Limnol. Oceanogr., 52(1), 2007, 354-369
© 2007, by the American Society of Limnology and Oceanography, Inc.

Degradation of water quality in Lough Neagh, Northern Ireland, by diffuse nitrogen
flux from a phosphorus-rich catchment

Lynda Bunting!
Limnology Laboratory, Department of Biology, University of Regina, Regina, Saskatchewan S4S 0A2, Canada; School of
Geography, Archaeology and Palaeoecology, Queen’s University of Belfast, Belfast BT7 1NN, Northern Ireland

Peter R. Leavitt
Limnology Laboratory, Department of Biology, University of Regina, Regina, Saskatchewan S4S 0A2, Canada

Christopher E. Gibson
Agricultural and Environmental Sciences Division, Department of Agriculture and Rural Development for Northern
Ireland, Belfast BT9 5PX, Northern Ireland

Edward J. McGee

Experimental Radiation Research Laboratory, Department of Experimental Physics, University College Dublin, Dublin 4,
Ireland

Valerie A. Hall
School of Geography, Archaeology and Palacoecology, Queen’s University of Belfast, Belfast BT7 1NN, Northern Ireland

Abstract

Annually resolved fossil records of nitrogen (N) inputs (as sedimentary 6!5N, N content), aquatic production
(813C, C content), and algal abundance and gross community composition (pigments, nonsiliceous microfossils)
from Lough Neagh, Northern Ireland (NI), were compared with annual records of climatic variability,
atmospheric and urban nutrient loading, whole-catchment nutrient budgets, and limnological monitoring data to
identify the unique effects of N on the eutrophication of a phosphorus (P)-rich lake during ca. 1933-1995. Cluster
analysis revealed two major biostratigraphic zones. Zone I (ca. 1933-1955) was characterized by moderate lake
production, as inferred from low concentrations of most fossil pigments and reduced 3!5N signatures but elevated
S13C values and chlorophyte microfossil concentrations. In contrast, Zone II (ca. 1955-1995) exhibited greatly
increased contents of 15N, N, C, and algal pigments, combined with strongly reduced !3C ratios and chlorophyte
fossil abundance, a pattern consistent with recent severe eutrophication. Overall, microfossils of diazotrophic
cyanobacteria were most abundant during the transition period between zones (ca. 1955-1964). Regression
analysis revealed that past N influx to the lake (as 8!5N; r2 0.916, p < 0.0001), colonial cyanobacterial
abundance (as myxoxanthophyll; 72 = 0.837, p < 0.0001), and total algal standing crops (as f-carotene; r2 =
0.388, p < 0.0001) were all strongly correlated to agricultural inputs of N to NI farmland, weakly correlated to P
inputs to NI farmland (r 3,5y = 0.503, p < 0.0001; 7 pocieria = 0-296, p < 0.00015 72y 41 = 0.046, p > 0.05),
and uncorrelated to most measures of climatic variability and atmospheric or urban nutrient inputs. Thus,
degradation of water quality during the 20th century resulted from excessive loading of diffuse N to the lake from
P-rich agricultural lands.

Lake eutrophication remains a significant environmental Schindler 2006). To date, eutrophication of many lakes has

problem despite over 40 years of research to identify the
factors that degrade water quality (Carpenter et al. 1998;
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been linked most clearly to point sources of nutrients (e.g.,
municipal waste water, factory farms), and significant
improvements of water quality have been achieved
following diversion of effluent (Jeppesen et al. 2005). In
contrast, lake eutrophication by nonpoint nutrient sources
(e.g., agriculture, atmospheric deposition) has been more
difficult to quantify and regulate, possibly because diffuse
fluxes are often intermittent, linked to seasonal agricultural
activity or to irregular climatic events (e.g., storms), or are
derived from large-scale land-use practices (Carpenter et al.
1998). Unfortunately, recent analyses suggest that such
diffuse nutrient inputs are now the main cause of aquatic
pollution in many regions of Europe and North America
(Smith 2003).



Effects of diffuse N 355

Water quality degradation can arise from diffuse
nutrient sources for several reasons. First, inputs of
phosphorus (P) and nitrogen (N) to agriculture in the form
of chemical fertilizer and animal feed supplements often
exceed outputs in agricultural product (e.g., Foy et al.
2002). Second, excessive densities of livestock can lead to
manure production and application that exceeds the
regional requirements of crops. Third, excess application
of N in the form of chemical fertilizer or manure can lead to
ammonia (NH3) volatilization and N deposition at remote
locations (Schlesinger and Hartley 1992; Vitousek et al.
1997). In all cases, excess nutrient application can lead to
soil surpluses of both N and P that are mobile and can
leach into downstream aquatic ecosystems (Smith et al.
1995; Bennett et al. 1999). Globally, this process is
particularly pronounced for P (Bennett et al. 2001) and,
in principle, can lead to situations in which excess P runoff
leads to N limitation of algal production in receiving water
bodies.

Availability of P has been widely regarded as the
principal determinant of lake production, particularly algal
growth (e.g., Schindler 1977). However, evidence is
accumulating that N can limit lake production, as either
the primary or the colimiting nutrient with P (Elser et al.
1990; James et al. 2003; Leavitt et al. 2006). Unfortunately,
because N and P fluxes from point sources often covary
and because soil surpluses of N have increased as much or
more than those of P (Isermann 1991), there is little
consensus on whether excess N inputs can cause eutrophi-
cation of lakes, even though environmental degradation of
estuaries by N is well established (Smith 2003, 2006).

In this paper, annually resolved fossil records of N
inputs (as 815N, N content), aquatic production (813C, C
content), and algal abundance and gross community
composition (pigments, nonsiliceous algal microfossils)
from Lough Neagh, Northern Ireland (NI), were analyzed
to trace the development of nutrient enrichment during ca.
1933-1995. Further, fossil records were compared statisti-
cally with annual records of climatic variability, atmo-
spheric and urban nutrient loading, whole-catchment
nutrient budgets, and limnological monitoring data to
identify the correlates of water quality change during the
20th century. Together, these analyses suggest that N
rather than P has been the main element regulating
cyanobacterial development, total algal production, and
the recent eutrophication of P-rich Lough Neagh.

Methods and materials

Site decription—Lough Neagh is a shallow, polymictic,
hypertrophic lake situated at ~12.5 m above sea level
(a.s.l.) in NI (54°35'N, 6°24'W; Fig. 1). The Lough is the
largest freshwater lake in the British Isles, with a mean and
maximum depth of 8.9 m and 34.0 m, respectively, a surface
area of 383 km?2, and a total volume of 3.45 X 10° m3. The
low relative depth of the lake (z, = 0.15%; sensu Wetzel
2001), combined with the high mean wind speed
(>4.5 m s~ 1) experienced in NI (Betts 1997), ensures that
the water column is mixed completely (Wood and Smith
1993) and that oxygen saturation rarely declines below

60%, despite high dissolved organic carbon (DOC) inputs
from catchment peat deposits (Jewson 1977) and low light
penetration (mean secchi depth ~1.1 m; Kg = 0.925 m—1L;
Gibson et al. 2000). As a result of elevated precipitation
(~200 d yr—! with >0.2 mm rain) from low intensity
events (<4 mm h—1!) (Betts 1997), mean hydraulic residence
time is only ~1.2 yr (Foy et al. 2003).

The catchment of Lough Neagh is 4453.4 km2, accounts
for 30% of NI land area, and is composed mainly of
agricultural lowland (68.6% grassland, 4.4% arable land)
with rough grazing (12.7%) and forestry (2.7%) in the
upland regions (>200 m a.s.l.). The remaining area (11.7%)
is comprised of towns and industry that include 64% of the
390,000 inhabitants of the catchment. Six major rivers
drain into the Lough, while the sole outflow, Lower River
Bann, discharges north into the Atlantic Ocean (Fig. 1).
Soils with impeded drainage predominate throughout NI,
with gleyed soils and peat accounting for 54% and 16% of
the land area, respectively (Cruickshank 1997). Conse-
quently, river flow responds rapidly to rainfall, especially
during winter (October—March), when soils are at or near
field capacity and runoff is threefold greater than during
other seasons (Wilcock 1997). Not surprisingly, diffuse
agricultural runoff presently accounts for ~50% of the
annual P influx (617 X 103 kg P) and >75% of the annual
N loading (8,226 X 103 kg N) to the lake (Foy 2002).

Nutrient enrichment of Lough Neagh began ~1700 with
forest clearance and agricultural expansion and increased
after 1900 with urbanization and intensification of farming
(Carter 1977; Battarbee 1978). Periodic monitoring during
the 20th century revealed a shift from mesotrophic
conditions ca. 1900 (West and West 1902; Dakin and
Latarche 1913) to an advanced state of eutrophy by the
mid-1960s (Wood and Gibson 1973), with elevated
concentrations of TP (~100 ug TP L~1), dissolved nitrate
(NO3; ~300 ug NO3 L-1), and chlorophyll ¢ (Chl a;
~40 ug Chl a L=1). By the late 1960s, algal species richness
had declined substantially relative to samples taken during
the early 20th century and was dominated by cyanobac-
teria, including diazotrophic species (Gibson 1993). Since
1970, there have been substantial increases in TP (45%),
NO;3 (70%), and Chl a (100%); further reductions in algal
species diversity; and a shift from diazotrophic to non—N,-
fixing cyanobacteria (Planktothrix agardhii) (Gibson et al.
2000).

