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RECONSTRUCTING LONG-TERM
TROPHIC HISTORIES FOR LAKES USING

TWO INDEPENDENT APPROACHES:
APPLICATION OF DYNAMIC COMPUTER

MODELLING AND PALAEOLIMNOLOGY TO
LOUGH MASK, IRELAND

Sarah Murnaghan, David Taylor and Eleanor Jennings

ABSTRACT

An understanding of the extent to which natural variability has been and is being exceeded by the
effects of human activity can make an important contribution to the effective management of
impacted water bodies, including their restoration. Frequently, however, the required monitoring
data are not available, particularly for the period prior to human impact, or are of insufficient quality.
Two methodological solutions to this problem are often proposed, both of which involve the
reconstruction of past variations in water quality and associated ecological conditions through
indirect means: computer (hindcast) modelling and sedimentary (palaeolimnological) analyses. Both
proposed solutions are not without their own challenges, however. Here a series of dynamic
computer models (a catchment model and an in-lake ecological response model) and palaeo-
limnological techniques (including sediment-based diatom-inferred total phosphorus, DI-TP), were
used to reconstruct total phosphorus (TP) concentrations and measures of primary productivity
in Lough Mask, Co. Mayo, for the period AD 1905!2006. Although results from both appro-
aches indicated similar patterns of nutrient enrichment in the lake during the twentieth century,
sediment-based DI-TP values were consistently higher than hindcast-modelled in-lake TP
concentrations. Both approaches indicated oligotrophic to mesotrophic conditions in Lough Mask
prior to c. AD 1950. Elevated trophic conditions (in the range mesotrophic!eutrophic) were evident
from c. AD 1970. Modelling results indicated that increased diffuse phosphorus loading from
agricultural sources was the main driver of nutrient enrichment from c. AD 1970. Eutrophication was
also concurrent with climatic warming, which was manifested in strengthened thermal stratification
in model simulations. Results generated by the two approaches suggest that pre-AD 1950 trophic
conditions could be used as a reference baseline, representing conditions prior to major impacts from
agricultural intensification, for defining current water quality management targets.

INTRODUCTION

Anthropogenic pressures, such as abstraction, pol-
lution and sedimentation, have added to natural
variability in aquatic ecosystems, in particular over
the last c. 200 years (Zalasiewicz et al. 2008; Gillings
and Hagan-Lawson 2014). The effects of anthro-
pogenic activity on these ecosystems include the
acceleration of conditions that would have occurred
naturally over a longer period of time (Ahn et al.
2006), for example, eutrophication. Eutrophica-
tion, the aquatic effects of over-enrichment by
nutrients, is currently a major water quality issue in
Ireland (Jennings et al. 2003; Donohue et al. 2010;
McGarrigle et al. 2011). Excessive phosphorus (P)
loading from human activity is the main driver of

eutrophication in freshwater ecosystems (Schindler
et al. 2008; Sharma et al. 2013). Diffuse P loading
from agricultural activity is one of the main sources
of nutrient enrichment in Ireland (Jennings et al.
2003) and elsewhere (Kronvang et al. 2009; Withers
et al. 2014). Point sources of P, from municipal and
industrial waste, can also be important contributors
to eutrophication (Smith et al. 2006; Dalton et al.
2009), particularly during low flows (Greene et al.
2011). The response of lakes to pressures, such as
nutrient loading, can be site-specific and depends
on lake type (determined by factors such as altitude,
alkalinity and depth) (Lyche Solheim et al. 2008)
and geographical location (Jeppesen et al. 2010).
Furthermore, interactions between more than one
pressure, such as climate change and anthropogenic
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nutrient loading, can exacerbate eutrophication
impacts (Jeppesen et al. 2005; Keller 2007; Battarbee
et al. 2008; Quinlan et al. 2008; Liu et al. 2014).

Improving, maintaining and restoring good
ecological water quality by 2015 is a key aim of
the EU Water Framework Directive, WFD (2000/
66/EC) (EC 2005). Among the requirements of the
WFD are the definition of reference or baseline
conditions for all water bodies, representing ecolo-
gical conditions prior to significant human impact,
and the establishment of appropriate water quality
targets for restoration of polluted water bodies
to defined baseline conditions (Kelly-Quinn et al.
2009). Of critical importance to meeting these
requirements is an understanding of aquatic ecolo-
gical pressure!response relationships (Heiskanen
and Solimini 2005; Irvine et al. 2005). However,
long-term aquatic ecological monitoring datasets,
which are clearly vital here, are often absent and
typically too short in duration. As a consequence,
links between pressures and ecological responses in
lakes can be difficult to decipher (Bennion and
Battarbee 2007). Existing monitoring data in
Ireland tyically commence in the 1970s and, there-
fore, little is known about trophic conditions in
lakes prior to this (Jennings et al. 2008). However,
information on potential drivers of changes in lake
water quality, such as population, climate and land-
use change data, are often available at relatively high
resolution (Dalton et al. 2010).

Dynamic modelling can be a powerful means
of examining ecological pressure!response relation-
ships, by filling in data gaps and extending mon-
itoring datasets, and of helping to unravel the relative
effects of different pressures (Irvine et al. 2005;
Jennings et al. 2008). Palaeolimnology, involving
sediment-based proxies of environmental condi-
tions, can also help elucidate ecological pressure!
response relationships in lakes (Smol 2008; Dalton
et al. 2009, 2010). Diatoms (Bacillariophyceae) are
widely used as a sediment-based proxy of aquatic
ecological conditions (Battarbee et al. 2001) and can
provide quantitative estimates of lake water total
phosphorous (TP) concentrations using the transfer
function approach (Bennion et al. 2005; Chen et al.
2008; Hall and Smol 2010). Palaeolimnology and
computer modelling have been suggested as poten-
tial means of reconstructing historical in-lake con-
ditions (Jennings et al. 2008; Dalton et al. 2010) and
addressing WFD-related knowledge gaps (Irvine
et al. 2005). Moreover, a better understanding of
pressure!response relationships can be achieved by
employing more than one approach to reconstruct-
ing long-term records (Jeppesen et al. 2010), such as
dynamic models that can be run retrospectively
(hindcast) and palaeolimnological reconstructions
(Anderson et al. 2006; Bennion and Battarbee
2007). An integrated approach could play an
important role in assessing the accuracy of simulations

of aquatic ecosystem responses to future scenarios
of individual and combined pressures (e.g. Anderson
et al. 2006; Dearing et al. 2006), and therefore
contribute to more effective management of water
resources in the future.

