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A diatom total phosphorus (TP) training set and weighted averaging (WA) calibration
model for lakes in eastern and southeastern Finland are presented. The data set com-
prises 78 lakes, with autumnal TP-range of 3—-125 ug 1", pH-range of 5.9-7.7, and lake
area of 0.13-283 km? The correlation between the observed and WA-reconstructed
(jackknifed) log TP values in the training set is 0.86 (R?=0.73), and root mean squared
error of prediction (RMSEp) 0.193 ug TP I-'. The transfer function was cross-validated
using an independent test set of 30 lakes. The correlation between the observed and
predicted log TP values for the 30 lakes is 0.89 (R* = 0.79), and RMSEp 0.161 pug TP
I"!. These performance statistics (R?, RMSEp), based on the independent cross-vali-
dation with the test set of lakes, are within the range of values based on jackknifing
estimates, suggesting that diatoms provide reliable estimates of lakewater TP concen-
tration in Finnish lakes.

source of total phosphorus, total nitrogen and
biologically available fraction of phosphorus to
surface waters (Rekolainen 1993). Nearly 3000

Many Finnish lakes impacted by industrial and
municipal effluents received elevated nutri-
ent loads until the 1970s. Since the beginning
of control on the point-sources of nutrients in
the 1970s, these polluted lakes have generally
been recovering (Wahlstrom ez al. 1992). At the
same time, however, diffuse nutrient loads have
slowly degraded water quality of lakes in general
(National Board of Waters and the Environment
1990). Agriculture has become the largest single

lakes (9%) in Finland had total phosphorus con-
centrations exceeding 35 pg 1! in 1995, indicat-
ing eutrophic status (Mannio et al. 2000).
Several restoration projects for eutrophied
lakes are being carried out in Finland. The deter-
mination of realistic target conditions for lake
restoration requires knowledge of the degree of
change over time. Development of multivariate
statistical methods makes it possible to quantify
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Fig. 1. Study area, with
calibration lakes presented
as open circles (N = 78)
and test lakes as closed
circles (N = 30).

the relationship between biological communi-
ties and environmental parameters in different
ecosystems, and reconstructions of past environ-
mental conditions on the basis of fossil species
assemblages (Birks 1995).

Diatom frustules are generally well preserved
in lake sediments, and they have been widely
used as indicators of lake water quality in several
studies (see Hall and Smol 1999). In this study,
surface sediment diatom assemblages (0—-1 cm
interval) were used to assess the relationship
between diatoms and total phosphorus concen-
tration in the calibration set of lakes. The top or
surface sediment typically contain diatoms that
have been deposited over the last few years, thus
their composition is not strongly influenced by
the sampling time/season.

Several diatom-TP models are now available
in Europe, e.g. Bennion et al. (1996), Lotter et
al. (1998), Bradshaw and Anderson (2001) and
Kauppila et al. (2002). The present model was
constructed to fulfil the need of an appropriate
model for the central-eastern part of Finland
(Finnish lake district, described in Mannio
et al. 2000) and Russian Karelia (Fig. 1). In

particular, the model was developed for paleo-
limnological studies of lakes in the Sortavala
region, SW Karelian Republic, Russia (Simola
and Miettinen 1997, Simola et al. 2000). This
new diatom-TP model extends the range of use
for diatom based TP reconstructions in Finland,
by containing large and europhic, and also
concurrently dystrophic lakes in the calibra-
tion set. Of the preexisting diatom-TP models
in Finland, the model by Turkia er al. (1998) is
based on small, mostly oligotrophic forest lakes,
and on the other hand, highly coloured lakes are
excluded from the calibration set of Kauppila et
al. (2002).

Independent cross-validation on a 30-lake
test set was used to assess the performance of the
diatom-TP transfer function, in addition to the
statistical resampling approach (jackknife) on
the calibration set. Cross-validation using only
statistical resampling techniques for the calibra-
tion set is dependent on the statistical method
used. Independent cross-validation is considered
a more objective validation method, avoiding the
pitfalls (Hamalainen 2000) in error estimation on
the basis of the training set alone.
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Material and methods
Lake selection procedure

The samples were taken during two separate
sampling periods, March—April 1999 and Janu-
ary—March 2001. The area of four Regional
Environment Centres in eastern Finland (South
Savo, North Savo, Southeast Finland and North
Karelia), were used as the sampling area, with
the exception of the three southernmost lakes,
Pyhajarvi (Artjarvi), Sayhtee and Viljakkalan-
jarvi (Fig. 1).

In 1999, 23 lakes chosen subjectively from
eastern and southern Finland, were sampled for
the calibration set, emphasizing eutrophic lakes
to cover the TP range. In 2001, all the lakes with
comparable water chemistry data (at least one TP
value from 1 meter water depth, sampled in Sep-
tember—November, during the years 1998-2000)
available in the Finnish Environment Institute
database were sampled (81 lakes). In addition,
six lakes in Russian Karelia, analyzed earlier
by diatom stratigraphies, are used, summing the
sampled lakes up to 110. All the lakes are situ-
ated between 60° and 64° northern latitude and
between 26° and 32° eastern longitude, mainly
within the River Vuoksi drainage area.

The lakes were divided into a calibration set
and a test set. All the lakes sampled in 1999, were
included in the 80-lake training set (23 lakes),
and all the lakes sampled with piston corer for
long cores were included in the 30-lake test set
(8 lakes). The six lakes in Russian Karelia were
included in the test set. The amount of lakes in
the test set was decided to be 30, for statistical
reasons, and so 16 additional lakes were picked
randomly from the volume of 96 lakes remain-
ing. The resulting test set of 30 lakes is considered
to be independent from the calibration set. Two
basins were later excluded from the calibration set,
as they were considered not truly separate lakes
from the Annilanselka (no. 3 in the calibration set),
so the final calibration set comprises 78 lakes.

