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Abstract

Experiments in microcosms and mesocosms, which can be carried out in an advanced tier of risk assessment,
usually result in large data sets on the dynamics of biological communities of treated and control cosms. Multi-
variate techniques are an accepted tool to evaluate the community treatment effects resulting from these complex
experiments. In this paper two methods of multivariate analysis are discussed on their merits: 1) the canonical
ordination technique Principal Response Curves (PRC) and 2) the similarity indices of Bray-Curtis and Stander.
For this, the data sets of a microcosm experiment were used to simultaneously study the impact of nutrient loading
and insecticide application.

Both similarity indices display, in a single graph, the total effect size against time and do not allow a direct
interpretation down to the taxon level. In the PRC method, the principal components of the treatment effects
are plotted against time. Since the species of the example data sets, react in qualitatively different ways to the
treatments, more than one PRC is needed for a proper description of the treatment effects. The first PRC of one
of the data sets describes the effects due to the chlorpyrifos addition, the second one the effects as a result of the
nutrient loading. The resulting principal response curves jointly summarize the essential features of the response
curves of the individual taxa. This paper goes beyond the first PRC to visualize the effects of chemicals at the
community level. In both multivariate analysis methods the statistical significance of the effects can be assessed by
Monte Carlo permutation testing.

Introduction

Microcosm and mesocosm experiments may be car-
ried out at higher tiers in the risk assessment procedure
of pesticides. Normally, these experiments result in
large data sets comprising information on temporal
changes in the structure and functioning of control
and treated experimental ecosystems. Of these large
data sets, however, only the information on a limited
number of taxa (usually the abundant ones) can be
properly analyzed with standard univariate statistical
methods. Describing the effects of chemical stress at
the community level requires techniques that also take
the information of less abundant taxa into account.

The first aim of this paper is to compare the re-
sults of two different multivariate techniques. For this
purpose, we re-analyze the data from an experiment
the published results of which were based solely on
univariate analyses (Van Donk et al., 1995; Brock et
al., 1995; Cuppen et al., 1995). The first multivariate
technique used is a relatively simple method, based on
an appropriately chosen similarity index, whereas the
second, relatively complex method, called the Prin-
cipal Response Curves (PRC) method, is based on
ordination. The PRC method was specially designed
by Van den Brink & Ter Braak (in press) for the
analysis of data from mesocosms experiments. The
multivariate methods are compared and their advan-
tages and disadvantages discussed. The second aim
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Figure 1. Set-up nutrient-chlorpyrifos experiment. Apart from 4
control microcosms (CON), there were 4 microcosms that received
the multiple dosages of nutrients, as indicated (NUT), and 4 mi-
crocosms that received both the multiple nutrients dosages and the
single chlorpyrifos addition at week 9 (CPF-NUT). Small and very
small arrows refer to large and small nutrient dosages, the large
arrow to the chlorpyrifos addition.

is to show the merits of an additional multivariate
analysis over an exclusively univariate one.

Example data set

Experimental set-up

The example data sets resulted from an experiment in
microcosms, simulating the community of drainage
ditches, using the insecticide chlorpyrifos and nu-
trients as stressors. The experiment is outlined in
Figure 1. Four microcosms were chosen as controls
(CON) and 4 microcosms as NUT, which were treated
with two high dosages of nutrients (0.15 mg P l−1

and 0.9 mg N l−1 in week 0 and 9) and several
lower ones (0.025 mg P l−1 and 0.15 mg N l−1). The
remaining 4 microcosms received the same nutrient
treatment but also a relatively high dose (35µg/l−1)
of the insecticide chlorpyrifos in week 9 (CPF-NUT).
Hence, before week 9 the NUT treatment consisted of
8 replicates (Figure 1). After the chlorpyrifos addition
in week 9, both the NUT and CPF-NUT treatments
consisted of four replicates.

