TPy, values predicted from the
three TP loading-response models that use 1, (lake
water residence time) as a scaling factor for the TP
sedimentation rate, ¢: Foy (1992), OECD (1982)—
general and shallow lakes models, and the Prairie
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Fig. 2 Time series plot (a)
showing a annual flow-
weighted TP loading to
Lough Sheelin (TP;,) and
average annual TP
concentration in the lake
(TPjaxe) for the hydrological
years 1990-2008; b time
series plot of annual average
TP concentration (TPy,.),
chlorophyll a concentration
and secchi depth in Lough
Sheelin for the hydrological
years 1990-2008. NB data

EEEE
TPiake Mg I yr?

for the years 2000 and 2001
were incomplete, and
therefore, not included in the

analysis (b)

g I
b
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20 1 \/ ) £
15-’—\/
10 §

2000 2005 2010
Hydrological year

-o-TPlake

=—Chlorophylla
/\ Secchi |

/

e

(1989) model that uses a combination of estimations of
o and R. The RMSE values of predictions for the
periods 1990-2008, 1990-1999 (pre establishment of
D. polymorpha) and 2004—-2008 (post establishment of
D. polymorpha) are shown in Table 3. Output from the
OECD (1982) shallow model had the lowest overall
RMSE (24.5 ug 17") of the models using o, i.e. the
smallest deviation from observed concentrations of TP
in the lake, and was, therefore, the most efficient
model to use ¢ of those tested in this study. The model
proposed by Foy (1992) produced similar predicted
values to the OECD (1982) shallow model. Notably,
predictions from the OECD (1982) general and Prairie
(1989) models deviated most from measured values,
these two models over-predicted TP. Regression lines
between measured and predicted TP, concentra-
tions, based on models that use the retention coeffi-
cient (R) to describe the sedimentation of TP, for the
period 1990-2008 are shown in Fig. 4. Eight different
estimations of R were used: the Ostrofsky (1978b)
model showed the lowest overall RMSE
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1990 1995

2000 2005 2010
Hydrological year

(11.9 pg 17", whereas predictions by the Larsen &
Mercier (1976) model had the highest overall RMSE
(25.2 pg 171). Based on the RMSE values generated,
the model that best described the lake system in
1990-1999 was Ostrofsky (1978b). Consequently, this
model was used to predict baseline data against which
changes in TP, following establishment of D.
polymorpha could be compared (where the baseline
data represent estimated in-lake concentrations of TP
in the absence of D. polymorpha for the period 2004).
The results of ANOVA showed that measured TP .
values following establishment of D. polymorpha
were significantly (P < 0.05) higher than those pre-
dicted using the Ostrofsky (1978b) model.

Chlorophyll a and TP relationships

Linear regression relationships for log chlorophyll a—
log TP for the time prior to and post establishment of
D. polymorpha are shown in Fig. 5. The relationship
was highly significant (P < 0.05) before invasion, but
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Fig. 3 Plots showing the regression relationships between
measured log; TPy, and predicted log; TP, concentrations
(ug 171 in Lough Sheelin for the time before (1990-1999) and
following (2004-2008) D. polymorpha invasion. Predicted

not significant for the period 2004-2008. The changes
in slopes and intercepts between the two periods were
statistically significant (P < 0.05).

Discussion

Data for 1990-2008 demonstrate that, overall, exter-
nal loadings of TP to Lough Sheelin significantly
declined (P < 0.05) following a peak in the early
1990s and remained relatively low until 2008
(Fig. 2a). However, some inter-annual variability
was apparent, presumably because of differences over
time in rainfall, the number and state of point and
diffuse sources and the occasional occurrences of
pollutant spills (Greene et al., 2011). Despite this
significant, overall fall in TP loads from the catch-
ment, TP concentrations in the lake did not show a
similar decrease, remaining at early 1990s and higher
levels though to 2008. Some variability is evident,
however. For example, from 1990 to 1998, a decrease
in TP concentrations in the lake associated with
decreased external loadings from the catchment is
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TPy concentrations were obtained from the three TP loading
models that use 7, as a scaling factor for ¢ (OECD 1982 general,
OECD 1982 shallow and Foy 1992) and from the Prairie 1989
model, which uses a combination of estimates of ¢ and R

similar to the loading-response relationship reported
elsewhere (Jeppesen et al., 2005; Kohler et al., 2005;
Sendergaard et al., 2005). The relationship changed
markedly in the early 2000s, however. Despite an
overall significant reduction of TP loading in the
period during which measures aimed at reducing P
loads from the catchment had been implemented, TP
concentrations in the lake did not decrease in a similar
manner observed previously in 1990-1992. This
suggests that the change in the TP loading-response
relationship after 2004 could have been a result of
some other factor, and one that was not influential in
the early 1990s.

