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Abstract Quantitative inference models for 
water-chemistry variables are derived from epi- 
phytic diatom assemblages in 186 lentic and 
mostly shallow freshwaters in lower Belgium 
(Flanders). When the complete pH range is 
considered (pH 3.4–9.3), robust transfer func- 
tions are obtained for median pH (jack-knifed 
r2 = 0.88, RMSEP = 0.38 pH units or 6.4% of 
the observed range) and dissolved inorganic 
carbon concentration (jack-knifed r2 = 0.86, 
RMSEP = 0.194 log10 mg DIC l–1 or 10.2% of 
the observed range) by means of weighted- 
averaging partial least squares regression (WA- 
PLS). For these variables, the calibration models 
are as reliable as those based on sedimentary 
diatom assemblages. Inferences of pH may be 
improved by combining estimates from epiphytic 
and sediment assemblages. In circumneutral and 
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alkaline conditions, WA-PLS calibration of max- 
imum or median total phosphorus is possible 
(log-transformed; jack-knifed r2 = 0.64 or 0.66 
and RMSEP = 14% or 12.3% of the observed 
range, respectively). It makes little difference if 
taxa showing no response to TP are taken into 
consideration or not. These models considerably 
expand the prospects of using historical herbar- 
ium materials to hindcast environmental condi- 
tions and also allow more accurate interpretation 
of current compositional changes in epiphytic 
communities. Compared to littoral sediment 
assemblages, fewer water-column variables can 
be inferred reliably from epiphyton. This prob- 
ably results from differences between the effec- 
tive gradients in both habitats, together with 
lower in situ species diversity and less effective 
spatial integration (i.e. lower recruitment of 
phytoplankton) in the epiphyton. A comparison 
of the HOF response-model types and WA- 
optima of diatom taxa for epiphytic and sedi- 
ment assemblages shows that the relationship to 
individual variables, and in particular to those 
related to trophic status, may differ with habitat. 
Thus, the combination of samples from both 
habitat types in the same calibration model is 
not recommended. 
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Introduction 
 
Reference to former status to validate ecological 
standards and goals for freshwater conservation 
and restoration (Battarbee 1999; CEC 2000) is 
faced with constraints for shallow lakes and 
ponds. Disturbance of sediment records, dating 
problems and poor preservation of microfossils, 
such as diatom frustules, complicate the use of 
sediment cores, while shifts in habitat availability 
due to varying macrophyte abundance and tem- 
porary sequestering of nutrients in sediments and 
biomass further challenge the reconstruction of 
environmental conditions in such systems (Sayer 
2001; Denys 2003, 2006). Moreover, substantial 
between-site variation may need to be dealt with. 
Denys (2006) presented calibration models relat- 
ing diatom assemblages from littoral surface 
sediments to water-chemistry variables measuring 
base status, salinity, silica concentration, organic 
matter and phytoplankton productivity in stand- 
ing waters from lower Belgium. These models 
allow quantitative inferences of past water chem- 
istry from historical samples, such as sediment 
adhering to the roots of herbarium macrophytes, 
and can provide environmental information 
substituting or complementing core-based paleo- 
limnological observations. Alternatively, epi- 
phytic diatoms on herbarium specimens are a 
possible source of information. The composition 
of epiphytic diatom assemblages on herbarium 
plants is not affected significantly by the drying 
process (Vogel et al. 2005) and is already used to 
hindcast general environmental conditions in 
standing waters (Arzet and van Dam 1986; van 
Dam and Mertens 1993; Sayer et al. 1999; 
Cocquyt and De Wever 2002; Denys 2003), often 
by applying indices using indicator values (e.g. 
Hofmann 1994; van Dam et al. 1994). Robust 
transfer functions would improve the reliability of 
such inferences (DeNicola et al. 2004; Denys 
2004) and their application to herbarium materi- 
als offers unique possibilities for regional water- 
quality assessments and ecological base-line 
setting with a pertinent temporal perspective, 
without hinging on the availability of in situ 
sediment records with sufficient resolution and 
integrity. Moreover, such models may have useful 
applications to biomonitoring, particularly because 

epiphyton integrates environmental signals within 
a narrower time frame and on a more distinct 
habitat scale than algal assemblages found in 
sediments (King et al. 2000; DeNicola et al. 
2004). So far, no diatom calibration models based 
exclusively on epiphytic samples appear to have 
been developed for standing waters. In this 
respect, it should be noted that phytobenthos- 
monitoring efforts developed for implementing 
the European Water Framework Directive (CEC 
2000) are more likely to focus on this community. 

Potential problems associated with the devel- 
opment of calibration models based on epiphytic 
diatoms include the complex interactions between 
macrophytes and the epiphytic communities they 
support (e.g. Eminson and Moss 1980; Burkhold- 
er and Wetzel 1990) which may confound quan- 
titative inferences of water-column chemistry 
(Bennion 1995; Hall and Smol 1999). Previous 
studies suggest that nutrient supply from the 
substrate can intervene with total-phosphorus 
(TP) estimation from benthic diatom assemblages 
(Anderson et al. 1993; Bennion 1994; Siver 1999; 
Poulı́č ová et al. 2004). Epiphytic assemblages 
could also be less efficient in reflecting ambient 
conditions than sedimentary assemblages by stor- 
ing less environmental information due to their 
generally lower species richness and evenness 
(Birks 1994; Hofmann 1994; Siver 1999), with less 
spatial integration of the flora from other habitats 
(Battarbee et al. 2001). On the other hand, less 
control by physical habitat conditions, such as 
light availability, might be expected for epiphy- 
ton, which is reported as a problem in nutrient 
reconstructions from sediment assemblages orig- 
inating from deeper water where variable turbid- 
ity can interfere (Bennion 1995; Bennion et al. 
2001; Sayer 2001). 

This contribution examines the calibration of 
epiphytic diatom assemblages and the possibilities 
for further exploiting the environmental archive 
represented by herbarium specimens of aquatic 
plants more completely. In order to be generally 
applicable to this type of material, inference tools 
need to span a wide range of limnological 
conditions (Denys 2006). Next to developing 
transfer models in addition to those based on 
littoral sediment assemblages from the same 
region, this paper aims to compare the range of 



 

 

 
 

 

variables that can be calibrated from epiphytic 
and sediment assemblages, as well as the preci- 
sion attained by shared transfer functions. The 
use of the same sites and methodology as in the 
study presented by Denys (2006) allows to com- 
pare models for both assemblages without the 
usual constraints imposed by reference to training 
sets of different data quality and covering 
unequal environmental gradients. Furthermore, 
apparent species optima for epiphytic and littoral 
sedimentary assemblages are compared in order 
to investigate whether development of ‘‘hybrid’’ 
transfer functions (Schö nfelder 1997; Schö nfelder 
et al. 2002) and assessment methods (Schaum- 
burg et al. 2004) from simultaneous sampling of 
communities from both hard and soft substrates is 
warranted, despite the potentially significant 
habitat specificity in environmental relationships 
(e.g. Poulı́čová et al. 2004). 

The general conditions and types of surface 
waters in the study region are similar to those in 
the remaining densely populated near-coastal 
region of Western Europe, so it is likely that 
observations presented in this paper will be 
relevant to diatom-epiphyton studies in this con- 
siderably larger area. 

 
 

Study area 
 
Geographical characteristics of the study area, 
Flanders, the northern part of Belgium (51°00¢ N 
4°15¢ E, 13.522 km2, mainly below 200 m a.s.l.), 
are summarized by Verbruggen et al. (1996) and 
Franklin et al. (2003). Surface geology largely 

consists of Quaternary marine, fluvial and niveo- 
eolian deposits with well-developed clayey to 
sandy, locally peaty, top soils. The climate is mild 
and of a temperate maritime type (average yearly 
temperature 9.8°C, precipitation 780 mm yr–1). 
Population density is very high (�443 persons 
per km2) and land use is intense. Industrial, 
agricultural and recreational activities result in 
high anthropogenic pressure on most surface 
waters (eutrophication, fish stocking, acidificat- 
ion, physical perturbation; Denys 2001). Nearly 
all standing waters are man-made and most are 
small and shallow. Stones are scarce or often 
completely absent in the littoral areas, where 
submerged or floating-leaved aquatic plants, 
helophytes and woody debris are the more usual 
natural substrates for periphytic communities. 