A microcosm consisted of a glass aquarium (L:
W: H; 1.1: 1.1: 1 m) with a natural sediment layer
of 10 cm and a water layer of 60 cm. During the
preparatory phase of the microcosm experiment, the
macrophyteElodea nuttallii, and indigenous inverte-
brate and algal species were introduced. Zooplankton,
macro-invertebrates and phytoplankton were sampled

biweekly, identified and counted, and recalculated to
numbers per substratum or litre, in the period from 4
weeks before the first nutrient addition to 22 weeks
hereafter. The zooplankton and macro-invertebrate
data sets were combined into one invertebrate data set
(for details see Van den Brink et al., 1996). A total of
120 invertebrate and 26 phytoplankton taxa were iden-
tified. Before using PRC analysis and the permutation
tests using the F-type criterion, the invertebrate and
phytoplankton data sets were Ln(x+1) and Ln(2x+1)
transformed, respectively (for rationale see Van den
Brink et al., 1995). The experiment and the example
data sets are described and discussed in detail in Van
Donk et al. (1995), Cuppen et al. (1995) and Brock et
al. (1995).

Summary of effects found by univariate analysis

The columns labelled ‘references’ in Table 1 summa-
rize the effects as recorded in Cuppen et al. (1995).
Briefly, as a direct effect of the nutrient additions
an increase in the biomass of the macrophytes and
in the chlorophyll-a of the planktonic and periphytic
algae was found. This increase in food availability re-
sulted in an increase in the abundance of herbivores
(Cladocera and Copepoda) and detritivores (Isopoda)
and finally in an increase in abundance of the car-
nivores (Plea minutissima). As a direct effect of
chlorpyrifos, the crustaceans (Amphipoda, Isopoda,
Cladocera and Copepoda) and Insecta, decreased in
abundance. The decrease in grazing pressure led to
an increase in the chlorophyll-a content of planktonic
and periphytic algae. This increase in food levels fi-
nally brought on an increase in numbers among the
herbivores (Oligochaeta, Gastropoda and Rotifera).

Multivariate analyses

Similarity analyses using the Bray-Curtis and
Stander’s Index

Similarity indices are in widespread use to express
in a single number the similarity between biological
communities (Washington, 1984). Following exam-
ples from marine ecology (Clarke, 1993; Clarke &
Warwick, 1994), they have also been also used in
ecotoxicology to quantify the effects of stressors at
the community level. Clarke (1993) used the Bray-
Curtis index for this purpose. The Bray-Curtis index,
also known as the Czekanowski coefficient or the
percentage of similarity, is defined by:
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Table 1. Summary of effects of nutrients and chlorpyrifos. N.A.= comparison not applica-
ble. A ‘+’ indicates an increase compared to the control, a ’-’ a decrease. The more the
plusses or minusses, the larger the increase or decrease

Endpoint Effect nutrients Effect chlorpyrifos

References PRC References PRC

Primary producers

Planktonic algae

chlorophyll-a + N.A. + N.A.

AbundanceVolvox + + ++ ++
Abundance other species 0 +/−− 0 +/−−

Periphytic algae

Chlorophyll-a + N.A. ++ N.A.

Macrophytes

Biomass +++ N.A. (−) N.A.

Invertebrates

Cladocera ++ ++ −−− −−−
Copepoda ++ ++ − −
Rotifera 0 +/− + +
Insecta (P. minutissima) +++ ++ −−− −−
Isopoda + + −− −−
Amphipoda 0 −− −−− −−
Gastropoda 0 + ++ ++
Oligochaeta 0 +/− +/− ++ /−

BCjk = 100∗
(

1− 6|yjj − yik|
6(yij + yik

)
, (1)

whereBCjk = Bray–Curtis index;
yij , yik = abundance of speciesk in samplesi andj ,
respectively.

Using the Bray–Curtis index, the mean within-
treatment similarity (Wdata) and the mean between-
treatment similarity (Bdata) are calculated. For an
evaluation of the size of the treatment effects, the
Bdata/Wdata quotient is plotted against the sampling
date (see the example in Figure 2A, where the quotient
is referred to as the Bray–Curtis index quotient). When
the quotient is more below 1 than can be expected
by chance, the treatment is demonstrated to have an
effect on the community in the cosms. But if the quo-
tient is greater than or equal to 1, there is no evidence
that the treatment has an effect. For the period before
week 9, one quotient was calculated for each sampling
date, to compare the microcosms that received nutrient
addition with the controls. After week 9, two quo-
tients were calculated, one to compare the NUT cosms
with the controls and another to compare the CPF-
NUT cosms with the controls. The untransformed data
were used for the analyses, which were performed

with the Community Analysis software package ver-
sion 3.5 (CA; Hommen et al., 1994). CA is a computer
program used to evaluate data from freshwater field
tests and can, among other things, calculate a vari-
ety of similarity and dissimilarity indices. Note that
other definitions of effect-size are possible. For ex-
ample, Clarke (1993) used the difference between the
between- and within-similarities.