The lake TP budget results indicate that overall the
lake sediment functioned as a net sink for TP, with an
estimated 73% of TP retained in sediments since 1990.
The amount of TP incorporated into sediment also
appeared to be greater than TP lost to the outflow,
despite the estimated hydrological residence time being
just 6 months. Compared with deep lakes, where a
redox-dependent accumulation of P occurs in the
anoxic hypolimion during stratification, shallow lakes
are usually well mixed and oxidised throughout the
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Table 3 RMSE values for TP, from TP loading-response models for the hydrological years 1990-2008

Model RMSE (TP pg 1Y)
Full time period Pre D. polymorpha Post D. polymorpha
(1990-2008) (1990-1999) (2004-2008)
o
OECD (1982) shallow 24.5 26.6 13.8
Foy (1992) 25.1 27 14.6
OECD (1982) general 49.1 524 334
R
Ostrofsky (1978b) 11.9 10.7 12.8
Chapra (1975) 13.2 12.8 13.8
Ostrofsky (1978a) 11.9 10.7 12.8
Dillon & Kirchner (1975) 14.6 16.1 12.7
Kirchner & Dillon (1975) 15.5 18.4 10.7
Niirnberg (1984) 16.1 19.1 11.1
Vollenweider (1975) 18 21.7 11.9
Larsen & Mercier (1976) 25.2 31.6 11.9
o+ R
Prairie (1989) 49.1 52.8 31.7

water column, encouraging sediment retention (Padisak
& Reynolds, 2003; Sgndergaard et al., 2003). Lough
Sheelin is a polymictic lake; the lake is too shallow for
thermal stratification to develop (O’Sullivan & Rey-
nolds, 2005). Brett & Benjamin (2008) suggest that
lakes with short hydraulic retention times may receive
relatively greater contributions of allochthonous, min-
eral-bound particulate phosphorus (PP) than lakes with
longer hydraulic retention times. Lakes with shorter
hydraulic retention times may then display greater
sedimentation of TP.

Loading-response models for TP in lakes have been
used in many studies to predict the value of one model
parameter as a function of another, or to examine the
aquatic impacts of proposed TP loading reductions
(Sgndergaard et al., 1999; Coveney et al., 2005; Girvan
& Foy, 2006). The OECD (1982) shallow and Ostrof-
sky (1978b) models were both associated with rela-
tively low RMSE values in the current research. The
Ostrofsky (1978b) model gave a better fit than other
models using TP retention coefficients fitted to the
loading-response model of Dillon & Rigler (1974)
because it predicted the highest rate of TP retention for
a given hydraulic load (average R = 0.67). Statistically
lower predicted TP compared with measured concen-
trations after 2004 provide further evidence for
increased release of TP from sediments to the water

@ Springer

column, thereby leading to elevated TP concentrations
in the lake that could not have been accounted for by the
model parameters. This explains the tendency of the
Kirchner & Dillon (1975) and Niirnberg (1984) models
to most accuracy predict TPy, concentrations in the
years following establishment of D. polymorpha; both
of these models describe lower coefficients for R com-
pared with the Ostrofsky (1978b) model. By compar-
ison, the OECD (1982) and Foy (1992) models
consistently overestimated TPj,., possibly owing to
the bias in the model structure on the loss of TP mass in
the lake through the outflow rather than sedimentation.

Evidence from loading-response models suggests
that the net P sedimentation rate was reduced follow-
ing the establishment of D. polymorpha, increasing the
rate of internal loading. Internal loading of P from the
sediment is frequently reported as a main cause
hindering the recovery of shallow lakes following
reductions in the external load of P entering the lake
(Jeppesen et al., 2005; Phillips et al., 2005; Sgnderg-
aard et al., 2007), with estimations of TP released from
sediments shown to correlate positively with annual
average concentrations of TP (May et al., 2011; Spears
et al., 2012). Similarly, D. polymorpha can alter P
sedimentation rates (Bykova et al., 2006; Turner,
2010). Greater deposition of organic matter enhances
microbial activity at the sediment—water interface,
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Fig. 4 Plots showing the regression relationships between
measured log;o TP, and predicted log;y TPy, concentrations
(ug 171 in Lough Sheelin for the time before (1990-1999) and
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following (2004-2008) D. polymorpha invasion. Predictions were
calculated using the Dillon & Rigler (1974) TP loading-response

model.

The model used eight different estimations of R (Table 2)
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intensifies nutrient remineralisation, decreases oxygen
penetration into the sediments, thus creating condi-
tions to support denitrification and release iron bound
P in dissolved form (Jensen & Andersen, 1992;
Turner, 2010).

Understanding the extent to which biotic invasion
and native species loss alter whole-ecosystem proper-
ties remains a fundamental ecological challenge
(Sutherland et al., 2013). In the context of D.
polymorpha, large populations are known to modify
food web structure and alter ecosystem function
(Miehls et al., 2009; Ozersky et al., 2012; Wikstrom
& Hillebrand, 2012) by selective consumption of
phytoplankton through filtration (Bastviken et al.,
1998; Hwang et al., 2011). This filtration behaviour
results in large reductions in the biomass of edible
phytoplankton (Maclsaac, 1996), increases in water
clarity (Zhu et al., 2006), and alterations in the habitat
complexity of benthic communities (Burlakova et al.,
2012), providing additional habitat for zebra mussels
to colonise (Higgins & Zanden, 2010). Accordingly,
the observations made in this study show that not only
did P dynamics alter after the invasion of D.
polymorpha but also the ratio of chlorophyll a to TP
concentrations changed, marked by a substantial
decline in chlorophyll a concentrations with no
commensurate fall in TP level evident. Transparency
also increased in the lake from 2004. D. polymorpha
biomass in Lough Sheelin is recorded as almost
doubling (3.73 x 10°-6.36 x 10°) from 2005 to 2006
(Millane et al., 2008). Zebra mussel population levels
usually reach a stable state 7—12 years after initial
colonisation (Burlakova et al., 2000), i.e. roughly
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between 2011 and 2014 in the case of Lough Sheelin.
The observational and modelled data reported here
suggest that D. polymorpha may have had a tangible
effect on water quality several years before population
size was expected to have reached carrying capacity.
Furthermore, although initial trophic status determines
D. polymorpha behaviour on invasion, post establish-
ment the magnitude and extent of influences of
resident D. polymorpha on water quality are primarily
related to the abundance and biomass of the population
(Vanderploeg et al., 2002; Burlakova et al., 2006), as
these parameters correspond directly to filter-feeding.
While the available data do not provide unequivocal
evidence of the processes that caused the observed
changes, these observed effects would appear to be
deserving of consideration in any assessment of the
effectiveness of measures aimed at improving water
quality in Lough Sheelin, and in other lakes that have
been invaded by zebra mussels.