Focusing on Lough Mask and its extensive and
varied catchment in County Mayo, Ireland, we aim
in this paper to assess the usefulness of dynamically
linked models and palaeolimnology for reconstructing
past trophic changes and to determine baseline trophic
conditions, representing conditions prior to signifi-
cant human impacts during the twentieth century.

STUDY SITE

Lough Mask, a large (!82km2 surface area)
partially calcareous lake, is located in western
Ireland (538 36? 45 N, 98 22? 60 W) (Fig. 1).
Lough Mask has a mean depth of !20m, a
maximum depth of !64m and a hydrological
retention time of 0.9 years. Sediment accumulation
rates (SARs) vary spatially across the lake, with the
highest SARs occurring in the southwest sub-basin
and the lowest SARs recorded in the deepest part of
the lake (Dalton et al. 2010). The catchment area
(!859km2) comprises low-lying pastures underlain
by Carboniferous limestone in the eastern part
(where the two largest subcatchments (Robe and
Carra) are located), and Ordovician sandstones and
mixed volcanic rock that are relatively resistant to
weathering, in the mountainous western reaches
(Donohue et al. 2005; Holland 2009). The Robe
and Carra subcatchments drain mainly low-lying
intensively farmed agricultural grasslands. Sheep
grazing and a small amount of forestry characterise
base-poor upland peatlands in the west. Mean annual
air temperature and precipitation in the catchment,
available from Claremorris synoptic station in the
eastern part of the catchment (!17.5km from the
lake), for the period AD 1970!2005, were 9.18C and
1146mm, respectively (Dalton et al. 2010).

Lough Mask is one of the most important
natural wild brown trout fisheries in Europe,
partly due to the presence of the locally rare species
arctic charr (Salvelinus alpinus L.) (Maitland et al.
2007; Maitland and Campbell 1992). Lake water
quality has undergone substantial deterioration
since the mid-1980s (Toner et al. 2005). Total
Phosphorus (TP) and total chlorophyll a monitor-
ing data for the lake, available from the Central
Fisheries Board (CFB), indicates a shift in trophic
status from oligotrophic to mesotrophic during the
period AD 1977!2006. This deterioration is due in
part to an increase in the availability of nutrients,
which has been attributed primarily to increased
loading from agricultural sources (McGarrigle and
Champ 1999; Dalton et al. 2010), and has also been
linked to climate warming (Murnaghan 2013).
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Monthly algal monitoring data for the deepest point
of the lake, available only for the years AD 1975,
AD 1983, AD 1984, AD 1985 and AD 1986 from the
CFB (T. Champ and J. King, CFB, pers. comm.)
and based on monthly single-point samples, in-
dicated that diatoms usually dominate the spring
and autumn phytoplankton and cyanophytes ex-
hibit autumn peaks in some years. Lough Mask was
classified as being at significant risk of failing to meet
WFD good water quality requirements by 2015
(EC 2005).

The River Robe, draining the Robe subcatch-
ment (!285km2) where deterioration in water
quality has been linked to diffuse nutrient loading
associated with agricultural activity (Donnelly 2001;
Irvine et al. 2003), has been classified as eutrophic
since the mid-1980s (McGarrigle and Champ 1999;
Dalton et al. 2010). Two sewage treatment plants
that also discharge to the River Robe are thought
to contribute a relatively minor proportion to
catchment nutrient loading (K. Shally, Mayo
County Council, pers. comm.). Human population
densities in the catchment underwent major
reductions during the twentieth century, from
!35 per km2 in AD 1900 to !19 per km2 in
AD 1970 (Murnaghan 2013). However, there has
been a surge in the development of solitary housing

in rural areas, and therefore an increase in the density
of septic tank systems, during the late twentieth
century in the east and northeast of the catchment
(Irvine et al. 2003). Cattle and sheep numbers
increased during the early twentieth century, but
the most substantial increases occurred after AD 1950.
Land use did not change significantly during the
same period (Murnaghan 2013), however.

METHODS

RECONSTRUCTING THE TROPHIC HISTORY
OF LOUGH MASK, AD 1905!2006

Sediment-based reconstructions

Two sediment cores (MK-11 and MK-12) were
collected for palaeolimnological analyses from the
deepest part (!20m) of the southwest sub-basin of
Lough Mask (Table 1; Fig. 1), the part of the
lake with the highest SARs (Dalton et al. 2010).
Sediment cores were collected using a Renberg
gravity corer (Renberg and Hansson 2008) and
were subsequently sampled at 0.5cm intervals
for the top 5cm and 1cm intervals below 5cm,
and stored in a cool box to prevent their dete-
rioration. Chronological control for one sediment
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Fig. 1*Map of the Lough Mask catchment showing landuses, inflow rivers, the main urban centres and the location of

Claremorris and Blacksod Point meteorological stations.

173

HINDCASTING LAKE TROPHIC CONDITIONS USING MODELLING AND PALAEOLIMNOLOGY

This content downloaded from 31.187.32.181 on Wed, 09 Mar 2016 00:22:35 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


core (MK-11) was provided by radiometrically
determined (using 210Pb and 137Cs) SARs (Appleby
2001). Relative concentrations of 210Pb were
determined indirectly through the measurement
of 210Po, a granddaughter isotope of 210Pb, and
137Cs as outlined in Eakins and Morrison (1978).
Analysis was conducted at the laboratories of Flett
Research, Canada, using Ortec ‘Ortet’ alpha spec-
trometry. MK-11 was not long enough to cover the
entire measurable atmospherically sourced 210Pb
and, therefore, SARs were estimated using the
linear regression model with background levels
estimated from the analysis of 226Ra (Appleby
2001). The linear regression model estimates an
approximate average SAR over the sediment core
and is applied if the assumption of constant input of
210Pb and SAR is met, based on the 210Pb activity
profile. Up-core variations in the relative propor-
tions of inorganic and organic matter (Appendix 1),
established using the gravimetric method of Dean
(1974), were used to correlate and extend chron-
ological control to the second sediment core
(Battarbee 2000; Brancelj et al. 2002).