Recently, Heimbach & Ratte (1997) proposed the
use of the Stander’s similarity index for the analysis
of data from mesocosm experiments. The Stander’s
Index, also known as the Cosine or Ochiai coefficient
(Jongman et al., 1995), is defined by:

Sjk = 6(pij ∗ pik)√
(6p2

ij ∗6p2
ik)

(2)

whereSjk = Stander’s index;pij , pik = proportion of
speciesk in samplesi andj , respectively.

Stander’s index quotients were calculated analo-
gously to the Bray-Curtis index quotients.

Ordination using Principal Response Curves (PRC)

The PRC method (Van den Brink & Ter Braak, in
press; 1997) is based on the ordination technique
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Figure 2. Size of the effects of nutrient additions (NUT) and the
extra chlorpyrifos addition (CPF-NUT) in the invertebrate data set
as defined by the Bray-Curtis (A) and Stander’s (B) Index quo-
tient. The quotient was defined as the between treatment similarity
divided by the within treatment similarity. Values that are much
smaller than the reference value of 1, indicate strong effects.

called partial redundancy analysis, which is a con-
strained form of principal component analysis (Jong-
man et al., 1995). Because people are more famil-
iar with principal components than with redundancy
analysis, we introduce PRC heuristically via principal
components. Like many other multivariate techniques,
the PRC technique uses dimension reduction to sum-
marize all information on the investigated populations
simultaneously, so as to elucidate effects of conta-
minants at the community level. Whereas similarity
analysis plots the effect size against time, the PRC
method plots the first principal component of the treat-
ment effects against time (Figure 3A), expressing the
treatment effects as deviations from the control treat-
ment (reference coding). As a result, the vertical
axis of a PRC diagram contrasts each treatment with

the control. Associated with each PRC is a set of
species weights shown on the right side (Figure 3).
The species weights can be interpreted as the affinity
of each species with the diagram. For instance, in Fig-
ure 3A,Asellus aquaticushas a higher positive weight
than Dero digitata and thus markedly decreased af-
ter the chlorpyrifos treatment in week 9 (see results
section).Stylaria lacustrishas a negative weight, in-
dicating an increase in the CPF-NUT treatment. More
quantitatively, the model fitted is:

yd(j)tk = y0tk + bkcdt + εd(j)tk, (3)

where yd(j)tk is the log-abundance of speciesk in
replicate mesocosmj of treatmentd at timet, y0tk is
the mean log-abundance of speciesk in weekt in the
control (d = 0), cdt is the score of thedth treatment at
time t, bk is the weight of thekth species, andεd(j)tk
is an error term with mean zero and varianceσ 2

k . Note
that by definitionc0t = 0 for everyt.

The productbk∗cdt gives the fitted change in log-
abundance (− or+) of the species in the treated cosms
relative to the controls (Van den Brink & Ter Braak, in
press). In terms of the original abundance counts, the
fitted abundance in the treatment cosms is exp(bk

∗cdt )
times the geometric mean of the abundance in the
controls (see the result section for an example). So,
PRC emphasises the percentage change in abundance
count of a species in the treatments relative to the con-
trol, independent from its absolute abundance. For the
theoretical background, computational details and a
discussion of the PRC analysis, see Van den Brink &
Ter Braak (in press; 1997).

Although the first principal component extracts the
maximum amount of information from the multivari-
ate treatment effects, it does not necessarily describe
the effects of all treatments on all taxa in sufficient
detail. Further components can be extracted from the
residual variation. PRC diagrams based on the second,
third and higher components display treatment effects
that are not captured in earlier components. The model
for extracting two components becomes:

yd(j)tk = y0tk + bk1cdt1+ bk2cdt2+ εd(j)tk, (4)

wherecdt1 is the first principal response curve (PRC)
for treatmentd, i.e. course of treatmentd in time
relative to the controls,cdt2 is the second principal
response curves for treatmentd, bk1 is the weight of
speciesk on the first PRC, andbk2 is the weight of
speciesk on the second PRC.

