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Abstract A 72-lake diatom training set was devel-
oped for the Irish Ecoregion to examine the response
of surface sediment diatom assemblages to measured
environmental variables. A variety of multivariate
data analyses was used to investigate environmental
and biological data structure and their inter-relation-
ships. Of the variables used in determining a typology
for lakes in the Irish Ecoregion, alkalinity was the only
one found to have a significant effect on diatom
assemblages. A total of 602 diatom taxa were iden-
tified, with 233 recorded at three or more sites with
abundances >1%. Generally diatom data displayed a
high degree of heterogeneity at the species level and
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non-linear ecological responses. Both pH and total
phosphorus (TP) (in the ranges of 5.1-8.5 and 4.0—
142.3 pg 1! respectively) were shown to be the most
significant variables in determining the surface sedi-
ment diatom assemblages. The calibration models for
pH and TP were developed using the weighted
averaging (WA) method; data manipulation showed
strong influences on model performances. The optima
WA models based on 70 lakes produced a jack-knifed
coefficient of determination (rjzack) of 0.89 with a root
mean squared error (RMSEP) of 0.32 for pH and rjzack
of 0.74 and RMSEP of 0.21 (log;, pg 17" for TP. Both
models showed strong performances in comparison
with existing models for Ireland and elsewhere.
Application of the pH and TP transfer functions
developed here will enable the generation of quanti-
tative water quality data from the expanding number
of palaeolimnological records available for the Irish
Ecoregion, and thus facilitate the use of palaecolimno-
logical approaches in the reconstruction of past lake
water quality, ecological assessment and restoration.
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Introduction

Ecological status, an expression of the quality of the
structure and functioning of aquatic ecosystems, has
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been adopted by the EU Water Framework Directive
(WFD) to assess the quality of surface waters
(European Commission 2000). The ecological status
of surface waters is defined on the basis of the degree
of deviation from type-specific pre-impact condi-
tions. Palaeolimnological techniques have been
recognised as one of the most powerful methods in
the reconstruction of reference conditions for surface
waters (European Commission 2000; Irvine et al.
2001).

Palaeolimnological methods can be used directly
to reconstruct past biological assemblages and indi-
rectly to reconstruct past nutrient levels quantitatively
through transfer functions (Battarbee et al. 2005).
The remains of diatoms (Bacillariophyceae) pre-
served in lake sediments have been widely used as
biological indicators of water quality (Stoermer and
Smol 1999; Battarbee et al. 2001). Diatom transfer
functions can provide quantitative estimates of his-
torical water quality from sedimentary sequences of
diatoms, and thus a means of determining the level of
current and past anthropogenic impacts (e.g.,
Cumming et al. 1992; Bennion et al. 2004). The
development of transfer functions to model relation-
ships between the composition of diatom
assemblages and water chemistry in a training set
of lakes has received renewed interest of late, because
of their potentially useful role in supporting lake
management, conservation and restoration (e.g., Bat-
tarbee et al. 2005; Denys 2006). Transfer functions
have been developed for a range of factors that
influence conditions within a lake, notably pH (Birks
et al. 1990; Dixit et al. 1993) and total phosphorus
(TP) (Hall and Smol 1992; Bradshaw and Anderson
2001), but also climate (Lotter et al. 1997; Schmidt
et al. 2006) and salinity (Fritz 1990; Sylvestre et al.
2001). In the Irish Ecoregion (Ecoregion number 17)
eutrophication and acidification are among the main
causes of reduced water quality (McGarrigle et al.
2002; Jennings et al. 2003; Toner et al. 2005), while
diatom remains increasingly feature in studies of
relatively recent changes in lake conditions, as a
result of heightened awareness of the value of
palaeolimnological approaches and improved invest-
ment in environmental research (e.g., Leira et al.
2006; Taylor et al. 2006). Both trends look set to
continue into the future, and there is thus a pressing
need to develop pH and TP transfer functions that are
robust and directly applicable to the Irish Ecoregion.
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To date lakes on the island of Ireland have been
included in either local (Anderson et al. 1993) or
European-wide (Cameron et al. 1999) training sets
that have then been used to derive pH and TP
transfer functions. The diatom-phosphorus model
developed by Anderson et al. (1993) was based on
43 lakes from a limited geographical area (mainly
the counties Down and Armagh in the north of the
island) with the majority of lakes being eutrophic
and hypertrophic, and thus at the upper end of the
TP gradient. Only one Irish lake (Lough Maam)
was included in a European-wide diatom-pH train-
ing set (Cameron et al. 1999). Preliminary diatom
training sets linking diatom remains in surface
sediments to lake water quality (specifically pH and
TP) in the Irish Ecoregion were developed and
applied in Leira et al. (2006) and Taylor et al.
(2006). However, the former comprised 35 lakes,
all of which had been previously identified by the
Environmental Protection Agency in Ireland as
candidate reference lakes (CRLs) because of their
perceived location in catchments that had been little
impacted by humans, and most of which had low
nutrient levels (<20 pg I' TP), while the latter
comprised a limited number of impacted mesotro-
phic and eutrophic lakes in addition to the 35
CRLs. In neither case was the construction of
transfer functions described in detail.

This paper describes the development of transfer
functions for inferring pH and TP based on surface
sediment diatoms and related environmental data
from an expanded training set comprising 72 lakes in
the Irish Ecoregion, and provides the first compre-
hensive investigation of surface sediment diatoms
across the Irish Ecoregion. The transfer functions for
pH and TP discussed are intended not only to assist in
the interpretation of diatom-based palacolimnological
studies, but also to enhance the role of palaeolimno-
logical approaches in the implementation phase of the
WED.

Study sites and field data collection

A total of 72 lakes was selected to provide both pH
(5.1-8.5) and TP (4.0-142.3 png 1*1) gradients for a
range of lake types in the Irish Ecoregion
(Table 1). The selected lakes are located in 12
counties across the island, but mainly along its
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Table 1 List of the 72 study lakes in the diatom training set with selected environmental variables from the Irish Ecoregion
Site code Lake name County Trish grid reference Irish lake type Lake area (ha) Mean depth (m) pH TP (ug1™)
ANN Annaghmore Roscommon M 900 837 12 53.1 5.8 85 65
ANS Anascaul Kerry Q 585 052 3 50.0 15.6 6.7 4.0
ARD Arderry Galway L 995 457 4 81.1 5.7 63 6.0
ATE Atedaun Clare R 295 885 9 38.0 1.4 8.0 36.7
BAA Ballyallia Clare R 342 809 11 32.6 6.3 82 21.0
BAB Ballybeg Clare R 330 739 9 19.7 2.7 79 843
BAF Barfinnihy Kerry V 850 768 3 13.6 9.8 6.8 4.1
BAL Ballynakill Galway L 856 225 7 239 6.7 71 5.0
BAN Bane Westmeath N 550 712 12 75.4 10.9 84 46
BAR Barra Donegal B 935 120 2 62.6 44 63 5.0
BAT Ballyteige Clare R 348 888 9 14.2 4.1 79 395
BEA Beaghcauneen  Galway L 680 472 3 26.0 8.0 6.3 19.6
BRL Bray Lower Wicklow O 137 161 3 24.8 19.8 51 120
BUN Bunny Clare R 375 967 10 102.6 1.4 85 54
CAA Carra Mayo M 180 710 10 1438.0 1.8 84 11.6
CAR Caragh Kerry V 725 905 4 499.4 11.6 6.7 55
CAS Castle Clare R 486 690 9 23.1 3.4 8.0 27.0
CAU Caum Clare R182 810 1 6.8 3.1 6.7 547
CLO Cloonaghlin Kerry V 610 709 4 127.7 12.0 68 53
CRA Crans Tyrone H 711 568 7 8.5 6.7 85 89.0
CUL Cullaun Clare R 315 905 11 49.7 13.4 84 5.6
cuy Cullaunyheeda  Clare R 464 747 12 152.8 7.8 83 256
DAN Dan Wicklow O 150 040 4 102.9 13.5 51 63
DOC Doo Clare R 120 721 2 130.2 33 6.8 16.0
DOO Doo Donegal C 359 394 3 9.0 53 59 120
DRO Dromore Clare R 346 859 11 49.1 6.0 8.1 208
DRU Drumanure Clare R 215842 5 2.8 2.3 74 518
DUN Dunglow Donegal B 782 117 8 61.2 5.5 57 6.0
EAS Easky Sligo G 442 225 2 119.2 24 65 170
EFF Effernan Clare R 222 558 7 10.3 4.5 74 30.1
FAD Fad Inishowen  Donegal C 539 439 3 12.3 5.6 64 70
FEE Fee Galway L 790 613 4 173.7 15.5 6.6 9.0
FEG Feeagh Mayo F 965 000 4 394.8 14.5 74 8.0
GAR Garvillaun Clare R 248 829 5 2.3 3.0 76 764
GOR Gortaganniv Clare R 251 759 5 32 3.0 79 555
HOH Moher Mayo L 977 766 1 404 29 72 100
INQ Inchiquin Clare R 268 897 12 106.9 12.2 82 193
KEE Keel Donegal B 847 162 3 11.4 5.2 53 8.0
KIL Kiltooris Donegal G 676 972 5 43.5 <4.0 72 140
KIN Kindrum Donegal C 185 430 8 60.8 6.6 83 11.0
KYL Kylemore Galway L 770 552 132.2 11.7 6.6 6.0
LEN Lene Westmeath N 510 685 12 416.2 8.5 85 6.1
LIC Lickeen Clare R 176 909 6 84.4 3.9 75 16.0
LIS Lisnahan Clare Q 900 617 5 59 1.4 7.8 347
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Table 1 continued