Field and laboratory methods—A 330-cm-long sediment
core was collected from the deep-water region (28-m) of the
Lough in July 1995 using a Kullenberg corer (Fig. 1). The
core was halved lengthwise, cleaned by removing the
outermost 5 mm of sediment, and sectioned in 1-cm
intervals every 5 cm. All samples were refrigerated (—2 =
2°C) in darkness until analysis for fossils. Because of the
protracted period (6 yr) between core extraction and
analysis, a second core was taken from a shallow-water
region (9 m) during September 2001 using a Mackereth
corer. Multivariate analysis of stable isotope content (C,
N), elementary composition (%C, %N, C:N), and sedi-
mentary pigment and nonsiliceous algal microfossil con-
centrations demonstrated that the timing and extent of
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ecosystem changes were virtually identical in the two cores
(Bunting 2004). Therefore, all subsequent analyses were
conducted on the deep-water core because potential fossil
degradation produced no notable bias in patterns of
ecosystem change and because algal microfossil records
were more highly resolved in the 1995 core.

Sediment chronology was established from lyophilized
(48 h, 0.01 Pa) sediment samples analyzed for 210Pb, 137Cs,
and 241Am content at 23 intervals evenly distributed over
the length of the core using gamma spectrometry as
described in Gallagher et al. (2001). Sediment age and
mass accumulation rates (g cm~2yr—!) were calculated
using both constant rate of supply (CRS) and constant
initial concentration calculations within the computer
program of Binford (1990). All dates were presented as
Common Era (CE).

Stable isotope content and elemental composition of
sediments were determined from lyophilized sediment
samples (~2 mg dry mass) using a Thermoquest model
NCS 2500 elemental analyzer interfaced with a Thermo-
quest (F-MAT) DeltaPlus XL spectrometer equipped with
continuous flow (ConFlo I1) unit, as described in Savage et
al. (2004). Stable nitrogen (6!°N) and carbon (613C) isotope
compositions were expressed in the conventional d-nota-
tion, defined as per mil (%o0) deviation versus atmospheric
N, and organic C standards previously calibrated against
authentic Vienna Pee Bee Belemnite. Replicate samples
varied less than 0.28%. and 0.10%0 for 8!SN and &13C
determinations, respectively.

Fossil pigments and derivatives were extracted from
lyophilized sediment samples, filtered (0.2-um pore), and

dried under N, gas as described by Leavitt and Hodgson
(2001). Carotenoids, chlorophylls (Chls), and derivatives
were isolated and quantified using a Hewlett-Packard (HP)
model 1100 high-performance liquid chromatograph
equipped with a Rainin model 200 Microsorb C-18 column
(5-um particle size), an HP model 1100 fluorescence
detector, and an HP model 1100 photodiode array
spectrophotometer. Pigments were identified on the basis
of their spectrophotometric characteristics and chromato-
graphic mobility in comparison with authentic standards
and extracts of known pigment composition. Past algal
abundance and gross community composition were in-
ferred from concentrations of chemically stable, taxonom-
ically diagnostic carotenoids, including those characteristic
of cryptophytes (alloxanthin), mainly diatoms (diatox-
anthin), Oscillatoriaceae (oscillaxanthin), colonial cyano-
bacteria (myxoxanthophyll), Nostocales (canthaxanthin),
total cyanobacteria (echinenone), total algae (S-carotene),
as well as broadly distributed Chl ¢ and b and their
derivatives (Leavitt and Hodgson 2001). Isomeric carote-
noids from chlorophytes (lutein) and cyanobacteria (zeax-
anthin) were inseparable and were presented together as
lutein-zeaxanthin (“‘potentially bloom-forming algae™),
while other pigments were used to assess independent
contributions from green algae (Chl b, pheophytin ) and
cyanobacteria (echinenone, canthaxanthin, myxoxantho-
phyll). Similarly, complex glycosidic carotenoids from
Aphanizomenon spp. (aphanizophyll), Anabaena spp. (4-
keto-myxoxanthophyll), and the other colonial cyanobac-
teria (“‘oscillaxanthin-like”’) were incompletely resolved and
were reported together as “‘aphanizophyll” (Leavitt and
Findlay 1994). Consequently, aphanizophyll includes pig-
ments from potentially N,-fixing cyanobacteria as well as
those from nondiazotrophic taxa. All pigment concentra-
tions were expressed as nmol pigment g—! organic matter,
following estimation of organic matter content by mass loss
on ignition at 500°C for 24 h.

Chlorophyte and cyanobacterial microfossils were iso-
lated from fresh sediments and prepared for microscopy
following the protocol of Cronberg (1986). Whole fresh
sediment samples (1.0 = 0.5 mL) were added to a graduated
cylinder containing a 10% (by mass) solution of potassium
hydroxide (KOH), and displacement volumes were esti-
mated. A known volume of a calibrated suspension of
Lycopodium clavatum spores was added to each sample to
act as an internal standard for algal enumeration. This
sediment-KOH solution was boiled 10 min and settled
24 h to deflocculate sediments and remove humic acids.
Each sample was washed with distilled water. Slides were
prepared for enumeration by decanting supernatant and
resuspending an equal volume of processed fossil material
in glycerol containing a 50% Fuchsin-B solution (1% by
mass in ethanol) on glass microscope slides. Coverslips
were mounted, and slides were permanently sealed by
applying two coats of translucent nail polish to each edge
of coverslip. For each sample, =200 nonsiliceous algal
microfossils were identified and enumerated using light
microscopy at 600X magnification to determine species
composition and concentration (microfossils mL—! fresh
sediment). Taxonomic identities of fossils were based on
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both modern and fossil reference materials and texts, as
detailed in Bunting (2004).

Numeric analyses—Statistical analyses were conducted
on elemental composition (%N, %C, C: N by mass), stable
isotope signatures (8!5N, d813C), sedimentary pigments
(nmol g—! organic matter), and nonsiliceous algal micro-
fossil assemblages (microfossils mL—! wet sediment).
Numeric analyses were restricted to the 10 genera of
chlorophytes and cyanobacteria with =5% microfossil
abundance in at least one sample and the 15 most abundant
fossil pigments.

Local assemblage zones were identified using stratigra-
phically constrained cluster analysis, performed on un-
transformed and standardized (mean = 0, SD = 1)
geochemical, pigment, and microfossil time series using
CONISS® v. 2.0 (Grimm 1987). Although algal microfossil
data were not available for all depths, missing microfossil
concentrations were not estimated because CONISS
distinguishes between absent and missing data. Local
assemblage zones were estimated using the Euclidian
distance dissimilarity coefficient.

The strength of the relationships between fossil and
historical time series (see below) were examined using
Pearson correlation coefficients and least squares linear
regression analyses performed with SYSTAT® v. 10.0
(SPSS Software Inc). However, for such direct compar-
isons, fossil records had to be harmonized with historical
time series by rounding estimates of sediment age to the
nearest calendar year. In cases where individual years
included more than one fossil observation, a simple
arithmetic mean of the observations was used. Such
alterations were required for <5% of years, and there were
no years that lacked a corresponding fossil record.
Following harmonization, complete fossil records were
available for the period 1933-1995, inclusive. Predictive
relationships between fossil and concomitant environmen-
tal time series were prescreened using scatter-plot analysis;
only potentially significant (p < 0.1) relationships were
selected for further analyses because of the large number of
comparisons and the fact that some time series would be
expected to be correlated solely by chance.

Regression analyses were conducted with both raw time
series and those in which temporal autocorrelation had
been removed using log;o and first-difference transforma-
tions (Verleyen et al. 2004). However, only analyses of raw
time series are presented herein because comparison of
these analyses revealed that most correlation arose from
long-term trends in time series rather than from short-term
(interannual) variability and because the objective of this
study was to identify correlates of these long-term changes.
Potential effects of lags in factor interactions (e.g., delayed
nutrient runoff; Foy and Lennox 2006) were addressed by
performing cross-correlation analysis of candidate time
series using SYSTAT v. 10.0. These time-series approaches
were selected over canonical analyses (e.g., Hall et al. 1999)
because nutrient flux time series were likely colinear (Foy et
al. 2002), because weaker predictors would be eliminated
by variance inflation analysis (Hall et al. 1999), and

because our aim was to directly contrast N and P as
potential controls of lake eutrophication.

Continuous annual records of climatic variability,
atmospheric inputs of inorganic N and P, urban nutrient
loading, nutrient subsidies to NI farmland, and limnolog-
ical characteristics were used to evaluate potential causes of
water quality degradation (Fig. 2). Monthly meteorological
records were obtained from the United Kingdom Meteo-
rological Office weather station at Armagh, NI (http://
www.metoffice.gov.uk and http://climate.arm.ac.uk/
archives.html/) to calculate annual estimates of mean
maximum and minimum temperatures, total precipitation
(January-December), days with snow at 09:00 h, and days
with sunshine (Fig. 2 a—e). Monthly and winter (December—
March) indices of the North Atlantic Oscillation (NAO)
were obtained from the U.S. National Center for Environ-
mental Prediction (http://tao.atmos.washington.edu/data
sets/nao/; Fig. 2f), while records of sunspot activity were
obtained from the U.S. National Aeronautics and Space
Administration (http://science.msfc.nasa.gov/ssl/pad/solar/
sunspots.htm; Fig. 2g). In addition, estimates of mean
annual inputs of inorganic N and P (gm—2yr~!) in
precipitation were obtained for the Lough Neagh catchment
(C. Jordan, Department of Agriculture and Rural De-
velopment, Northern Ireland [DARDNI], unpubl. data;
Fig. 2h).