The remains of diatoms preserved in sediment
samples (every level) from MK-12 were concen-
trated following Battarbee et al. (2001). Organic
material was removed from the sediment samples
via digestion in H2O2aq and subsequent washing
with deionised water. Subsamples were mounted
onto glass slides using Naphrax mounting medium.
At least 300 valves were enumerated in each
sample. A Meiji ML2000 light microscope with
a "100 oil immersion objective (total magnification
overall #"1000) was used for diatom identifica-
tion and counting. Taxonomic identification was
carried out using standard reference flora: Krammer
and Lange-Bertalot (1986; 1988; 1991a; 1991b;
2000), Foged (1977), Lange-Bertalot and Metzeltin
(1996), Knie and Hübener (2007), Potapova and
Hamilton (2007) and Lowe (2010). Databases,
including DIATCODE (Hartley 1986; Williams
et al. 1988) the European Diatom Database (EDDI)
(2009) and AlgaeBase (Guiry and Guiry 2012),
and verification at ILLUMINATE EPA/ERTDI
Project # 2005-W-MS-40 diatom workshops were
used to aid the identification of problematic taxa.

A dissolution index (F) was calculated for each sample
according to Ryves et al. (2001). Percent relative
abundance of diatom species data were plotted
stratigraphically to track qualitative changes in lake
water TP over time.

Sediment-based DI-TP was established using a
diatom transfer function developed from a training
set of 72 lakes, developed specifically for the
Ecoregion of Ireland (Chen et al. 2008). The
transfer function was applied to relative abundance
data to model, quantitatively, the responses of modern
diatom assemblages to epilimnic TP using the
programme C2 (Juggins 2003). DI-TP was esti-
mated using Weighted Averaging (WA) (Birks
1995). Transfer function performance was assessed
using the root mean square error of prediction
(RMSEP) value, whereby a number of transfer
functions are applied to the same fossil data using
cross validation (jack-knifing technique) (Birks
1995). The model that is most accurate has the
lowest RMSEP value. The optimum WA model
had tolerance down-weighted and inverse de-
shrinking and produced a jack-knifed coefficient
of determination (r2 jack) of 0.74 and RMSEP of
0.21 (log10 mg l$1) for TP. To assess how well the
diatom assemblages in fossil samples compared with
diatom assemblages in the modern training set,
Modern Analogue Technique (MAT), a palaeoe-
cological method that employs a similarity or
dissimilarity measure (squared chord distance)
(Birks 1995), was applied following the method of
Juggins (2001). Juggins (2001) suggests that good
analogues exist in the training set where the
coefficients of minimum dissimilarity between fossil
diatom samples and the training set are 100!150.

Major changes in diatom data were delineated
into zones using the agglomerative technique,
incremental sum of squares cluster analysis
(CONISS) (Grimm 1987), which progressively
groups stratigraphically contiguous samples with
similar compositions in an agglomerative hierarch-
ical fashion, using the computer software pro-
gramme PSIMPOLL (Bennett 2002). The
number of statistically significant groups or zones
was determined using the broken stick model
(Bennett 1996), which is based on the greatest

Table 1*Summary of locational and hydromorphological details of the sediment cores for
Lough Mask, Co. Mayo.

Location Core code*
Date of
collection

Water depth
(m)

Core length
(cm) Analyses

Southwest site MK-11 15/03/07 20 38 LOI, radiometric dating
(09826? W, 53835? N) MK-12 15/03/07 20 38 LOI, diatoms

* MK = Mask.
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reduction in the variance of a dataset; when the
reduction in variance by the creation of a particular
zone exceeds that expected from a random dataset
then the zone is considered significant (p B 0.05).

HINDCAST DRIVERS OF CHANGES IN
TROPHIC CONDITIONS

Daily streamflow, sediment and nutrient loads,
required to drive the in-lake hydrodynamics
(DYRESM, Dynamic Reservoir Simulation Model
version 4.0) and ecological response (CAEDYM,
Computational Aquatic Ecosystem Dynamics
Model version 4.0) models (DYCD) were hindcast
for each subcatchment for the period AD 1900!
2006, using the Generalised Watershed Loadings
Function (GWLF) (Haith and Tubbs 1981; Schnei-
derman et al. 2002). A modified version of GWLF
that uses historical human population, livestock
population and landuse as drivers of changes in the
catchment (Dalton et al. 2010; Jennings et al. 2013)
was applied to the data. Soil and runoff nutrient
concentrations from different land uses were based
on published values for the Lough Mask catchment,
or values for comparable soil types and land use

characteristics in the region, from Daly (1999),
Cummins and Farrell (2003), Daly et al. (2002)
and Styles et al. (2006). Septic tank systems were first
introduced to Ireland in the early twentieth century
but were rare; therefore, the use of privy vaults/
cesspits was assumed during the early part of the
simulation period.

Local air temperature and precipitation data
from Claremorris synoptic station (available for
AD 1950!2006), located in the eastern part of the
catchment, and Blacksod Point meteorological
station, situated !40km northwest of the catch-
ment (available for the periods AD 1901!1914, AD

1918!1921, AD 1932!1938 and AD 1941!2006)
(Table 2), were used as input data for the model.
The hydrology subroutine of GWLF includes a
precipitation correction factor, which is optimised
during the calibration process, to correct input
precipitation data based on differences between
modelled and measured streamflow. Output data
from the modified GWLF and local climate data
(air temperature, rainfall, cloud cover, wind
speed, relative humidity and sunshine hours) were
used as input data for the in-lake hydrodynamics
models DYCD.

Table 2*Lough Mask modelling data availability and sources.

Data Source Time period

Climate
Air temp (8C)
Rainfall (mm/day)
Cloud cover (fraction)
Wind speed (m/s)

MET Éireann
Claremorris station (1950!2006)
and Blacksod point (1900!50)

Daily, 1901!14, 1918!21, 1932!38,
1941!2006
Daily, 1905!14, 1931!42, 1950!2006

Relative humidity (%) Daily, 1980!present
Solar radiation (W/m2)
Sunshine hours

MET Éireann, Claremorris and
calculation from sun hours

Daily, 1950!79
Daily, 1905!19

Inflow
Total volume OPW, EPA, BUFFER* project Daily: Robe 1955!2006;

Keel 2002!06; other streams 1970!2006
and 1990s!2006.

Water temp (8C) BUFFER* project Fortnightly: 2001!03
Nutrient conc.