 
 

Materials and methods 
 
Data collection 

 
The entire training set consists of samples from 
186 standing waters distributed throughout the 
region and selected following a pilot survey 
(Fig. 1). These cover the range of permanent 
freshwater conditions, with the exception of 
canals, ditches, watercourses, and distinctly 
brackish waters. Most of the water bodies are 
small (median surface area = 1.33 ha), shallow, 
and well mixed (Table 1). Surrounding land use is 
highly varied (mainly semi-natural heaths, shrubs 
and woodlands, tree plantations, lawns, pastures 
and agricultural fields), and so is the degree of 

 

 
 

Fig. 1 Map of Flanders with main rivers and location of 
sampling sites (sites included in the non-acid waters 
training set are represented by •, acid sited by · ; 

distinction based on species composition of epiphyton, 
see ‘‘Data analysis’’) 



 

 

 

Table 1 General features of the sampled waters and the species data sets 
 

 

Unit Entire data set Non-acid sites 
 

 Minimum Median Mean SD Maximum Minimum Median Mean SD Maximum 

Surface area ha 0.02 1.33 4.60 9.58 73.97 0.02 1.47 5.32 10.86 73.97 
Maximum depth m <1 1.5–3 – – ca. 18 < 1 1.5–3 – – ca. 18 
Shoreline with % 0 60 55 36 100 0 60 54 36 100 

trees and shrubs            
Submerged % 0 1 21 35 100 0 1 16 31 100 

vegetation            
Emergent % 0 1 10 21 100 0 1 10 21 100 

vegetation            
pH  3.4 7.7 7.4 1.1 9.3 6.5 7.9 7.9 0.5 9.3 
EC lS cm–1

 24 460 520 393 3,520 202 559 642 381 3,520 
Alkalinity meq l–1 –0.33 1.25 1.29 1.05 5.20 0.11 1.60 1.73 0.90 5.20 
DIC mg l–1 <1.6 15.3 16.2 12.6 62.6 0.8 20.5 21.3 12.5 62.6 
Sodium mg l–1 1.9 21.0 32.6 52.5 571.0 7.3 24.4 39.5 58.3 571.0 
Calcium mg l–1

 1.4 61.3 63.9 44.0 307.0 22.4 81.7 81.9 36.7 307.0 
Magnesium mg l–1 0.6 6.8 9.1 7.9 65.8 3.4 8.8 11.3 8.1 65.8 
Iron mg l–1 0.01 0.24 0.49 0.77 5.62 0.01 0.22 0.34 0.39 2.52 
Sulphate mg l–1 <4.0 38.0 52.9 61.2 390.0 <4.0 48.0 59.9 62.1 374.0 
Chloride mg l–1

 3.0 37.0 51.6 79.8 921.0 9.0 42.0 63.7 89.7 921.0 
TIN mg l–1 0.07 0.24 0.78 1.38 7.95 0.07 0.28 0.90 1.53 7.95 
TP mg l–1 <0.07 0.13 0.29 0.45 2.89 <0.07 0.19 0.37 0.50 2.89 
Silica mg l–1

 0.06 3.96 6.55 6.85 30.30 0.10 5.53 7.96 7.30 30.30 
A440 m–1 0.28 4.05 5.37 4.43 24.40 0.45 4.00 5.31 4.57 24.40 
A440f m–1 <0.1 1.18 1.81 2.31 19.85 0.10 1.10 1.52 2.11 19.85 
Oxygen % 12 92 91 29 206 15 92 93 31 206 

saturation            
Chlorophyll a lg l–1 <3 21 42 56 310 <3 25 49 62 310 
pGOP mg l–1 –1.0 3.3 6.6 8.4 41.8 –1.0 4.6 8.0 9.3 41.8 
COD mg l–1 <1.5 37.4 40.7 27.5 309.0 9.3 38.4 42.7 29.8 309.0 
TON mg l–1

 0.34 1.27 1.47 0.84 7.40 0.34 1.36 1.61 0.90 7.40 
Occurrences/taxon  1 23 34 34 160 1 26 35 31 132 
Hill’s N2 (taxon)  1.0 4.3 7.1 8.2 67.2 1.0 4.4 7.4 7.2 38.5 
Dominance (taxon) % 1.0 5.7 15.0 20.0 100.0 1.0 5.4 13.0 18.0 94.4 
Taxa/sample  2 46 44 19 109 13 50 50 15 103 
Hill’s N2 (sample)  1.0 4.0 5.2 3.9 20.1 1.1 4.5 6.0 4.3 19.9 
Dominance % 10.0 41.5 45.9 21.8 100.0 10.0 38.1 41.9 20.5 94.4 

(sample)            
Water-chemistry characteristics are based on median values of samples collected during a single vegetation season in either 
1998 or 1999 

impairment as judged from turbidity, vegetation 
and shoreline modification. 

Surface area is determined from recent air- 
survey photographs, whereas maximum depth 
and underwater slope at the shore are ordinal 
field estimates (Denys 2006). Major soil-texture 
and land-use types are assessed proportionally 
within a periphery of 50 m from soil maps and the 
most recent ‘‘biological evaluation’’ survey maps 
available (De Blust et al. 1994). 

Water-column variables are for the vegetation 
period (May–November) of a single year, either 
1998 or 1999. Water samples are taken at a depth 

of 0.5 m, or at half of the maximum depth in 
basins less than 1 m deep, close to the site of 
diatom sampling, but not within dense vegetation. 
Samples are preferably from near the outflow, if 
this is present, or from a well-mixed site, as far 
from the bank as can be reached without a boat. 
Oxygen saturation (O2%), pH and electric con- 
ductivity (EC) are determined from 5 to 6 field 
measurements. Usually, three analyses are avail- 
able for major ions, inorganic nitrogen, total 
phosphorus (TP) and soluble reactive phospho- 
rus, Kjeldahl nitrogen, dissolved inorganic carbon 
(DIC) and calculated alkalinity (ALK). Variables 



 

 

 

reflecting biochemical and metabolic status or 
phytoplankton abundance have 4–5 measure- 
ments. These include chemical oxygen demand 
(COD), biochemical oxygen demand, potential 
gross oxygen production (pGOP) and potential 
net oxygen production (all for a 24 h period), 
chlorophyll a and phaeopigments, as well as 
absorbance of organic matter at 254 nm and of 
yellow substances (gilvin) at 440 nm, before and 
after filtering (A440, A440f). Because of the 
limited number of measurements, site median 
values are preferred to averages; maxima are also 
considered for N- and P-fractions and chlorophyll 
a. Levels below detection limits are set at 50% of 
the threshold for all calculations. Denys (2006) 
provides more details on water sampling and 
analysis. 

Epiphytic diatom assemblages are sampled 
from representative substrates, with preference 
for true aquatics. Helophytes (mostly reed, 
Phragmites australis) or, if necessary, parts of 
riparian vegetation hanging in the water are 
sampled where true aquatic plants are lacking. 
Bryophytes and senescent plant parts are 
excluded from sampling. A compound sample 
is taken in the case that multiple aquatics are 
present at the sampling site. All samples are 
from permanently submerged substrates occur- 
ring at a depth of approximately 20–30 cm. Plant 
parts are fixated immediately with dilute form- 
aldehyde. From soft-leaved plants, �2 cm3 (with 
roughly equal volumetric representation of col- 
lected plant species) is processed entirely for 
diatom analysis, but epiphyton on reeds, etc., is 
scraped off with a razor before digestion. Sample 
preparation, identification and counting (exactly 
500 valves; additional taxa occurring outside the 
count are attributed 0.02%) follows Denys 
(2006). Only taxa occurring at least once with 
an abundance of 1% are considered in the 
analyses, from which the reworked or trans- 
ported marine taxon Delphineis minutissima is 
excluded. 

Data sets are characterized by the total number 
of taxa, the number of taxa per sample, the 
dominance (% abundance of the most abundant 
taxon), the number of occurrences per taxon and 
the estimated number of effective occurrences 
(N2; Hill 1973). 

Data analysis 
 
Data analysis is the same as reported in more 
detail by Denys (2006) for sediment assemblages. 
Transformations include square-root (sqrt) for 
species abundances and logarithms (base 10, 
adding a constant if necessary) or sqrt for envi- 
ronmental data. 