Site code Lake name County Irish grid reference Irish lake type Lake area (ha) Mean depth (m) pH TP (ug 17"
MAU Maumwee Galway L 977 484 1 27.6 2.0 6.1 5.0
MCN McNean Leitrim H 040 400 8 977.8 6.7 76 17.0
MOA Moanmore Clare Q979 611 1 12.1 0.9 7.1 448
MOO Mooghna Clare R 137 842 7 33 4.8 74 487
MOR Morgans Clare R 255 835 5 1.2 35 7.5 1423
MUC Muckanagh Clare R 370 925 10 96.1 29 85 48
MUL Mullagh Cavan N 677 855 5 35.1 23 7.8 55.0
MUN muckno Monaghan  H 856 175 8 364.4 5.9 7.8 33.0
NAB Nambrackkeagh Galway L 821 603 1 6.7 4.1 6.0 10.0
NAH Nahasleam Galway L 971 244 1 28.1 2.1 65 70
NAM Naminn Donegal C 396 419 1 15.0 39 6.6 10.0
NAN Naminna Clare R 176 710 1 20.0 44 60 7.6
OFL O’Flynn Roscommon M 585 795 10 137.5 2.8 85 10.1
OOR Oorid Galway L 930 460 4 60.5 5.5 64 170
ouG Oughter Cavan H 342 075 6 1105.5 2.2 79 720
OWE Owel Westmeath N 400 581 8 1029.4 7.2 83 10.0
POL Pollaphuca Wicklow N 985 086 8 1973.9 6.8 75 8.0
RAM Ramor Cavan N 603 868 6 741.2 3.0 8.0 88.0
REA Rea Galway M 615 155 12 301.1 14.5 85 6.1
ROS Rosconnell Clare R 222 793 7 9.0 5.9 79 752
RUS Rushaun Clare R 253 791 5 34 4.2 79 313
SHI Shindilla Galway L 960 460 4 70.2 8.1 65 4.0
SIL Sillan Monaghan  H 700 070 12 140.0 6.0 8.3 141.0
TAL Talt Sligo G 398 150 8 97.3 8.9 80 8.0
TAY Tay Wicklow O 160 750 3 50.0 17.1 5.1 8.1
TUL Tullabrack Clare R 018 597 1 25 0.7 7.1 995
UPE Upper Kerry V 900 817 4 169.9 14.5 64 47
VEA Veagh Donegal C 022 215 4 260.9 >4.0 63 <4.0

western seaboard (Fig. 1). A lake typology scheme
for the Ecoregion comprising 12 typology classes
was proposed by the EPA, based on alkalinity,
mean depth and lake area (Toner et al. 2005). The
72 lakes selected in the current study encompass the
range of lake types that are well-represented in the
Irish Ecoregion, with each category accommodating
three to 11 lakes.

Bathymetric surveys were carried out using a
handheld echo-sounder and a portable GPS. A
Renberg (Renberg 1991) gravity corer (HTH Teknik,
Varvagen 37, SE-95149 Luled) was used to extract
sediments for 58 lakes in the summer of 2003 and
2004. Sediment cores were sub-sampled using a
vertical extruder immediately after coring in the field
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with the top 0.5 cm used for diatom analysis. An
additional 14 lakes were sampled using an Ekman
grab, with sediment samples (the top 2-3 cm)
collected from the profundal zone (Chen 2006).
Sub-samples were kept cool and out of direct sunlight
before analysing in the laboratory.

Physico-chemical data for the training set lakes are
summarised in Table 2. Most lakes in the diatom
training set are small, with lake areas <200 ha;
catchment areas <20,000 ha; and catchment to lake
area ratios <100:1. The mean depths of lakes in the
training set vary between 0.7 and 19.8 m, while
maximum depths range from 1.1 to 45.7 m. All
related chemical and physical data for the training set
were assembled from Irvine et al. (2001), Toner et al.
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Fig. 1 Location of 72 study lakes included in the diatom training set for the Irish Ecoregion (not all sites are labelled)

(2005) and Wemaére (2005). Chemical data were
mainly collected during the summer season for most
of the lakes with a sampling frequency varying from

one to nine times per year. Land cover data were
extracted from the Irish National CORINE 2000

database.
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Table 2 Summary

statistics for the 17 Variables Min Max Mean N missing

environmental variables Altitude (m) 7.0 378.0 79.9 2

of 72 Irish lakes
Catchment area (ha) 30.0 147874.0 6361.4 3
Lake area (ha) 1.2 1973.9 177.3 1
Catchment area:lake area 2.8 2045.2 77.0 3
Maximum depth (m) 1.1 45.7 16.3 2
Mean depth (m) 0.7 19.8 6.4 2
Agriculture (%) 0.0 84.7 7.9 0
Forestry (%) 0.0 439 5.7 0
Pasture (%) 0.0 100.0 333 0
Peat (%) 0.0 100.0 40.6 0
Urban (%) 0.0 10.9 0.6 0
Alkalinity (mg ™) -1.0 208.6 55.2 0
Chlorophyll-a (ug 1™ 0.4 62.7 8.7 0
Colour (mg I"! PtCo/Hazen) 1.0 208.5 47.0 2
Conductivity (1S cm™) 33.0 462.0 183.1 1
pH 5.1 8.5 7.3 0
TP (ug 1" 0.0 142.3 25.9 0

Laboratory methods
Diatom analysis

Surface sediment samples were prepared for diatom
analysis using standard methods (Battarbee et al.
2001). The procedure involved: oxidation of organic
matter by adding 5 ml of 30% hydrogen peroxide
(H,0,) to 0.1 g of wet sediment in a water bath at
80°C for around 4 h; adding 5-10 drops of 10%
hydrochloric acid (HCI) to eliminate the remaining
H,0, and carbonates; repeated washing with distilled
water and centrifuging at 1200 rpm for 4 min; drying
5 ml of the slurry on a coverslip; and mounting with
Naphrax® (a resin of high refractive index) on a
hotplate at 100-150°C for around 10 min.