Sampling

The sediments were cored with a Kajak gravity
corer, with the exception of eight lakes cored

A diatom-total phosphorus transfer function 217

with a piston corer (modification of Livingstone
1955), at or near the deepest point of the lake.
Out of the 23 lakes cored in 1999, water chem-
istry data from the Finnish Environment Institute
was obtained for 14 lakes, and water chemistry
was sampled on 25 and 26 October 1999 for the
remaining nine lakes (water analysis in Karelian
Institute, University of Joensuu).

Only one set of representative measure-
ments of chemical variables was available for
most of the sites, and so one representative data
point was selected for each site. The data points
(dates) were selected according to the month
of sampling preferring months in the order:
October > September > November > December.
Chemistry for all the sites was sampled from 1 m
water depth in central parts of the lakes, using
Ruttner-type sampler (length 0.5 m, volume 2 1).
The water sampling points may be several kilo-
metres apart from the sediment sampling points
in some of the large lakes.

The water chemistry of the calibration set
and test set includes both isothermal and strati-
fied conditions. Of the calibration lakes, 55 were
sampled during the autumn overturn of the water
column (October—December, water temperature
< 10 °C), and 22 were sampled in September—
October before the autumn overturn. One lake,
Tohmajarvi, was sampled in July 1999 (Table 1).
Of the test lakes, 22 were sampled during the
autumn overturn, seven during summer stratifi-
cation, and one during winter stagnation.

Diatom identification

The sediment samples were treated using stand-
ard methods (Battarbee 1986), and at least 700
diatom valves were counted from each of the
calibration samples, using a Leitz Dialux 20 EB
microscope (phase contrast, 1000x magnifica-
tion).

The taxonomy of Krammer and Lange-Berta-
lot (1986-1991) was followed, except for high-
celled forms of Aulacoseira (A. granulata, A.
italica, A. subarctica), which were harmonized
with the calibration set of Kauppila et al. (2002),
and for Aulacoseira alpigena and Aulacoseira
distans, which were identified in accordance
with Haworth (1988). In addition to the typical
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Table 1. Location, chemical data, water depth at the sampling sites, and lake surface area for the 78 site data of

Finnish lakes. Marking n.a. used, where data is not available.