Phytoplankton biomass, one of the four biological
quality elements for lake ecological classification
cited in the WFD, is typically quantified according to
levels of chlorophyll a concentration (Kasprzak et al.,
2008; Carvalho et al., 2013). Phytoplankton can be
sensitive to additions of P in conditions where growth
rate is P limited (Vollenweider, 1976). The most
commonly adopted response to eutrophication is the
implementation of measures aimed at reducing P loads
from external and internal sources in order to reduce
phytoplankton biomass (Phillips et al., 2008; Sgnderg-
aard et al., 2011; Lyche-Solheim et al., 2013; Spears
et al., 2013). Reduced concentrations of P are gener-
ally assumed to lead, directly, to improved ecological
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status of water bodies. The use of chlorophyll a—TP
models as a basis for managing lake water quality is,
therefore, not straightforward; the results from this
study suggest that revised assessment methods are
required for lakes that have undergone ecosystem
changes as a result of invasive species. Considering
the expense involved in implementing P regulation, an
unequivocal demonstration of the continued effective-
ness of P reductions at controlling and reducing
eutrophication is necessary, including in lakes invaded
by D. polymorpha. As D. polymorpha has been
reported to alter P dynamics substantially in invaded
lakes, usually masking a nutrient problem, a sudden
decline in D. polymorpha biomass could result in the
recurrence of substantial eutrophication in the absence
of P management. An incomplete understanding of the
range and magnitude of aquatic effects of an alien
species, therefore, may mean that even well-conceived
and expensive measures to mitigate P and other
stresses are put at risk or even reversed (Strayer,
2010). These other stresses may in some cases include
climate change, as the close connections between
climate change and invasive species are increasingly
acknowledged (Pyke et al., 2008).

Conclusions

Lowland shallow lakes are highly susceptible to the
adverse effects of nutrient enrichment because they
accumulate a variety of loads transferred from anthro-
pogenic activities in the catchment, but may also be
subjected to internal loading. All sources of nutrients,
especially P, require attention under the WFD. Limited
resources often mean that in reality evaluations of the
effectiveness of measures aimed at reducing catchment
losses of P to water bodies are not detailed enough.
Identifying and targeting the critical sources of P that
are impairing lake ecosystems assume great impor-
tance. Comprehensive estimates of the P balance of a
lake facilitate understanding of trajectories of P in
lakes, providing an insight into potential responses to P
remediation and offering evidence of discernible shifts
in the system. Although an observational, rather than
experimental, study, data provided here showed that
conditions in Lough Sheelin changed significantly
following D. polymorpha establishment. Any effects
of invasive species were outside the control of
management measures aimed at relaxing eutrophication

pressures. The impacts of invasive species on ecolog-
ical functioning, especially in the context of other
changing pressures such as climate change, thus need to
be considered in any evaluation of the effectiveness of
measures aimed at mitigating aquatic pollution.

Acknowledgements This research was funded by the
Environmental Protection Agency (EPA), Ireland, under the
Science, Technology, Research & Innovation for the
Environment (STRIVE) Programme 2007-2013, and is part of
the EFFECT project (project # 2007-W-MS-3-S1). Thanks are
owed in particular to IFI for the provision of P and flow
monitoring data. Additional flow data from the EPA is also
gratefully acknowledged, as is assistance from Cavan County
Council and the Agri-Food and Biosciences Institute (AFBI),
Belfast. Thanks also to Boy Foy (AFBI) and Phil Jordan
(University of Ulster) for their advice on TP budgets and TP
loading-response models. The research that underpins this paper
has benefited greatly from the encouragement and advice from
the members of the EFFECT project and steering group. The
constructive advice of two anonymous reviewers on an earlier
version of this manuscript is also gratefully acknowledged.

References

Allan, R., 2012. Water sustainability and the implementation of
the Water Framework Directive — a European perspective:
policy paper. Ecohydrology & Hydrobiology 12: 171-178.

Anon, 2005. The characterisation and analysis of Ireland’s river
basin districts in accordance with Section 7(2 & 3) of the
European Communities (Water Policy) Regulations 2003
(SI 722 of 2003). National Summary Report (Ireland).
Compendium of Public Submissions and Responses.

Barnes, A. P., D. Moran & K. Topp, 2009. The scope for reg-
ulatory incentives to encourage increased efficiency of
input use by farmers. Journal of Environmental Manage-
ment 90: 808-814.

Bastviken, D. T. E., N. F. Caraco & J. J. Cole, 1998. Experi-
mental measurements of zebra mussel (Dreissena poly-
morpha) impacts on  phytoplankton community
composition. Freshwater Biology 39: 375-386.

Brett, M. T. & M. M. Benjamin, 2008. A review and reassess-
ment of lake phosphorus retention and the nutrient loading
concept. Freshwater Biology 53: 194-211.