At least 300-500 valves were identified and
counted by G. Chen and M. Leira along transects at
1000x magnification under phase contrast micro-
scope with oil immersion. Diatom nomenclature
and taxonomy mainly follow Krammer and Lange-
Bertalot (1986, 1988, 1991a, b, 2000), together with
other supplementary references (Foged 1977; Ste-
venson et al. 1991; Lange-Bertalot and Metzeltin
1996; Prygiel and Coste 2000; Hakansson 2002).
Frequent meetings and discussions enabled a high
level of agreement in diatom identification.
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Numerical methods

Multivariate analyses were employed to examine the
variation in diatom assemblages and their distribution
along measured environmental gradients. Missing
environmental data were substituted with the mean
values prior to data transformation and multivariate
analysis (Legendre and Legendre 1998). Normalizing
transformation (log;o(x + 1) and square root) of
environmental data reduced the influence of mea-
surement unit and extreme values (Leps and Smilauer
2003). Diatom data were square root transformed to
stabilize variance with rare species down-weighted.
A standardised principal components analysis
(PCA) was used to explore the variation within the
measured environmental data as they are often mea-
sured in different and non-comparable units. A
detrended correspondence analysis (DCA) of diatom
assemblages (3.72 SD) indicated that the diatom taxa
were generally behaving in a unimodal pattern along
the measured environmental gradients (ter Braak and
Prentice 1988). Correspondence analysis (CA) and
canonical correspondence analysis (CCA) were there-
fore employed to explore the distribution of diatom
taxa in more detail. Analysis of similarities (ANOSIM)
based on Bray—Curtis Similarity (999 permutations)
was used to test the difference between groups of lakes,
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classified according to alkalinity, lake size, water depth
as well as CRL status (Clarke and Warwick 2001).
Dissimilarity values (R) range from 0 (minimal
separation) to 1 (maximal separation). Co-linearity
between environmental variables was identified using
variance inflation factors (VIF) and variables with VIF
>20 were deleted (ter Braak and Smilauer 2002).
Forward selection was used to select those environ-
mental variables that appeared to exert greatest
influence on the diatom data (Legendre and Legendre
1998). Monte Carlo permutation tests were used to test
the significance of each variable and only those
variables with p < 0.05 under 999 permutations were
accepted (Leps and Smilauer 2003). All the ordination
analyses, as well as forward selection, were performed
using the computer package Vegan in version 2.2.1 of
the R program (R Development Core Team 2006).
ANOSIM was performed using PRIMER (version
5.2.9).

Calibration analysis expresses the values of envi-
ronmental variables as a function of species (ter
Braak 1987) and the regression function so con-
structed is the transfer function used to predict
environmental variables from diatom data. The length
of the first axis of detrended CCA (DCCA) con-
strained by the environmental variable of interest
generally indicates the degree of species turnover,
with a length of >2 SD suggesting unimodal-based
methods are appropriate (Birks 1998). The dataset
was analysed using both weighted averaging (WA)
and weighted averaging partial least squares (WA-
PLS) (ter Braak and Juggins 1993) techniques, as
diatom assemblages were found to vary unimodally
in response to the main environmental variables.
Several WA models were run, including inverse or
classical deshrinking and with or without species
tolerance down-weighted (Birks 1995). WA-PLS is
not discussed further here as it was outperformed by
WA when applied to the Irish Ecoregion training set.
Calibration analyses were implemented in the
programme C2 (version 1.4.2) (Juggins 2003).

Data manipulation can critically influence model
performance (Birks 1995). Both untransformed or
log o(x + 1)-transformed TP and untransformed or
square root transformed diatom data were explored,
while the leave-one-out jack-knifing approach was
used in the cross-validation of models (Birks 1995).
Performances of all the data transformations and
model cross-validation were assessed, before

selection of an optimal format for model develop-
ment. Root mean square error (RMSE), coefficient of
determination (r2) and the bias between estimated and
observed values were calculated as measures of the
performance of the inference model, as is routine
(Smol 2002). A model with a low prediction error and
high predictability in cross-validation (RMSEP), as
well as low bias, is preferred in model selection. In
addition, the removal of outlier sites in the training
set can also improve model performance (Hall and
Smol 1992; Gasse et al. 1995). The removal of two
outlier sites from the 72-lake diatom training set
improved the performance of the WA models signif-
icantly, as has been found elsewhere (e.g., Tibby
2004). Lough Veagh was identified as an outlier site
mainly due to a measured TP value below detection
limits (<4 pg I™"), which generated a large difference
between observed and predicted values of TP. Lough
Caragh was the second outlier identified: the surface
sediment diatom assemblage in Lough Caragh was
characterised by Aulacoseira subarctica (O. Muller)
Haworth (49.5%), a meso-eutrophic species, while
the measured TP value was only 5.5 pg ™"

Results
Features of environmental data

PCA of the 17 environmental variables (not illustrated
here) revealed two main gradients along the first two
axes (axes one and two). According to the broken stick
model (Jackson 1993), axes one and two were the only
PCA axes to account for substantial levels of variation:
axis one accounted for 33.8% of the total variance in
environmental data, while axis two accounted for
19.5%. Axis one is highly correlated with alkalinity,
conductivity, pH, TP, and land cover variables (peat
and pasture). Physical variables (catchment area, lake
area and maximum depth) and colour appear to be
important components of axis two. Strong co-linearity
occurs between some environment variables, includ-
ing chlorophyll-a and TP (r = 0.79, p < 0.001), and
also among pH, alkalinity and conductivity. There are
significant but relatively weak co-linearity between
pHand TP (r = 0.37, p < 0.01), with all lakes with pH
<6.0 having TP values of below 20 ug ~' and
therefore in the oligotrophic to mesotrophic range.
Eutrophic lakes, by comparison, are not acidic.
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Surface sediment diatoms

In total 602 diatom taxa were identified in the surface
sediments of 72 lakes, 233 of which had abundances
21% in at least three sites (Appendix 1). To reduce
the influence of rare species, only these 233 diatom
taxa were used for multivariate analysis and model
construction. Achnanthidium minutissimum (taxon
code = 10; taxon codes and authorities are listed in
Appendix 1) is the most common species, occurring
in 70 of the 72 lakes, and has the highest Hill’s
number (N2 = 37.9) (Hill 1973). Asterionella for-
mosa (14), Cocconeis placentula var placentula (59),
Puncticulata radiosa (200), Staurosira construens
var venter (215), Stauroforma exiguiformis (219) and
Tabellaria flocculosa (231) are also common, occur-
ring in more than half of the 72 lakes and receiving
high Hill’s numbers (>10).

The first two CA axes of the 233 diatom species
with abundances >1% at three or more sites explained
21.7% of total variance in the diatom data (Fig. 2).
Most of the 72 sites displayed a distribution strongly
associated with the first two CA axes. Lakes Dan
(DAN), Dunglow (DUN), Nahasleam (NAH) and
Upper (UPE), which are clustered at the far right side
of axis 1, have high abundances of non-planktonic
Eunotia incisa var incisa (86), Frustulia saxonica
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(119), Stauroforma exiguiformis (219) and Tabellaria
flocculosa (231). A second cluster of lakes, including
Annaghmore (ANN), O’Flynn (OFL), Rea (REA) and
Talt (TAL), is located at the upper end of CA axis 2
and is mainly associated with high abundances of
non-planktonic taxa, such as Amphora pediculus (20),
Pseudostaurosira brevistriata (203), P. pinnata (227)
and Staurosira construens var venter (215). A third
cluster, including Atedaun (ATE), Ballyteige (BAT),
Morgan (MOR) and Rosconnell (ROS), located at the
lower end of axis 2 is associated with planktonic taxa
indicative of more productive waters (e.g., Asterio-
nella formosa (14), Aulacoseira subarctica (30) and
Stephanodiscus parvus (226)).