Variables for calibration are identified by a 
series of ordination analyses (with rare taxa 
down-weighted; CANOCO for Windows version 
4.5; ter Braak and Š milauer 2002). Compositional 
gradient length is estimated by means of 
detrended correspondence analyses (DCA, detr- 
ending by segments, rare taxa down-weighted, 
non-linear rescaling) to determine the most 
appropriate ordination method. A minimal set 
of environmental variables significantly influenc- 
ing diatom variation between sites is determined 
by canonical correspondence analysis (CCA) with 
forward selection (1,000 Monte–Carlo permuta- 
tions; P £ 0.05, Bonferroni corrected). Colinear- 
ity is avoided by inspecting correlations and 
variance inflation factors (VIFs). The variance 
in species composition explained by a forward- 
selected variable (marginal effect) is estimated by 
a constrained CCA (CCCA) and its significance 
tested using a Monte–Carlo permutation test 
(1,000 permutations). The ratio of the eigenvalues 
for the two principal axes (k1/k2) in this CCCA 
measures the relative importance of the con- 
strained variable in explaining the species data. 
Interaction with secondary gradients is examined 
by partial CCCAs with all other forward-selected 
variables as covariables. Significance of the first 
axis, representing the unique contribution of the 
variable, is again tested by permutation. The ratio 
of the principal eigenvalues (k1¢/k2¢) and the 
amount of variance explained in this analysis are 
compared with the overall CCCA to examine 
independent behaviour of the target variable. 
Finally, the species-gradient length associated 
with selected variables is determined by detrend- 
ed constrained canonical correspondence analysis 
(DCCA). 

To account for varying combinations of influ- 
ential variables along the prominent environmen- 
tal gradient affecting species composition, results 
of a minimum variance cluster analysis of the 



 

 

 

diatom data are considered (Euclidean distance; 
Statistica 6.1, StatSoft 2003). This suggests that 
the training set can be split into 137 samples from 
circumneutral to alkaline waters (pH ‡ 6.5) and 
49 samples representing more or less acid waters. 
The latter are mainly from the north-eastern part 
of the study area which is characterized by 
carbonate-poor sandy soils (Fig. 1). Because spe- 
cies composition is used to allocate the samples, 
the number of samples from non-acid waters is 
slightly smaller than in the analogous analysis of 
sediment assemblages (141 samples; Denys 2006). 
No separate inference models are developed for 
the acid–water samples because of their limited 
number. 

The response of taxa occurring at least 10 times 
in a data set to selected variables is assessed by 
fitting their distribution (sqrt-transformed abun- 
dance) to a hierarchical set of models (Huisman 
et al. 1993) using the HOF version 2.3 program 
(Poisson-approximated error structure; http:// 
www.cc.oulu.fi/~jarioksa/; Oksanen and Minchin 
2002). These include a skewed unimodal distri- 
bution (model V), a symmetric unimodal distri- 
bution (model IV), a monotonic relationship with 
a plateau (model III), a monotonic increase or 
decrease (model II) and, finally, a no-relationship 
null model (model I). 

The C2  1.3 program (Juggins 2003) for 
weighted averaging (WA), weighted averaging 
with tolerance down weighting (WAT), weighted 
averaging with partial least squares regression 
(WA-PLS) and partial least squares regression 
(PLS) is used to develop transfer functions. The 
best option is selected based on the highest r2 and 
the lowest root mean squared error of prediction 
estimated by jack-knifing (r2

jack., RMSEP), as 
well as the mean and maximum bias in the jack- 
knifed residuals. Model performance is also 
documented by the apparent r2 and root mean 
squared error (RMSE). With WA-PLS, a minimal 
improvement of RMSEP by 5% determines the 
number of components. Samples with an extreme 
v2 distance in a constrained CCA and an esti- 
mated value differing more than 1 standard 
deviation from the observed value for the recon- 
structed variable are considered outliers and 
removed. No attempt is made to discount samples 
dominated by taxa characterizing an early 

colonization stage. Finally, model improvement 
is attempted by stepwise removal of taxa with 
extreme tolerances, and deletion of all taxa 
having no significant relationship (type I re- 
sponse) to the variable according to the HOF 
analysis. This last option also potentially reduces 
the influence of confounding environmental var- 
iation (Racca et al. 2004). 

All taxa in the data sets are listed in the 
Appendix (available online as Electronic Supple- 
mentary Material) with their authorities, abun- 
dance characteristics, as well as back-transformed 
WA optima and tolerances for variables yielding 
useful calibration models. 

Correlations between environmental variables 
are Spearman rank coefficients (Statistica 6.1). 
Apparent species optima obtained from different 
training sets are compared by Wilcoxon matched 
pairs tests (Statistica 6.1). 

 
 

Results 
 
Entire data set 

 
Details on the sampled waters are given in 
Table 1. Their surface area ranges from 0.02 to 
74 ha and maximum depth from about 0.5 to 
18 m, with most waters remaining mixed contin- 
uously. While many have a partially wooded 
(including shrubs) shoreline, development of 
submerged or emergent vegetation is often poor. 
The pH ranges from 3.4 to 9.3, with a median at 
7.7, and most waters are well buffered. EC varies 
by two orders of magnitude (24–3,520 lS cm–1). 
TP, TIN and chl a concentrations are often 
considerable. Many water-chemistry variables 
show positively skewed distributions (compare 
median with average values in Table 1). 

A total of 241 taxa occurs with an abundance 
of 1% in at least one of the 186 samples, with 
Gomphonema parvulum, Achnanthidium minu- 
tissimum, Encyonema silesiaca, Amphora copula- 
ta, Navicula cryptotenella, Eolimna minima, 
Nitzschia  paleacea,  Navicula  cryptocephala, 
N. veneta, Cocconeis placentula var. euglypta, 
Amphora pediculus, Sellaphora pupula aggr. and 
Rhoicosphenia abbreviata as the 5% with highest 
N2 values (Appendix, available as Electronic 

http://www.cc.oulu.fi/%7Ejarioksa/%3B


 

 

 

Supplementary Material). The species matrix is 
very sparse (81.6% zeros). Individual samples 
have 2–109 taxa, with an average of 44 taxa. 
Dominance varies from 10 to 100% (Table 1). In 
a DCA, the two principal axes explain 11.7% of 
the variance in species composition and represent 
species-gradient lengths of 5.6 and 2.9 standard 
deviations (SD), respectively (Table 2). Conse- 
quently, CCA is chosen for further analyses. 

The forward selection procedure of CCA 
retains DIC, pH, oxygen saturation, alkalinity, 
maximum TP, pGOP, silica, COD, surface area, 
percentage heathland and the proportion of 
shoreline with woody vegetation as the most 
parsimonious set of variables explaining species 
variation. However, alkalinity is colinear with 
DIC and not retained for further analyses. With 
the 10 remaining variables, the first two CCA axes 
(k1 = 0.6, k2 = 0.23) account for 9.3 and 3.5% of 
the species variation, or 46.2 and 17.6% of the 
species-environment relation, respectively 
(Table 2, Fig. 2). Several moderate correlations 
are  noted  between  the  selected  variables 

(r � 0.60) but final VIFs are low (<4), confirming 
that all variables contribute independent infor- 
mation explaining species variation (Table 3). 