Brines Miller, E. & M. C. Watzin, 2007. The effects of zebra
mussels on the lower planktonic foodweb in Lake
Champlain. Journal of Great Lakes Research 33: 407-420.

Burlakova, L. E., A. Y. Karatayev & D. K. Padilla, 2006.
Changes in the distribution and abundance of Dreissena
polymorpha within lakes through time. Hydrobiologia 571:
133-146.

Burlakova, L. E., A. Y. Karatayev & V. A. Karatayev, 2012.
Invasive mussels induce community changes by increasing
habitat complexity. Hydrobiologia 685: 121-134.

Bykova, O., A. Laursen, V. Bostan, J. Bautista & L. McCarthy,
2006. Do zebra mussels (Dreissena polymorpha) alter lake
water chemistry in a way that favours Microcystis growth?
Science of the Total Environment 371: 362-372.

@ Springer



Hydrobiologia

Carey, R. O., G. J. Hochmuth, C. J. Martinez, T. H. Boyer, M.
D. Dukes, G. S. Toor & J. L. Cisar, 2013. Evaluating nutrient
impacts in urban watersheds: challenges and research
opportunities. Environmental Pollution 173: 138-149.

Carlson, R. E., 1977. Trophic state index for lakes. Limnology
and Oceanography 22: 361-369.

Carvalho, L., C. McDonald, C. de Hoyos, U. Mischke, G.
Phillips, G. Borics, S. Poikane, B. Skjelbred, A. L. Sol-
heim, J. Van Wichelen & A. C. Cardoso, 2013. Sustaining
recreational quality of European lakes: minimizing the
health risks from algal blooms through phosphorus control.
Journal of Applied Ecology 50: 315-323.

Cha,Y.,C. A.Stow & E. S. Bernhardt, 2013. Impacts of dreissenid
mussel invasions on chlorophyll and total phosphorus in 25
lakes in the USA. Freshwater Biology 58: 192-206.

Champ, T., 1993. Lough Sheelin — A ‘success’ story. In Malian,
C. (ed.), Water of Life The Proceedings of a Conference on
the Inland Waters of Ireland. Royal Dublin Society, Dub-
lin, 7-9 October 1992: 154-162.

Chapra, S. C., 1975. Comment on ‘An empirical method of
estimating the retention of phosphorus in lakes’ by W.
B. Kirchner and P. J. Dillon. Water Resources Research 11:
1033-1034.

Chapra, S. C. & D. M. Dolan, 2012. Great Lakes total phos-
phorus revisited: 2. Mass balance modeling. Journal of
Great Lakes Research 38: 741-754.

Connelly, N., C. O’Neill Jr., B. Knuth & T. Brown, 2007.
Economic Impacts of zebra mussels on drinking water
treatment and electric power generation facilities. Envi-
ronmental Management 40: 105-112.

Coveney, M. F., E. F. Lowe, L. E. Battoe, E. R. Marzolf & R.
Conrow, 2005. Response of a eutrophic, shallow subtrop-
ical lake to reduced nutrient loading. Freshwater Biology
50: 1718-1730.

Crossman, J., P. G. Whitehead, M. N. Futter, L. Jin, M.
Shahgedanova, M. Castellazzi & A. J. Wade, 2013. The
interactive responses of water quality and hydrology to
changes in multiple stressors, and implications for the long-
term effective management of phosphorus. Science of the
Total Environment 454-455: 230-244.

Davis, M. A., 2013. 4.05 — Invasive Plants and Animal Species:
Threats to Ecosystem Services. In Roger, P. (ed.), Climate
Vulnerability. Academic Press, Oxford: 51-59.

Dillon, P. J. & W. B. Kirchner, 1975. Reply to Chapra’s com-
ment. Water Resources Research 11: 1035-1036.

Dillon, P. J. & F. H. Rigler, 1974. A test of a simple nutrient
budget model for predicting the phosphorus concentration
in water. Journal of Fisheries Research Board of Canada
31: 1771-1778.

Doody, D. G., M. Archbold, R. H. Foy & R. Flynn, 2012.
Approaches to the implementation of the Water Frame-
work Directive: targeting mitigation measures at critical
source areas of diffuse phosphorus in Irish catchments.
Journal of Environmental Management 93: 225-234.

Dzialowski, A. R. & W. Jessie, 2009. Zebra mussels negate or
mask the positive effects of nutrient enrichment on algal
biomass in experimental mesocosms: a preliminary mes-
ocosm study. Journal of Plankton Research 31: 1407-1425.

Eisenreich, S., R. Bannerman & D. Armstrong, 1975. Simplified
phosphorus analysis technique. Environmental letters 9:
43-53.

@ Springer

Elliott, P., D. C. Aldridge & G. D. Moggridge, 2008. Zebra
mussel filtration and its potential uses in industrial water
treatment. Water Research 42: 1664-1674.

EPA, 1994. Communication from the EPA to Cavan County
Council in the Matter of the Control of Water Pollution in
the Lough Sheelin Catchment. Environmental Protection
Agency, Wexford.

European Commission, 2000. Directive 2000/60/EC of the
European Parliament and of the Council establishing a
framework for Community action in the field of water
policy. Official Journal of the European Communities. 43:
1-72.

European Environment Agency, 2010. The European Environment
State and Outlook 2010. Freshwater Quality. Copenhagen.

Fahnenstiel, G. L., G. A. Lang, T. F. Nalepa & T. H. Johengen,
1995. Effects of zebra mussel (Dreissena polymorpha)
colonization on water quality parameters in Saginaw Bay,
Lake Huron. Journal of Great Lakes Research 21: 435-448.