CRLs and impacted lakes are clearly separated on
the CA plot (Fig. 2). Diatom assemblages of CRLs
are mainly composed of non-planktonic taxa, while
eutrophic and planktonic diatoms typically charac-
terise impacted lakes. A strong dissimilarity between
CRLs and impacted lakes (R value = 0.50, p < 0.01)
is evident in the ANOSIM results. Levels of similar-
ity within lakes grouped according to contrasting
alkalinity, lake depth and lake area are illustrated in
Table 3. The group containing lakes with low and
high alkalinities displayed a strong dissimilarity
(R =0.78, p < 0.01), while medium alkalinity lakes
showed a closer similarity to those with high
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Fig. 2 CA plots showing the 72 sites (CRLs = triangles; non-CRLs = open circles), and 233 common taxa (labelled by numbers)
(Not all sites are labelled; refer to Table 1 and Appendix 1 for site and species codes respectively)
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Table 3 ANOSIM results for different groups of lakes

Lake groups R statistic
CRLs, non-CRLs 0.50%*
Low alkalinity, high alkalinity 0.78%*
Low alkalinity, medium alkalinity 0.50*
Medium alkalinity, high alkalinity 0.24%*
Large, small 0.09%*
Deep, shallow 0.03

Low, medium and high alkalinity groups have alkalinity values
of <20, 20-100 and >100 mg I"' CaCO; respectively; large
and small lakes have lake area of >50 and <50 ha respectively;
deep and shallow lakes have mean depth of >4 and <4 m;
significant tests at p-level of 0.01 and 0.05 are represented by
** and * respectively; high R statistic value indicates low
similarity

alkalinity than to low alkalinity sites. In contrast,
groups with contrasting lake depth or lake area
showed either statistically non-significant difference
or significant but with very high similarity.

Diatom—environment relationships

VIF of the 17 environmental variables reported in
CCA output show that catchment area, lake area and
catchment area: lake area ratio are strongly dependent
on other variables. Catchment area and forestry are
not significant at the p-level of 0.05, and were
removed before further data analysis. Alkalinity,
conductivity and pH independently explained the
highest variances (8.2, 7.7 and 7.4% respectively) in
the diatom data, but their VIF values suggest that
moderate co-linearity exists for these three variables.
Each of the two nutrient variables, TP and chloro-
phyll-a, explains about 6% of total variance.
Automatic forward selection identified pH and
chlorophyll-a from remaining environment variables,
which explained 13.4% of the total variance. How-
ever, automatic selection can be misleading when
several correlated variables explain similar levels of
variation and small changes in the data can change
the selection results. For example, chlorophyll-a on
its own accounted for 6.0% of total variance, similar
to TP (5.9%). The strong correlation between chlo-
rophyll-a and TP is to be expected, given that TP is
known to exert a strong influence on algal biomass
and overall trophic status (OECD 1982). Forward
selection with TP manually selected along with pH

and maximum depth explained 15.8% of the total
variance in the diatom data. TP and pH shared only
0.7% of the total variance, indicating that these two
variables exert strong influence on diatom assem-
blages independently. There were also strong
species—environmental correlations (0.85-0.95) for
the three constrained CCA axes. The diatom taxa
display a triangular formation in the CA and CCA
plots, indicating that the internal structure of the
diatom assemblages was captured by the measured
environmental variables. Variance in the diatom
assemblages is captured by the first two ordination
axes of both CA and CCA, which were strongly
correlated with pH and TP respectively.

Generalist species are located near the origin of the
CCA plot, including Achnanthidium minutissimum
(species code 10), Eolimna minima (92), Mayamaea
atomus (144) and Navicula radiosa (175) (Fig. 3).
Acidophilic taxa (e.g., Eunotia exigua (80), Eunotia
incisa var incisa (86), Fragilaria virescens (124) and
Frustulia saxonica (119)) locate mainly to the right
of CCA axis one. Some taxa (e.g., Staurosira elliptica
(218), Stephanodiscus alpinus (213) and Ulnaria ulna
(233)) have their highest abundances in alkaline
waters. Planktonic Aulacoseira granulata var angus-
tissima (26), Cyclostephanos invisitatus (50) and
Stephanodiscus hantzschii f. tenuis (221) are posi-
tioned towards the high end of the TP gradient,
together with epiphytic Fragilaria ulna Sippen
angustissima (123) and Fragilaria ulna var acus
(122). These taxa are also associated with shallow
lakes. In contrast a number of taxa (e.g., Brachysira
vitrea (35), Cyclotella schumanni (63), Eunotia
rhynchocephala var rhynchocephala (96) and Pero-
nia fibula (192)) are more abundant in deep lakes.

Diatom-inferred pH and TP transfer functions

In the development of transfer functions, one means
of assessing the viability of selected environmental
variables is the ratio of the first two eigenvalues of
partial CCA (i.e. the ratio of 4; to 4,) (e.g., Hall and
Smol 1992). Variables with high A,/4, ratios (>1)
generally produce viable and strong calibration
models. In the current work, pH, conductivity and
alkalinity generated the highest ratios, although only
pH produced a 4,//, ratio >1, while TP produced a
Ml A, ratio of 0.673. The latter, although relatively
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low, compares favourably with 4,/1, ratios for TP
from other studies, e.g., 0.50 (Gregory-Eaves et al.
1999), 0.45 (Wunsam and Schmidt 1995), 0.42
(Reavie et al. 1995) and 0.4 (Hall and Smol 1992).

The use of log-transformed TP data in WA
modelling led to enhanced inference model perfor-
mance when compared with untransformed data. In
addition, the removal of data from two outlier sites
(loughs Caragh and Veagh) substantially improved
performances in terms of jack-knifed > and RMSEP.
Performances of pH and log-transformed TP models
based on raw and square root transformed diatom
data of 70 lakes are reported in Table 4. The WA
model with classical deshrinking and based on
transformed species data was the optimum for pH
(Fack = 0.89, RMSEP = 0.32), while the optimum TP
model was based on untransformed diatom data with
tolerance down-weighted and inverse deshrinking
(Frack = 0.74, RMSEP = 0.21 (log;o pg I'")). Opti-
mum models for pH and TP show good
correspondence between the observed and diatom-
predicted values (Fig. 4).
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CCA axis1 (A= 0.488, 8.5% variance explained)

Discussion
Diatom distribution and species responses

Diatom assemblages from impacted lakes were
generally more homogeneous when compared with
those of reference lakes, presumably because of a loss
of habitats and biodiversity as a result of human
activity. Among the three physico-chemical variables
proposed for classifying lakes in the Irish Ecoregion
(Toner et al. 2005), alkalinity is shown to have a
significant influence on diatom assemblages, while no
significant effects are attributable to lake depth and
area for the 72 lakes included in this study. A strong
influence of alkalinity and only a weak influence of
depth on diatom assemblages were also reported by
Bennion et al. (2004) for lakes in the UK, including
Northern Ireland.