CCCAs constrained to individual water-chem- 
istry variables indicate the strongest marginal 
effect for pH (7.7%), closely followed by DIC 
(6.7%); all other variables explain less than half 
this amount of variation (Table 2). The ratio of 
eigenvalues for the constrained and principal 
unconstrained axis, k1/k2, is relatively high for 
pH (0.93) and for DIC (0.68), suggesting that 
their inference will be possible. For the remain- 
ing variables, k1/k2 is low (�0.2 or less). With the 
effects of all other significant variables par- 
tialled-out, every variable still explains a limited 
amount of species variation (1–3.8%). The 
eigenvalue ratios (k1¢/k2¢) decline to 0.50 for 
pH and to 0.31 for DIC, evidencing interactions 
with other gradients. In view of these ordination 
results, only pH and DIC are considered candi- 
dates for calibration. Gradient lengths in DCCA 
are 5.1 SD for pH and 3 SD for DIC, pointing to 
WA  or  WA-PLS  as  the  most  appropriate 

 

 
Table 2  Results of constrained CCA analyses with forward-selected variables for the complete training set and for non-acid 
sites, only 

Training 
set 

Variable 
(transformation) 

Constrained 
CCA—marginal 
effect 

Partial constrained CCA—
unique effect (forward 
selected variables as 
covariables) 

DCCA 
gradient 
length 
(SD) 

 

 k1 k1/k2 % 
Species 

F P k1¢ k1¢/k2¢ % 
Species 

F P  

  variance     variance   
All sites pH 0.500 0.93 7.7 15.3 £0.001 0.200 0.50 3.8 6.9 £0.001 5.10 

 DIC (logx) 0.430 0.68 6.7 13.3 £0.001 0.130 0.31 2.4 4.2 £0.001 3.00 
 O2% 0.070 0.09 1.1 2.0 0.005 0.070 0.18 1.4 2.5 0.002 1.60 
 TPmax.  (logx) 0.166 0.22 2.6 4.9 £0.001 0.060 0.15 1.2 2.1 £0.001 2.10 
 pGOP 0.112 0.15 1.7 3.3 £0.001 0.070 0.17 1.3 2.4 £0.001 1.50 
 (log(x+2))            
 Silica (logx) 0.128 0.18 2.0 3.7 £0.001 0.050 0.13 1.0 1.7 0.003 1.20 
 COD (logx) 0.123 0.17 1.9 3.6 £0.001 0.050 0.13 1.0 1.8 0.002 3.00 
Non-acid ALK (logx) 0.088 0.34 2.3 3.2 £0.001 0.072 0.37 2.1 2.8 £0.001 1.60 

sites Sodium (logx) 0.076 0.28 2.0 2.7 £0.001 0.046 0.24 1.4 1.8 £0.001 1.64 
 TPmax.  (logx) 0.125 0.56 3.3 4.6 £0.001 0.075 0.38 2.2 2.9 £0.001 1.84 
 TP (logx)* 0.115 0.51 3.0 4.2 £0.001 0.065 0.34 1.9 2.5 £0.001 1.71 
 TIN (logx) 0.044 0.16 1.2 1.6 0.005 0.045 0.23 1.3 1.7 £0.001 0.84 
 O2% 0.079 0.34 2.1 2.9 £0.001 0.050 0.26 1.5 1.9 £0.001 1.62 
 pGOP 0.082 0.32 2.1 3.0 £0.001 0.084 0.43 2.5 3.3 £0.001 1.29 

(log(x+2)) 
 

 

* Median TP used as an alternative to TPmax. 



 

 

 

Fig. 2 Canonical 
correspondence  analysis 
(CCA) biplot of samples 
and selected forward- 
selected environmental 
variables for the entire 
training set (non-acid sites 
represented by •, acid 
sites by · ) 

 
 
 
 
 
 
 
 
 
 

-1.0 1.0 
 

Table 3 Spearman rank correlations and variance inflation factors (VIF) for variables included in the minimal CCA model 
with the complete training set 

 

DIC pH O2% TPmax. pGOP Silica COD Surface area Heathland VIF 

DIC 1 – – – – – – – – 3.9 
1 – – – – – – – 3.4 
0.46 1 – – – – – – 1.7 
0.28 –0.28 1 – – – – – 2.0 
0.16 0.08 0.32 1 – – – – 1.4 
0.11 –0.32 0.49 0.12 1 – – – 1.7 

COD 0.29 0.09 –0.18 0.61 0.39 0.14 1 – – 1.9 
Surface area –0.17 0.24 0.38 –0.18 –0.03 –0.21 –0.19 1 – 1.3 
Heathland –0.42 –0.35 0.16 –0.28 –0.16 –0.31 –0.18 0.10 1 1.3 
Wooded shore –0.12 –0.17 –0.16 –0.07 –0.08 0.07 –0.15 0.04 –0.13 1.1 

Correlations with P £ 0.05 are in italic 
 

regression options for developing inference 
models. 

Of the 174 taxa occurring 10 times or more, 
less than 10% have relative abundance patterns 
that are unrelated (type I) to pH (e.g. Craticula 
buderi, Eunotia soleirolii, Fragilaria capucina 
var. rumpens, F. famelica, Staurosira construens, 

A fairly large proportion has a skewed unimodal 
relationship to pH, whereas a monotonic pattern 
is more frequent with DIC. 

 
Table 4 Proportion of taxa according to HOF response- 
model type for the complete training set and the non-acid 
sites (transformed variables, pH excepted) 

S. venter, Mayamaea atomus var. permitis, Nitzs- 
chia acicularis and Rhopalodia gibba) or DIC 
(e.g. Ctenophora pulchella, Eunotia soleirolii, 

All sites 
(174 taxa) 

Non-acid 
sites 
(149 taxa) 

Gomphonema parvulum, Mayamaea atomus 
var. permitis, Stauroneis kriegerii and Staurosira 
subsalina (Table 4 and Appendix, available on- 
line as Electronic Supplementary Material). Al- 
most 60% presents a symmetric unimodal 

pH DIC TPmax. TP 

I—flat 8.6 6.3 20.1 24.2 
II—monotonic 12.6 26.4 19.5 22.8 
III—monotonic, plateau 0.6 1.7 1.3 2.7 
IV—symmetric unimodal 59.2 57.5 37.6 32.9 
V—skewed unimodal 19.0 8.0 21.5 17.4 

relationship (type IV) to these variables.    

DIC 

TPmax. 

heathland 

pGOP 
 
silica 

pH oxygen 
COD op 
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Both for pH and DIC, five samples are iden- 
tified as outliers and removed to optimize the 
transfer functions. For pH, the best result is given 
by WA-PLS with two components (Table 5). The 
jack-knifed error is 0.38 pH units, or 6.4% of the 
observed range, and the r2

jack. is 0.88 when all 
taxa are included in the model. Excluding the 
limited number of taxa with no apparent rela- 
tionship to pH hardly affects RMSEP and mean 
bias, but lowers the maximum bias from 0.73 to 
0.49 units. This improvement does not appear to 
be substantial enough to promote this type of taxa 
selection. Figure 3a shows that residual values are 
similar throughout the model range. Three com- 
ponents are preferred for WA-PLS inference of 
DIC, yielding a model nearly as strong as for pH 
(r2

jack. = 0.86 and RMSEP �10% of the observed 
range). Here also, removal of taxa based on their 
general response characteristics appears unneces- 
sary. As suggested by Fig. 3b, the model may lose 
sensitivity at concentrations above 25 mg l–1, 
potentially due to the low number of data points 
in this region. 

 
Non-acid sites 

 
The pH range is less than three units for this data 
set, spanning only the circumneutral to alkaline 
part of the gradient (pH 6.5–9.3; Table 1), while 
lower values of EC, calcium and COD are 
truncated. 

Only 196 taxa are included in the species data, 
which is 19% less than for the entire data set. The 
matrix remains sparse (77.2% zero values) and, 
except for Sellaphora pupula aggr., the same taxa 
have the highest number of effective occurrences. 
Samples never include less than 13 taxa, but 
average sample diversity is not different from the 
complete data set (Table 1). 

Species-gradient lengths in DCA are 3.0 and 
2.8 SD for the main axes and therefore, unimodal 
CCA remains appropriate. The two principal 
CCA axes with forward-selected variables ac- 
count for only 4.0 and 2.6% of the species 
variation, but for 28.0 and 18.1% of the species- 
environment relation. Maximum TP, potential 
gross oxygen production, alkalinity, surface area, 
percentage of shoreline with woody vegetation, 
oxygen saturation, sodium and total inorganic Ta

bl
e 

5 
 P

er
fo

rm
an

ce
 s

ta
tis

tic
s 

fo
r 

ca
lib

ra
tio

n 
m

od
el

s 
(m

os
t 

ap
pr

op
ri

at
e 

op
tio

ns
 in

 it
al

ic
s)

 

r2 
r2 

Va
ri

ab
le

 
Tr

an
sf

or
m

ed
 

ra
ng

e 
M

et
ho

d 
Ta

xa
 

ex
cl

ud
ed

 
N

um
be

r 
of

 t
ax

a 
%

 
O

ut
lie

rs
 

R
M

S
E

 
R

M
S

E
P 

M
ea

n 
bi

as
 

ja
ck

-k
ni

fe
d 

M
ax

. 
bi

as
 

ja
ck

-k
ni

fe
d 

R
M

S
E

P 
%

 
tr

an
s. 

ra
ng

e 
M

ea
n 

bi
as

 %
 

tr
an

s. 
ra

ng
e 

M
ax

. 
bi

as
 %

 
tr

an
s. 

ra
ng

e 
ja

ck
. 