Fishman, D. B., S. A. Adlerstein, H. A. Vanderploeg, G. L. Fa-
hnenstiel & D. Scavia, 2009. Causes of phytoplankton
changes in Saginaw Bay, Lake Huron, during the zebra
mussel invasion. Journal of Great Lakes Research 35:
482-495.

Foy, R. H., 1992. A phosphorus loading model for northern Irish
Lakes. Water Research 26: 633-638.

Gergs, R., K. Rinke & K. O. Rothhaupt, 2009. Zebra mussels
mediate benthic-pelagic coupling by biodeposition and
changing detrital stoichiometry. Freshwater Biology 54:
1379-1391.

Girvan, J. R. & R. H. Foy, 2006. Trophic stability in an Irish
mesotrophic lake: Lough Melvin. Aquatic Conservation:
Marine and Freshwater Ecosystems 16: 623-636.

Greene, S., D. Taylor, Y. R. McElarney, R. H. Foy & P. Jordan,
2011. An evaluation of catchment-scale phosphorus miti-
gation using load apportionment modelling. Science of the
Total Environment 409: 2211-2221.

Haith, D., N. Hollingshead, M. Bell, S. Kreszewski & S. Morey,
2012. Nutrient loads to Cayuga Lake, New York: water-
shed modeling on a budget. Journal of Water Resources
Planning and Management 138: 571-580.

Higgins, S. N. & M. J. V. Zanden, 2010. What a difference a
species makes: a meta-analysis of dreissenid mussel
impacts on freshwater ecosystems. Ecological Monographs
80: 179-196.

Higgins, T., J. Grennan & T. McCarthy, 2008. Effects of recent
zebra mussel invasion on water chemistry and phyto-
plankton production in a small Irish lake. Aquatic Inva-
sions 3: 14-20.

Hwang, S. J., H. S. Kim, J. H. Park & B. H. Kim, 2011. Shift in
nutrient and plankton community in eutrophic lake fol-
lowing introduction of a freshwater bivalve. Journal of
Environmental Biology 32: 227-234.

Jarvie, H. P., A. N. Sharpley, B. Spears, A. R. Buda, L. May & P.
J. A. Kleinman, 2013a. Water quality remediation faces
unprecedented challenges from “Legacy phosphorus”.
Environmental Science & Technology 47: 8997-8998.

Jarvie, H. P., A. N. Sharpley, P. J. A. Withers, J. T. Scott, B.
E. Haggard & C. Neal, 2013b. phosphorus mitigation to
control river eutrophication: Murky waters, inconvenient
truths, and “postnormal” science. Journal of Environ-
mental Quality 42: 295-304.



Hydrobiologia

Jensen, H. S. & F. O. Andersen, 1992. Importance of tempera-
ture, nitrate, and pH for phosphate release from aerobic
sediments of four shallow, eutrophic lakes. Limnology &
Oceanography 37: 577-589.

Jeppesen, E., M. Sondergaard, J. P. Jensen, K. E. Havens, O.
Anneville, L. Carvalho, M. F. Coveney, R. Deneke, M.
T. Dokulil, B. Foy, D. Gerdeaux, S. E. Hampton, S. Hilt, K.
Kangur, J. Kohler, E. Lammens, T. L. Lauridsen, M.
Manca, M. R. Miracle, B. Moss, P. Noges, G. Persson, G.
Phillips, R. Portielje, C. L. Schelske, D. Straile, I. Tatrai, E.
Willen & M. Winder, 2005. Lake responses to reduced
nutrient loading — an analysis of contemporary long-term
data from 35 case studies. Freshwater Biology 50:
1747-1771.

Johnes, P. J., R. Foy, D. Butterfield & P. M. Haygarth, 2007.
Land use scenarios for England and Wales: evaluation of
management options to support ‘good ecological status’ in
surface freshwaters. Soil Use and Management 23:
176-194.

Johnson, P. T.J., A.R. Townsend, C. C. Cleveland, P. M. Glibert,
R. W. Howarth, V. J. McKenzie, E. Rejmankova & M.
H. Ward, 2010. Linking environmental nutrient enrichment
and disease emergence in humans and wildlife. Ecological
Applications 20: 16-29.

Jordan, P., A. R. Melland, P. E. Mellander, G. Shortle & D. Wall,
2012. The seasonality of phosphorus transfers from land to
water: implications for trophic impacts and policy evalua-
tion. Science of the Total Environment 434: 101-109.

Jorgensen, S. E. & R. A. Vollenweider, 1989. Guidelines of
Lake Management. Volume 1: Principals of Lake Man-
agement. International Lake Environment committee and
the United Nations Environmental Programme.

Kasprzak, P., J. Padisdk, R. Koschel, L. Krienitz & F. Gervais,
2008. Chlorophyll a concentration across a trophic gradient
of lakes: an estimator of phytoplankton biomass? Limno-
logica 38: 327-338.

Kerins, C., K. Monahan & T. Champ, 2007. LLough Sheelin and
Its Catchment: Water Quality Status and Nutrient Loadings
1998-2005. Shannon Regional Fisheries Board, Limerick.

Keys, J. & F. Gibbons, 2006. Cavan County Council Phosphorus
Regulations Implementation Report, 2006. Cavan County
Council, Cavan.

Kirchner, W. B. & P. J. Dillon, 1975. An empirical method of
estimating the retention of phosphorus in lakes. Water
Resources Research 11: 182—183.