Site no.  Site/statistic Lat. N Long. E Date TP Colour pH Cond. Depth Area
(ug ") (mg PtI) (mSm™)  (m) (km?)
1 Aittolampi 62°37° 29°57° 27.11.2000 6 5 6.9 5.4 9.1 0.48
2 Ala-Lyly 62°23° 27°27° 06.10.1999 19 30 7 6.8 4 0.55
3 Annilanselka 61°39" 27°18"° 25.10.1999 30 50 7.3 14.3 19.5 2
4 Etela-Virmas 62°04" 27°36° 25.10.1999 18 80 6.8 4.3 52 11.8
5 Haapajarvi 63°36° 26°56° 09.10.2000 70 140 6.8 5.1 21 259
6 Haapajarvi 62°29° 29°54° 18.10.1999 5 n.a. 7.4 n.a. 18 1.37
7 Haapajarvi 63°39° 28°50° 29.09.1999 57 180 6.4 3 10 6.01
8 Haapajarvi 62°05° 27°22° 12.10.1999 32 140 6.5 4 6 5.24
9 Hanhijarvi 60°59° 28°11° 28.09.2000 38 35 7 11.6 25 4.45
10 Hyypiijarvi 62°04° 30°12° 25.10.1999 23 40 7 9.4 6.4 217
11 Hoytiainen 62°44° 29°46° 03.10.2000 5 30 6.7 5.2 45.6 283
12 Iso-Hietajarvi 63°10° 30°43" 05.10.2000 5 20 6.5 1.6 6 0.82
13 Iso-Lyly 63°00° 28°32" 13.10.1999 13 30 6.8 3.3 7.3 0.84
14 Jamalinjarvi 63°24° 29°57° 06.10.1998 14 100 6.3 2.4 125 1.22
15 Juojarvi 62°44° 28°37° 19.10.2000 4 n.a. 7.2 4.3 44 220
16 Juurusvesi 63°06° 27°46° 20.10.1999 17 n.a. 7.2 7.7 20.3 159
17 Karhunpaa 63°36° 28°55° 25.10.1999 56 150 6.4 3.3 7.5 0.49
18 Kermajarvi 62°27° 28°40° 14.11.2000 6 20 6.7 4.5 53 85.6
19 Kesk. Sulkama 62°36° 29°11° 13.09.2000 60 n.a. 6.9 15.8 7.2 0.28
20 Keyritty 63°28° 28°16° 01.09.1999 41 130 6.3 2.1 9.6 18.3
21 Kinnasjarvi 62°30° 30°45° 08.11.2000 19 140 6.3 25 20.1 1.4
22 Kiteenjarvi 62°06° 30°11° 01.10.1999 28 50 7.3 10.4 54 151
23 Koirusjarvi 62°36° 27°32° 12.10.2000 18 50 7.2 5.2 22 42
24 Koitere 62°57° 30°39° 03.10.2000 8 70 6.6 1.8 29.5 164
25 Korpijarvi 61°14" 27°07° 20.09.1999 4 20 71 5.6 285 314
26 Kumpunen 63°04° 27°39° 20.10.1999 14 100 6.4 2.8 7.3 0.18
27 Kuohattijarvi 63°37° 29°29° 12.10.2000 1 60 6.4 1.8 132 108
28 Kuonanjarvi 61°58° 29°15° 07.10.1999 33 60 6.6 4.8 3 5.74
29 Kuorinka 62°37° 29°24° 10.11.2000 3 5 6.8 4.9 244 129
30 Kyyhkylanselka ~ 61°38° 27°18" 25.10.1999 30 50 73 136 125  1.75
31 Karinki 61°17° 28°55" 09.10.2000 8 15 6.6 71 25 5.04
32 Lahnajarvi 60°47° 28°03° 03.09.1998 19 50 7.2 9.8 11.5 2.02
33 Leppaselka 61°36° 27°21° 25.10.1999 15 25 7.3 10.5 16.1 2.14
34 Louhivesi 61°31° 27°22° 25.10.1999 8 20 7.3 10.1 315 16
35 Mensunlampi 62°16° 29°38" 01.11.2000 34 260 6.5 5.3 2.2 0.26
36 Mujejarvi 63°47° 29°33° 09.10.2000 20 n.a. 5.9 n.a. 14 3.51
37 Muntsurinjarvi 63°32° 29°59° 06.10.1998 23 210 6.4 2.3 4.6 0.83
38 Nerkoonjarvi 63°25° 28°18" 12.10.1999 67 80 7 5.1 10.7 156
39 Nuorajarvi 62°41" 31°09° 18.10.2000 18 140 6.3 1.8 5 40.2
40 Osmajarvi 62°26° 27°41" 18.10.1999 17 15 6.9 3.8 1.9 9.28
41 Pieni-Hietajarvi 63°10° 30°42"° 05.10.2000 12 140 6 1.6 6 0.44
42 Pieni Rautjarvi 61°42° 29°45° 20.11.1996 28 40 7.2 14.5 55 4.8
43 Pieni Valtimojarvi 63°38" 28°52" 25.10.1999 52 120 6.3 2.7 4 0.74
44 Polvijarvi, Juuka  63°11° 29°00° 28.09.1999 11 80 6.3 1.9 27.8 1.84
45 Porovesi 63°32° 27°12° 16.11.1999 62 100 7.2 4.2 84 217
46 Pyhajarvi, Artjarvi  60°43°  26°00° 08.11.2000 76 100 6.9 11.2 67 7.85
47 Pyhajarvi, Kitee 62°02° 29°55° 17.10.2000 5 10 71 5.4 18 248
48 Reittionjarvi 63°18" 27°55° 20.10.1999 27 100 6.8 6.3 11.9 0.14
49 Ruokojarvi 61°38° 28°23° 20.10.1999 10 40 6.5 6.4 15.5 1.62
50 Ruokonen 62°49° 29°31° 11.09.2000 19 n.a. 6.7 4.2 9.1 0.14
51 Saarilampi 62°35° 30°16° 01.11.2000 11 60 6.6 3.4 5.8 0.43
52 Sappulanselka 61°34" 27°42° 09.09.1999 5 15 7.2 6.6 15.6 3.9

Continues
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Table 1. Continued.
Site no.  Site/statistic Lat. N Long. E Date TP Colour pH Cond. Depth Area
(ug 1) (mg PtI7) (mSm™)  (m) (km?
53 Siilinjarvi 63°04° 27°43" 18.10.2000 20 n.a. 7.3 10 27 2.83
54 Sonkajarvi 63°41° 27°31" 03.11.1999 47 n.a. 7 7 5.2 5.34
55 Sulkavanjarvi 63°07° 28°03" 18.10.2000 12 n.a. 7.6 9.6 17.3 8.2
56 Suomujarvi 63°08° 30°45° 11.10.1999 5 50 6.8 1.9 19 6.63
57 Suuri-Hautanen ~ 62°23° 28°23" 14.10.1999 12 50 6.5 2.8 3.5 0.41
58 Suurijarvi 60°41" 27°54" 20.09.1999 6 30 6.8 24 8.8 16.2
59 Suuri Palojarvi 63°42° 29°18" 11.10.2000 25 n.a. 6.1 n.a. 6 1.1
60 Suvasvesi 62°35° 28°14° 23.10.2000 5 30 7.2 4.9 17.5 234
61 Lahnankuttava 62°27° 27°25° 16.10.2000 23 120 7 6.1 2 14.8
62 Sayhtee 60°45° 26°05° 19.10.1999 105 70 7.4 9.4 11.9 2.15
63 Tervajarvi 63°21° 29°11" 25.10.1999 38 100 6.8 4.6 10 0.18
64 Tohmajarvi 62°11° 30°23" 29.07.1999 19 80 7.2 8.8 13 121
65 Tuusjarvi 61°58" 28°02° 26.10.1999 12 60 7 6.6 17 15.6
66 Ukonvesi 61°36° 27°17° 25.10.1999 17 30 7.1 13.1 29 24.2
67 Unnukka 62°28"° 27°51" 12.10.2000 17 30 7.2 5.3 30 80.5
68 Valtimojarvi 63°41° 28°50° 30.11.1993 54 160 5.9 3 6.3 4.01
69 Vestimo 63°33" 28°54° 25.10.1999 82 180 6.8 6.1 9 0.31
70 Viemenenjarvi 63°29° 28°58" 25.10.1999 43 150 6.2 6.2 9.6 1.83
71 Viinijarvi 62°45° 29°18" 02.10.2000 12 n.a. 7.1 6.1 28 135
72 Viljakkalanjarvi 60°46° 26°02° 25.10.1999 125 140 7.4 10.5 8.4 6.75
73 Virtasalmi 62°08" 27°27° 27.09.1999 25 100 6.6 4.8 2.3 5.9
74 Vuokko 63°24° 29°07° 25.10.1999 43 120 6.6 4 14.5 2.59
75 Ylikylanjarvi 63°38" 29°03" 25.10.1999 28 140 6.4 2.9 4.5 1.03
76 Ylimm. Sulkama  62°36° 29°10° 20.11.2000 37 100 6.7 1.2 9 0.31
77 Yla-Siikajarvi 63°16° 28°20° 20.10.1999 24 80 6.8 4.2 15.5 2.21
78 Yla-Valtimojarvi ~ 63°42" 28°55" 30.11.1993 34 240 5.9 3 6.5 1.87
Minimum 3 5 5.9 1.6 1.9 0.13
Maximum 125 260 7.6 15.8 67 283
Mean 27.0 816 6.79 595 142 267
Median 19.0 70.0 6.80 510 10.0 4.23
St. Deviation 236 584 0.40 3.51 121 60.5