Annual mass balances of N and P used by agriculture in
NI (1933-1995; Fig. 2i-k) were obtained from Foy et al.
(2002). These calculations balanced estimates of nutrient
inputs to agricultural lands (inorganic fertilizer, imported
animal feedstuffs) with outputs (agricultural products,
nutrient runoff to aquatic ecosystems) to derive an annual
nutrient balance for each element. For this study, it was
assumed that areal estimates of nutrient fluxes within the
Lough Neagh catchment (30% of NI land area) were the
same as those within NI and that nutrient runoff has been
a constant fraction of added supplements during the past
70 years, even though it was recognized that the quantity of
nutrient runoff will depend also on timing and mode of
fertilizer application, precipitation characteristics, and
vegetative cover (Carpenter et al. 1998). Consistent with
these assumptions, land-use composition in the catchment
has been representative of the total area of NI during the
past 70 years, although Ilivestock densities have been
moderately greater than national averages (Foy et al.
2002). Similarly, nutrient losses to the inflow rivers (110 kg
P km~=2 yr=1; 2,330 kg N km—2 yr—1!) were equivalent to an
average of 4.7% and 12.6% of P and N supplements,
respectively, for the period 1991-2000 (Foy et al. 2002),
although annual NOj; losses can vary by fourfold for a given
N input (Watson et al. 2000), and P influx to lakes is highly
dependent on the quantity of runoff (Foy and Lennox
2000).

Historical information concerning human population
growth in NI during the 20th century was obtained from
the decadal census of NI (Census Office for Northern
Ireland unpubl. data). Annual population estimates were
calculated by linear interpolation between census years.
Annual total P and N inputs (kg yr—1; 1971-1995) from the
wastewater treatment works (WWTWs) in the catchment
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Fig. 2. Long-term data for the Lough Neagh catchment area. Annual historical records include climatic variables such as (a)

maximum temperature, (b) minimum temperature, (c) total precipitation, (d) number of days with snow at 09:00 h, (¢) number of days
with sunshine, (f) winter NAO index, and (g) sunspot activity; resource use variables include (h) atmospheric deposition of N and P, (i) N
inputs to agricultural lands, (j) P inputs to agricultural lands, and (k) their mass ratios; and urban factors include (I) N and P inputs to
Lough Neagh from urban sewage. Further time-series details are given in Methods and materials.

were estimated from urban population data and assumed
per capita P and N values. Annual total P and N inputs
(kg yr=1; 1971-1995) from septic tanks in the catchment
were estimated from rural population data, assumed per
capita P and N values, and a connectivity factor (Foy and
Lennox 2006; R. H. Foy, DARDNI, pers. comm.; Fig. 2I).

Finally, annual records of limnological variables (Fig. 3)
were obtained from the Agricultural and Environmental
Science Division of DARDNI for lake transparency (secchi
depth, m; 1968-1995), concentrations (ug L—! or mg L—1)
of total P (TP; 1969-1995), dissolved organic phosphorus
(1974-1995), dissolved reactive phosphorus (1974-1995),
and particulate phosphorus (1974-1995), dissolved nitrate
(NOj3; 1969-1995), dissolved ammonium (NHy; 1974-
1995), dissolved silica (SiO,; 1971-1995), and Chl a (1968-
1995). In addition, mean annual biovolumes (mm?3 L—1)
were estimated for the major phytoplankton during 1969—
1995, including Limnothrix redekei (Van Goor), P. agardhii
(Komarek) Anagnostides, Stephanodiscus astraea (Ehr.)

Kiitzing (now S. neoastraea Hakansson and Hickel),
Aulacoseira subarctica (O. Miiller) Haworth, Aphanizome-
non flos-aquae fa gracile Lemm., and Anabaena spp.
(Gibson et al. 2000). Limnological variables were quanti-
fied using standard methodologies (Wood and Smith 1993)
for depth-integrated samples collected from the center of
Lough Neagh during 1969 to 1992 (weekly) and 1993 to
1995 (biweekly).

Results

Sediment chronology—The 210Pb activity declined line-
arly with depth in Lough Neagh sediments (Fig. 4a).
Comparison of chronological models (Gallagher 2003)
indicated that the CRS approach provided the best fit to
210Pb activities, with excellent agreement with other radio-
isotopes (Fig. 4b), including mid-1960s maxima in 137Cs
and 24!Am activities (ca. 155 cm) corresponding to peak
atmospheric nuclear tests and a maximum in 137Cs activity
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(ca. 55 cm) from the 1986 Chernobyl nuclear accident.
Application of the CRS calculation also showed that
sediment accumulation rates were extremely high and
constant (5.4 cm yr—1), consistent with prior radioisotopic
analysis of this coring site (Gallagher 2003). As a conse-
quence of such high sedimentation rates, the 330-cm core
encompassed a 62-yr period (1933-1995) with annual
resolution of fossil records.

Biostratigraphic zonation—Stratigraphically constrained
cluster analysis identified five distinct units distributed into
two principal zones (Fig. 5). The most significant changes
in geochemical (815N, 313C, %N, %C) and algal (pigments,
microfossils) assemblages occurred ca. 1955 and separated
Zone I (ca. 1933-1955) from Zone II (ca. 1955-1995). Zone
I was further divided into two main subzones, whereas
three subclusters were identified within Zone II.

Zone la (ca. 1933-1939) was defined by low and constant
OIN (~6.5%0), C (~5%), and N (~0.5%) contents and
relatively enriched 813C signatures (ca. —28.5%0) (Fig. S5a—

d). During this interval, fossil pigment concentrations were
low and stable, with the exception of oscillaxanthin from
the Oscillatoriaceae (Fig. Se-m). Chlorophyte microfossils
were abundant and diverse (>20 species) throughout this
zone (Fig. 50-t). In contrast, fossils from several cyano-
bacterial taxa were rare or absent (Anabaena, Aphanizome-
non), while those from Gloeotrichia and nonspecific
heterocysts were present throughout Zone Ia (Fig. Su—x).
Signatures of 615N increased during Zone Ib (ca. 1939—
1955), while those of 6!3C declined steadily from ca.
—28.5%0 to ca. —29.5%o (Fig. S5a,c). In addition to an
overall increase in N and C content, abundances of both
elements peaked during the early 1940s (Fig. 5b,d).
However, concentrations of pigments from total algae (f3-
carotene), Oscillatoriaceae (oscillaxanthin), and chloro-
phytes (pheophytin b) remained stable during this interval,
while those from colonial cyanobacteria (aphanizophyll,
myxoxanthophyll, canthaxanthin), bloom-forming algae
(lutein-zeaxanthin), and cryptophytes (alloxanthin) in-
creased throughout this zone, and those from diatoms
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Lough Neagh, Northern Ireland. (a) Excess 219Pb activity (Bq g—!
dry mass) as a function of sediment depth and age estimated from
210Pb profiles using the CRS calculation. (b) Activities of 137Cs
(left axis) and 24!Am (right axis) as a function of sediment depth
and CRS age.

(diatoxanthin) increased after ca. 1945 (Fig. Se-m). Micro-
fossil concentrations of total algae and chlorophytes,
including Pediastrum, Tetraédron, Celastrum, Botryococ-
cus, and Staurastrum, were greatly elevated in Zone Ib
(Fig. 5n—t). In contrast, microfossils of Anabaena and
Aphanizomenon were largely absent from this zone, while
those of nonspecific heterocysts were sporadically present
at reduced concentrations (Fig. Su—x).

Zone Ila (ca. 1955-1964) marked the major transition in
fossil assemblages (Fig. 5). During this interval, the N and
C content of sediments increased sharply, the N isotopic
ratio continued to increase, while 6!3C values declined
further (Fig. 5a—d). This zone was also characterized by
increased pigment abundances from colonial cyanobacteria
(aphanizophyll, myxoxanthophyll, canthaxanthin), chlor-
ophytes (pheophytin b), and diatoms (diatoxanthin) and by
significant declines in carotenoids from Oscillatoriaceae
(oscillaxanthin) (Fig. 5e-m). Although total algal micro-
fossil concentrations were lower in Zone Ila than in Zone
Ib, microfossils from several cyanobacteria were present at
greatly elevated densities (e.g., Anabaena, Aphanizomenon,
Gloeotrichia; Fig. Su—w), as were nonspecific heterocysts
and microfossils from the green algae Botryococcus and
Staurastrum (Fig. 5x,s,t). In contrast, concentrations of
most other chlorophyte taxa declined greatly during this
period (Fig. 50-r).

Zone IIb (ca. 1964-1991) was the longest of the five
subzones and encompassed sediments with the most
extreme variation in stable isotope, pigment and microfossil
contents (Fig. 5). Specifically, 815N increased ~2%o from
ca. 1964 (~8%o) to the mid-1970s (>10%o), while 513C
signatures declined nearly 1%o after ca. 1980 (Fig. 5a.c).
Similarly, concentrations of most pigment biomarkers
increased rapidly throughout Zone IIb, with the exception
of that from Oscillatoriaceae (oscillaxanthin), which de-
clined to constant abundance by ca. 1970 (Fig. Se-m).
Overall concentrations of algal microfossils were low and
declined throughout this zone (Fig. 5n), reflecting contin-
ued losses of most chlorophytes and dramatic reductions of
the cyanobacteria Anabaena, Aphanizomenon, and Gloeo-
trichia (Fig. 50-x).

Finally, Zone Ilc (ca. 1991-1995) was defined by
maxima of 615N signals and many fossil pigment concen-
trations as well as a 6!13C minimum and continued declines
in abundances of most algal microfossils (Fig. 5). Specif-
ically, pigment concentrations from diatoms (diatox-
anthin), cryptophytes (alloxanthin), chlorophytes (pheo-
phytin b), bloom-forming algae (lutein-zeaxanthin), and
colonial cyanobacteria (aphanizophyll, myxoxanthophyll,
canthaxanthin) all reached core-wide maxima during this
zone (Fig. 5e—m). In contrast, most microfossils from
chlorophytes and cyanobacteria either were absent (e.g.,
Celastrum, Anabaena) or were present at only trace levels
(e.g., Pediastrum, Tetraédron, Scenedesmus, Botryococcus,
Aphanizomenon, Gloeotrichia) (Fig. Sn—x).