The change in log-abundance as calculated per
principal component must be summed across com-
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Figure 3. Principal Response Curves for the invertebrate data set, indicating the effects of nutrient additions (NUT) and the extra chlorpyrifos addition (CPF-NUT). The first PRC is given in
A; the second PRC in B. See Table 2, for explained and displayed variance. Values deviating from the reference value of 0 indicate treatment effects. The species weight (bk ) can be interpreted
as the affinity of the taxon with the principal response curves. Only the species with a weight of 1 or higher or−1 or lower with the diagrams are displayed. Explanation of the codes: A=
Amphipoda; Cl= Cladocera; Co= Copepoda; G= Gastropoda; H= Hirudinea; I= Insecta; Is= Isopoda; N= Nemertea; O=Oligochaeta; Os=Ostracoda; R= Rotatoria; T= Turbellaria.
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Table 2. Percentages of the total variance which can be attributed to time and treatment regime for the analyzed data sets.
The treatment component includes the interaction between treatment and time. The remaining fraction of the variance is
residual variance. The Table also indicates which fraction of the variance explained by the treatment regime is captured by
the first and second Principal Response Curves (PRC)

Data set % of variance accounted for by % of variance explained by treatment regime captured by

(p-value of PRC between brackets)

Time Treatment First PRC Second PRC

regime

Invertebrates 31 20 43 (p ≤ 0.01) 15 (p ≤ 0.01)

Phytoplankton 41 13 29 (p ≤ 0.01) 26 (p ≤ 0.01)

ponents to yield the joint fit of the change. The
fitted change can be plotted against time to yield fit-
ted response curves for individual species or species
groups.

The significance of each principal component was
tested by Monte Carlo permutation of the microcosms,
i.e., by permuting whole time series in the partial re-
dundancy analysis from which PRC is obtained, using
an F-type test statistic based on the eigenvalue of the
component (Van den Brink & Ter Braak, in press).
In these tests, components that had already been ex-
tracted were added to the covariables. The PRC analy-
ses and associated permutation tests were performed
using the CANOCO software package, version 3.14
(Ter Braak, 1988, 1990).

We close this section with a technical remark. As
described above, the PRC is the principal component
of the treatment-by-species matrix of treatment ef-
fects. In Van den Brink & Ter Braak (in press), the
PRC consists of the canonical coefficients of a partial
redundancy analysis, in which the input data sets are
the sample-by-species matrix of log-abundance val-
ues, the sample-by-week matrix of covariables, and
the sample-by-(treatment in week) matrix of explana-
tory variables. It is known (Ter Braak & Looman,
1994) that the canonical coefficients of the explanatory
variables in the redundancy analysis are the general-
ized principal components of the matrix of the regres-
sion coefficients, which in our context are the treat-
ment effects. The heuristic introduction given above
thus coincides with the PRC analysis by Van den Brink
& Ter Braak (in press) in that they both apply prin-
cipal component analysis with a particular weighting
scheme. The weighting scheme becomes particularly
important if treatments are not equi-replicated. In con-
clusion, the treatment scores {cdt } are both principal

component scores and canonical coefficients of the
treatments.

Tests of significance of treatment effects

To test on which sampling dates the treatments had
significant effects on the biological communities, per-
mutation tests were performed for each sampling date.
Before week 9, the 8 treated cosms were tested against
the 4 controls. After week 9, each of the two treat-
ments was tested against the control and against the
other treatment. The tests were carried out with the
CA (Hommen et al., 1994) and CANOCO (Ter Braak,
1988) software packages. The permutation procedure
in CA tests whether the similarity quotient is more
below 1 than can be expected by chance, i.e. whether
the quotient is significantly below 1. These tests were
performed using the Bray-Curtis and Stander’s in-
dex. The non-parametric method in CANOCO uses
Monte Carlo permutation and the F-type test statistic
of redundancy analysis (RDA). The reported P-values
are based on 999 Monte Carlo permutations under
the null model. Specific details for the application of
Monte Carlo permutation in model ecosystem exper-
iments have been described by Verdonschot and Ter
Braak (1994), Van den Brink et al. (1996) and Van
Wijngaarden et al. (1995).