Lake
Temperature profile Thermistor chain Hourly: 2006!present

Chlorophyll a CFB** Monthly to quarterly: 1997!2008
Nutrient CFB**

BUFFER* Fortnightly/monthly: 2001!03
Phytoplankton groups CFB*** Monthly: 1983, 1984, 1986

* BUFFER (EVK1-1999-00094), supplied by Dr Ian Donohue and Dr Ken Irvine, Department of Zoology, Trinity
College Dublin.
** Western Fisheries Board, supplied by Dr Cathal Gallagher, Central Fisheries Board (CFB).

*** Data supplied by Mr T. Champ and Mr J. King, CFB.
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HINDCAST IN-LAKE TROPHIC CONDITIONS

In-lake daily temperature, nutrient and total chlor-
ophyll a concentrations were hindcast for the
period AD 1905!2006, using the coupled DYCD
models, for the deepest part of the lake (Fig. 1). The
models were applied to the deepest part of the lake
because model calibration data (including tem-
perature profile, nutrient and total chlorophyll a
concentrations) were only available for this site.
The deepest part of the lake is located !4.5km
northeast of the sediment coring site. Although air
temperature and precipitation data were relatively
continuous, discontinuities in the remaining climate
data meant that in-lake response modelling could
only be carried out for the following periods: AD

1905!1914, AD 1931!1942 and AD 1950!2006.
DYRESM, a one-dimensional hydrodynamics
model, predicts the vertical distribution of tem-
perature, salinity and density in lakes (Imerito 2007),
and has been successfully applied and validated to
simulate the seasonal thermal and ecological
dynamics of lakes over several years (e.g. Trolle
et al. 2010). The linked ecological model CAEDYM
is nutrients!phytoplankton!zooplankton based, but
also includes carbon, oxygen, silica (Si), inorganic
particles and other biological parameters (Imberger
and Patterson 1981; Hamilton 1999). The model
and software are available from the Centre for Water
Research (CWR), University of Western Australia
(Imberger and Patterson 1981).

MODEL CALIBRATION AND VALIDATION

GWLF

Simulated daily streamflow data were calibrated and
validated for the Mask subcatchments using mea-
sured daily flow data obtained from the Office of
Public Works and Irish Environmental Protection
Agency (EPA), available for AD 1955!2006 (Table 2).

Simulated nutrient loads were also validated using
data from AD 2001!2003 from the BUFFER (EU
Fifth Framework Programme) project (I. Donohue,
Trinity College Dublin, pers. comm.). Hydrology
and nutrient constants in GWLF were calibrated
as described in Schneiderman et al. (2002). Two
statistical measures, the Nash-Sutcliffe coefficient of
model efficiency (r2), a measure of the degree of
correlation between measured and modelled data
(Nash and Sutcliffe 1970), and the percent cumula-
tive error, a measure of the bias of model predictions
(Thomann 1982), were used to measure model per-
formance (Table 3). Ideally, model performance is
characterised by r2 close to one and percent cumu-
lative error close to zero (Schneiderman et al. 2002).

DYCD

Parameters used in DYCD relating to phytoplank-
ton growth and nutrient uptake were calibrated
following the method of Trolle et al. (2008), using
monitoring data available from the CFB (T. Champ,
CFB, pers. comm.). Validation of DYCD simula-
tions of in-lake temperature, TP, and chlorophyll a
concentrations for Lough Mask was carried out by
comparison with monitoring data, available for the
deepest part in the lake (Fig. 1). Hindcast surface
water temperature and deep water temperature
(50m) data were validated using daily measured
temperature profile data collected from a chain of
temperature loggers (ONSET TidbiT) located at the
deepest point in the lake (data available from March
2007 to March 2009). Hindcast annual mean TP,
annual mean chlorophyll a and annual maximum
chlorophyll a concentration data were output from
DYCD and used to assign trophic status according
to a modified version of the OECD classifica-
tion system (OECD 1982) adopted in Ireland
(Table 4).

Table 3*Calibration and validation statistics for catchment modelled daily streamflow and
monthly total phosphorus (TP) load for the main Lough Mask subcatchments, surface
water temperature, monthly water column TP concentrations and total chlorophyll a
concentrations for Lough Mask.

Streamflow (daily) TP load (monthly)

Surface

temp.

TP

conc.

T Chl a

conc.

Subcatchment Robe Carra West Robe Carra West Lake

Calibration

NS (n) 0.82 (2850) 0.79 (360) 0.70 (440) 0.80 (12) 0.71 (11) 0.61 (12) n/a n/a n/a

cum bias 0.020 0.002 0.040 0.030 0.004 0.020

Validation

NS (n) 0.79 (9131) 0.76 (336) 0.55 (365) 0.67 (24) 0.61 (12) 0.57 (16) 0.98 (617) 0.78 (60) 0.65 (60)

cum bias 0.020 0.002 0.090 0.030 0.004 0.030 0.03 0.03 0.04

NS#Nash-Sutcliffe r2; n#sample size; cum bias#cumulative bias.
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COMPARING MULTIPLE DATASETS

The relatively low temporal resolution of sediment
data when compared with model output data meant
that sediment-based DI-TP levels could only be
calculated at two- to ten-year intervals. As there
are relatively few data available prior to AD 1950,
the results for this period should be interpreted
with caution. Significant change points in the
hindcast catchment TP loading data were identified
using cumulative deviations plots (Buishand 1982)
using the software Change-Point Analyzer version
2.3 (Taylor 2003). Trends in meteorological and
hindcast modelled data were analysed using re-
gression analysis and the software package PAST
v. 4.5 (Hammer et al. 2001). As the test assumes
normal distribution of data and independent error
structure, all datasets were first checked for nor-
mality and serial correlation using, respectively,
the Ryan-Joiner and Durbin Watson tests in
MINITAB 13.1.