Aulacoseira italica cells, thin and narrow valves
with distinctive pseudoseptum (Ross et al.
1979), were counted separately as ‘narrow’ A.
italica. Only taxa appearing in at least three sam-
ples, and exceeding 1% in relative abundance in
at least one sample, were used for the ordinations
and model development.

Ordinations

The chemistry values, except pH, were log, -
transformed prior to all analyses as their distri-
butions were found to be skewed (Table 1). Cor-
relations between the environmental variables
were checked, and no need of removing any
variables was indicated.

Ordination methods assuming unimodality
(correspondense analysis; CA, and canonical
correpondense analysis; CCA) were applied to
reveal the major patterns of variation in the data
(ter Braak 1995). TP was used as the sole envi-
ronmental variable in CCA, with Monte Carlo
tests to evaluate the significance of the variable
in explaining the variance in diatom data.

Eigenvalues of CA were compared with
CCA for the evaluation of how much the meas-
ured environmental variables can explain of
the variance in the species data. CANOCO 4.0
(ter Braak and Smilauer 1998) was used for all
ordinations, with square-root transformation of
the species data. The calibration set lakes were
screened for possible outliers using CCA. A lake
was considered an outlier if it had an extreme
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score on any of the four axes of the CCA and a
large (> 5%) residual distance to the TP-axis in
CCA with TP as the sole variable (ter Braak &
van Dam 1989).

Diatom-TP model development

Weighted averaging (WA; ter Braak and Van
Dam 1989) with inverse and classical deshrink-
ing, weighted averaging partial least squares
(WA-PLS; ter Braak and Juggins 1993) and
linear-based partial least squares (PLS) methods
were compared for the regression and calibra-
tion of the TP-values for the calibration samples
(Table 2). Program CALIBRATE version 0.81
(Juggins and ter Braak 1997) was used for the
model development, with leave-one-out jack-
knifing as a cross-validation method for the
models. To assess global and local systematic
errors, mean and maximum bias, (ter Braak and
Juggins 1993) were estimated by jackknifing.
The species data were square-root trans-
formed for the model runs, as this was found
to give lower prediction errors and higher cor-
relations for the models, than non-transformed
data. The tolerances are adjusted for the effective
number of species (Hill’s N?) in the samples.

Test reconstructions

A minimum of 500 diatom valves were counted
for the test samples. Taxonomy is consistent with
the training set. The mean error statistics for the
test set were calculated in the same way, as for
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the training set. The RMSEp (root mean squared
error of prediction) is derived from the equation:

RMSE = (s > +5,%) ey

where s, is the mean and s, is the standard devia-
tion of the residuals (estimated-observed TP
values). Program WACALIB version 3.3 (Line et
al. 1994) was used for the test reconstructions to
obtain sample spesific error estimates (with 1000
bootstrap cycles).

The suitability of the diatom-TP model for
calibration using test samples was assessed by
Modern Analog Technique (MAT; Birks et al.
1990). The presence or absence of modern ana-
logs for the test samples in the calibration set
was examined using the MAT software of Jug-
gins (1995). A test sample was considered to lack
a good modern analog if the squared chord dis-
tance to its closest analog in the calibration set
was longer than the distance at the fifth percen-
tile of the distribution of dissimilarities between
the calibration set samples.

Results
The diatom communities

The diatom data set was dominated by plank-
tonic taxa: the mean abundance of planktonic
(incl. tychoplankton) taxa was 75.3% and range
41.6%-94.9% in the calibration samples. Genera
Aulacoseira, Cyclotella, Tabellaria, Asterionella,
Stephanodiscus, Cyclostephanos and species
Fragilaria capucina, F. crotonensis, F. tenera and

Table 2. Performance of the different log TP models based on the 78-site dataset. The performances are evaluated
by apparent and cross-validated (jackknife) R? and root mean squared error (RMSE), both for the calibration set
and for the test reconstructions. Mean and maximum bias statistics are based on the differences between inferred
and observed TP in cross-validation for the calibration set. Inverse and classical deshrinking is compared for

weighted averaging (WA).