Kleinbaum, D., D. G. Kupper, K. E. Muller & A. Nizam, 1998.
Applied Regression Analysis and Other Multivariate
Methods, 3rd ed. Duxbury Press, Pacific Grove, CA.

Kohler, J., S. Hilt, R. Adrian, A. Nicklisch, H. P. Kozerski & N.
Walz, 2005. Long-term response of a shallow, moderately
flushed lake to reduced external phosphorus and nitrogen
loading. Freshwater Biology 50: 1639-1650.

Kroger, R., E. J. Dunne, J. Novak, K. W. King, E. McLellan, D.
R. Smith, J. Strock, K. Boomer, M. Tomer & G. B. Noe,
2013. Downstream approaches to phosphorus management
in agricultural landscapes: regional applicability and use.
Science of the Total Environment 442: 263-274.

Larsen, D. P. & H. T. Mercier, 1976. Phosphorus retention
capacity of lakes. Journal of the Fisheries Research Board
of Canada 33: 1742-1750.

Liu, C., C. Kroeze, A. Y. Hoekstra & W. Gerbens-Leenes, 2012.
Past and future trends in grey water footprints of anthro-
pogenic nitrogen and phosphorus inputs to major world
rivers. Ecological Indicators 18: 42-49.

Liu, Z., B.-P. Han & R. Gulati, 2013. Preface: conservation,
management, and restoration of shallow lake ecosystems
facing multiple stressors. Hydrobiologia 710: 1-2.

Lyche-Solheim, A., C. Feld, S. Birk, G. Phillips, L. Carvalho, G.
Morabito, U. Mischke, N. Willby, M. Sg¢ndergaard, S.
Hellsten, A. Kolada, M. Mjelde, J. Bohmer, O. Miler, M.
Pusch, C. Argillier, E. Jeppesen, T. Lauridsen & S. Poikane,
2013. Ecological status assessment of European lakes: a
comparison of metrics for phytoplankton, macrophytes,
benthic invertebrates and fish. Hydrobiologia 704: 57-74.

Maclsaac, H. J., 1996. Potential abiotic and biotic impacts of
zebra mussels on the inland waters of North America.
American Zoologist 36: 287-299.

Maguire, C. M. & L. M. Sykes, 2004. Zebra mussel management
strategy for Northern ireland 2004-2010. Environment and
Heritage Service, Northern Ireland, UK.

Maguire, C., D. Roberts & R. Rosell, 2003. The ecological
impact of a zebra mussel invasion in a large Irish lake,
Lough Erne: a typical European experience? Aquatic
Invaders 14: 2-8.

Maguire, R. O., G. H. Rubak, B. E. Haggard & B. H. Foy, 2009.
Critical evaluation of the implementation of mitigation
options for phosphorus from field to catchment scales.
Journal of Environmental Quality 38: 1989—-1997.

May, L., L. Defew, H. Bennion & A. Kirika, 2011. Historical
changes (1905-2005) in external phosphorus loads to Loch
Leven, Scotland, UK. Hydrobiologia 681: 11-21.

McGonigle, D. F., R. C. Harris, C. McCamphill, S. Kirk, R. Dils,
J. Macdonald & S. Bailey, 2012. Towards a more strategic
approach to research to support catchment-based policy
approaches to mitigate agricultural water pollution: a UK
case-study. Environmental Science & Policy 24: 4-14.

McLaughlan, C. & D. C. Aldridge, 2013. Cultivation of zebra
mussels (Dreissena polymorpha) within their invaded
range to improve water quality in reservoirs. Water
Research 47: 4357-4369.

Miehls, A. L. J., D. M. Mason, K. A. Frank, A. E. Krause, S.
D. Peacor & W. W. Taylor, 2009. Invasive species impacts
on ecosystem structure and function: a comparison of
Oneida Lake, New York, USA, before and after zebra
mussel invasion. Ecological Modelling 220: 3194-3209.

Millane, M., M. Kelly-Quinn & T. Champ, 2008. Impact of the
zebra mussel invasion on the ecological integrity of Lough
Sheelin, Ireland: distribution, population characteristics
and water quality changes in the lake. Aquatic Invasions 3:
271-281.

Millane, M., M. F. O’Grady, K. Delanty & M. Kelly-Quinn,
2012. An assessment of fish predation on the zebra mussel,
Dreissena polymorpha (Pallas 1771) after recent coloni-
sation of two brown trout managed lake fisheries in Ireland.
Biology & Environment: Proceedings of the Royal Irish
Academy 112: 1-9.

Minchin, D. & C. Moriarty, 1998. Zebra Mussels in Ireland,
Fisheries Leaflet 177. Marine Institute, Dublin.

Moore, P., K. R. Reddy & M. M. Fisher, 1998. Phosphorus flux
between sediment and overlying water in Lake

@ Springer



Hydrobiologia

Okeechobee, Florida: spatial and temporal variations.
Journal of Environmental Quality 27: 1428-1439.

Moss, B., 2011. Cogs in the endless machine: lakes, climate
change and nutrient cycles: A review. Science of the Total
Environment 434: 130-142.

Motulsky, H. J., 2007. Prism 5 Statistics Guide. GraphPad
Software Inc., San Diego, CA.

Murphy, J. & J. P. Riley, 1962. A modified single solution
method for the determination of phosphate in natural
waters. Analytica Chimica Acta 27: 31-36.

Newell, R. I. E., 2004. Ecosystem influences of natural and
cultivated populations of suspension-feeding bivalve
molluscs: a review. Journal of Shellfish Research 23: 51.