RESULTS

CHANGES IN DRIVERS OF TROPHIC
CONDITIONS, AD 1900!2006

Hindcast annual catchment TP loads were relatively
stable from AD 1901!1950 (Fig. 2), and increased
after AD 1950, particularly from AD 1970 when a
significant change point was identified (Q # 9.6;

p 5 0.01). During the period AD 1901!1970,
the mean hindcast annual TP load was !18.8kg
TP km$2 yr$1 compared with !51.0kg
TP km$2 yr$1 for AD 1970!2006. Hindcast
annual catchment TP loads increased significantly,
however, between AD 1970 and 2006 (r2 # 0.75;
p B 0.01; n # 36). Prior to AD 1970, the majority
of the hindcast total annual TP loading was
attributable to landuse (runoff and baseflow)
(approx. 61%, on average), which comprised
mainly agricultural pasture. During this period,
the rural population contributed an average of
25%, while relatively minor contributions came
from the urban population (!11%) and livestock
(!4%) (Fig. 2). Between AD 1970 and 2006, the
proportion of hindcast TP loading attributable to
livestock sources increased dramatically to !53%
(representing 23,652kg TP km$2, on average, of
the total catchment TP load). As a result of this, the
relative contributions from land use and rural
population were reduced to approx. 33% and 7%,
on average, respectively, while the contribution
from urban population changed little (!6%, on
average). However, the absolute loads from urban
and rural populations did not change greatly. The
majority of the hindcast TP load to Lough Mask
came from the Robe and western subcatchments.
Modelled in-lake water temperatures revealed
strengthened thermal stratification in Lough Mask
from the mid-1960s, and significant trends of
increasing surface (r2 # 0.62; p B 0.05; n # 42)

Table 4*Details of the modified Organisation for Economic Co-operation and Development
(OECD) scheme (OECD 1982); (b) Determining baseline trophic conditions from
hindcast modelled and sediment-based reconstructions of in-lake total phosphorus
(TP) and chlorophyll a data.

(a)

Annual mean TP (mg l-1) Chl a (mg l-1) Max. Chl a (mg l-1)

Oligotrophic 510.0 52.5 58.0

Mesotrophic 10!35 2.5!8 8!25

Eutrophic 35!100 8!25 25!75

(b)

Year 1900!50 1950!60 1960!70 1970!80 1980!90 1990!2000 2000 %

Annual mean TP

Measured No data Meso Oligo-meso Meso

Hindcast Oligo Low meso Oligo-meso Meso

DI-TP Meso

Annual mean Chl a

Measured No data Oligo-meso

Hindcast Oligo Oligo-meso Meso Oligo-meso

Hindcast max. Oligo-meso Low-high meso
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and deep water temperatures (50m) (r2 # 0.69;
p B 0.05; n # 42) over the simulation period.

SEDIMENT-BASED RECONSTRUCTED
TROPHIC HISTORY, AD 1905!2006

Sediment dating

Activities of 210Pb and 137Cs activity were above
background levels in all sediment samples analysed,
indicating that sediment ages for the core were
within the last 200 years or so (Table 5). The
estimated date for the basal sample (38cm) was
c. AD 1870. Activity profiles indicated that the
SAR was relatively constant below 13cm, allowing
the linear regression model to be applied to
estimate SAR. SAR increased substantially over
the period represented by the sediment core,

from 0.05g cm$1 yr$1 prior to c. AD 1870 to
0.07g cm$1 yr$1 from c. AD 2000.

DIATOM ANALYSIS

All diatom samples had close analogues in the
training set, indicated by the range of values for
the coefficients of minimum dissimilarity (100!150).
Over 73% of fossil diatom species identified in
MK-12 (Fig. 3) occurred in the training dataset.
Diatom concentrations fluctuated abruptly in
MK-12, with high values of the F-index in
thirteen sections indicating zero or very low
levels over the period represented by the sediment
core. Three diatom assemblage zones, represent-
ing different overall states of lake water quality,
were identified and are described below.

Table 5*210Po (total and unsupported) and 137Cs activity, and estimated sediment accumulation
rates (SAR) based on the linear regression model.

Sample ID (depth, cm)

210Po total activity
(DPM g$1)

137Cs
(DPM g$1)

Linear regression estimated
age (years)

SAR
(g cm$2 yr$1)

MK-C11 (1!1.5) 35.54 13.92 4.76 0.07
MK-C11 (1.5!2) 34.74 14.00 18.98 0.07
MK-C11 (7!8) 34.93 27.37 31.44 0.07
MK-C11 (10!11) 27.41 41.59 42.10 0.07
MK-C11 (13!14) 27.40 27.23 50.98 0.07
MK-C11 (16!17) 22.01 31.46 62.13 0.07
MK-C11 (19!20) 16.54 30.06 69.93 0.06
MK-C11 (22!23) 12.29 12.45 79.33 0.06
MK-C11 (25!26) 9.59 6.27 90.49 0.06
MK-C11 (28!29) 8.35 3.83 101.01 0.06
MK-C11 (31!32) 6.27 1.62 111.97 0.06
MK-C11 (34!35) 4.80 0.62 124.11 0.06
MK-C11 (37!38) 3.24 0.49 136.26 0.05
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Fig. 2*The relative contribution of landuse runoff and baseflow, livestock, rural population and urban population to

hindcast total catchment TP loading (kg km!2 year!1) to Lough Mask, 1901!2006. Missing values reflect gaps in the

model input data (see Table 2 for details).
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D-M3-1 (c. AD 1870!1930)

Diatom assemblages in this zone were characterised
by Tabellaria flocculosa, a planktonic species (Kelly
2000) with a moderate TP, and Achnanthidium
microcephalum, a pioneering species (Barbiero
2000). Benthic species were rare. Post c. AD 1900,
Asterionella formosa and Fragilaria capucina, spe-
cies with relatively high TP optima, were also
common. DI-TP levels indicated mesotrophic
conditions, until c. AD 1910 when DI-TP levels
peaked (!46mg l$1) and reached eutrophic
conditions.

D-M3-2 (c. AD 1930!1982)

In this zone, diatom assemblages were also char-
acterised by T. flocculosa; however, abundances of
this species were reduced post c. AD 1940. The
planktonic taxa Aulacoseira granulata and Fragilaria
crotonensis, which have relatively high TP optima
(Chen et al. 2008), became more abundant indicat-
ing elevated tropic conditions during this period.
From c. AD 1970, assemblages were characterised by
A. formosa, while abundances of A. microcephalum
were reduced. The reconstructed DI-TP levels
indicated eutrophic conditions until c. AD 1940,
when concentrations again fell to mesotrophic

levels. Mesotrophic conditions persisted in the
lake until c. AD 1960, when eutrophic levels appear
to have been established.