A
ll 

si
te

s 
D

IC
 

(lo
g(

10
x)

) 
pH

 

0.
90

3–
2.

79
7 

0.
90

3–
2.

79
7 

3.
4–

9.
3 

3.
4–

9.
3 

1.
54

4–
3.

81
0 

1.
54

4–
3.

81
0 

1.
54

4–
3.

46
1 

W
A

P
LS

-3
 

W
A

PL
S-

3 
W

A
P

LS
-2

 
W

A
PL

S-
2 

W
A

PL
S-

2 
W

A
P

LS
-2

 
W

A
PL

S-
2 

N
on

e 
Ty

pe
 I 

N
on

e 
Ty

pe
 I 

N
on

e 
Ty

pe
 I

 
Ty

pe
 I 

24
1 

23
0 

24
1 

22
5 

22
4 

19
4 

19
4 

2.
7 

2.
7 

2.
7 

2.
7 

1.
5 

1.
5 

1.
5 

0.
93

 
0.

94
 

0.
93

 
0.

93
 

0.
81

 
0.

81
 

0.
82

 0.
13

2 
0.

13
0 

0.
29

0 
0.

29
0 

0.
23

4 
0.

23
0 

0.
19

8 

0.
86

 
0.

86
 

0.
88

 
0.

88
 

0.
62

 
0.

64
 

0.
66

 

0.
19

4 
0.

19
2 

0.
37

6 
0.

37
0 

0.
33

0 
0.

31
8 

0.
27

8 

0.
00

1 
0.

00
0 

–0
.0

17
 

–0
.0

16
 

0.
02

8 
0.

03
1 

0.
02

9 

0.
17

7 
0.

14
7 

0.
73

4 
0.

49
0 

0.
69

4 
0.

70
1 

0.
71

8 

10
.2

 
10

.1
 

6.
4 

6.
3 

14
.6

 
14

.0
 

12
.3

 

0.
1 

0.
0 

–0
.3

 
–0

.3
 

1.
2 

1.
4 1.
3 

9.
3 

7.
8 

12
.4

 
8.

3 
30

.6
 

30
.9

 
31

.7
 

N
on

-a
ci

d 
si

te
s 

TP
m

ax
. 

(lo
gx

) 
TP

 (l
og

x)
 



 

 

r2 r2 

r r 

 
 
 
 
 
 
 
 

(a) 
 

pH (x10) 
96 

WA-PLS 2 
88 jack. = 0.88 

RMSEP = 3.76 
80       N = 181 

241 taxa 
72 

 

64 
 

56 
 

48 
 
40 

 

32 
32      40      48      56      64      72      80      88      96 

estimated 

 
 
 
 

12.5 
 

10.0 
 

7.5 
 

5.0 
 

2.5 
 

0.0 
 

-2.5 
 

-5.0 
 

-7.5 
 

-10.0 
 

-12.5 

 
pH (x10) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
40    45    50    55    60    65    70    75    80    85    90 

estimated 

 
(b) 

 
 
 
 
3.0 

 
 
 
 
 

2.0 
 
 
 
 
 

1.0 
 
 
 
 
 

0.0 

 
DIC (log(10x); mg/l) 

 
WA-PLS 3 

jack. = 0.86 
RMSEP = 0.194 
N = 181 
241 taxa 

 
 
 
 
 
 
 
 
 
 
 

0.0 1.0 2.0 3.0 
estimated 

 
 
 
 

0.5 
 

0.4 
 

0.3 
 

0.2 
 

0.1 
 

0.0 
 

-0.1 
 

-0.2 
 

-0.3 
 

-0.4 
 

-0.5 

 
DIC (log(10x); mg/l) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0.0 1.0 2.0 3.0 
estimated 

 

(c) 
 
 
 
4.0 

 
TPmax. (logx; µg/l) 

 
WA-PLS 3 

 
 
 

0.8 

 
TPmax. (logx; µg/l) (d) 

 
 
 
4.0 

 
TP (logx; µg/l) 

 
WA-PLS 2 

 
 
 

0.60 

 
TP (logx; µg/l) 

2 
jack. = 0.64 0.6 2 

jack. = 0.66 0.45 

 
 

3.0 
 
 
 
 
 

2.0 

RMSEP = 0.318 
N = 135 
194 taxa 

 
0.4 

 
0.2 

 

0.0 
 

-0.2 
 

-0.4 
 

-0.6 

 
 

3.0 
 
 
 
 
 

2.0 

RMSEP = 0.278 
N = 135 
194 taxa 

0.30 
 

0.15 
 

0.00 
 

-0.15 
 

-0.30 
 

-0.45 
 

-0.60 
 

-0.75 
 

1.0 
 
 

1.0 2.0 3.0 4.0 
estimated 

 
-0.8 

 
 

1.0 2.0 3.0 4.0 
estimated 

 
1.0 

 
 

1.0 2.0 3.0 4.0 
estimated 

 
-0.90 

 
 

1.0 2.0 3.0 4.0 
estimated 

 
Fig. 3 Scatter plots of observed values and residuals vs. jack-knifed estimates for calibration models based on the entire data set for (a) pH (type I taxa included), 
(b) DIC (type I taxa included), and on the non-acid sites for (c) maximum TP (type I taxa excluded) and (d) median TP (type I taxa excluded). Thick trend lines 
are LOWESS smooth fits (stiffness 0.4) 
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alkalinity  
 
 
 
 
 

pGOP 

 
 
 
 
 
 
 
 
 
 
 
 

TPmax. 

reduced by only �30% in comparison to the 
analysis including interactions with other vari- 
ables, suggesting that the TPmax. signal is rela- 
tively robust. Moreover, almost 60% of the 149 
taxa with at least 10 occurrences has a unimodal 
relationship (HOF types IV and V) to TPmax., 
whereas only �20% shows a monotonic decrease 
or increase. Only 1 in 5 taxa does not respond to 
this variable according to the HOF analysis 
(Table 4). These include several common taxa 
that may be quite abundant in the epiphytic 
community, e.g. Achnanthidium eutrophilum, 
Amphora pediculus, Cocconeis placentula var. 

trees & shrubs  eigenvalue = 0.154 placentula, Gomphonema acuminatum, G. exiliss- 
-0.8 1.0 

 
Fig. 4 Canonical correspondence analysis (CCA) biplot of 
samples and selected forward-selected environmental 
variables for the non-acid sites 

 
 
 

nitrogen, in order of explained variation, are 
identified as the most important variables, all 
having very low VIFs (Fig. 4, Table 6). The 
strongest correlation (r = 0.48) is noted for TPmax. 

and ALK (Table 6). 
Although the marginal effect of all forward- 

selected water-chemistry variables is rather sim- 
ilar (ranging from 3.3% for TPmax. to 1.2% for 
TIN) and all are highly significant in the CCCAs, 
k1/k2 only exceeds 0.5 for TPmax. (Table 2), 
making this the best candidate for modelling. 
Although its unique effect is slightly smaller than 
that of pGOP, the associated DCCA species- 
gradient length for TPmax. (1.84 SD) is larger 
(Table 2). The ratio of the principal eigenvalues 
in the partial analysis constrained to TPmax. is 

imum, G. gracile, Fragilaria capucina var. vau- 
cheriae, Nitzschia dissipata, N. fonticola, 
Rhoicosphenia abbreviata, Staurosira brevistriata 
and S. venter. 