Nicholls, K. H. & G. J. Hopkins, 1993. Recent changes in Lake
Erie (north shore) phytoplankton: cumulative impacts of
phosphorus loading reductions and the zebra mussel
introduction. Journal of Great Lakes Research 19:
637-647.

Niirnberg, G. K., 1984. The prediction of internal phosphorus
load in lakes with anoxic hypolimnia. Limnology and
Oceanography 29: 111-124.

OECD, 1982. Eutrophication of Waters: Monitoring, Assess-
ment and Control. Organisation for Economic Co-Opera-
tion and Development (OECD), Paris.

Ostrofsky, M. L., 1978a. Modification of phosphorus retention
models for use with lakes with low areal water loading.
Journal of the Fisheries Research Board of Canada 35:
1532-1536.

Ostrofsky, M. L., 1978b. Trophic changes in reservoirs: an
hypothesis using phosphorus budget models. Internationale
Revue der gesamten Hydrobiologie und Hydrographie 63:
481-499.

O’Sullivan, P. E. & C. S. Reynolds, 2005. The Lakes Handbook:
Lake Restoration and Rehabilitation. Blackwell Science,
Oxford.

Ozersky, T., D. O. Evans & D. R. Barton, 2012. Invasive
mussels alter the littoral food web of a large lake: stable
isotopes reveal drastic shifts in sources and flow of energy.
PLoS ONE 7: e51249.

Ozkundakci, D., D. P. Hamilton & P. Scholes, 2010. Effect of
intensive catchment and in-lake restoration procedures on
phosphorus concentrations in a eutrophic lake. Ecological
Engineering 36: 396-405.

Padisdk, J. & C. S. Reynolds, 2003. Shallow lakes: the absolute,
the relative, the functional and the pragmatic. Hydrobio-
logia 506-509: 1-11.

Phillips, G., A. Kelly, J. A. Pitt, R. Sanderson & E. Taylor, 2005.
The recovery of a very shallow eutrophic lake, 20 years
after the control of effluent derived phosphorus. Freshwater
Biology 50: 1628-1638.

Phillips, G., O. P. Pietilainen, L. Carvalho, A. Solimini, A.
L. Solheim & A. C. Cardoso, 2008. Chlorophyll-nutrient
relationships of different lake types using a large European
dataset. Aquatic Ecology 42: 213-226.

Prairie, Y. T., 1989. Statistical models for the estimation of net
phosphorus sedimentation in lakes. Aquatic Sciences 51:
192-210.

Pyke, C.R.,R. Thomas, R. D. Porter, J. J. Hellmann, J. S. Dukes,
D. M. Lodge & G. Chavarria, 2008. Current practices and
future opportunities for policy on climate change and
invasive species. Conservation Biology 22: 585-592.

@ Springer

Qualls, T. M., D. M. Dolan, T. Reed, M. E. Zorn & J. Kennedy,
2007. Analysis of the impacts of the zebra mussel, Dreis-
sena polymorpha, on nutrients, water clarity, and the
chlorophyll-phosphorus relationship in lower Green Bay.
Journal of Great Lakes Research 33: 617-626.

Rockstrom, J., W. Steffen, K. Noone, A. Persson, F. S. Chapin,
III, E. Lambin, T. M. Lenton, M. Scheffer, C. Folke, H.
Schellnhuber, B. Nykvist, C. A. De Wit, T. Hughes, S. van
der Leeuw, H. Rodhe, S. Sorlin, P. K. Snyder, R. Costanza,
U. Svedin, M. Falkenmark, L. Karlberg, R. W. Corell, V.
J. Fabry, J. Hansen, B. Walker, D. Liverman, K. Richard-
son, P. Crutzen, & J. Foley, 2009. Ecology and society:
planetary boundaries: exploring the safe operating space
for humanity. Ecology and Society 14(2): 32.

Schindler, D. W., R. E. Hecky, D. L. Findlay, M. P. Stainton, B.
R. Parker, M. J. Paterson, K. G. Beaty, M. Lyng & S. E. M.
Kasian, 2008. Eutrophication of lakes cannot be controlled
by reducing nitrogen input: results of a 37-year whole-
ecosystem experiment. Proceedings of the National
Academy of Sciences of the United States of America 105:
11254-11258.

Schulte, R. P. O., A. R. Melland, O. Fenton, M. Herlihy, K.
Richards & P. Jordan, 2010. Modelling soil phosphorus
decline: expectations of Water Framework Directive pol-
icies. Environmental Science & Policy 13: 472-484.

Seitzinger, S. P., E. Mayorga, A. F. Bouwman, C. Kroeze, A.
H. W. Beusen, G. Billen, G. Van Drecht, E. Dumont, B.
M. Fekete, J. Garnier & J. A. Harrison, 2010. Global river
nutrient export: A scenario analysis of past and future
trends. Global Biogeochemical Cycles 24: GBOAOS.

Selig, U., T. Hiibener & M. Michalik, 2002. Dissolved and
particulate phosphorus forms in a eutrophic shallow lake.
Aquatic Sciences 64: 97-105.

Smith, V. H. & D. W. Schindler, 2009. Eutrophication science:
where do we go from here? Trends in Ecology & Evolution
24: 201-220.

Sgndergaard, M., J. P. Jensen & E. Jeppesen, 1999. Internal
phosphorus loading in shallow Danish lakes. Hydrobiolo-
gia 408-409: 145-152.