D-M3-3 (c. AD 1982!2007)

Between c. AD 1982 and c. AD 2007, A. formosa
continued to dominate diatom assemblages until
c. AD 1995, after which it declined along with
other planktonic species. In contrast, abundances
of T. flocculosa and Fragilaria taxa increased post
c. AD 1995, while abundances of A. microcephalum
increased post c. AD 2000. Eutrophic conditions,
evident from reconstructed DI-TP values, persisted
during this period until c. AD 2000, when a change
to mesotrophic conditions occurred.

Although there are no contemporary records
of TP concentrations for the southwest part of
the lake, monitoring data for the deepest part
of the lake indicate TP concentrations in the
range approx. 7!22mg l$1 (mean # !12mg l$1)
between AD 2000 and 2003 BUFFER (EU Fifth
Framework Programme) project (I. Donohue,
Trinity College Dublin, pers. comm.) and approx.
5.5!24.5mg l$1; (mean # 13.4mg l$1) between
1970 and 2008 (T. Champ, CFB, pers.comm.).
Monitoring data for TP from the deepest part of the
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lake are therefore consistent with DI-TP values for
the surface sediment from the southwest site.

MODELLED TROPHIC HISTORY, AD 1905!2006

Hindcast annual mean TP concentrations indicated
oligo-mestrophic conditions in Lough Mask prior
to AD 1970 and elevated nutrient conditions
(mesotrophic) from AD 1970 onwards (Fig. 4).
The upward trend from AD 1970 to 2006 in the
hindcast annual mean TP concentrations was
statistically significant (r2 # 0.76; p B 0.05;
n # 42). Hindcast annual mean chlorophyll a con-
centrations indicated similar trophic levels (oligo-
mesotrophic) prior to AD 1970 (Table 4), but indi-
cated lower trophic conditions (oligo-mesotrophic)
than hindcast annual mean TP concentrations be-
tween AD 1970 and 2006. Similar trends of signifi-
cant increases in hindcast annual mean chlorophyll
a concentrations (Fig. 5a) and in summer mean
chlorophyll a concentrations (respectively, r2 # 0.46;
pB0.01; n#42 and r2 # 0.63; p B 0.05; n # 42)
were also evident. Hindcast annual maximum chlor-
ophyll a concentrations indicated higher trophic con-
ditions in the lake between AD 1905 and 1970 than
hindcast annual mean TP or chlorophyll a, though still
in the oligo-mesotrophic range (Fig. 5b). Hindcast
annual maximum chlorophyll a levels also increased
between AD 1970 and 2006 to within the low to high
mesotrophic range.

COMPARING SEDIMENT-BASED, HINDCAST
AND MONITORING DATA

Variations in sediment-based DI-TP were similar to
those evident from the measured data. However,
DI-TP tended to be substantially greater than mea-
sured TP for the equivalent time period (Fig. 4).

With the exception of the period c. AD 1982!1988,
when measured annual mean TP concentrations
decreased, hindcast annual mean TP concentrations
compared well with measured annual mean TP data
for the lake, with both indicating relatively low
nutrient conditions prior to AD 1970 and elevated
nutrient conditions from AD 1970 onwards (Fig. 4).
Hindcast annual mean chlorophyll a and measured
annual mean chlorophyll a concentrations varied in a
similar range, between AD 1976 and 1988 (Fig. 5a);
however, hindcast annual maximum chlorophyll a
substantially overestimated measured annual max-
imum chlorophyll a levels (Fig. 5b).

Although both sediment-based DI-TP and
hindcast annual mean TP concentrations showed
similar patterns of variations and were positively
correlated for the AD 1905!2006 period (r2 #
0.56; p B 0.05; n # 15), with both indicating
relatively low nutrient conditions prior to AD 1970
and elevated nutrient conditions from AD 1970
onwards (Fig. 4), DI-TP consistently overestimated
hindcast annual mean TP concentrations. Hindcast
annual mean TP concentrations indicated oligo-
trophic conditions between AD 1905 and AD 1950,
while DI-TP values indicated mesotrophic condi-
tions during the same period (Table 4). For AD

1950!1970, hindcast annual mean TP concentra-
tions indicated oligo-mesotrophic conditions, while
DI-TP values were in the low eutrophic range.
From AD 1970 onwards, both reconstructed datasets
showed elevated trophic levels: hindcast annual
mean TP concentrations indicated high meso-
trophic to eutrophic conditions, while DI-TP values
were in the eutrophic range. During the period AD

1980!1990, however, when hindcast annual
mean TP concentrations continued to increase
(from !14mg l$1 to!16mg l$1), DI-TP concentra-
tions decreased (from !27mg l$1 to !22mg l$1).
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Fig. 4*Hindcast annual mean total phosphorus (mg l!1), TP, sediment-based diatom-inferred TP (mg l!1), DI-TP (core

MK-12), and measured annual mean TP concentrations (from the Central Fisheries Board and the Environmental

Protection Agency).
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DISCUSSION

Good agreement existed on the whole between
patterns of variation in sediment-based DI-TP and
hindcast in-lake TP concentration datasets over the
AD 1905!2006 period. The hindcast in-lake TP
concentrations were a much closer approximation
of measured TP data for the AD 1975!2006 period
than was sediment based DI-TP, which tended to
overestimate measured values. Both reconstructions
of trophic conditions support concern for recently
observed nutrient enrichment in Lough Mask, in
particular elevated trophic status, from oligotrophic
to mesotrophic (Toner et al. 2005; Murnaghan
2013). As might be expected, changes in hindcast
in-lake TP concentrations and, to a lesser extent,
chlorophyll a concentrations, closely mirrored hind-
cast catchment TP loads for the simulation period.
Hindcast catchment TP loading data indicated that
anthropogenically sourced P inputs were the prin-

cipal driver of nutrient enrichment, in agreement
with the findings of McGarrigle and Champ (1999),
Donnelly (2001) and Donohue and Irvine (2003).
Furthermore, hindcast catchment TP loading data
indicated major changes in the sources of TP inputs
to the lake, and thus drivers of nutrient enrichment,
during the twentieth century. Prior to AD 1970, the
main contributors to catchment TP loading were
rural population and landuse, compared with live-
stock post-AD 1970. In addition, the hindcast
modelled and sediment-based results indicated that
the commencement of nutrient enrichment was
earlier (c. AD 1970) than documented in the
literature (mid-1980s) (McGarrigle and Champ
1999; Toner et al. 2005).