Model R? app. RMSE app. R?jackknifed RMSEp Meanbias Max. bias R?test, RMSE test,
(g TP I Wwg TP (ugTPI) (ugTPI") N=30 N=230

(ug TP ')
WA, . 0.81 0.164 0.73 0.193 0.001 0.222 0.79 0.161
assical 0.81 0.182 0.74 0.202 0.002 0.161 0.79 0.194
WA-PLS (2 comp.) 0.87 0.133 0.74 0.192 0.001 0.232 0.71 0.201
PLS (3 comp.) 0.86 0.139 0.75 0.185 -0.001 0.179 0.78 0.168
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F. ulna were classified as planktonic. Altogether
90 taxa with abundance exceeding 1% in at least
one of the samples, and appearing in at least three
lakes, were encountered in the calibration set.

Detrended correspondence analysis (DCA)
resulted in gradient length of 2.04 for the first
ordination axis (square-root transformation of
species data, no downweighting of rare taxa),
suggesting that both linear- and unimodal-based
ordination methods would be appropriate (ter
Braak & Prentice 1988). The configuration of the
sites was very similar in the indirect CA and in
CCA with all the six environmental variables. CA
axis 1 eigenvalue was 0.205, and the ratio of the
axis 1 eigenvalues CCA/CA 0.86. This small dif-
ference in the eigenvalues of CA and CCA sug-
gests that the measured environmental variables
offer a reasonable reflection of the main floristic
gradients in the diatom data (ter Braak 1995).

The first two axes in the CCA had eigenval-
ues of 0.18 and 0.13. They explained 10.5% and
7.9% of the variance in the species data, respec-
tively. Based on Monte Carlo tests (499 unre-
stricted permutations under full model), all the
measured variables yielded a significant CCA
axis, when other variables were entered as cov-
ariables (p < 0.001 for TP, lake area and depth,
and p < 0.01 for conductivity, colour and pH).
TP as the sole environmental variable explained
7.8% of the variance in the species data, and
4.6% when the other variables were entered as
covariables.

No outliers were detected among the sites in
the calibration set, according to the CCA. In CCA
with all the environmental variables (Fig. 2), oli-
gotrophic, clearwater lakes like Hoytidinen (no.
11), Kuorinka (29), Juojarvi (15), Karinki (31)
and Suvasvesi (60) are grouped at the low end of
the phosphorus gradient (top in the Fig. 3b). The
diatom taxa characterizing these lakes include
Cyclotella iris, C. bodanica, C. rossii, and Steph-
anodiscus rotula. A number of oligotrophic lakes
with relatively high humic content (colour),
like Pieni-Hietajarvi (41), Suomujarvi (56),
Nuorajarvi (39) and Suuri Palojarvi (59), are
grouped at the low end of the conductivity and
pH gradient (right in Fig. 3b). These lakes are
characterized by the genera Anomoeoneis and
FEunotia, as well as Frustulia rhomboides and
Aulacoseira tenella.
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The lakes Karhunpda (17), Keyritty (20),
Valtimojarvi (68) and Vuokko (74) are examples
of lakes more towards the upper end of the phos-
phorus gradient, and also characterized by high
colour. The taxa most clearly associated with
the combination of high colour and phophorus
are Stauroneis anceps, Eunotia zasuminensis,
Pinnularia viridis and genus Tabellaria. Lakes
such as Pyhajarvi (Artjarvi, 46), Sulkavanjarvi
(55), Annilanselka (3) and Siilinjarvi (53) are
characterized by high phosphorus and high con-
ductivity (left in Fig. 3b). These lakes are situ-
ated on fertile clayey or silty areas favourable
for agriculture, and feature species including
Aulacoseira granulata, Cyclostephanos dubius,
Stephanodiscus hantzschii and S. minutulus.

The diatom-TP calibration model

The diatom inferred TP is strongly correlated
with the observed TP in the training set (Fig.
3). The PLS model (three components) has the
lowest RMSE and the highest correlation coef-
ficient for the observed vs. predicted TP values
(Table 2). WA with inverse deshrinking performs
best with the independent test set.

Models without tolerance downweighting
worked best with the WA. Inverse deshrink-
ing was found superior to the classical
deshrinking, according to the test reconstruc-
tions (Table 2). The equation for the inverse
deshrinking is:

Final value = -6.650 + 6.201 X initial (2)

This WA model for log TP with inverse
deshrinking applied to the calibration set resulted
in apparent RMSE 0.164 pg TP I"! and RMSEp
(jackknife) 0.193 pg TP 1. The species optimum
and tolerance values for the WA model are pre-
sented in the Appendix.

Test results

The WA model with inverse deshrinking resulted
in RMSEp of 0.161 ug TP I"'. The correlation
between the estimated and observed log-trans-
formed TP concentrations for the test lakes is
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according to Table 1.
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Fig. 3. Plot of observed log TP against (a) diatom-inferred TP and (b) predicted residuals, based on WA inverse
regression of the 78 site dataset.

Table 3. Location, chemical data, diatom-inferred WA estimates for TP (backtransformed), water depth at the
sampling sites, and lake surface area for the 30 site test set. Lakes are numbered in ascending order according to
observed TP concentrations. Marking n.a. used, where data is not available.