The best inference model for TPmax. is 
obtained by WA-PLS with two components 
(Table 5). Calibration statistics are fairly similar 
when all taxa are considered or when the 30 taxa 
with a type I HOF relationship to the response 
variable are excluded. The jack-knifed r2 is 2% 
higher for the latter (0.64) and RMSEP slightly 
lower (0.318 log10 lg TP l–1), supporting a slight 
preference for the model with less taxa. Plots of 
observed values and residuals against estimates 
point to a generally uniform response along the 
gradient (Fig. 3c). Median TP is colinear with 
the maximum concentration (r = 0.94, P < 0.001) 
and, consequently not retained in the CCA 
variable-selection procedure. However, it may 
be a more attractive measure for water manag- 
ers as it is less prone to peak values, while 
constrained ordination analyses indicate that its 

 
Table 6 Spearman rank correlations and variance inflation factors (VIF) for water-chemistry variables included in the 
minimal CCA model with the non-acid waters training set 

 
 

ALK Sodium TPmax. TIN O2% pGOP Surface area VIF 
 

ALK 1 – – – – – – 1.6 
Sodium 0.30 1 – – – – – 1.5 
TPmax. 0.48 0.28 1 – – – – 1.7 
TIN 0.14 0.15 0.10 1 – – – 1.0 
O2% –0.22 –0.03 –0.38 –0.10 1 – – 1.3 
pGOP 0.14 0.12 0.20 0.06 0.12 1 – 1.1 
Surface area –0.38 0.13 –0.28 0.02 0.35 –0.03 1 1.3 
Wooded shore –0.18 –0.24 0.00 0.07 –0.13 –0.10 0.05 1.1 

Correlations with P £ 0.05 are in italic 
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explanatory power is not much lower than that 
of TPmax. (Table 2). With exactly the same data 
options, an alternative model using two WA- 
PLS components is obtained for median TP with 
an r2

jack. of 0.66 and an RMSEP which are 
slightly lower than those obtained for the TPmax. 

model (Table 5). Here, some particularly nega- 
tive residuals are noted in the range from 2,000 
to 3,000 lg l–1 (Fig. 3d). Inspection of the spe- 
cies composition and chemical characteristics of 
these sites reveals only their extremely high TP 
as a distinctive feature. Exclusion of the 11 
water bodies with a maximum depth of at least 
6 m does not improve precision of the TP 
models, nor does the use of untransformed 
species data. 

 
Comparison and combination of estimates 
from sediment assemblages and epiphyton 

 
Figure 5 compares the inferred values obtained 
by the most effective pH and DIC models 
obtained from littoral sediment assemblages 
(Denys 2006) and epiphytes for the complete 
data set. Inferred values are strongly correlated in 
both cases (pH: r = 0.97, DIC: r = 0.95, both 
P < 0.001). The largest pH discrepancies occur in 
acid conditions, and conversely to the epiphyte 
model, sediment assemblages hardly trace any pH 
variation at values > 7.5. Inferences for (log- 

transformed) DIC are also most variable at lower 
values, whereas the epiphyte model tends towards 
some underestimation relative to the sediment- 
based model in the lowermost part of this 
gradient. 

The usefulness of inferring pH and DIC 
simultaneously from sediment assemblages and 
epiphyton is assessed by regressing observed 
values to the median, minimum and maximum 
estimate obtained by both models (Table 7; 
Fig. 6). This indicates that combined estimation 
can slightly improve the pH approximation, 
whereas precision also increases marginally over 
the sediment-based estimate for DIC 
(RMSEP—6.5%). However, in spite of its better 
overall accuracy, the median pH inherits the 
insensitivity of the sediment-derived model at 
high values (Fig. 6a). Therefore, the epiphyte 
model remains more appropriate at pH > 7.5. 

 
Apparent species response in sediment 
and epiphyton assemblages 

 
To compare the apparent response of taxa in 
sediment and epiphyton assemblages to measured 
environmental conditions, only the variables 
yielding transfer functions pertaining most di- 
rectly to base or trophic status are considered, i.e. 
pH and DIC (entire training set; both sediment 
and epiphyton), TPmax. (non-acid sites; epiphy- 
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Fig. 5 Scatter plots of jack-knifed estimates for (a) pH 
based on epiphyton (WA-PLS 2; type I taxa included) and 
littoral sediment assemblages (WAinv.; type I taxa 
included), (b) DIC based on epiphyton (WA-PLS 3; type 
I taxa included) and littoral sediment assemblages (WA- 

PLS 2.; type I taxa included). Thick solid trend lines are 
LOWESS smooth fits (stiffness 0.4); thick dashed lines are 
linear regressions with thin dashed lines indicating 95% 
confidence limits; thin solid lines represent 1:1 correspon- 
dence 

Y = 0.13 + 0.93X 
r2 = 0.90  
N = 180  



 

 

 

Table 7 Error statistics for individual transfer functions 
and combined estimates 

 
 

pH (N = 181) DIC (N = 180) 
 

 r2 
jack. RMSEP  r2 RMSEP 

jack. 

Sediment only* 0.85 0.43  0.88 0.183 
Epiphyton only 0.88 0.38  0.86 0.194 
Median of both 0.90 0.35  0.89 0.171 
Minimum of both 0.90 0.36  0.88 0.186 
Maximum of both 0.89 0.38  0.89 0.186 

 
 

* Most appropriate models for littoral sediment assem- 
blages according to Denys 2006; pH: WAinv. with type I 
taxa included, DIC: WA-PLS 2 with type I taxa included 

 
 

ton) and pGOP (non-acid sites; sediment assem- 
blages) (see also Denys 2006). 

Of the 156 taxa assessed by means of HOF 
analysis that the epiphyton and sediment assem- 
blages have in common, only 3 (1.9%; Aulacose- 
ira ambigua, Rhopalodia gibba and Staurosira 
venter) are unrelated to pH and DIC. Another 
1.9% of the taxa displays a significant relationship 
to pH in the epiphyton but not in the sediment 
assemblages, whereas 7.0% appears to be insen- 
sitive to this variable in the epiphyton but not in 
the sediment. The proportion of taxa unrelated to 
DIC in one of the assemblage types is more 
similar (4.5% in sediment but not in epiphyton, 
versus 3.2% in epiphyton but not in sediment). 
Sediment and epiphyton of non-acid sites have 

only 9 out of 134 taxa (6.7%) in common with a 
type I response to TPmax. and 15 (11.2%) for 
pGOP. The proportion of taxa showing no 
response to TPmax. or to pGOP is markedly larger 
for sediments than for epiphyton (29.1 and 32.8% 
vs. 9.0 and 11.9%, respectively). 

Apparent species optima estimated by WA 
from epiphyton and sediment assemblages are 
compared in Fig. 7. Overall, optima do not differ 
significantly for pH and DIC (P > 0.05, Wilcoxon 
matched pairs test). However, a pattern emerges 
in the range of deviation between the estimated 
values. For taxa with pH optima above 6.8, the 
difference is usually small, not exceeding about 
0.5 units, whereas obvious disparities are more 
common in the more acid part of the gradient (up 
to 0.7 pH units, e.g. for Pinnularia subcapitata 
and Tabellaria quadriseptata; Fig. 7a). The re- 
verse is observed for DIC, where optima are more 
similar at low concentrations and deviations 
become larger above 8 mg l–1 (Fig. 7b). Differ- 
ences between optima for maximum TP and 
pGOP, derived from the non-acid sites only, are 
significant (P = 0.006 and P < 0.001, respec- 
tively). Although a tendency may be noted for 
higher TPmax. and pGOP optima in the epiphyton, 
this is not a general rule and some marked 
discrepancies occur in the opposite direction as 
well, e.g. for Asterionella formosa and TPmax. 

or Nitzschia acicularis and pGOP (Fig. 7c, d). 
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Fig. 6 Linear regression of (a) median pH and (b) median 
DIC, estimated as the median value of inferences based on 
the littoral sediment and the epiphyton assemblage at each 
site (models as in Fig. 5) against observed values. Thick 

solid lines are LOWESS smooth fits, stiffness 0.4; thick 
dashed lines are linear regressions with thin dashed lines 
indicating 95% confidence bands; thin solid lines represent 
1:1  correspondence 

Y = -0.15 + 1.01X 
r2 = 0.90 
RMSEP = 0.35 
N = 181 
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Navicula antonii, N. seminulum, Nitzschia frustu- 
lum, N. supralitorea, Planothidium frequentissi- 
mum, P. lanceolatum) and pGOP (28%; 
Amphora pediculus, Cyclostephanos dubius, Cy- 
clotella meneghiniana, Navicula antonii, Nitzschia 
amphibia, N. paleacea, N. supralitorea). Most 
often, these common taxa have higher optima 
when they are found in the epiphyton, but there 
appears to be no clear relation with their principal 
source community or motility, as they include 
sessile epiphytes, motile epipelic species, as well 
as planktonic forms. 