Strengthened simulated thermal stratification in
Lough Mask from the mid-1960s reflects the
warming trend evident in air temperature data for
the catchment (Dalton et al. 2010). The onset of
warming and strengthened thermal stratification in
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Lough Mask from the mid-1960s coincided with
the start of elevated hindcast TP loading, linked to
agricultural intensification, and with the effects of
eutrophication. The results also support the idea of
multiple pressures contributing to deterioration in
trophic status (Quinlan et al. 2008; Ormerod et al.
2010; Rühland et al. 2010; Hering et al. 2015).
Murnaghan (2013) suggests that the combined
effects of climate and agricultural intensification
are important drivers of eutrophication in Lough
Mask. Moreover, future warming, as a result of
directional climate change, is projected to increase
in-lake productivity in the region further (Trolle
et al. 2011; Arnell et al. 2015). Marked differences
also existed between the sediment-based and hind-
cast modelled datasets. Sediment-based DI-TP
values were consistently higher than hindcast
annual mean TP concentrations for the AD 1905!
2006 period. The fact that the sediment data and
hindcast in-lake modelled data are for different
locations within the lake (due to the availability of
calibration data for the model) may have contrib-
uted to their differences. However, monitoring data
(BUFFER EU Fifth Framework Programme pro-
ject (I. Donohue, Trinity College Dublin, pers.
comm.)) indicated that the open waters of Lough
Mask are well mixed, and similar trends in trophic
history at the locations are evident from sediment-
based data (Murnaghan 2013). Therefore, the
sediment-based and hindcast modelled reconstruc-
tions should be similar. However, even with similar
trends in trophic history at the locations, a
comparable one-to-one relationship between the
sediment-based, monitored and hindcast modelled
datasets would not be expected given their differing
nature, particularly in the context of temporal
resolution.

All models are simplifications of reality (Irvine
et al. 2005) and therefore both hindcast modelled
and sediment-based DI-TP datasets are inherently
subject to error associated with how realistic the
model or transfer function calculations are, the
suitability of calibration datasets and the accuracy of
defined parameters in the models (for example,
species TP optima and nutrient uptake rates and
growth rates of phytoplankton). Monitoring data
from Lough Mask were used to calibrate and
validate hindcast in-lake data (Murnaghan 2013);
however, the DI-TP transfer function did not
incorporate data from Lough Mask in its calibration
dataset. Only 7 of the 72 lakes forming the transfer
function calibration dataset were classed in the same
WFD typology category (based on altitude, water
depth and alkalinity) (EC 2005) as Lough Mask,
and the majority of lakes that were included were
relatively small. Sediment samples from Lough
Mask did, however, have close analogues in the
transfer function calibration dataset. The hindcast
data, therefore, may provide a more accurate

record of trophic changes in the lake than sedi-
ment-based data, which have overestimated in-lake
TP concentrations. These findings support the
general consensus regarding DI-TP reconstructions,
that is, that they tend to overestimate in-lake TP
concentrations (e.g. Sayer 2001; Edlund and King-
ston 2004; Bennion et al. 2005; Battarbee et al.
2012). This is because WA DI-TP transfer func-
tions lead to edge effects, which result in non-linear
distortions at the gradient lengths and overestima-
tion of optima at the low end of the gradient and
underesimation at the high end (ter Braak and
Juggins 1993).

According to remains preserved in sediments
extracted from Lough Mask, the main species
contributing to high DI-TP values during the AD

1905!2006 period was A. formosa Hassall (Dalton
et al. 2010; Murnaghan 2013). The relative abun-
dances of A. formosa in the transfer function training
set were generally lower (0%!38%; mean #
5%) than that of MK-12 (0% to 72%; mean #
14.6%). A. formosa was present in the sediments of
41 of the 72 lakes used in the training set. Nineteen
of these lakes had relative abundances of A. formosa
"5%, while only four of the lakes had relative
abundances "20%. Moreover, the measured an-
nual mean TP values for the training set lakes, rang-
ing from 8.0!142.3mg l$1 (mean # 25.9mg l$1),
was generally higher than that of Lough Mask
(5.5!24.5mg l$1; mean # 13.4mg l$1). Thirty-six
of the 72 lakes had annual mean TP values similar
to that of Lough Mask (in the range 5!25mg l$1).
In addition, the TP optima defined for A. formosa in
the DI-TP model by Chen et al. (2008), 36.0mg$1,
was considerably higher than its optimum in other
diatom transfer function training sets, based on data
from the same Ecoregion (DeNicola et al. 2004),
and these differences are attributed to differences in
sampling between the calibration datasets (Chen
et al. 2008). Therefore, sediment-based DI-TP
estimates for Lough Mask based on Chen et al.
(2008) may be overestimated because of differences
between the relative abundances of A. formosa in
the Lough Mask sediment and calibration training
set data.

The relationship between diatoms and TP can
be complex (Brooks et al. 2001). The TP data used
to calibrate the transfer function used in the current
research were mainly summer data (Chen et al.
2008), and were based on a relatively coarsely
resolved sampling protocol (1!9 samples per year).
Overestimation of epilimnic TP levels using other
DI-TP transfer functions is linked to the fact that
DI-TP reflects summer TP values, rather than
long-term average TP levels (for example, Hall
et al. (1997)). Conversely, Bennion et al. (2001)
found that diatom assemblages in Esthwaite Water
(Cumbria, UK) reflected trends in increasing winter
phosphate concentrations rather than the long-term
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measured TP data. Moreover, diatoms can be
influenced by many other factors, such as pH,
temperature, Si levels, stratification and mixing
or water quality changes (Battarbee et al. 2002;
Battarbee et al. 2012; Juggins et al. 2013). Although
P is often the limiting nutrient for phytoplankton
growth in freshwaters, depletion of the Si reserves
in the water column following diatom blooms,
which is evident from algal monitoring data for
Lough Mask (Murnaghan et al. 2012), is likely to
influence DI-TP reconstructions. Chen et al. (2008)
found that the pH-conductivity gradient explained
the majority of the total variance in the diatom
assemblages in their calibration dataset, and this is
also the case for other diatom transfer function
training sets (for example, Reavie and Smol 2001).
The sample size of training sets for diatom transfer
functions is highly dependent on the range and
variability of environmental conditions in the
region (Reavie and Juggins 2011; Reavie and
Edlund 2013). Therefore, a transfer function in-
corporating a larger and more representative sample
of lakes from the Irish Ecoregion may provide more
accurate DI-TP values.