Correlations of fossil and historical data—Sedimentary
S15N values in Lough Neagh were strongly correlated (12 =
0.916, p < 0.0001) with total supplements of N to
agricultural catchments within NI (Fig. 6a). Similarly, over
87% of the variance in sedimentary &!'SN could be
explained by a linear relationship with the annual mass of
N applied as chemical fertilizers alone (analysis not shown).
Fossil concentrations of pigments from colonial cyanobac-
teria (myxoxanthophyll) (#2 = 0.837, p < 0.0001) and from
total algae (ff-carotene) (2 = 0.388, p < 0.0001) were also
significantly correlated with N supplements to farmland in
NI (Fig. 6g,1) as well as to changes in fossil 3!5N signatures
(r2 = 0.750 and 0.326, respectively, p < 0.0001). Regression
analysis of limnological data revealed that both concentra-
tions of water-column Chl a (#2 = 0.666, p < 0.0001), and
densities of the predominant phytoplankton P. agardhii (12
= 0.566, p < 0.0001) were strongly correlated with annual
N inputs to NI agriculture during 1969-1995 (Fig. 6¢,e)
and with direct measurements of N influx to the lake (#2 =
0.424, p = 0.002) during 1975-1987 (data from Gibson et
al. 1992) but not with annual N additions from either urban
(r2 = 0.106-0.173, p = 0.105-0.182; 1971-1996) or
atmospheric sources (both r2 = 0.000, p > 0.50; 1982—
1996) (both analyses not shown).

Regression analyses showed that P supplements to
agriculture were significantly correlated with past changes
in the abundance of colonial cyanobacteria (as myxox-
anthophyll, 2 = 0.296, p < 0.0001), modern P. agardhii
concentrations (2 = 0.151, p = 0.031), and modern total
algal biomass (as Chl a; 2 = 0.152, p = 0.027); however,
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Fig. 6. Relationships between annual supplements of N
(a,c.e,g,i) and P (b,d,f,h,j) to Northern Irish farms (both kg X
104 km~—2 yr—1) and (a,b) changes in sedimentary 85N (%o), (c,d)
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terial pigments (nmol myxoxanthophyll g—! organic matter), and
(i,j) fossil ubiquitous algal pigments (nmol f-carotene g—1! organic

these regressions explained <50% as much variance as did
those based on past annual N use by farms (Fig. 6h,f.d).
Further, correlations were substantially weaker when
animal feed supplements were excluded and regressions
were restricted to P derived from inorganic fertilizers
(analysis not shown). Comparison of time series of N and P
inputs to farmland in NI suggested that differences in
correlation strength reflected the fact that most increases in
P supplementation occurred during ca. 1933-1965 (Fig. 2j)
rather than during the latter half of the sedimentary record,
when rates of algal community change were greatest
(Fig. 5). Regardless, correlations were not improved by
lagging or advancing P time series by up to 25-yr during
cross-correlation analysis to account for decadal lags in
P release from soils (Foy and Lennox 2006). In contrast to
N-based analyses, changes in modern Chl « concentration
and Planktothrix abundance were not well correlated with
annual P flux from other sources, exhibiting negative
correlations with P from cities (2 = 0.393-0.528, p < 0.002;
1975-1996) and weak positive correlations with atmospher-
ic inputs of P (2 = 0.337-0.392, p < 0.025; 1982-1996)
despite the fact that atmospheric deposition represented
<1% of total P inputs.

Climatic variation during the 20th century did not
explain a substantial amount of historical variation in
sedimentary geochemical, pigment, and nonsiliceous mi-
crofossil contents. In fact, regression analyses of all climatic
and fossil variables revealed only one significant correla-
tion, that between winter NAO index and the abundance of
colonial cyanobacteria (myxoxanthophyll) (r2 = 0.192, p <
0.0001). In all other cases, <10% of variance in fossil time
series could be explained by changes in common meteoro-
logical features.

Regression analysis confirmed that fossil metrics accu-
rately recorded observed changes in algal abundance
during the long-term monitoring period (Fig. 7). For
example, fossil densities of A. flos-aquae were highly
correlated (r2 = 0.743, p < 0.0001) with microscopic
estimates of abundance of this species during the period
since 1969 (Fig. 7a). Similarly, fossil concentrations of
myxoxanthophyll (colonial cyanobacteria) were correlated
with water-column Chl ¢ abundances (2 = 0.355, p =
0.001; Fig. 7d) and observed densities of P. agardhii (r? =
0.367, p = 0.001; Fig. 7c), a cyanobacterial species that
composes >70% of phytoplankton biomass and that is
itself strongly correlated with observed Chl a concentrations
(r2 = 0.472, p < 0.0001; Fig. 7b). In addition, variations in
total algal abundance determined from ubiquitous fossil f-
carotene and water-column Chl a concentrations were
significantly correlated (r2 = 0.286, p = 0.003; Fig. 7e), as
were variations in the fossil abundances of total algae (-
carotene) and colonial cyanobacteria (myxoxanthophyll)
(r2 = 0.573, p < 0.0001; Fig. 7f). Unfortunately, further
comparisons of fossil and monitoring time series were not

<«

matter). Historical regressions are based on data from 1933-1995,
whereas modern limnological data encompass the period 1971-
1995.
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Fig. 7. Relationships between modern and fossil metrics of algal abundance in Lough Neagh, Northern Ireland. Regressions are
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Aphanizomenon flos-aquae, (b) water-column concentrations of Chl a (ug L—1) and Planktothrix agardhii (mm3 L—1), (c) observed density
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possible because other common algal taxa were not
preserved in sediments (Limnothrix redekei), fossil diatoms
were not enumerated (S. neoastraea, A. subarctica), and
phytoplankton enumeration did not include subdominant
species or those from nonpelagic habitats.

Discussion

Analysis of annually resolved fossil records of N input,
aquatic production, and algal abundance and gross com-
munity composition revealed that water quality degradation
in Lough Neagh during the 20th century was strongly
correlated to agricultural inputs of N to NI farmland,
weakly correlated to P inputs to NI farmland, and un-
correlated to most measures of climatic variability or to N
and P loading from urban or atmospheric sources (Fig. 6).
Strong correlations between water-column densities of
important algal taxa and sedimentary records of their
occurrence (Fig. 7) also allowed unambiguous interpreta-
tion of past changes in algal production and community
composition, as has been demonstrated in whole-lake
experiments (Leavitt 1993; Leavitt and Findlay 1994) and

mass balance studies (Leavitt and Carpenter 1990). Similar-
ly, strong correlations between aquatic 615N signatures and
agricultural activities have been demonstrated recently for
13 catchments in Canada (Anderson and Cabana 2005) as
well as for sedimentary records of allochthonous N influx
(Elliott and Brush 2006; Leavitt et al. 2006). Instead, this
investigation of Lough Neagh represents the first combina-
tion of detailed historical records, catchment-level nutrient
mass balances, annually resolved fossil records, and novel
analysis of the remains of nonsiliceous algae to demonstrate
that the timing and extent of lake eutrophication is most
closely related to agricultural use of N. Below, the
sedimentary and historical time series are combined to
produce a synthetic record of lake eutrophication, evaluate
the reliability of fossil records, and identify potential causes
of water quality degradation for use in improved lake
management strategies.

History of water quality change—Analyses of sedimen-
tary geochemical and algal fossil assemblages identified five
phases of lake eutrophication since ca. 1933 (Fig. 5). The
first phase (Zone Ia, ca. 1933-1939) was marked by the
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lowest primary production of the 20th century, as indicated
by low levels of 615N, reduced concentrations of fossil
pigments and sedimentary C and N, enriched !13C isotope
content, and diverse microfossils from mesotrophic chlor-
ophyte algae. Absolute values of stable isotope ratios can
be site specific and difficult to interpret because they reflect
the mass-weighted mixture of N from all sources, often
each with its own distinct 515N signature. Fortunately,
elevated 615N of dissolved and particulate N in aquatic
ecosystems usually reflect inputs of !SN-enriched matter
(e.g., McClelland and Valiela 1998; Voss et al. 2000). In
agricultural systems, such enrichment occurs because 4N is
lost preferentially through NHj3 volatilization, nitrification
of soil NH3, and microbial denitrification, all processes that
fractionate 10-15%. when excess N is present (Anderson
and Cabana 2005). Although low 3!>N signals can also
arise from inputs of atmospheric N (~0%o) fixed by
biological or industrial processes, both aquatic (Fig. Su—
x) and terrestrial N,-fixing taxa (Stewart and Corry 1938)
were rare during the 1930s, as was application of
industrially derived NHj fertilizer. Therefore, comparative-
ly low sedimentary !5N values and N contents suggest
low inputs of N to the catchment (1,000-1,500 kg
N km—2 yr—1; Fig. 2i) and only modest isotopic fraction-
ation.

Low concentrations of fossil pigments during Zone Ia
demonstrated that algal production was at a minimum
during the 1930s (Fig. 5e-m). Strong correlations between
fossil pigment abundances and both water-column Chl
a (Fig. 7d) and P. agardhii (Fig. 7c) concentrations during
1969-1995 were similar to those recorded in other lakes
(e.g., Leavitt 1993; Leavitt and Findlay 1994) and likely
reflect the fact that the main processes that regulate algal
deposition and fossil preservation (lake depth, thermal
stratification, deep-water oxygen content; Cuddington and
Leavitt 1999) did not vary substantially during the study
period (see Site description). Similarly, estimates of algal
community composition derived from enumeration of
nonsiliceous microfossils (Fig. 5n—x) were consistent with
direct observations during the early 20th century that
revealed diverse desmid assemblages despite the presence of
colonial cyanobacteria (West and West 1902; Dakin and
Latarche 1913). Together, these patterns suggest that algal
abundance during Zone la was at least threefold lower than
at present.