The length of the TP gradient (4—142 pg I™") in the
training set used in the current study is comparable
with those of training sets in the published literature
(e.g., Gregory-Eaves et al. 1999; Kauppila et al.
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Table 4 Summary of WA models for 70 Irish lakes

Variable Taxa Model Apparent Jack-knifed

s RMSE s RMSE

pH Raw WA 1y 0.93 0.26 0.88 0.34
WA ¢l 0.93 0.27 0.88 0.33
WATOL Inv 0.94 0.23 0.70 0.53
WAToL_cla 0.94 0.23 0.70 0.54

Sqrt WA 1y 0.92 0.26 0.89 0.33

WA cia 0.92 0.27 0.89 0.32
WATOL v 0.92 0.27 0.59 0.64
WAroL _cla 0.92 0.29 0.59 0.67

TP (logjo(x + 1)) Raw WA 1y 0.78 0.20 0.65 0.25
WA cpa 0.78 0.22 0.65 0.27
WAToL_Inv 0.87 0.15 0.74 0.21
WAToL Cla 0.87 0.16 0.75 0.22

Sqrt WA 1y 0.77 0.20 0.68 0.23

WA cra 0.77 0.23 0.69 0.25
WATOL_nv 0.87 0.15 0.72 0.22
WAroL cla 0.87 0.16 0.72 0.24

TP data are logjo(x + 1)-transformed; both raw and square-root transformed taxa data are used; WA_y,, = inverse deshrinking,
WA _cy, = classical deshrinking, WAroL 1y = tolerance down-weighted and inverse deshrinking, WAroL 1, = tolerance down-
weighted and classical deshrinking; the optimal model is highlighted in bold

2002; Miettinen 2003; Ramstack et al. 2003), while
the distribution of individual taxa along the TP
gradient generally corresponds well with previously
published work (Wunsam and Schmidt 1995; Lotter
et al. 1998; Bradshaw and Anderson 2001). However
the pH—conductivity gradient in the current study
explained the largest single share of total variance in
the diatom assemblages, and this has also been found
in other diatom training sets constructed to infer TP
(e.g., Reavie and Smol 2001). The ratios of 1,/4, for
pH were higher than for TP in the current study, as
has been reported in other studies (e.g., Dixit and
Smol 1994; Dalton 1999; Enache and Prairie 2002).
Generally there is a strong relationship between
diatoms and pH due to the direct physiological
influence of pH on diatoms. A weaker diatom—TP
relationship may be a result of factors such as
physical mixing and silica availability (Reynolds
1984).

TP optima values for the 233 common taxa are all
below 100 pg I"': only 19 taxa have TP optima of
above 40 pg ™' in this study (see Appendix 1).
Furthermore, 112 (almost 50%) of the common taxa
have TP optima of less than 10 ug I"'. The relatively

few taxa with high TP optima reflects the predom-
inance of lakes in the current training set that are
located towards the lower end of the TP gradient. By
comparison, diatoms used in the development of a TP
transfer function based on data from lakes in
Northern Ireland (Anderson 1997) generally show
relatively high TP optima values than those in the
current study, owing to the larger number of eutro-
phic and hypertrophic lakes and a broader TP
gradient (15-800 pg 17"). Thus, when compared with
the current study, optima were slightly higher for
Aulacoseira subarctica (30) and Puncticulata radiosa
(200) with TP optima at the low end of the TP
gradient, and much higher for Stephanodiscus hantz-
schii (220) and S. parvus (226), taxa with high TP
optima.

Results from a survey of modern epilithic algae in
samples from 32 lakes in Ireland across a TP gradient
of 3.6-90.5 ug I"' (DeNicola et al. 2004) provide a
second basis for comparison with diatom TP optima
determined in the current study. Accordingly, 8 of the
10 taxa common in both studies are mainly benthic or
littoral dwellers in lakes, including Gomphonema
parvulum  var  parvulum  (135), Staurosirella
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Fig. 4 WA calibration models for pH (with species data
square-root transformed and classical deshrinking) and TP
(logjo(x + 1) transformed, with species data untransformed,
tolerance down-weighted and inverse deshrinking)

construens var venter (215) and S. pinnata (227).
Their TP optima according to results from the two
studies are generally in close agreement, e.g., 25.6
and 25.3 pg 1™ for Fragilaria gracilis (110), 23.1
and 23.6 pg 17! for S. pinnata and 13.3 and 19.4 pg 1!
for Tabellaria flocculosa (231). However, Aulacose-
ira ambigua (2) and Asterionella formosa (14)
display relatively large differences with TP optima
of 22.7 and 36.0 pg I"! for both species in the current
study in comparison with 50.3 and 21.9 pg 1™
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respectively in DeNicola et al. (2004). Both Aulacose-
ira ambigua and Asterionella formosa are commonly
found in open waters and the large difference in
calculated TP optima could be due to sampling
differences between the two studies. Surface sediments
are expected to integrate a far greater variety of
environmental conditions, and therefore potentially far
more complex assemblages of diatoms, than is likely to
be accommodated within the range of rock surfaces
sampled by DeNicola et al. (2004).

The taxa Eunotia incisa var incisa (86), E. exigua
(80), Peronia fibula (192) and Pinnularia subcapitata
var subcapitata (204) are typically acidophilus in the
Irish Ecoregion, while Amphora pediculus (20),
Diploneis elliptica (69), Karayevia clevei (140) and
Stephanodiscus neoastreae (225) are most abundant
where pH >8.0. The pH optima in published Euro-
pean training sets (Birks et al. 1990; Cameron et al.
1999; Bradshaw and Anderson 2001) are generally
lower than the WA-inferred pH values calculated in
the current study, presumably because the former are
based upon a pH gradient that accommodates highly
acidified sites.

Diatom inference models

The optimum diatom pH and TP models for the Irish
Ecoregion that underpin this paper are comparable
with most other diatom pH and TP transfer functions
in regard to training set size, environmental gradients
and model performances. The pH model developed
has a similar predictive capability and yielded similar
errors to two European-wide pH models (Birks et al.
1990; Cameron et al. 1999). These two models were
based on a larger number of training set lakes (167
and 118) and accommodated a similar range of pH
values (4.3-7.3 and 4.5-8.0) when compared with the
current study. The optimum TP model described here
outperformed the diatom-inferred TP model devel-
oped for Northern Ireland with a higher predictive
capability (Anderson and Rippey 1994). The differ-
ences in performance could be partly due to the larger
number of lakes in the current study, despite a
narrower range of TP values. TP transfer functions
based on a smaller number of lakes often display
weaker predictability and/or higher prediction errors
(Reavie et al. 1995; Bradshaw and Anderson 2001;
Tibby 2004). Moreover, the TP model developed in
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the current research also performs well when com-
pared with TP transfer functions derived from a
similar TP gradient (e.g., Miettinen 2003). The use of
forward selection and variance partitioning confirm
that pH and TP are tracking unique water quality
characteristics in the current training set suggesting,
therefore, that both models can be applied simulta-
neously in down-core analysis to reconstruct lake
water pH and TP independently.

Log-transformation of TP data improved the per-
formance of the models, possibly because a more
normalised distribution of log-transformed TP would
strengthen the unimodal response of diatom species.
Untransformed biological data generally outper-
formed the square root transformed data in the TP
model but showed a reverse influence in the pH model.
It therefore appears that untransformed ecological data
provide valuable information on the strength of
relationship between biological assemblages and
environmental variables. This phenomenon was also
observed by Koster et al. (2004).

Although the diatom-inference models developed
in the current research are robust, with high predict-
ability and low prediction errors and bias, there are
still many possible sources of error, as highlighted by
Anderson (1997). These errors include taxonomic
harmonization, spatial variability of biological
assemblages in surface sediments and the influence
of unmeasured variables. Additional sources of error
are sampling differences (both sediment core top and
Ekman Grab samples were used in the current study)
and the low frequency of water quality measure-
ments. Many of the lakes included in the training set
were only sampled for hydrochemistry on relatively
few occasions. Increasingly, studies suggest that
diatom-TP training sets may be much less effective
when applied to shallow lakes (Bennion et al. 1995;
Sayer 2001). In shallow lakes, macrophytes can
colonise large areas, while light, substrate conditions,

grazing and the prevalence of non-planktonic diatoms
can further complicate the relationship between
diatoms and trophic status (Bennion et al. 2005). As
no significant difference in diatom assemblages was
found between shallow and deep lakes, additional
sampling is needed to construct diatom-nutrient
models specific for shallow lakes in the Irish
Ecoregion.