Other factors that may affect the accuracy of
sediment-based DI-TP model estimates include the
relatively low resolution of sediment-based recon-
structions. The impacts of removal via the lake
outflows, contamination from inflows, sediment
resuspension, reworking of older sediments, bio-
turbation and post-depositional dissolution of dia-
toms in the sediment may also introduce error into
sediment-based DI-TP estimates (Mackay et al.
1998; Battarbee et al. 2001; Battarbee et al. 2005;
Ryves et al. 2006).

Discrepancies between long-term trends in
measured, hindcast modelled and sediment-based
datasets occurred only during the period AD 1980!
1990, when sediment-based DI-TP concentrations
decreased and hindcast in-lake TP concentrations
increased. Measured data varied substantially during
this decade, and although several of the highest TP
levels were recorded, there was an overall trend of
decreasing TP concentrations. High soil erosion
rates caused by overgrazing due to increases in
sheep numbers in the catchment drove increases in
hindcast in-lake TP concentrations (Murnaghan
2013).

Murnaghan et al. (2012) showed that trophic
conditions in Lough Mask during the mid-late
Holocene prior to significant human impact were
characterised by oligotrophic conditions. The find-
ings presented in this paper, based on hindcast in-
lake modelling and sediment-based data, indicate
the persistence of oligotrophic to low mesotrophic
conditions in the lake between AD 1905 and 1950,
prior to the commencement of substantial nutrient
enrichment linked to agricultural intensification in
the catchment and climate warming (Murnaghan

2013). Oligotrophic to low mesotrophic conditions
prior to AD 1950, evident from this research, could
therefore be considered suitable baseline trophic
reference conditions, in the context of significant
anthropogenic nutrient loading effects, and repre-
sent a more realistic target for restoration and
prevention of deterioration than conditions that
existed prior to the twentieth century (Taylor et al.
2006). The findings presented highlight the advan-
tages of a combined approach to reconstructing past
trophic conditions, in particular the potential
benefits of dynamic modelling for implementing
water quality policy, including for the establishment
of baseline trophic conditions, defining targets for
water quality restoration and elucidating aquatic
ecological pressure!response relationships.

CONCLUSION

The findings of this study highlight the value of
using more than one means of reconstructing past
trophic conditions for providing long-term datasets
to improve our understanding of aquatic ecological
pressure!response relationships. Dynamic model-
ling can provide high resolution data and permits
the roles of individual drivers of modelled trophic
changes to be quantified. Sediment-based data can
integrate information, via the remains of biota
preserved in the sediment, on lake catchment
complexity such as variations in inflow water
chemistry and in-lake ecological dynamics, which
are not yet incorporated in dynamic models.
Furthermore, use of both dynamic modelling and
sediment-based data in the reconstruction of past
aquatic variability can help elucidate the limita-
tions of both approaches and indicate where future
developments of such techniques should be
focused. The findings suggest that the use of
sediment-based DI-TP transfer functions requires
thorough comparisons of the sediment diatom
dataset with the transfer function training set.
However, the results presented in this paper
showed that hindcast dynamic modelling techni-
ques can provide a more reliable and useful means
of reconstructing past lake trophic conditions than
sediment-based methods. The results presented in
this paper also highlight the importance of high-
resolution monitoring data for improving the
performance of both hindcast and sediment-based
models for reconstructing lake trophic histories.
Oligotrophic to low mesotrophic conditions,
which appear to have persisted prior to the
commencement of nutrient enrichment in Lough
Mask c. AD 1950, could be used as target baseline
trophic conditions for restoration.
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leuropa Vol. 2/3, 1!600. Stuttgart. Fischer-Verlag.

Krammer, K. and Lange-Bertalot, H. 1991b Bacillar-
iophyceae. 4. Teil: Achnanthaceae. Kritische
Ergänzungen zu Navicula (Lineolatae) und
Gomphonema. In H. Ettl, J. Gerloff, H. Heynig and
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APPENDIX 1

CRS year
AD

MK-11
%OM

MK-12
%OM

MK-11
% carbonate

MK-12
% carbonate

2007 30.3 28.8 2.0 2.0
2005 30.0 28.6 2.0 2.0
2002 28.7 27.3 2.2 2.2
1988 29.0 27.7 2.2 2.2
1987 30.4 29.0 2.2 2.2
1985 30.6 29.1 2.4 2.4
1984 30.4 28.9 2.5 2.5
1983 29.5 28.1 2.6 2.6
1981 31.5 30.0 2.3 2.3
1980 28.0 29.7 1.9 1.9
1978 29.1 29.3 2.1 2.0
1977 31.2 29.7 2.1 2.2
1976 30.1 29.9 2.2 2.2
1972 30.0 30.2 2.3 2.3
1969 32.4 30.9 2.3 2.3
1965 33.0 30.5 2.3 2.3
1962 33.0 31.5 2.3 2.3
1959 32.5 31.0 2.3 2.3
1956 31.7 30.2 2.3 2.3
1952 32.1 30.6 2.4 2.4
1948 35.0 31.2 2.4 2.4
1944 33.3 31.4 2.4 2.4
1942 33.5 31.9 2.5 2.5
1939 34.0 32.2 2.5 2.4
1937 29.5 32.1 2.5 2.5
1934 30.0 31.5 2.6 2.6
1931 30.6 31.7 2.6 2.6
1928 35.4 31.9 2.6 2.6
1924 33.1 31.5 2.5 2.5
1920 34.0 32.2 2.4 2.4
1917 34.0 31.7 2.9 2.9
1913 30.0 32.2 2.8 2.8
1910 34.3 32.7 2.7 2.7
1906 34.2 32.6 2.7 2.6
1902 35.1 33.4 2.6 2.6
1899 35.0 35.9 2.6 2.6
1895 29.0 18.9 2.6 2.6
1891 34.0 33.1 2.6 2.6
1887 37.1 35.3 2.6 2.6
1883 32.0 33.9 2.8 2.8
1879 35.9 34.2 3.1 3.1
1875 32.0 34.0 2.6 2.6
1871 36.2 34.4 2.6 2.6
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