Despite apparently low algal production during the early
20th century, nutrient enrichment of the Lough began
~1700 with forest clearance and expansion of farming and
increased after ca. 1900 with urbanization and agricultural
intensification (Carter 1977; Battarbee 1978). For example,
expansion of phosphate production by the fertilizer in-
dustry in Ireland since ca. 1850 (Cooper 1999) increased
inputs of P to agricultural land and resulted in substantial
nutrient imbalances in which ~78% of imported P and
~48% of N was retained within catchment soils (Foy et al.
2002). Such imbalances would be expected to increase
nutrient accumulation in farmed soils as well as runoff to
the Lough (Bennett et al. 1999, 2001; Carpenter 2005).
Initially, such export should favor P losses to the lake
because mineral imbalances of this element were greater

than those of N (Foy et al. 2002) and maintenance of crop
production requires substantially more N than P. Consis-
tent with this hypothesis, diazotrophic cyanobacterial
heterocysts were common throughout this interval
(Fig. 5x), and Anabaena spp. were present in historical
collections from 1900 to 1911 (West and West 1902; Dakin
and Latarche 1913), suggesting that algal communities were
N limited during the early 20th century.

The second phase of eutrophication (Zone Ib, ca. 1939-
1955) was marked by twofold increases in fossil pigments
from colonial cyanobacteria (aphanizophyll, myxoxantho-
phyll, canthaxanthin) and cryptophytes (alloxanthin),
abundant chlorophyte microfossils, and few N,-fixing
cyanobacteria (Fig. 5f,j-1,0-x). Depleted sedimentary 6!13C
was consistent with increased production and uptake of
respired CO, by algae (Brock et al. 2006). Coeval 1%o
increases in 6!5N (Fig. 5a) were consistent with sedimen-
tary 615N records from a diverse range of lotic systems that
have experienced increased N flux from anthropogenic
nutrient sources (Elliott and Brush 2006; Leavitt et al.
2006) and with historical records that show that application
of N to farmland in NI increased from 1,040 kg N km~—2 in
1939 to 3,700 kg N km—2 in 1955, while that of P increased
from 550 to 1,690 kg P km—2 (Fig. 2i,j). Together, these
changes led to mineral surpluses in soils of 2,390 kg N
km—2 yr—!and 1,430 kg P km—2 yr—1! (Foy et al. 2002) that
may have been transported to Lough Neagh during the
“plow-up campaign” of World War I1 (1939-1945). During
this era, cereal cultivation increased from 1,906 km2 in
1939, to 3,444 km?2 in 1943, before declining to 2,837 km?
in 1946 (Symons 1963). Such soil disturbance apparently
accelerated soil erosion into the Lough, as recorded in the
sediment by both elevated rates of cereal pollen deposition
(O’Sullivan et al. 1973) and variability in C and N content
during the 1940s (Fig. 5b,d).

Analysis of algal microfossils suggests that primary
production during Zone Ib may have been limited
more by P than by N fluxes (Fig. Sn—x). In particular,
heterocysts from diazotrophic cyanobacteria were largely
absent (Fig. 5x), although the abundance of Gloeotrichia
increased slightly (Fig. Sw). Instead, most chlorophyte taxa
reached historical maxima during this period (Fig. 50-t),
similar to increases seen in other European lakes un-
dergoing eutrophication due to P inputs (Jeppesen et al.
2005). Overall, nutrient influx to Lough Neagh may have
increased during this period as a consequence of the
expansion of urban sewerage systems and the introduction
of P-rich household detergents (Battarbee 1978; Foy et al.
2003).

Striking reductions in the main chlorophyte genera
(Fig. 50-t), combined with marked increases in diazo-
trophic cyanobacteria (Fig. 5u—x), suggest that intense N
limitation of algal growth developed during Zone Ila (ca.
1955-1964). Consistent with this hypothesis, N and P
amendments to NI farms increased by 55.1% (to 5,740 kg
N km~—2yr=!) and 36.7% (to 2,310 kg P km~2yr1),
respectively, while N:P ratios of supplements (Fig. 2k)
remained low (~3) and constant (Foy et al. 2002), and
water-column P concentrations increased (Battarbee 1978;
Foy et al. 2003). Replacement of chlorophytes by N,-fixing
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cyanobacteria was observed in Lough Neagh (Fig. 5), is
common in P-replete lakes (Schindler 1977), and has been
recorded elsewhere by analyses of fossil pigments (Leavitt
and Findlay 1994) and nonsiliceous algal microfossils (van
Geel et al. 1996). Interestingly, 65N signals remained
enriched during this period, indicating little influence of
fixed N, (~0%0) on ecosystem N budgets (Patoine et al.
20006).

Zone IIb (ca. 1964-1991) was defined by large changes in
stable isotope signatures (+2%o 65N, —1%o0 613C), greatly
increased concentrations of most fossil pigments, and sharp
declines in microfossils from diazotrophic cyanobacteria,
patterns that together suggest a substantial increase in N
loading to a N-limited lake (Fig. 5). Consistent with this
view, total N supplementation to NI farms increased
>160% between 1964 and 1991 (Fig. 2i), whereas those
of P remained unchanged (Fig. 2j), and urban P inputs
decreased 58% from 1983 to 1991 as a result of tertiary
treatment of wastewater (Foy et al. 1995). These trends
occurred because formal agricultural assessments revealed
that farmland soils in NI were P sufficient (Foy et al. 2002)
and because European Union (EU) subsidies enacted after
1973 favored the production of grasses for livestock rather
than cereal cultivation. In contrast to cereal production,
high yields of grass require extensive fertilization with N
rather than P (Watson et al. 1992). Not surprisingly, N: P
ratios of agricultural supplements increased from ~2.5 in
1964 to >7.0 in 1991 (Fig. 2k). Further, because the
efficiency of N export from agricultural soils was relatively
constant at 12-13% of catchment N additions (Smith and
Stewart 1989; Watson et al. 2000), increased supplementa-
tion delivered ~300% more N to Lough Neagh than during
the first half of the 20th century, thereby reducing algal
reliance on atmospheric N.

The fifth phase of the eutrophication of Lough Neagh
encompassed ca. 1991-1995 and was defined by extremes of
SI15N and 813C signals, C and N content, fossil pigment
concentrations, and algal microfossil densities (Fig. 5).
Although nutrient supplementation to NI agriculture
(~2,300 kg P km—2 yr—1, ~16,000 kg N km~2 yr—1) and
nutrient surpluses in farmland soils (~1,600 kg P
km—2 yr—1, ~14,000 kg N km~—2 yr—!) were relatively
constant during this period (Fig. 2i,j), water-column
concentrations of both NO; and Chl « (Fig. 3b,e) were
much greater during the 1990s than at any time during the
preceding 21 years, suggesting that inputs of limiting N
were at an historical maximum. Consistent with this
hypothesis, concentrations of fossil pigments from colonial
cyanobacteria (aphanizophyll, myxoxanthophyll, cantha-
xanthin; Fig. 5j-1) and densities of the predominant algal
taxon Planktothrix agardhii (Fig. 3f) reached historical
maxima during the 1990s. Similar increases in this species
have been recorded in other eutrophic lakes in Europe
(Wiedner et al. 2002; Willame et al. 2005), suggesting that it
is a reliable indicator of water quality degradation,
especially under conditions of high P (Wiedner et al.
2002) and low water-column transparency (Mur et al.
1978). However, as detailed later in this paper, the
continued rise of Planktothrix in Lough Neagh is most
closely correlated with the use of N as an agricultural

supplement rather than with P inputs as previously
supposed.

Reliability of the fossil record—Identification of the
causes of ecosystem change from fossil records requires
both that sedimentary deposits accurately record known
changes in limnological conditions and that the correlates
of fossil time series are sufficiently well distinguished to
allow evaluation of competing hypotheses concerning
potential mechanisms underlying observed historical varia-
tions. Fortunately, the presence of a continuous 27-yr
record of water chemistry, algal abundance, and phyto-
plankton community composition allowed direct calibra-
tion, often for the first time, of widely used fossil metrics
with their limnological equivalents. In addition, the
exceptional availability of annual mass balances for the
major nutrient fluxes in NI agriculture during the 20th
century (Foy et al. 2002), as well as concomitant records of
climatic variability and nutrient inputs from atmospheric
and urban sources, allowed quantitative evaluation of the
relative importance of these factors as causes of eutrophi-
cation.

Stratigraphic changes in fossil pigment concentrations
accurately captured the main historical trends in algal
abundance and gross community composition (Fig. Se-m).
At present, the hypertrophic state of Lough Neagh is
characterized most obviously by the abundance of Plank-
tothrix agardhii (Gibson et al. 2000). Although closely
related to other Oscillatoriaceae, P. agardhii lacks the
diagnostic indicator carotenoid oscillaxanthin, instead
producing myxoxanthophyll as its main accessory pigment
(Leavitt and Brown 1988). Given this fact, the strong
correlations between water-column densities of P. agardhii
and coeval concentrations of fossil myxoxanthophyll (»2 =
0.367, p = 0.001; Fig. 7c), between epilimnetic P. agardhii
and Chl a concentrations (12 = 0.472, p < 0.0001; Fig. 7b),
and between fossil myxoxanthophyll and observed water-
column Chl a abundances (2 = 0.355, p = 0.001; Fig. 7d),
all demonstrate clearly that sedimentary deposits accurate-
ly recorded known changes in the abundance of this
predominant algae. Further, given the importance of
Planktothrix in Lough Neagh, it is not surprising that
total algal abundance measured as ubiquitous, chemically
stable f-carotene (Leavitt and Hodgson 2001) was corre-
lated with both water-column estimates of total algal
biomass as Chl a (r2 = 0.286, p = 0.003; Fig. 7e) and past
estimates of colonial cyanobacterial concentration (myx-
oxanthophyll) (r2 = 0.573, p < 0.0001; Fig. 7f).