 
 

Discussion 
 
Epiphytic diatom assemblages from standing 
waters in lower Belgium yield useful transfer 
functions for estimating median pH and DIC and 
maximum (alternatively median) TP, thereby 
enhancing opportunities for obtaining informa- 
tion on the former base and nutrient status of 
surface waters in the absence of sedimentary 
diatom material. 

The number of useful transfer functions is 
lower for epiphyton than for sediment assem- 
blages (2 vs. 3 with the entire training set, 1 
against 6 for the non-acid sites). As shown by the 
ordination analyses, certain variables that are 
important to the distribution of sediment-associ- 
ated diatoms, e.g. organic matter and certain 
cations (Denys 2006), are less influential for 
epiphytes. Possibly, this is because their effective 
gradients are less strong in the epiphytic micro- 
habitat. As indicated by the results of Philibert 
and Prairie (2002), the lower number of possible 
models is most likely also related to the lower 
complexity of the species matrix, restraining the 
information content on subordinate environmen- 
tal gradients. Compared to sediment assemblages, 
the total number of taxa in the epiphyton (–35.6 
and –43.6% for all sites and non-acid sites, 
respectively), as well as the number of taxa per 
sample (all sites 44 ± 19 vs. 79 ± 27, non-acid 
sites 50 ± 15 vs. 87 ± 22; P < 0.001) are lower, 
whereas dominance values are higher (all sites 
45.9 ± 21.8  vs.  31.2 ± 18.9,  non-acid  sites 
41.9 ± 20.5 vs. 27.6 ± 15.1; P < 0.001). For vari- 
ables to which even a large proportion of all taxa 

occurring in the sediment assemblages appears to 
be unresponsive (e.g. silica, pGOP and COD; 
Denys 2006), the lower diversity of epiphyton 
may be a constraint. Additionally, the lower 
representation of planktonic taxa in epiphyton is 
likely to limit the reflection of phytoplankton 
productivity. 

Although lower eigenvalue ratios are obtained 
in CCAs constrained to pH or DIC with the 
complete epiphyte training set than with littoral 
sediment samples, and marginal as well as unique 
effects are smaller, cross-validated statistics for 
inference models using epiphytes are marginally 
better for pH and nearly as good for DIC 
compared to those of models based on sediment 
assemblages (Denys 2006). Overall, the signal 
from both assemblage types is quite similar, which 
seems remarkable as metabolic processes can 
change pH and DIC concentrations within 
periphyton layers considerably from those in the 
surrounding water (Jones et al. 1996; Dodds 
2003). However, slightly more outlier samples 
are encountered with epiphytes (2.7% against 
1.1% with sediment assemblages) and there also 
appear to be minor differences in the sensitivity 
of the models along these predominant gradients. 
The plateau in estimated median pH values 
occurring with sediment diatoms at pH > 7.5 is 
almost absent with epiphytes, while DIC estima- 
tion is slightly less precise for epiphyton at very 
low concentrations (Denys 2006). Similar to the 
joint application of transfer functions using dif- 
ferent algorithms (Racca et al. 2001), pH infer- 
ences in the region below pH 7.5 may be 
improved further by combining estimates from 
epiphyton and sedimentary diatom assemblages 
to a median value if the opportunity exists to 
sample both, as is often the case with herbarium 
specimens. However, epiphytes alone allow the 
best approximation at higher pH. For DIC, the 
gain of such an approach will be rather limited 
compared to the estimation from sedimentary 
diatoms only. 

The epiphyte-based models for maximum or, 
alternatively, median TP of non-acid sites have a 
cross-validated r2 of �0.65 and RMSEPs corre- 
sponding to about 14% of the gradient. This 
makes their performance as good as, or better 
than, many other published TP models using 



 

 

 

mid-lake sediment diatoms (e.g. Kö ster et al. 
2004; Reid 2005; overview by Werner and Smol 
2005), river diatoms on Cladophora (O’Connel 
et al. 1997) or multiple algal groups in littoral 
lake periphyton (King et al. 2000; DeNicola et al. 
2004). This also holds when only apparent statis- 
tics are considered (see Anderson 1997; King 
et al. 2000). Most of these models cover a much 
narrower TP range than that sampled in Flanders. 
Bennion et al. (2001) were able to obtain a 
substantially higher accuracy (r2

jack. = 0.82, rela- 
tive RMSEP 8.8%) using mid-lake sediment 
assemblages from 152 northwest European lakes 
with annual mean TP between 5 and 1,190 lg l–1 

(Bennion et al. 1996). Whilst containing predom- 
inantly shallow lakes as well, higher accuracy of 
this model may be related to its focus on 
somewhat lower TP concentrations (median TP 
value = 108 lg l–1) compared to the Belgian data 
set (median TP = 190 lg l–1), on average more 
frequent nutrient assays, and inclusion of data 
from studies where sites were strategically 
selected to cover regional TP gradients. With a 
jack-knifed RMSEP corresponding to 12.6% of 
the gradient, the model of Schö nfelder et al. 
(2002) based on different assemblages from lakes, 
flushed lakes and rivers from northeastern 
Germany ranging in annual average TP from 9 
to 1,687 lg l–1 also appears to allow a slightly 
better estimation. It is suspected that measure- 
ment of the TP concentration with a substantially 
lower detection limit than achieved in the present 
study would also result in a more effective 
transfer function in Flanders. Notably, the rela- 
tionship of epiphytic assemblages to TP remains 
similar throughout the gradient and does not 
slacken conspicuously in any part, although there 
may be an exception at extremely high values if 
median concentrations are considered. Although 
macrophytes can supply nutrients to the epiphy- 
ton (Allen 1971; Carignan and Kalff 1982; 
Burkholder 1996) and the results of Kahlert and 
Petterson (2002) suggest that the importance of 
such sources does not decrease in more nutrient- 
rich waters, this does not appear to be a major 
impediment for epiphytic diatoms to track 
relative changes in TP concentration in Belgian 
standing waters. Even though rather few taxa 
have  distinct  optima  at  extremely  high  TP 

concentrations, the transfer model does not 
appear to suffer from insufficient species turnover 
(Anderson and Odgaard 1994) in this region. 

Epiphytic assemblages from the non-acid sites 
are more strongly related to TP concentration 
than littoral sediment assemblages. For the latter, 
TP is not among the most influential variables and 
calibration was not performed (Denys 2006). 
Variables covarying with TP, such as pGOP, 
COD, and also cations, are more influential and 
probably account for much of the species varia- 
tion in sediment assemblages along the TP 
gradient. The stronger link of epiphytes to TP 
may be explained by a less representative assess- 
ment of nutrient conditions at the sediment–water 
interface by water-column sampling (Hansson 
1989; Wetzel 1996), better signal quality by the 
coincidence of TP measurements with the period 
of epiphyton development (DeNicola et al. 2004) 
and/or broader nutrient tolerances of sediment- 
dwelling diatoms. For instance, a poor relation- 
ship to TP is often reported for a group of small 
benthic taxa formerly placed within Fragilaria 
and attributed to Staurosira in this paper (e.g. 
Bennion 1995; Bennion et al. 2001; Sayer 2001; 
Reid 2005). Staurosira brevistriata, S. elliptica and 
S. venter are the only species from this group that 
occur more frequently in the epiphyton and are 
unrelated to TPmax. While S. elliptica has a very 
similar representation in sediment and epiphyton 
samples of the non-acid sites (N2 = 5.9 and 5.6, 
respectively), S. brevistriata and S. venter are 
considerably less abundant in the epiphyton 
(N2 = 7.4 and 8.9, against 32.1 and 49.2 in 
sediments, respectively). Additionally, the shorter 
accumulation period of epiphyton allows a more 
rapid response to abrupt annual changes in 
nutrient levels, for instance, associated to weather 
conditions or the transition phase between a more 
stable clear or turbid water state (Scheffer et al. 
1993). 