Lake Lat. N Long. E Date TP DI-TP  Colour pH Cond. Depth Area
(Mg 1) (ug ") (mg PtI7) (mSm™) (m)  (km?)
1 Luonteri 61°38" 27°47° 23.11.2000 4 5.9 10 6.9 6.1 68.2 n.a.
2 Sorsavesi 62°31° 27°32" 12.10.2000 4 6.4 20 6.9 3.6 40 55.0
3 Nurmijarvi 61°23" 29°10° 19.10.2000 5 41 10 6.7 4.6 28 9.8
4 Iso-Heinajarvi 62°05" 30°21° 03.11.2000 6 5.1 10 6.9 5.5 22 3.5
5 Koirusjarvi 62°36° 27°32" 13.09.2000 6 6.4 20 6.9 3.7 25 4.3
6 Kuolimo 61°21° 27°24° 10.10.2000 6 7.6 10 6.8 5.3 9.9 79.0
7 Lietvesi 61°30° 28°00° 08.09.1999 6 8.7 30 7.2 5 52 n.a.
8 Loytojarvi 62°34" 30°19° 23.11.2000 8 6.8 40 6.7 2.9 10 1.3
9 Oravilahti 62°35" 27°38° 28.10.1999 10 13.3 15 7.3 13 20 n.a.
10 Ristijarvi 61°48" 30°46° 25.10.2000 10 8.0 50 6.7 4.9 24 1.5
11 Kuivinjarvi 62°51° 28°39° 13.10.1999 11 5.0 35 6.6 2.6 1.7 0.3
12 Ryttyjarvi 61°50" 30°42° 25.10.2000 13 6.1 35 6.7 4.5 10 1.0
13 Paahkeenselka 61°34° 27°18" 25.10.1999 16 20.0 30 7.4 12.3 23.5 n.a.
14 Kannantakainen 61°53" 29°09° 25.10.1999 17 15.1 50 6.3 3.7 13.2 n.a.
15 Kuokkajarvi 61°39" 30°25° 26.10.2000 18 18.4 25 6.9 6.4 17.7 2.6
16 Lavijarvi 61°38" 30°30° 26.10.2000 19 16.7 20 71 6.5 21 2.7
17 Laukunlampi 62°40° 29°09° 10.01.1996 21 11.6 5 7 12.5 25 0.1
18 Hympbdlanjarvi  61°41° 30°39° 04.11.1999 22 19.8 70 71 7.4 16 5.4
19 Raimajarvi 63°02° 27°37° 20.10.1999 22 23.0 30 7 10.6 25 1.3
20 Pitkajarvi 61°37° 30°24° 26.10.2000 24 13.9 20 6.9 4.7 11 1.7
21 Ataskd 62°01" 30°01° 17.10.2000 24 27.2 25 6.8 8.4 4 13.9
22 Lautiainen 63°35" 29°06° 05.09.2000 25 32.8 120 6.5 2.2 6 n.a.
23 Poljanjarvi 63°08° 27°36° 25.10.2000 28 23.9 n.a. 71 n.a. 13.2 3.0
24 Kolmisoppi 63°09° 27°42° 18.10.2000 29 27.5 n.a. 7.7 2.1 9 0.5
25 Saaksjarvi 62°04" 27°56° 26.10.1999 31 21.4 80 6.5 5.2 2.5 2.7
26 Kuusjarvi 62°41° 28°56° 16.09.1999 37 24.4 160 6.87 6.8 3.6 1.0
27 Valvatus 62°13" 27°50° 19.09.2000 38 51.8 n.a. 71 14.3 6.5 3.0
28 Kangasjarvi 62°00° 35°20° 12.10.1999 41 18.8 150 6.3 3.6 5.7 22.0
29 Maaninkajarvi 63°11" 27°13" 17.11.1999 47 45.2 60 6.8 4.9 35 24.4
30 Onkivesi 63°15" 27°22° 21.10.1999 60 42.4 80 7 4.9 146 114
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Fig. 4. Observed TP concentrations for the test lakes in ascending order, on log-transformed scale, with WA esti-
mate, + estimated standard error of prediction as confidence limits on the left, and on linear scale, with backtrans-
formed WA estimates on the right. The WA- and SE-estimates are obtained by WACALIB v. 3.3, using bootstrapping
as the cross-validation method for the predictions. Lakes lacking a good modern analog are indicated with dots.

0.89 (R?=0.79). The lakes are presented in Table
3 and the deviation of the predicted TP from the
observed concentrations is shown in Fig. 4.

Sample spesific error estimates (by WACALIB
with bootstrapping as cross-validation method)
were used for the test reconstructions in Fig 2.
These sample spesific error estimates are larger
(0.199-0.210 ug TP 17") than the RMSEp (jack-
knife) for the full test set (0.162 pg TP I'!). Nine
out of the 30 test samples were considered to
lack a good modern analog. These test samples
are marked with a dot at the bottom of Fig. 4.
Four lakes have observed TP outside the range
defined by reconstructed TP and error estimates
(RMSEp). Two of these lakes (11, Kuivinjarvi;
and 17, Laukunlampi) lack a good modern
analog in the calibration set.

Combining of the training set with the test set
did not substantially improve the error statistics: R
is 0.73 and RMSEp is 0.188 ug TP 1! for the 108
lake calibration set, when using the best model in
this case (WA-PLS). The PLS model (3 compo-
nents) has the lowest RMSE and the highest cor-
relation coefficient for the observed vs. predicted
TP values among the calibration set lakes (Table
2). However, the difference between PLS and WA
(with inverse deshrinking) is small for the jack-
knifed predictions (RMSEp 0.185 vs. 0.193 ug
TP I'"). WA is simple, and performs best with the
independent test set. Both the PLS and WA under-

estimate the TP measured at high levels (Fig. 4).
Based on these results, WA with inverse deshrink-
ing is considered the best method in this case.