As in other lakes, fossil concentrations were closely
related to annual average standing crops of algae rather
than estimates of primary productivity (reviewed in Leavitt
1993; Leavitt and Hodgson 2001). Interestingly, pigment—
plankton correlations observed for Lough Neagh were
often stronger than those recorded in other calibration
exercises, including those in lakes with annually laminated
sediments (Leavitt and Findlay 1994). Such high correla-
tions likely reflect the fact that water transparency is low in
Lough Neagh (mean secchi depth ~1.1 m; Fig. 3d) because
of both high Chl a concentrations (Fig. 3e) and DOC
inputs from catchment peat deposits (Kg = 0.925 m—1L;
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Gibson et al. 2000). As shown elsewhere, poor plankton—
fossil correlations can arise when algal production is
concentrated on benthic surfaces or in metalimnetic
regions, habitats that are represented well within the
sedimentary record but that are rarely sampled during
limnological monitoring programs (Cuddington and Lea-
vitt 1999).

Analysis of Lough Neagh allowed the first quantitative
calibration of nonsiliceous algal microfossils with long-
term records of phytoplankton community change
(Fig. 7a). Although it has been known for more than
100 years that nonsiliceous algae are preserved in many
lake sediments (reviewed in Cronberg 1986; van Geel 2001),
previous studies have attempted only qualitative compar-
isons of modern and past populations (e.g., Livingstone
and Cambray 1978). In contrast, the strong linear
correlation between observed and fossil populations of A.
flos-aquae (r2 = 0.743, p < 0.0001) in Lough Neagh is the
first direct demonstration that historical variations in past
abundance of some algal taxa can be reconstructed from
nonsiliceous microfossil concentrations. However, it should
also be noted that because many important algal species do
not produce recognizable morphological fossils in Lough
Neagh (e.g., Planktothrix agardhii), such remains cannot be
used to evaluate past trends in total algal abundance (e.g.,
total algal microfossils vs. f-carotene; Fig. 5n vs. 5m).
Instead, nonsiliceous algal microfossils appear to be most
useful for identifying the presence and abundance of
specific taxa as well as for improving interpretation of
sedimentary pigment profiles.

Identifying causes of water quality change—Regression
analyses showed that recent degradation of Lough Neagh
water quality was correlated most closely with agricultural
use of N during the 20th century (Fig. 6). For example,
both modern (2 = 0.566, p < 0.0001; 1969-1995) and fossil
(r2 = 0.837, p < 0.0001; 1933-1995) measures of colonial
cyanobacterial standing crop were strongly correlated with
N supplements to NI farms, as were modern (r2 = 0.666, p
< 0.0001) and fossil (r2 = 0.388, p < 0.0001) indices of total
algal biomass (Fig. 6). In contrast, similar regressions using
NI agricultural P inputs explained <50% of the variance in
past algal abundance than did those conducted using
agricultural N inputs (Fig. 6), even when time series were
cross correlated up to 25 yr to account for known lags in P
release from soils (Foy and Lennox 2006). Further, because
annual N use by NI agriculture (or sedimentary 6!5N) was
a much better predictor of colonial cyanobacterial abun-
dance (2 = 0.837, p < 0.0001) than of total algal biomass
(2 = 0.388, p < 0.0001) during 1933-1995 but regressions
were of similar magnitude (2 = 0.566 and 0.666,
respectively) during the monitoring period (1969-1995),
when Planktothrix agardhii dominated phytoplankton
assemblages, it can be inferred that N mainly stimulated
prokaryotic algae.

Identification of agricultural N as the principal control
of eutrophication requires that there is a positive correla-
tion between nutrient supplementation to NI farmland and
N runoff to Lough Neagh. Fortunately, four lines of
evidence suggest that this assumption is valid. First,

detailed mineral balances demonstrate that soils in NI
exhibited N surpluses throughout the period of study (Foy
et al. 2002), a prerequisite for persistent nutrient export.
Second, two independent estimates suggest that a constant
fraction (~12-13%) of applied N has been exported from
NI agricultural lands into rivers leading to Lough Neagh
during 1971-2000, despite nearly threefold increases in soil
N surplus between 1970 (~6,000 kg N km~—2) and 1995
(~16,000 kg N km—2) (Smith and Stewart 1989; Watson et
al. 2000). Third, the very strong correlation between
sedimentary 8!5N and total annual N supplementation to
NI agriculture since 1933 (2 = 0.916, p < 0.0001; Fig. 6a)
is consistent with other studies that demonstrate a linear
relationship between fossil N isotope signatures and N
loading to aquatic ecosystems from the catchment (#2 =
0.84 in Leavitt et al. 2006; r2 = 0.86 in Elliott and Brush
2006) or agricultural intensity and aquatic 615N signals (2
= 0.69 in Anderson and Cabana 2005). Fourth, observed
increases in the predominant algal species, Planktothrix
agardhii, were correlated equally well with N inputs to NI
farms during 1969-1995 (2 = 0.565, p < 0.0001; Fig. 6e) as
with directly measured NOj influx (g N m—2yr—!) to
Lough Neagh during 1975-1987 (r2 = 0.424, p = 0.016;
data from Gibson et al. 1992) but were uncorrelated with
influx of total or dissolved reactive P to the lake (12 =
0.000-0.132, p > 0.075; data from Foy and Lennox 2006).

Limitation of algal production by N since 1933 may have
arisen because of saturation of algal demand for P early in
the 20th century. For example, analysis of fossil diatoms
suggests that lake eutrophication occurred as early as ca.
1700 (Battarbee 1978; Foy et al. 2003). Similarly, nutrient
balances for NI suggest that P surpluses date to at least
1905, if not earlier, possibly reflecting development of the P
fertilizer industry during the preceding century (Cooper
1999). Thus, while total P inputs to farmland increased
from 550 kg km—2 in 1933 to 2,430 kg km—2 in 1995 and
largely saturated soil-binding capacity for P (Foy et al.
2002), both paleoecological and historical evidence suggest
that P supply was sufficient for algal growth and that
modest N limitation was evident early in the 20th century.

Although urban wastewaters cause widespread eutro-
phication of lakes (Schindler 2006; Smith 2006), point
sources of N do not appear to have had substantial effects
on algal production in Lough Neagh during the 20th
century. For example, mass balances for 1971-1995
indicate that mean annual urban N accounted for only
10-20% of annual N loading to Lough Neagh (Smith 1977;
R. H. Foy unpubl. data). Further, because inputs of urban
nutrients are correlated to human population density (see
Methods and materials) and because human population
density is correlated also to inputs of N to agricultural
lands (r2 = 0.874, p = 0.004; Bunting 2004), it can be
inferred that the proportion of N derived from cities has
been relatively constant since 1933. Similarly, initiation of
tertiary wastewater treatment by most WWTWs in 1981
eliminated ~60% of P from urban sources (Foy et al. 1995)
yet did not result in sustained declines of Chl a concentra-
tion or phytoplankton biovolume (Fig. 3). Therefore,
although urban nutrient sources could have combined with
land-use practices to enrich Lough Neagh prior to 1933
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(Battarbee 1978; Foy et al. 2003), our analyses suggest that
they did not contribute substantially to water quality
degradation thereafter.

Finally, despite the availability of detailed meteorolog-
ical records throughout the 20th century, there is little
evidence of direct climatic regulation of Lough Neagh
water quality. With the exception of a modest statistical
relationship between winter NAO index and fossil myxox-
anthophyll (2 = 0.192, p = 0.005), all regressions between
fossil and climatic variables were nonsignificant. Weak
correlations of past algal abundance with the NAO
contrast with analyses of other European lakes (e.g., Straile
2002) and suggest that climatic effects on algal communities
in Lough Neagh were overwhelmed by land-use practices,
such as has been seen in other regions with intensive
agriculture (e.g., Hall et al. 1999).

Management implications—Quantitative comparison of
historical and fossil time series demonstrated that colonial
cyanobacterial development (Fig. 6e,g), total algal pro-
duction (Fig. 6¢,i), and water quality degradation since
1933 were associated most closely with inputs of N to NI
farmlands. We hypothesize that strong N limitation of
phytoplankton growth may have developed because soils of
agroecosystems were sequentially saturated with P then N.
In this mechanism, export of surplus P from the catchment
starting in 1700 initially stimulated production of diatoms
(Battarbee 1978; Foy et al. 2003) and diverse chlorophytes
(Fig. 5o0-t) but eventually led to P sufficiency as soil
capacity for P storage was saturated. Once established,
such diffuse inputs of P may persist for over 1,000 yr
(Carpenter 2005) and can create conditions in which water
quality loss is linked with N influx to P-replete lakes. This
scenario is similar to that seen in polymictic lakes of central
North America where abundant P supply from glacial tills
and soils has favored hypertrophic conditions, strong N
limitation, and extensive blooms of cyanobacteria (Leavitt
et al. 2006). These patterns also allow us to make specific
recommendations to watershed managers.