Conclusions

Surface sediment diatoms from 72 lakes in the Irish
Ecoregion displayed a strong response to measured
environment gradients. Acidity and nutrient gradients
were the most important in controlling diatom distri-
bution. Selected candidate reference lakes (CRLs) in
the Irish Ecoregion showed strong dissimilarity in
diatom assemblages when compared with impacted
lakes. Of the criteria used to classify lakes in the Irish
Ecoregion, alkalinity was found to have a significant
influence on diatom assemblages. Diatom-inferred
WA models with strong predictability and relatively
low prediction errors were developed for pH and TP.
Manipulation of both TP and diatom data significantly
influenced the performances of the models. The pH
and TP transfer functions developed in the current
research can be readily and most appropriately
applied to the reconstruction of lake water quality,
the determination of reference conditions, the setting
of restoration targets and in ecological assessment in
the Irish Ecoregion.
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Appendix 1 WA-inferred pH and TP optima of 233 diatom taxa in the 72-lake training set

Code Taxon name Count Max (%) N2 pH TP (ug )
1 Amphora aequalis Krammer 3 1.5 2.7 85 7.9
2 Aulacoseira ambigua (Grun.) Simonsen 21 22.0 8.0 75 227
3 Achnanthidium alteragracillima Round & Bukhtiyarova 5 33 39 65 6.6
4 Achnanthidium pusillum (Grun. in Cl. & Grun) Czarnecki 27 5.8 95 69 158
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Appendix 1 continued

Code Taxon name Count Max (%) N2 pH TP (ng )
5 Achnanthes conspicua Mayer 9 2.9 51 7.0 152
6 Amphora copulata (Kutz.) Schoeman & Archibald 24 1.2 168 7.7 129
7 Achnanthes curtissima Carter 3 1.2 27 64 5.8
8 Achnanthidium caledonicum (Lange-Bertalot) Lange-Bertalot 21 6.2 9.6 6.8 6.6
9 Achnanthidium minutissima var affinis (Grun.) Bukht. 17 4.4 85 7.1 7.2
10 Achnanthidium minutissimum (Kiitz.) Czarnecki 70 30.1 37.1 72 146
11 Adlafia minuscula (Grunow) Lange-Bertalot 8 3.2 34 72 414
12 Achnanthidium saprophila Round & Bukhtiyarova 13 2.7 75 13 7.9
13 Achnanthidium subatomus (Hustedt) Lange-Bertalot 5 1.3 41 74 8.7
14 Asterionella formosa Hassall 41 37.7 17.0 7.7 36.0
15 Amphora inariensis Krammer 17 6.4 93 82 9.0
16 Achnanthes impexa Lange-Bertalot 10 4.8 43 6.8 245
17 Achnanthes linearioides Lange-Bertalot 3.0 1.6 7.1 121
18 Aulacoseira lirata (Ehr.) Ross 34 14 70 7.4
19 Achnanthes minutissima var jackii (Rabenhorst) Lange-Bertalot 12 24 9.1 69 6.8
20 Amphora pediculus (Kutzing) Grunow 31 24.0 13.1 82 109
21 Achnanthes petersenii Hustedt 8 4.5 36 69 7.7
22 Asterionella ralfsii var ralfsii W. Smith 11 64.7 3.1 6.1 7.7
23 Amphora thumensis (Mayer) A.Cleve-Euler 8 1.9 54 84 8.0
24 Aulacoseira alpigena (Grunow) Krammer 9 4.9 42 173 134
25 Aulacoseira distans (Ehr.) Simonsen 7 1.1 50 6.7 321
26 Aulacoseira granulata var angustissima (O. Muller) Simonsen 3 40.8 20 81 779
27 Aulacoseira granulata (Ehr.) Simonsen 12 24.6 59 8.0 35.1
28 Aulacoseira islandica (O. Muller) Simonsen 12 18.4 54 8.0 33.1
29 Aulacoseira italica (Ehr.) Simonsen 3 0.9 1.6 72 365
30 Aulacoseira subarctica (O. Muller) Haworth 31 67.0 150 7.5 29.1
31 Brachysira brebissonii ssp. brebissonii Ross 22 34 104 6.5 7.2
32 Brachysira exilis Round & Mann 27 6.2 16.8 6.5 6.7
33 Brachysira garrensis (Lange-Bertalot & Krammer) Lange-Bertalot 19 4.9 102 64 6.5
34 Brachysira procera Lange-Bertalot & Moser 14 2.1 9.7 6.5 6.0
35 Brachysira vitrea (Grunow) Ross 10 15.3 22 6.8 6.6
36 Cymbella affinis var affinis Kutzing 13 1.9 10.0 8.0 94
37 Cyclotella atomus var gracilis Genkal & Kiss 3 6.7 1.9 83 115
38 Cyclotella comensis Grunow 27 35.7 136 74 7.9
39 Cavinula cocconeiformis (Gregory ex Greville) Mann & Stickle 15 22 69 6.7 8.7
40 Cymbella cymbiformis Agardh 7 1.8 55 175 7.9
41 Cymbella delicatula Kutzing 7 2.5 46 82 66
42 Cyclotella distinguenda var distinguenda Hustedt 9 11.0 20 82 7.3
43 Cyclostephanos dubius (Fricke) Round 18 19.9 6.0 79 293
44 Cyclotella gordonensis Kling & Hakansson 6 28.4 2.1 70 6.2
45 Craticula halophila (Grunow ex Van Heurck) Mann 7 1.1 40 74 249
46 Cymbella helvetica Kutzing 6 8.6 1.8 84 6.9
47 Chamaepinnularia evanida (Hustedt) Lange-Bertalot 3 1.2 1.7 74 90.1
48 Chamaepinnularia mediocris (Krasske) Lange-Bertalot 15 3.2 64 6.0 7.2
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Appendix 1 continued

Code Taxon name Count Max (%) N2 pH TP (ng )
49 Chamaepinnularia sp. 6 1.2 46 6.7 109
50 Cyclostephanos invisitatus Theriot Stoermer & Hakansson 11 9.3 46 8.0 722
51 Cavinula jaernefeltii (Hustedt) Mann & Stickle 3 1.2 25 70 11.8
52 Cyclotella krammeri HAkansson 20 24.0 83 6.5 6.3
53 Cymbella laevis varlaevis Naegeli 6 5.7 4.7 85 6.2
54 Cyclotella meneghiniana Kutzing 19 10.7 50 7.2 352
55 Cocconeis neodiminuta Krammer 3 1.6 22 79 133
56 Cocconeis neothumensis Krammer 8 10.4 32 8.1 10.1
57 Cyclotella ocellata Pantocsek 7 7.0 20 7.8 8.5
58 Cocconeis pediculus Ehrenberg 4 2.0 23 81 225
59 Cocconeis placentula var placentula Ehrenberg 43 26.0 116 7.7 273
60 Cyclotella polymorpha Meyer & Hakansson 4 2.4 23 73 6.7
61 Cyclotella pseudostelligera Hustedt 30 54.6 48 74 127
62 Cymbella subaequalis Grunow 5 1.2 3.1 77 6.4
63 Cyclotella schumanni (Grunow) Hikansson 3 1.1 20 63 7.0
64 Cyclotella striata (Kutzing) Grunow 1880 in Cleve & Grunow 3 7.3 2.1 72 7.1
65 Cavinula mollicula (Hust.) Lange-Bertalot 8 1.6 54 6.5 7.6
66 Cavinula scutelloides (W. Smith) Lange-Bertalot 7 2.4 35 82 149
67 Cyclotella delicatula Hustedt 5 2.2 28 74 5.0
68 Cymbella sp. 9 1.8 64 7.8 7.1
69 Diploneis elliptica (Kutzing) Cleve 9 5.0 34 82 6.2
70 Diatoma tenuis Agardh 14 4.0 59 7.6 437
71 Diploneis oblongella (Naegeli) Cleve-Euler 15 4.3 53 8.0 121
72 Diploneis ovalis (Hilse) Cleve 7 1.2 49 7.7 9.0
73 Diploneis peterseni Hustedt 7 3.1 23 8.1 53
74 Denticula tenuis Kutzing 12 6.1 6.5 8.0 7.9
75 Eunotia arcus var arcus Ehrenberg 10 33 53 73 7.3
76 Eunotia bilunaris var bilunaris (Ehr.) Mills 23 2.1 132 65 139
77 Encyonopsis cesatii (Rabenhorst) Krammer 14 2.2 103 7.0 7.4
78 Encyonopsis minuta Krammer & Reichardt 33 24 202 7.1 147
79 Eunotia elegans Oestrup 3 1.2 1.9 63 6.1
80 Eunotia exigua (Brebisson ex Kiitzing) Rabenhorst 15 32 86 60 84
81 Eunotia faba Grunow 12 4.4 52 65 104
82 Encyonema gaeumanii (Meister) Krammer 7 4.5 36 63 6.1
83 Epithemia goeppertiana Hilse 5 1.9 27 83 54
84 Encyonema hebridicum Grunow ex Cleve 6 1.3 4.7 6.7 6.9
85 Eunotia implicata Norpel, Lange-Bertalot & Alles 30 2.7 186 6.5 8.3
86 Eunotia incisa var incisa Gregory 36 11.5 143 6.3 8.2
87 Eunotia monodon var bidens (Gregory) Hustedt 3 2.9 14 64 6.9
88 Eunotia minor (Kutzing) Grunow in Van Heurck 10 1.7 6.9 6.5 94
89 Encyonopsis microcephala (Grunow) Krammer 27 7.3 16.8 7.5 7.4
90 Encyonema neogracile Krammer 33 9.6 149 64 7.9
91 Encyonema perpusillum (A. Cleve) D.G. Mann 14 4.0 7.7 6.1 7.5
92 Eolimna minima (Grunow) Lange-Bertalot 21 3.2 125 73 135
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Appendix 1 continued