Because the highest TP values in the sampled 
waters often occur during the summer, the 
forward selection of maximum and not median 
TP values in CCA may suggest a closer link 
between epiphyton composition and TP concen- 
tration immediately preceding diatom sampling. 
Alternatively, maximum TP may simply discrim- 
inate more effectively between water bodies, 



 

 

 

comparable to spring TP in stratifying lakes. Yet, 
the slightly better overall performance of the 
inference model for median TP shows that its 
calibration is a valid option, in particular as 
nutrient-sampling frequency is suboptimal for this 
data set (Gibson et al. 1996; Bradshaw et al. 
2002). Variability of TP concentration is espe- 
cially high in more eutrophic shallow waters, 
compromising accurate assessment of TPmax. from 
a few measurements (Bennion and Smith 2000). 
This results in a more noisy relation to diatom 
species composition and lower model accuracy. 

The HOF analyses presented by Denys (2006) 
and in this study demonstrate that many diatom 
taxa can display a significant relationship to a 
variable or not depending on the habitat they are 
sampled from. This already points out that habitat 
provenance needs to be accounted for in envi- 
ronmental inferences. Proportionally more taxa 
respond to TPmax. and pGOP in the epiphyton 
than in sediment assemblages. Differences are 
also observed in the apparent WA optima of taxa 
determined from epiphyton and sediment assem- 
blages of the same water bodies. Distribution 
patterns of diatom taxa along a common gradient 
may differ with habitat type for a variety of 
reasons, including physical–chemical environ- 
ment, biotic interactions, productivity, species 
recruitment, species traits and taphonomic pro- 
cesses, such as sediment mixing and differential 
valve preservation (see in the context of paleo- 
environmental reconstruction, e.g. Jones and 
Flower 1986; Flower 1993; Anderson 1994; Cam- 
eron 1995; Cameron et al. 1999; Siver 1999; 
Bradshaw et al. 2002; Philibert and Prairie 
2002). The effect of habitat on the position and 
resolution of optima appears to be taxon-specific, 
but is less important for the predominant vari- 
ables, pH and DIC, than for TPmax. or pGOP, 
representing more secondary gradients. Species 
optima for pH are fairly independent of habitat in 
well-buffered conditions, but this is less so at 
lower pH. The reverse is observed for DIC. This 
suggests that differences between (ambient) 
microhabitat and water-column pH or DIC due 
to biological and chemical processes are involved 
in the positioning of apparent optima. However, 
only certain species are affected and in a dissim- 
ilar way, which could be due to physiological 

characteristics in relation to pH and DIC or 
associated conditions. More prominent and con- 
sequent differences in species optima emerge for 
total phosphorus. Especially at elevated TP con- 
centrations, these tend to be higher in the 
epiphyton relative to the sediment, which may 
be explained by higher ambient TP concentra- 
tions at the sediment–water interface relative to 
the water column and/or more intense interspe- 
cific interactions in the denser biofilms developing 
at higher nutrient levels (Van Der Grinten et al. 
2004). Indirect effects of eutrophication may also 
play a role. In particular, this could be the case for 
increased turbidity, which would affect epiphytes 
growing at shallower water depth less severely 
than bottom-dwelling diatoms. The very similar 
observations for pGOP optima support such a 
connection to light conditions. Whatever the 
reason for these differences, they point out that 
one should remain cautious with estimating spe- 
cies characteristics or abundances from a combi- 
nation of samples representing different littoral 
habitats within a water body, and this in particular 
with regard to variables related to trophic status. 
In spite of internal consistency, inference models 
derived from such data may be misleading if 
applied to assemblages that are not of a similar 
composite nature. 

The relation between model performance and 
heterogeneity in epiphyton composition due to 
host-plant specificity (e.g. Mols 1976; Eminson 
and Moss 1980; Pip and Robinson 1984; Jones 
et al. 2000) is beyond the scope of the present 
paper and comparisons are limited to the general 
habitat level. As discussed by Potapova and 
Charles (2005), substrate-related differences in 
the structure of algal assemblages are usually 
reported from small-scale studies (often within 
single water bodies). In regional studies, such as 
the present one, this variation is masked by 
patterns ensuing from stronger environmental 
gradients that are structured at larger spatial 
scales, e.g. in water chemistry. At present, the 
more subtle differences between epiphytic diatom 
communities that may follow from host-plant 
specificity must be coped with by the extent of the 
training set and the error statistics for transfer 
functions reported here encompass this potential 
source of variation. It remains to be determined 



 

 

 

whether models designed for single, or groups of 
morphologically similar, macrophyte species will 
be more accurate. However, these may be labo- 
rious to develop and their field of application 
limited, considering that herbarium materials 
include a wide range of different species, while 
most macrophytic plants also present restricted 
distributions along hydrochemical gradients. The 
calibration models developed in this paper are for 
summer samples only. Especially in spring, 
marked seasonal changes in diatom-epiphyton 
composition are possible (Hofmann 1994) that 
may compromise their application. For studies 
using herbarium specimens this is usually less of a 
problem, as most are collected in summer. It 
should not be forgotten, however, that inferences 
from epiphytes may also be subject to spatial 
variation within a basin and, if possible, analysis 
of multiple contemporaneous samples is advised 
to improve their reliability. 

 
 

Conclusions 
 
Although less diverse than sedimentary diatom 
assemblages, epiphytic diatom assemblages can 
provide robust environmental inferences using 
calibration methods. The present study develops 
epiphyton-based transfer functions for median 
pH, median DIC and maximum (alternatively 
medium) TP and demonstrates that these match 
the accuracy of transfer functions based on either 
mid-lake or littoral sediment assemblages. This 
substantially enlarges the scope for using herbar- 
ium materials as an information source on former 
freshwater conditions in the study area and 
comparable neighbouring regions. Also, it pro- 
vides a reliable basis for interpreting composi- 
tional changes observed in epiphyton in the course 
of monitoring. As with sediment assemblages, a 
posteriori reduction of the predominating pH 
gradient proves successful to expand calibration 
possibilities. Exclusion of non-responsive taxa 
hardly influences model accuracy. The analysis 
of epiphyton and sediment assemblages from the 
same or simultaneously collected herbarium spec- 
imens can slightly improve the estimation of pH or 
DIC. More importantly, however, the combined 
use of epiphyton and sediment assemblages allows 

for the joint assessment of phytoplankton produc- 
tivity, TP, the availability of organic matter for 
heterotrophic pathways, as well as inorganic 
carbon and conservative ions for non-acid sites. 
These are important preconditions for the ecolog- 
ical status and biodiversity of lakes and ponds. 
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Poulı́čová A, Duchoslav M, Dokulil M (2004) Littoral 
diatom assemblages as bioindicators of lake trophic 
status: a case study from perialpine lakes in Austria. 
Eur J Phycol 39:143–152 

Racca JMJ, Philibert A, Racca R, Prairie YT (2001) A 
comparison between diatom-based pH inference 
models using artificial neural networks (ANN), 
weighted averaging (WA) and weighted averaging 
partial least squares (WA-PLS) regressions. J Paleo- 
limnol 26:411–422 

Racca JMJ, Gregory-Eaves I, Pienitz R, Yves T, Prairie 
YT (2004) Tailoring palaeolimnological diatom-based 
transfer functions. Can J Fish Aquat Sci 61:2440–2454 

Reid M (2005) Diatom-based models for reconstructing 
past water quality and productivity in New Zealand 
lakes. J Paleolimnol 33:13–38 

Sayer CD (2001) Problems with the application of diatom- 
total phosphorus transfer functions: examples from a 
shallow lake. Freshw Biol 46:743–775 

Sayer CD, Roberts N, Sadler J, David C, Wade PM (1999) 
Biodiversity changes in a shallow lake ecosystem: 

a multi-proxy palaeolimnological analysis. J Biogeogr 
26:97–114 

Schaumburg J, Schranz C, Hofmann G, Stelzer D, 
Schneider S, Schmedtje U (2004) Macrophytes and 
phytobenthos as indicators of ecological status in 
German lakes – a contribution to the implementation 
of the water framework directive. Limnologica 
34:302–314 

Scheffer M, Hosper SH, Meijer ML, Moss B, Jeppesen E 
(1993) Alternative equilibria in shallow lakes. Trends 
Ecol Evol 8:275–279 
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Anwendung fü r die palä olimnologische Analyse von 
Auensedimenten der unteren Havel. Dissert Bot 
283:1–148 
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