First, our analyses suggest that short-term management
strategies should reduce both diffuse and point source
inputs of N to Lough Neagh. As shown by both
limnological and paleoecological time series (Fig. 6),
growth of colonial cyanobacteria, especially Planktothrix
agardhii, is strongly correlated with influx of N rather than
P. However, strains of this and related species of
Planktothrix commonly produce toxic microcystins (His-
bergues et al. 2003; Briand et al. 2005), especially in shallow
or polymictic lakes (Wiedner et al. 2002; Janse et al. 2005).
Further, recent evidence demonstrates that production of
microcystin by algae is positively correlated with N
availability (Giani et al. 2005; Rolland et al. 2005). As
a consequence, management to reduce N loading may not
only shift phytoplankton communities from Planktothrix
to the nontoxic Limnothrix species characteristic of the
early 1970s (Gibson et al. 2000; Fig. 3f,g) but also reduce
the potential toxicity of those Planktothrix that remain.

Second, long-term management strategies must deter-
mine whether soil surpluses of P are sufficient to saturate
algal demand under future economic scenarios (e.g., Foy

and Lennox 2006). Once P replete, soils can supply excess P
to lakes for many centuries (Carpenter 2005), depending on
climatic, hydrologic, edaphic, geologic, and economic
conditions. Under present conditions of polymixis and
poor transparency (mean secchi depth ~1.1m; K4 =
0.925 m~1), low light availability may limit N, fixation by
cyanobacteria and favor nondiazotrophic taxa (Mur et al.
1978; Wiedner et al. 2002). However, reduced N loading
would be expected to reduce interception of light by algae,
possibly favoring surface blooms of heterocystous cyano-
bacteria (e.g., Fig. 5, Zone IIa). Such a perverse response is
most likely under conditions in which P release from soils
cannot be reduced sufficiently to induce P limitation of
algal production but should be avoidable if soil stores of P
can be depleted more rapidly than those of N.

With the enactment of EU Water Framework Directive
(2000/60/EC), it is more essential than ever to identify and
mediate the factors that degrade surface waters. Conse-
quently, similar paleoecological studies should be con-
ducted in Europe to quantify the spatial extent of water
quality degradation by diffuse N inputs. In this regard,
research by Kilinc and Moss (2002) and James et al. (2003)
suggests that algal production in lakes of the west Midlands
in England may also be N limited. Similar patterns may be
expected throughout western Europe, southern Scandina-
via, and New Zealand, where agricultural production has
increased during the 20th century through the use of
nutrient supplements. Such analysis should also consider
the factors that induce farmers to use excess fertilizer (e.g.,
farm income support, market subsidies) because the
magnitude of nutrient supplementation may be under
complex economic and social controls.

References

ANDERSON, C., AND G. CABANA. 2005. 6!5N in riverine food webs:
Effects of N inputs from agricultural watersheds. Can. J. Fish.
Aquat. Sci. 62: 333-340.

BatTarBEE, R. W. 1978. Observations on the recent history of
Lough Neagh and its drainage basin. Phil. Trans. Roy. Soc.
Lond. B. 281: 303-345.

BenneETT, E. M., S. R. CARPENTER, AND N. F. Caraco. 2001.
Human impact on erodable phosphorus and eutrophication:
A global perspective. Bioscience 51: 227-234.

, T. REED-ANDERSEN, J. N. HousER, J. R. GABRIEL, AND S.
R. CarpPENTER. 1999. A phosphorus budget for the Lake
Mendota watershed. Ecosystems 2: 69-75.

BetTs, N. L. 1997. Climate, p. 63-84. In J. G. Cruickshank [ed.],
Soil and environment: Northern Ireland. Agricultural and
Environmental Science Division, Department of Agriculture
for Northern Ireland, and Agricultural and Environmental
Science Department, Queen’s University of Belfast.

BinrorD, M. W. 1990. Calculation and uncertainty analysis of
210Pb dates for PIRLA project lake sediment cores. J.
Paleolimnol. 3: 253-269.

Brianp, J. F., S. JacqQuer, C. FirLinois, C. Avoip-JacQuer, C.
MAISONETTE, B. LEBERRE, AND J. F. HUMBERT. 2005. Varia-
tions in the microcystin production of Planktothrix rubescens
(Cyanobacteria) assessed from a four-year survey of Lac du
Bourget (France) and from laboratory experiments. Microb.
Ecol. 50: 418-428.




368 Bunting et al.

Brock, C. S., P. R. LEavitt, D. E. SCHINDLER, S. P. JOHNSON, AND
J. W. Moore. 2006. Spatial variability of stable isotopes and
fossil pigments in surface sediments of Alaskan coastal lakes:
Constraints on quantitative estimates of past salmon abun-
dance. Limnol. Oceanogr. 51: 1637-1647.

BunTING, L. 2004. The recent water quality of Lough Neagh: A
palaeoecological investigation. Ph.D. thesis. Queen’s Univer-
sity of Belfast.

CARPENTER, S. R. 2005. Eutrophication of aquatic ecosystems:
Bistability and soil phosphorus. Proc. Natl. Acad. Sci. USA
102: 10002-10005.

, N. F. Caraco, D. L. CorreLL, R. W. HowARTH, A. N.
SHARPLEY, AND V. H. SmiTH. 1998. Nonpoint pollution of
surface waters with phosphorus and nitrogen. Ecol. Appl. 8:
559-568.

CARTER, C. E. 1977. The recent history of the chironomid fauna of
Lough Neagh, from the analysis of remains in sediment cores.
Freshw. Biol. 7: 415-423.

CoopPeRr, M. 1999. The development of the fertiliser industry in
Ireland 1840 to 1990. Ph.D. thesis, Queen’s University of
Belfast.

CRONBERG, G. 1986. Blue-green algae, green algae and chryso-
phyceae in sediments, p. 507-526. In B. E. Berglund [ed.],
Handbook of Holocene palacoecology and palacohydrology.
Wiley.

CruicksHANK, J. G. 1997. The soil-forming environment in
Northern Ireland, p. 1-10. In J. G. Cruickshank [ed.], Soil
and environment: Northern Ireland. Agricultural and Envi-
ronmental Science Division, Department of Agriculture for
Northern Ireland, and Agricultural and Environmental
Science Department, Queen’s University of Belfast.

CupbpINGTON, K., AND P. R. LEavITT. 1999. An individual-based
model of pigment flux in lakes: Implications for organic
biogeochemistry and paleoecology. Can. J. Fish. Aquat. Sci.
56: 1964-1977.

DakiN, W. J., axND M. LatarcHE. 1913. The plankton of Lough
Neagh: A study of the seasonal changes in the plankton by
quantitative methods. Proc. R. Ir. Acad. B 30: 20-96.

Erviort, E. M., anp G. S. Brusa. 2006. Sedimented organic
nitrogen isotopes in freshwater wetlands record long-term
changes in watershed nitrogen source and land use. Environ.
Sci. Technol. 41: 2910-2916.

Eiser, J. J., E. R. MarzoLr, AND C. R. GorLbman. 1990.
Phosphorus and nitrogen limitation of phytoplankton growth
in the freshwaters of North America: A review and critique of
experimental enrichments. Can. J. Fish. Aquat. Sci. 47:
1468-1477.

Foy, R. H. 2002. Nitrates and eutrophication of Lough Neagh: A
summary of the current trophic status of Lough Neagh
together with an assessment of trends in the nitrate inputs to
the lake and current sources of nitrate. Agricultural and
Environmental Science Division, Department of Agriculture
and Rural Development (Northern Ireland).

, J. S. BAILEY, AND S. D. LENNox. 2002. Mineral balances

for the use of phosphorus and other nutrients by agriculture

in Northern Ireland from 1925 to 2000—methodology, trends

and impacts of losses to water. Ir. J. Agric. Food Res. 41:

247-263.

, AND S. D. LEnnox. 2006. Evidence for a delayed response

of riverine phorphorus exports from increasing agricultural

catchment pressures in the Lough Neagh catchment. Limnol.

Oceanogr. 51: 655-663.

, AND C. E. Gisson. 2003. Changing perspectives

on the 1mportance of urban phosphorus inputs as the cause of

nutrient enrichment in Lough Neagh. Sci. Total Environ. 310:

87-99.

, R. V. Smith, C. JorpAN, AND S. D. LeEnNox. 1995.
Upward trend in soluble phosphorus loadings to Lough
Neagh despite phosphorus reduction at sewage treatment
works. Water Res. 29: 1051-1063.

GALLAGHER, D. 2003. A retrospective analysis of the impacts of
the 1957 Windscale fire on Ireland. Ph.D. thesis, National
University of Dublin.

, E. J. McGeE, anp P. I. MitcHELL. 2001. A recent history
of 14C, 137Cs, 210Pb, and 24!Am accumulation at two Irish
peat bog sites and east versus west coast comparisons.
Radiocarbon 43: 517-525.

Giang, A., D. F. Birp, Y. T. PraIrIE, AND J. F. LAWRENCE. 2005.
Empirical study of cyanobacterial toxicity along a trophic
gradient of lakes. Can. J. Fish. Aquat. Sci. 62: 2100-2109.

Gisson, C. E. 1993. The phytoplankton populations of Lough
Neagh, p. 203-223. In R. B. Wood and R. V. Smith [eds.],
Lough Neagh, the ecology of a multipurpose water resource.
Kluwer.

, R. H. Foy, anD S. D. LEnNoX. 2000. The rise and rise of

Planktothrix agardhii in Lough Neagh, Northern Ireland

1969-1997. Verh. Int. Verein. Theor. Angew. Limnol. 27:

2913-2916.

, R. V. SmitH, AND D. A. STEWART. 1992. The nitrogen
cycle in Lough Neagh, N. Ireland 1975-1987. Int. Rev. Ges.
Hydriobiol. 77: 73-83.

GrivMm, E. 1987. CONISS: A FORTRAN 77 program for
stratigraphically constrained cluster analysis by the methods
of incremental sum of squares. Comp. Geosci. 13: 13-35.