Discussion

The constructed diatom-TP model is robust, as
judged by the stability of the error estimates
(Table 2), which are comparable to those
obtained by other diatom-TP models in Europe
and in Canada (e.g. Wunsam and Schmidt 1995,
Hall and Smol 1996, Bennion et al. 1996, Lotter
et al. 1998, Bradshaw and Anderson 2001,
Reavie and Smol 2001, Enache and Prairie 2002,
Kauppila et al. 2002). Cross-validated (jackknife
or bootstrap) R* values range from 0.41 to 0.91
for these models. Five of the eight models use
log-transformed TP values, with RMSEp ranging
from 0.16 to 0.34 ug TP 1"\,

The diatom-TP transfer function failed
to reconstruct present TP concentrations in
four lakes of the 30-lake test set, based on
the measured TP concentrations in the lakes.
Out of the four lakes, two are lacking modern
analog in the calibration set (according to the
MAT with fifth percentile as the exclusion
limit), and the transfer function may be con-
sidered unsuitable for these lakes. Presence of
Fragilaria-species, with inferred optimum TP
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values of 19.3 ug TP 17! for F. capucina and
21.4 pg TP I'' for F. construens, cause over-
prediction of TP for these two small, deep, and
oligotrophic clearwater lakes (11, Kuivinjarvi;
and 17, Laukunlampi).

The use of a single chemical measurement as
the reference for environmental reconstruction
is problematic, as is the case in this study. The
failing of the transfer function for two of the test
lakes (12, Ryttyjarvi; and 28, Kangasjarvi) with
good modern analogs in the calibration set does
not necessarily mean unfitness of the calibration
set for these lakes, but may partly result from
unrepresentative single TP measurement.

The constructed inference model seems to
result in larger errors at high TP values. In the
test set, Pearson correlation is 0.37 for observed
TP vs. error (p < 0.05). This may result from
increasing variation in lake TP with increasing
mean TP concentrations. The deviation between
the observed and inferred TP values increase
also for the calibration set lakes with TP on the
range 3-60 pg TP 17! (Pearson correlation 0.50,
p<0.0l,N=T71).

The model tends to underestimate TP con-
centrations at TP values over 60 ug TP I"'. Due
to the random selection of the lakes, the model
is validated only for the TP range up to 60 pg 1!
with the independent test set. When lakes with
TP > 60 ug I! (seven lakes) were deleted from
the calibration set, WA model for log TP with
inverse deshrinking resulted in a slightly smaller
RMSEp for the calibration lakes (0.175 pug TP
1Y), and for the test set (0.147 ug TP I'), than
with the full calibration set of 78 lakes. However,
the full 78-lake set is presented here, because it
is more widely applicable across the ecological
and chemical range of lakes in the eastern and
southeastern Finland.

Jackknifing can give over-optimistic results,
if there are similar, interrelated, samples in the
calibration set (Hamalainen 2000). In this case
the test set is used to validate the error estimates
derived by jackknifing. The RMSEp is lower
for the independent test set than the jackknifed
RMSEp for the calibration set, suggesting that
the jackknifed error estimates are realistic for the
calibration set, and that the diatoms provide reli-
able estimates of the past and present TP concen-
trations in the lakes of the Finnish lake district.
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These methods of diatom-TP model develop-
ment and validation have now been well tested.
TP reconstructions from sediment cores have
been validated by comparison with monitoring
data (e.g. Bennion er al. 1995, Bradshaw and
Anderson 2001, Kauppila et al. 2002). As a
novel aspect, this study presents an evaluation
of the diatom-TP transfer function by cross-
validation using an independent 30-lake test set.
Bigler and Hall (2002) used a 15-lake test set to
validate pH and temperature transfer functions in
Sweden, but the test lakes belonged to the cali-
bration set, and were used as an intra-set cross-
validation exercise.

The developed transfer function is suitable
for oligo-, eu- and dystrophic lakes, but not
for hypertrophic lakes. Many oligotrophic and
slightly mesotrophic (< 15 pg TP 1) lakes in
the calibration set (Table 1) allow reconstruc-
tion of subtle shifts in nutrient concentrations of
currently oligotrophic lakes. Palaeolimnologi-
cal techniques may have a special role in such
waters, where changes in the diatom assem-
blages from dated sediment cores may indicate
nutrient enrichment before any increase in TP
concentrations can be detected using standard
water chemistry techniques (Bennion et al. 1996).
In management of eutrophied lakes, the transfer
function approach provides an estimate of base-
line conditions, helping to define whether a pol-
lution problem exists and to set realistic targets
for restoration.
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Appendix. Jackknifed species optima and tolerances for simple WA model, optima backtransformed to linear scale,

and number of occurrences for the taxa in the calibration set.