Code Taxon name Count Max (%) N2 pH TP (ng )
93 Eunotia pectinalis var pectinalis (Dyllwyn) Rabenhorst 4 1.8 26 63 7.2
94 Eunotia pectinalis var undulata (Ralfs) Rabenhorst 16 7.8 8.1 62 7.3
95 Eunotia rhomboidea Hustedt 17 3.5 10.5 6.0 8.0
96 Eunotia rhynchocephala var rhynchocephala Hustedt 6 1.3 34 6.1 6.5
97 Encyonema silesiacum (Bleisch in Rabh.) D.G. Mann 25 3.6 157 7.0 13.1
98 Epithemia smithii Carruthers 1864 3 1.5 2.1 69 10.0
99 Encyonema subperpusillum Krammer 12 4.2 47 6.8 129
100 Eunotia subarcuatoides Alles Norpel & Lange-Bertalot 6 2.5 25 6.7 5.6
101 Eucocconeis alpestris (Brun) Lange-Bertalot 4 1.6 22 63 7.1
102 Eunotia paludosa var paludosa Grunow 8 1.1 53 6.0 9.8
103 Fragilaria capucina var capucina Desmazieres 22 8.8 98 72 212
104 Fragilaria capucina var mesolepta (Rabenhorst) Rabenhorst 7 3.8 45 7.7 533
105 Fragilaria crotonensis Kitton 6 15.9 2.1 82 9.3
106 Fragilaria capucin var rumpens (Kiitz.) Lange-Bert. ex Bukht. 10 6.2 49 7.1 253
107 Fragilaria capucina var vaucheriae (Kutz.) Lange-Bertalot 28 4.4 16.7 73 26.6
108 Fragilaria delicatissima (W. Smith) Lange-Bertalot 4 6.8 1.2 79 10.7
109 Frustulia erifuga Lange-Bertalot & Krammer 5 1.6 37 59 176
110 Fragilaria gracilis @strup 33 9.8 150 7.2 256
111 Fragilaria lapponica Grunow 3.9 29 82 6.2
112 Fallacia lenzi (Hustedt) Van de Vijver 1.2 26 79 6.5
113 Fragilaria nanana Lange-Bertalot 15 9.6 41 75 261
114 Fragilaria oldenburgiana Hustedt 7 2.0 44 64 145
115 Fragilaria pseudoconstruens Marciniak 16 5.1 82 74 105
116 Fragilaria pinnata var lancettula (Schumann) Hustedt 3 1.8 20 85 5.1
117 Frustulia rhomboides (Ehr.) De Toni 29 8.3 120 6.2 7.2
118 Fragilaria robusta (Fusey) Manguin 5 1.8 30 7.6 404
119 Frustulia saxonica Rabenhorst 21 6.7 120 6.3 7.3
120 Fragilaria sp. 11 2.3 6.7 70 162
121 Fragilaria tenera (W. Smith) Lange-Bertalot 6 3.7 20 74 225
122 Fragilaria ulna var acus (Kutz.) Lange-Bertalot 3 2.1 1.9 7.8 738
123 Fragilaria ulna Sippen angustissima (Grun.) Lange-Bertalot 5 22.7 23 80 643
124 Fragilaria virescens Ralfs 7 23.1 1.7 54 69
125 Gomphonema acuminatum Ehrenberg 17 1.6 100 7.0 16.7
126 Gomphonema angustum Agardh 5 2.1 29 82 8.9
127 Gomphonema bavaricum Reichardt & Lange-Bertalot 3 1.8 23 81 102
128 Gomphonema exilissimum (Grun.) Lange-Bertalot & Reichardt 17 7.1 72 6.5 7.5
129 Gomphonema gracile Ehrenberg 15 1.2 103 6.5 94
130 Gomphonema hebridense Gregory 6 1.2 3.1 6.1 5.9
131 Gomphonema lateripunctatum Reichardt & Lange-Bertalot 16 10.6 9.3 8.1 7.2
132 Gomphonema minutum f. curtum (Hustedt) Lange-Bertalot & Reichardt 9 3.7 76 79 328
133 Gomphonema olivaceum var olivaceum (Hornemann) Brébisson 11 1.6 74 79 31.3
134 Gomphonema sp. 4 1.8 20 6.6 6.0
135 Gomphonema parvulum var parvulum (Kiitzing) Kiitzing 33 5.1 187 73 349
136 Gomphonema procerum Reichardt & Lange-Bertalot 5 3.8 26 79 9.5
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Code Taxon name Count Max (%) N2 pH TP (ng )
137 Gomphonema pumilum (Grunow) Reichardt & Lange-Bertalot 21 10.7 80 7.7 216
138 Gomphonema parvulius Lange-Bertalot & Reichardt 9 1.4 69 64 7.8
139 Gomphonema subtile Ehr. 3 1.3 23 84 8.5
140 Karayevia clevei (Grun. in Cl. & Grun.) Round & Bukhtiyarova 11 5.2 48 8.1 216
141 Karayevia laterostrata (Hust.) Kingston 12 12.5 22 8.1 9.0
142 Kobayasiella subtilissima (Cleve) Lange-Bertalot 10 2.6 56 64 6.6
143 Kolbesia suchlandtii (Hustedt) Kingston 10 2.6 50 7.0 18.0
144 Mayamaea atomus (Kutzing) Lange-Bertalot 10 3.0 53 73 141
145 Mayamaea agrestis (Hustedt) Lange-Bertalot 5 1.3 3.7 72 230
146 Meridion circulare var constrictum (Ralfs) Van Heurck 3 1.2 1.9 56 8.6
147 Meridion circulare var circulare (Greville) Agardh 5 8.3 1.3 7.8 348
148 Mastogloia elliptica (Agardh) Cleve 3 9.8 1.2 84 6.7
149 Mastogloia lacustris (Grunow) van Heurck 8 13.3 50 85 5.8
150 Mastogloia smithii Thwaites 5 4.4 3.1 84 7.8
151 Navicula arvensis Hustedt 4 1.4 3.1 64 9.7
152 Nitzschia bacillum Hustedt 6 1.8 39 72 10.6
153 Navicula cari Ehrenberg 6 4.6 1.7 82 260
154 Navicula cryptocephala Kutzing 16 4.9 7.1 75 355
155 Navicula cryptotenella Lange-Bertalot 19 3.8 75 7.8 249
156 Navicula cryptotenelloides Lange-Bertalot 7 1.8 45 79 109
157 Nitzschia denticula Grunow 8 3.8 59 8.0 7.1
158 Navicula parabryophila Lange-Bertalot 3 1.9 25 59 7.7
159 Naviculadicta elorantana Lange-Bertalot 3 2.2 23 69 5.0
160 Neidium sp. 4 1.7 1.7 69 113
161 Navicula gregaria Donkin 7 4.5 1.8 7.8 328
162 Navicula heimansioides Lange-Bertalot 12 1.9 9.1 64 8.0
163 Nitzschia archibaldii Lange-Bertalot 3 1.2 24 74 174
164 Nitzschia frustulum var frustulum (Kutzing) Grunow 7 1.0 52 74 36.1
165 Nitzschia gracilis Hantzsch 4.0 1.8 6.8 31.6
166 Nitzschia lacuum Lange-Bertalot 20 1.4 154 7.1 11.1
167 Nitzschia perminuta (Grunow) M. Peragallo 18 5.4 70 6.5 134