Hairr, R. I., P. R. LeEavitt, R. QuiNnLAN, A. S. Dixit, AND J. P.
Smot. 1999. Effects of agriculture, urbanization, and climate
on water quality in the northern Great Plains. Limnol.
Oceanogr. 44: 739-756.

HisBERGUES, M., G. CHRISTIANSEN, L. RoOUHIAINEN, K. SIVONEN,
AND T. Borner. 2003. PCR-based identification of micro-
cystin-producing genotypes of different cyanobacteria genera.
Arch. Microbiol. 180: 402-410.

IsermMANN, K. 1991. Share of agriculture in nitrogen and
phosphorus emissions into the surface waters of Western
Europe against the background of their eutrophication. Fert.
Res. 26: 253-269.

Jawmes, C., L. J. FisHER, AND B. Moss. 2003. Nitrogen driven lakes:
The Shropshire and Cheshire meres? Arch. Hydrobiol. 158:
249-266.

Jansg, 1., W. E. A. KARDINAAL, M. KAMST-VAN ARTERVELD, M.
MEemna, P. M. Visser, AND G. ZwarT. 2005. Contrasting
microcystin production and cyanobacterial population dy-
namics in two Planktothrix-dominated freshwater lakes.
Environ. Microbiol. 7: 1514-1524.

JeppESEN, E., AND oTHERS. 2005. Lake responses to reduced
nutrient loading—an analysis of contemporary long-term
data from 35 case studies. Freshw. Biol. 50: 1747-1771.

Jewson, D. H. 1977. Light penetration in relation to phytoplank-
ton content of the euphotic zone of Lough Neagh, N. Ireland.
Oikos 28: 74-83.

KiLING, S., AND B. Moss. 2002. Whitemere, a lake that defies some
conventions about nutrients. Freshw. Biol. 47: 207-218.
Leavitt, P. R. 1993. A review of factors that regulate carotenoid
and chlorophyll deposition and fossil pigment abundance. J.

Paleolimnol. 9: 109-127.

, C. S. Brock, C. EBEL, AND A. PaToINE. 2006. Landscape-
scale effects of urban nitrogen on a chain of freshwater lakes
in central North America. Limnol. Oceanogr. 51: 2262-2277.

———, AND S. R. Brown. 1988. Effects of grazing by Daphnia on
algal carotenoids: Implications for paleolimnology. J. Paleo-
limnol. 1: 201-213.




Effects of diffuse N 369

, AND S. R. CARPENTER. 1990. Regulation of pigment
sedimentation by herbivory and photo-oxidation. Can. J.
Fish. Aquat. Sci. 47: 1166-1176.

———, AND D. L. Finpray. 1994, Comparison of fossil pigments
with 20 years of phytoplankton data from eutrophic Lake
227, Experimental Lakes Area, Ontario. Can. J. Fish. Aquat.
Sci. 51: 2286-2299.

, AND D. A. Hobpgson. 2001. Sedimentary pigments,
p- 295-325. In J. P. Smol, H. J. B. Birks, and W. M. Last
[eds.], Tracking environmental change using lake sediments.
V. 3: Terrestrial, algal and siliceous indicators. Kluwer.

LivingsTOoNE, D., AND R. S. CamBray. 1978. Confirmation of
137Cs dating by algal stratigraphy in Rostherne Mere. Nature
276: 259-261.

McCLELLAND, J. W., anD . VALIELA. 1998. Linking nitrogen in
estuarine producers to land-derived sources. Limnol. Ocea-
nogr. 43: 577-585.

Mur, L. R., H. J. Gons, AND L. vaN LIErRE. 1978. Competition of
the green algae Scenedesmus and the blue-green alga
Oscillatoria. Mitt. Int. Verein. Limnol. 21: 473-479.

O’SuLLivan, P. E., F. OLDFIELD, AND R. W. BATTARBEE. 1973.
Preliminary studies of Lough Neagh sediments 1. Stratigra-
phy, chronology and pollen analysis, p. 267-278. In H. J. B.
Birks and R. G. West [eds.], Quaternary plant ecology.
Oxford: Blackwell.

PatoINE, A., M. D. GraHAM, AND P. R. LeavitT. 2006. Spatial
variation of nitrogen fixation in lakes of the northern Great
Plains. Limnol. Oceanogr. 51: 1665-1677.

Rorranp, A., D. F. BirD, AND A. Giant. 2005. Seasonal changes
in composition of the cyanobacterial community and the
occurrence of hepatotoxic blooms in the eastern townships,
Quebec, Canada. J. Plankton Res. 27: 683-694.

Savagi, C., P. R. LEavitT, AND R. ELMGREN. 2004. Distribution
and retention of sewage nitrogen in surface sediments of
a coastal bay. Limnol. Oceanogr. 49: 1503-1511.

ScHINDLER, D. W. 1977. Evolution of phosphorus limitation in
lakes. Science 195: 260-262.

. 2006. Recent advances in understanding and management
of eutrophication. Limnol. Oceanogr. 51: 356-363.

ScHLESINGER, W. H., aAND A. E. HARTLEY. 1992. A global budget
for atmospheric NH;. Biogeochemistry 15: 191-211.

SmitH, R. V. 1977. Domestic and agricultural contributions of
phosphorus and nitrogen to Lough Neagh. Water Res. 11:
453-459.

, S. D. LeEnnox, C. JorpAN, R. H. Foy, AND E. McHALE.
1995. Increase in soluble phosphorus transported in drainflow
from a grassland catchment in response to soil phosphorus
accumulation. Soil Use Manag. 11: 204-209.

———, AND D. A. STEWART. 1989. A regression model for nitrate
leaching in Northern Ireland. Soil Use Manag. 5: 71-76.
SmitH, V. H. 2003. Eutrophication of freshwater and coastal
marine ecosystems—a global problem. Environ. Sci. Pollut.

Res. 10: 126-139.

. 2006. Responses of estuarine and coastal marine
phytoplankton to nitrogen and phosphorus enrichment.
Limnol. Oceanogr. 51: 377-384.

STEWART, S. A., AND T. Corry. 1938. A flora of the north-east of
Ireland. Quota Press.

StrAILE, D. 2002. North Atlantic Oscillation synchronized food-
web interactions in central European lakes. Proc. R. Soc.
Lond. 269: 391-395.

Symons, L. 1963. Land-use in Northern Ireland. University of
London Press.

vaN GEEL, B. 2001. Non-pollen palynomorphs, p. 99-119. In J. P.
Smol, H. J. B. Birks, and W. M. Last [eds.], Tracking
environmental change using lake sediments. V. 3: Terrestrial,
algal, and siliceous indicators. Kluwer.

, B. V. ODGAARD, AND M. RALSKA-JASIEWICZOWA. 1996.
Cyanobacteria as indicators of phosphate-eutrophication
of lakes and pools in the past: Recent advances in
environmental and cultural history. PACT, J. Eur. Stud.
Group Phys. Chem. Biol. Math. Tech. Applied Archaeol. 50:
399-415.

VERLEYEN, E., D. A. HopGsoN, P. R. LEaviTT, K. SABBE, AND W.
VyYVERMAN. 2004. Quantifying habitat-specific diatom pro-
duction: A critical assessment using morphological and
biochemical markers in Antarctic lake sediments. Limnol.
Oceanogr. 49: 1528-1539.

Vitousek, P. M., AND OoTHERS. 1997. Human alteration of the
global nitrogen cycle: Sources and consequences. Ecol. Appl.
7: 737-750.

Voss, M., B. LarseN, M. Leivuori, AND H. VaLLius. 2000. Stable
isotope signals of eutrophication in Baltic Sea sediments. J.
Mar. Syst. 25: 287-298.

Watson, C. J., C. JorpaN, S. D. LENNOX, R. V. SmiTH, AND R. W.
J. SteEN. 2000. Inorganic nitrogen in drainage water from
grazed grassland in Northern Ireland. J. Environ. Qual. 29:
225-231.

) , P. J. TAGGART, A. S. LaibLaw, M. K. GARRETT,
AanD R. W. J. Steen. 1992. The leaky N-cycle on grazed
grassland. Asp. Appl. Biol. 30: 215-222.

WEsT, W., AND G. S. WEsT. 1902. A contribution to the freshwater
algae of the North of Ireland. Trans. R. Ir. Acad. B 32: 1-
100.

WETZEL, R. G. 2001. Limnology—Ilake and river ecosystems, 3rd
ed. Academic Press.

WIEDNER, C., B. NixrorD, R. HEINZ, B. WIRSING, U. NEAUMANN,
AND J. WECKESSER. 2002. Regulation of cyanobacteria and
microcystin dynamics in polymictic shallow lakes. Arch.
Hydrobiol. 155: 383-400.

WiLcock, D. N. 1979. Post-war land drainage, fertiliser use and
environmental impact in Northern Ireland. J. Environ.
Manag. 8: 137-149.

. 1997. Rivers, drainage basins and soils, p. 85-98. In J. G.
Cruickshank [ed.], Soil and environment: Northern Ireland.
Agricultural and Environmental Science Division, Depart-
ment of Agriculture for Northern Ireland, and Agricultural
and Environmental Science Department, Queen’s University
of Belfast.

WiLLaME, R., T. Jurczak, J. F. IrrLy, T. KuLL, J. MERILUOTO,
AaNnD L. Horrmann. 2005. Distribution of hepatotoxic
cyanobacterial blooms in Belgium and Luxembourg. Hydro-
biologia 551: 99-117.

Woop, R. B., anp C. E. Gisson. 1973. Eutrophication and Lough
Neagh. Water Res. 7: 173-187.

, AND R. V. SmitH. 1993. Lough Neagh, the ecology of

a multipurpose water resource. Kluwer.

Received: 18 March 2006
Accepted: 13 August 2006
Amended: 18 August 2006