No. Taxon Log TP Log TP TP Number
optimum tolerance optimum occur.
(bg I") (Hg 1) (Hg 1)
1 Achnanthes impexa 1.285 0.307 19.3 26
2 Achnanthes laevis 1.244 0.264 17.5 33
3 Achnanthes levanderi 1.257 0.347 18.1 71
4 Achnanthes linearis 1.258 0.345 18.1 54
5  Achnanthes minutissima 1.198 0.398 15.8 76
6  Achnanthes subatomoides 1.167 0.347 14.7 28
7  Amphora copulata 1.150 0.378 141 23
8 Anomoeoneis brachysira 1.021 0.337 10.5 38
9 Anomoeoneis serians 0.990 0.237 9.8 5
10  Asterionella formosa 1.216 0.357 16.4 75
11 Aulacoseira alpigena 1.128 0.225 13.4 3
12 Aulacoseira ambigua 1.369 0.322 234 76
13  Aulacoseira distans 1.266 0.352 18.5 64
14 Aulacoseira granulata 1.486 0.295 30.6 21
15 Aulacoseira humilis 1.222 0.357 16.7 12
16  Aulacoseira islandica 1.205 0.314 16.0 33
17  Aulacoseira italica 1.583 0.373 38.3 14
18  Aulacoseira valida 1.248 0.408 17.7 35
19  Aulacoseira italica ‘narrow’ 1.469 0.369 29.4 59
20 Aulacoseira lacustris 1.337 0.27 21.7 30
21 Aulacoseira lirata 1.333 0.315 21.6 50
22 Aulacoseira subarctica tall 1.377 0.402 23.8 65
23  Aulacoseira subarctica short 1.234 0.385 171 73
24  Aulacoseira distans var. tenella 1.140 0.280 13.8 28
25  Cocconeis placentula 1.155 0.445 14.3 7
26  Cyclostephanos dubius 1.464 0.279 29.1 19
27  Cyclotella bodanica 1.009 0.367 10.2 16
28 Cyclotella iris 0.874 0.263 7.5 19
29 Cyclotella glomerata 1.506 0.228 32.1 12
30 Cyclotella pseudostelligera 1.266 0.456 18.5 31
31  Cyclotella radiosa 1.096 0.310 12.5 44
32  Cyclotella rossii 0.893 0.289 7.9 45
33  Cyclotella stelligera 1.311 0.333 20.7 64
34  Cymbella descripta 0.816 0.279 6.5 12
35 Cymbella naviculiformis 1.148 0.403 141 28
36 Cymbella silesiaca 1.235 0.372 17.2 43
37 Denticula tenuis 1.255 0.427 18.0 18
38 Diatoma tenuis 1.461 0.413 29.0 18
39 Diploneis elliptica 1.155 0.521 14.3 5
40 Epithemia adnata 0.856 0.195 7.2 9
41 Eunotia bilunaris 1.313 0.349 20.6 40
42  Eunotia faba 1.193 0.295 15.6 15
43  Eunotia incisa 1.281 0.296 19.2 45
44 Eunotia meisteri 1.217 0.335 16.5 25
45  Eunotia paludosa 1.397 0.353 24.9 4
46  Eunotia pectinalis 1.310 0.358 20.4 46
47  Eunotia praerupta 1.379 0.326 23.9 29
48  Eunotia zasuminensis 1.613 0.098 41.0 4
49  Fragilaria berolinensis 1.615 0.308 41.2 5
50  Fragilaria brevistriata 1.446 0.289 28.0 41

Continues
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Appendix. Continued.

No. Taxon Log TP Log TP TP Number
optimum tolerance optimum occur.
(g ) (ug 1) (g )
51 Fragilaria capucina 1.285 0.343 19.3 71
52  Fragilaria capucina var. gracilis 1.328 0.391 21.3 57
53  Fragilaria construens 1.331 0.324 21.4 72
54  Fragilaria constricta 1.199 0.369 15.8 17
55  Fragilaria crotonensis 1.366 0.301 23.2 51
56  Fragilaria parasitica var. subconstricta ~ 1.406 0.317 25.5 31
57  Fragilaria pinnata 1.282 0.332 19.1 31
58  Fragilaria rumpens 1.375 0.189 23.7 5
59  Fragilaria tenera 1.355 0.407 22.6 32
60  Fragilaria ulna var. acus 1.451 0.360 28.4 26
61  Fragilaria virescens 1.226 0.300 16.8 44
62  Frustulia rhomboides 1.271 0.338 18.7 37
63  Gomphonema acuminatum 1.148 0.365 141 19
64  Gomphonema parvulum 1.354 0.39 22.6 55
65  Hantzschia amphioxys 1.442 0.301 27.7 19
66  Navicula elginensis 1.435 0.221 27.2 13
67  Navicula impexa 1.293 0.383 19.6 21
68  Navicula mediocris 1.302 0.315 20.0 24
69  Navicula pupula 1.266 0.334 18.5 47
70  Navicula radiosa 1.298 0.380 20.0 42
71 Navicula radiosa var. tenella 1.333 0.404 21.5 48
72 Navicula schoenfeldii 1.441 0.356 27.6 7
73 Neidium ampliatum 1.283 0.348 19.2 22
74  Nitzschia fonticola 1.130 0.395 13.5 41
75  Nitzschia palea 1.417 0.363 26.3 25
76  Opephora olsenii 1.500 0.316 31.6 13
77  Pinnularia gibba 1.240 0.357 17.5 66
78  Pinnularia maior 1.128 0.418 13.4 10
79  Pinnularia viridis 1.542 0.291 34.8 7
80  Stauroneis anceps 1.649 0.152 44.6 6
81  Stauroneis phoenicenteron 1.173 0.313 14.9 39
82  Stephanodiscus alpinus 1.051 0.409 11.2 5
83  Stephanodiscus hantzschii 1.712 0.464 51.5 7
84  Stephanodiscus minutulus 1.154 0.256 14.3 4
85  Stephanodiscus neoastraea 1.380 0.418 241 19
86  Stephanodiscus rotula 0.886 0.312 7.7 13
87  Surirella ovalis 1.285 0.335 19.3 9
88  Tabellaria fenestrata 1.421 0.280 26.4 37
89  Tabellaria flocculosa 1.232 0.342 17.5 76

90 Tabellaria flocculosa (‘type III’) 1.329 0.343 21.5 50