168 Nitzschia valdestriata Aleem & Hustedt 3 1.2 19 74 164
169 Navicula lucinensis Hustedt 3.1 2.1 85 5.1
170 Navicula leptostriata Jorgensen 6.6 2.1 64 7.2
171 Nitzschia paleacea Grunow 17 2.5 104 7.6 48.0
172 Nitzschia palea (Kutzing) W. Smith 26 2.4 186 7.4 339
173 Navicula phylleptosoma Lange-Bertalot 5 1.6 2.1 7.7 391
174 Navicula pseudolanceolata Lange-Bertalot 5 1.2 42 1.7 9.5
175 Navicula radiosa Kiitzing 32 9.2 83 73 234
176 Navicula recens (Lange-Bertalot) Lange-Bertalot 6 1.2 44 82 148
177 Nitzschia recta Hantzsch in Rabenhorst 11 1.5 8.1 66 174
178 Navicula radiosafallax Lange-Bertalot 6 1.0 42 72 441
179 Navicula rhynchocephala Kutzing 15 4.6 42 74 427
180 Navicula subrotundata Hustedt 4 1.7 29 173 7.2
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Code Taxon name Count Max (%) N2 pH TP (ng )
181 Navicula submuralis Hustedt 12 2.5 7.8 72 135
182 Navicula seippiana Lange-Bertalot & Steindorf 17 2.8 7.0 7.1 15.0
183 Nitzschia subacicularis Hustedt 3 1.4 1.9 7.6 60.8
184 Navicula tripunctata (O.F. Miiller) Bory 9 1.1 63 79 346
185 Navicula seminulum (Grunow) Lange-Bertalot 7 1.7 54 68 176
186 Navicula veneta Kutzing 13 2.0 82 7.7 43.0
187 Navicula vitiosa Schimanski 10 2.3 63 70 11.1
188 Psammothidium altaicum Bukhtiyarova 14 4.6 64 6.1 7.9
189 Pseudostaurosira brevistriata Andresen Stoermer & Kreis 6 6.2 1.7 79 9.6
190 Psammothidium chlidanos (Hohn & Hellerman) Lange-Bertalot 3 1.1 22 7.1 7.1
191 Placoneis clementis (Grun.) Cox 6 1.0 46 79 36.7
192 Peronia fibula (Breb. ex Kutz.) Ross 12 6.4 40 6.1 5.7
193 Psammothidium helveticum (Hustedt) Bukhtiyarova et Round 13 34.3 22 60 123
194 Pinnularia irrorata (Grunow) Hustedt 13 4.3 7.1 59 8.3
195 Planothidium frequentissimum (Lange-Bertalot) Lange-Bertalot 4 1.5 3.1 7.7 10.6
196 Psammothidium levanderi (Hustedt) Czarnecki 13 2.3 6.0 6.6 9.5
197 Pinnularia maior (Kutzing) Rabenhorst 3 1.3 1.9 6.6 7.5
198 Psammothidium oblongellum (Oestrup) Van de Vijver 17 4.4 9.0 69 11.1
199 Psammothidium pseudoswazi (Carter) Bukht. et Round 10 3.8 39 6.5 7.4
200 Puncticulata radiosa (Lemmermann) Hakansson 44 11.3 224 7.7 109
201 Psammothidium sacculum (Carter) Bukhtiyarova et Round 10 5.6 34 74 7.2
202 Psammothidium subatomoides (Hustedt) Bukht.et Round 20 6.8 78 6.6 129
203 Pseudostaurosira brevistriata (Grun. in Van Heurck) Williams & Round 35 13.7 12.0 8.0 8.9
204 Pinnularia subcapitata var subcapitata Gregory 10 11.2 32 57 9.3
205 Pinnularia silvatica Petersen 3 1.2 20 64 7.0
206 Planothidium delicatulum (Kutz.) Round & Bukhtiyarova 1.5 49 79 142
207 Planothidium hauckianum (Grun.) Round & Bukhtiyarova 1.6 44 84 7.9
208 Planothidium lanceolatum (Brebisson ex Kiitzing) Lange-Bertalot 21 29 125 7.7 299
209 Planothidium oestrupii (Cleve-Euler) Round & Bukhtiyarova 4 3.6 1.7 76 143
210 Puncticulata comta (Ehr.) Hakansson 12 16.8 30 72 5.6
211 Rhoicosphenia abbreviata (C.Agardh) Lange-Bertalot 10 2.0 6.0 80 346
212 Stephanodiscus agassizensis Hakansson & Kling 3 1.3 1.8 74 376
213 Stephanodiscus alpinus Hustedt in Huber-Pestalozzi 14 1.8 100 7.8 164
214 Staurosira construens Ehrenberg 15 2.9 8.6 79 293
215 Staurosira construens var venter (Ehr.) Hamilton 41 60.9 8.0 74 249
216 Synedrella parasitica (W.Sm.) Round & Maidana 13 1.4 82 8.1 132
217 Synedrella subconstricta (Grunow in Van Heurck) Round & Maidana 3 6.0 12 74 978
218 Staurosira elliptica (Schumann) Williams & Round 14 6.8 47 7.7 16.6
219 Stauroforma exiguiformis Flower Jones et Round 43 25.8 171 6.7 9.7
220 Stephanodiscus hantzschii Grunow in Cl. & Grun. 1880 19 7.1 72 7.8 431
221 Stephanodiscus hantzschii fo. tenuis (Hustedt) Hakansson et Stoermer 3 14.0 1.3 84 836
222 Staurosirella leptostauron (Ehr.) Williams & Round 9 1.2 70 84 9.1
223 Staurosira martyi (Heribaud) Lange-Bertalot 4 8.4 22 85 6.8
224 Stephanodiscus medius Hakansson 7 3.1 48 8.0 256
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Code Taxon name Count Max (%) N2 pH TP (ng )
225 Stephanodiscus neoastraea Hakansson et Hickel 13 13.1 48 8.1 197

226 Stephanodiscus parvus Stoermer et Hakansson 34 333 119 79 46.7

227 Staurosirella pinnata (Ehr.) Williams & Round 35 14.2 133 7.7 23.1

228 Sellaphora pupula (Kutzing) Mereschkowksy 25 3.0 11.1 72 298

229 Stephanodiscus minutulus (Kutzing) Cleve & Moller 14 20.8 3.1 76 583

230 Staurosirella pinnata var intercedens (Grunow in V. Heurck) Hamilton 3 1.2 26 175 6.7

231 Tabellaria flocculosa (Roth) Kutzing 48 25.4 209 6.7 133

232 Tabellaria quadriseptata Knudson 6 11.3 1.6 62 104

233 Ulnaria ulna Compere 22 3.1 11.6 7.6 23.1

Number of occurrence, maximum abundance and Hill’s effective number of occurrence (V2) of each taxon are also shown; TP optima

are back-transformed to pg I"' units
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