Sendergaard, M., J. P. Jensen & E. Jeppesen, 2003. Role of
sediment and internal loading of phosphorus in shallow
lakes. Hydrobiologia 506-509: 135-145.

Sgndergaard, M., J. Jens Peder & J. Erik, 2005. Seasonal
response of nutrients to reduced phosphorus loading in 12
Danish lakes. Freshwater Biology 50: 1605-1615.

Sendergaard, M., E. Jeppesen, T. L. Lauridsen, C. Skov, E.
H. Van Nes, R. Roijackers, E. Lammens & R. Portielje,
2007. Lake restoration: successes, failures and long-term
effects. Journal of Applied Ecology 44: 1095-1105.

Sgndergaard, M., S. E. Larsen, T. B. Jgrgensen & E. Jeppesen,
2011. Using chlorophyll a and cyanobacteria in the eco-
logical classification of lakes. Ecological Indicators 11:
1403-1412.

Spears, B., L. Carvalho, R. Perkins, A. Kirika & D. Paterson,
2012. Long-term variation and regulation of internal
phosphorus loading in Loch Leven. Hydrobiologia 681:
23-33.

Spears, B. M., L. Carvalho, B. Dudley & L. May, 2013. Vari-
ation in chlorophyll a to total phosphorus ratio across 94
UK and Irish lakes: implications for lake management.
Journal of Environmental Management 115: 287-294.



Hydrobiologia

Strayer, D. L., 2010. Alien species in fresh waters: ecological
effects, interactions with other stressors, and prospects for
the future. Freshwater Biology 55: 152-174.

Sutherland, W. J., R. P. Freckleton, H. C. J. Godfray, S.
R. Beissinger, T. Benton, D. D. Cameron, Y. Carmel, D.
A. Coomes, T. Coulson, M. C. Emmerson, R. S. Hails, G.
C. Hays, D. J. Hodgson, M. J. Hutchings, D. Johnson, J.
P. G. Jones, M. J. Keeling, H. Kokko, W. E. Kunin, X.
Lambin, O. T. Lewis, Y. Malhi, N. Mieszkowska, E.
J. Milner-Gulland, K. Norris, A. B. Phillimore, D.
W. Purves, J. M. Reid, D. C. Reuman, K. Thompson, J.
M. J. Travis, L. A. Turnbull, D. A. Wardle & T. Wiegand,
2013. Identification of 100 fundamental ecological ques-
tions. Journal of Ecology 101: 58-67.

Talling, J. F., 1974. Photosynthetic pigments: general outline of
spectrophotometric methods: specific procedures. In Vol-
lenweider, R. A. (ed.), A Manual on Methods for Mea-
suring Primary Production in Aquatic Systems. Blackwell,
Oxford.

Turner, C. B., 2010. Influence of zebra (Dreissena polymorpha)
and quagga (Dreissena rostriformis) mussel invasions on
benthic nutrient and oxygen dynamics. Canadian Journal of
Fisheries and Aquatic Sciences 67: 1899-1908.

Vanderploeg, H. A., T. F. Nalepa, D. J. Jude, E. L. Mills, K.
T. Holeck, J. R. Liebig, I. A. Grigorovich & H. Ojaveer,
2002. Dispersal and emerging ecological impacts of Ponto-
Caspian species in the Laurentian Great Lakes. Canadian
Journal of Fisheries and Aquatic Sciences 59: 1209-1228.

Vollenweider, R., 1975. Input—output models. Aquatic Sciences
— Research Across Boundaries 37: 53-84.

Vollenweider, A., 1976. Advances in defining critical loading
levels for phosphorus in lake eutrophication. Memorie
dell’Istituto Italiano di Idrobiologia 33: 53-83.

Ward, J. M. & A. Ricciardi, 2007. Impacts of Dreissena inva-
sions on benthic macroinvertebrate communities: a meta-
analysis: biodiversity research. Diversity and Distributions
13: 155-165.

Welch, E. B. & J. M. Jacoby, 2001. On determining the principal
source of phosphorus causing summer algal blooms in
western Washington lakes. Lake and Reservoir Manage-
ment 17: 55-65.

Wikstrom, S. A. & H. Hillebrand, 2012. Invasion by mobile
aquatic consumers enhances secondary production and
increases top-down control of lower trophic levels. Oeco-
logia 168: 175-186.

Withers, P. J. A. & H. P. Jarvie, 2008. Delivery and cycling of
phosphorus in rivers: a review. Science of the Total
Environment 400: 379-395.

Wright, S. A. L. & O. Fritsch, 2011. Operationalising active
involvement in the EU Water Framework Directive: why,
when and how? Ecological Economics 70: 2268-2274.

Zhu, B., D. G. Fitzgerald, C. M. Mayer, L. G. Rudstam & E.
L. Mills, 2006. Alteration of ecosystem function by zebra
mussels in Oneida Lake: impacts on submerged macro-
phytes. Ecosystems 9: 1017-1028.

@ Springer



	Water quality effects following establishment of the invasive Dreissena polymorpha (Pallas) in a shallow eutrophic lake: implications for pollution mitigation measures
	Abstract
	Introduction
	Materials and methods
	Study site description
	Assembly of research database and exploratory analysis
	Reconstruction of the TP budget of Lough Sheelin
	Calibration of TP loading-response models
	Evaluation of chlorophyll a--TP relationships

	Results
	Temporal trends in lake parameters
	TP budget
	TP loading-response models
	Chlorophyll a and TP relationships

	Discussion
	Conclusions
	Acknowledgements
	References