Results

Invertebrate data set

Both the Bray-Curtis index and Stander’s index quo-
tients showed an effect of the treatments on the in-
vertebrate communities after the second high nutrient
addition and chlorpyrifos treatment in week 9 (Fig-
ure 2), with a higher effect size for the CPF-NUT
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Figure 4. Dynamics in numbers of three invertebrate taxa. Figures 4A, 4C and 4E show the geometric means of the counted numbers per
treatment, ofAsellus aquaticus, Stylaria lacustrisandKeratella sp. respectively. B, D and F shows their abundance relative to the control
treatment, respectively.
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treatment. The Bray–Curtis index showed a more sta-
ble pattern of effect sizes in time than Stander’s index
(Figure 2).

The PRC analysis indicated for the invertebrate
data set that the overall variation among sampling
dates was higher than that among treatments (Ta-
ble 2). The first and second PRC components were
statistically significant (Table 2), whereas the third
component was not (P>0.05). The first PRC diagram
(Figure 3A) shows that the curve for the CPF-NUT
treatment drops abruptly after the chlorpyrifos addi-
tion (week 9), whereas the curve for the NUT treat-
ment stays close to the zero line for the control during
the whole sample period. In the second PRC (Fig-
ure 3B) the curve for the NUT treatment starts to
deviate from the control after the first high nutrient
dose, rises to a peak in week 6, drops and, after the
second high nutrient dose in week 9, rises to a new
peak in week 18. The curve for CPF-NUT in the pe-
riod after week 9, starts at the zero level (week 10)
and then roughly follows the trend in the NUT curve.
The broad pattern that emerges is that the first PRC
shows the dominant effect of the chlorpyrifos addition,
whereas as the second PRC shows the subdominant
nutrient effects.

Figure 4 shows the observed response patterns of
three distinctive species. The first column of figures
shows their (geometric) mean counts on a logarith-
mic scale, whereas the second column was obtained
from the first one by plotting differences with respect
to the controls. The decreases or increases shown by
the species in the treatments compared with the level
in the control, as displayed in the second column,
constitute the treatment effects that the PRC method
attempts to summarise. We now compare the response
curves of the individual species with the response
curves fitted by the first two PRCs.

Asellus aquaticusis the taxon with the highest
weight with the first PRC, but a near zero weight
with the second. Its observed response (Figure 4B)
is, indeed, very similar in shape to the first PRC
(Figure 3A). Quantitatively, the fitted reduction due
to chlorpyrifos is also of the right order of magni-
tude, as we will now show. In week 10 the CPF-NUT
score was about−0.8 (Figure 3A). The weight ofA.
aquaticuswas 5.52, so that the fitted reduction was
exp(−0.8 ∗ 5.52) = 0.012. The PRC analysis thus
indicates thatA. aquaticusis reduced to ca. 1% of its
abundance in the control.

Keratella sp. has relatively higher weights with
both PRCs. The fitted response pattern ofKeratellasp.

Figure 5. Outline of how the two PRC diagrams of Figure 3 must
be combined so as to obtain the fitted response curves ofKeratella
sp., which has weights−1.53 and 4.21 on the first and second PRC,
respectively.
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can be obtained by multiplying these weights with the
treatment scores in the corresponding PRCs and then
summing the two products (Figure 5). The resulting
fitted curves are similar to the observed response as
given in Figure 4D, except for its response at the end
of the experimental period (week 20 and 22). Quanti-
tatively speaking, week 16, for example, shows a fitted
change on a log scale of ca. 2.5 for both treatments
(Figure 5). In terms of abundance,Keratella sp. was
present with exp(2.5)= 12 times more individuals
in the treatments than in the control, which roughly
corresponds to the observed response.

The weighted summation of PRC curves for each
individual taxon can be avoided, as is shown in Fig-
ure 6, where species have been positioned by their
weights on the first and second PRCs (Figure 3). In
this system of coordinates, species that lie on the same
line through the origin have proportional response
curves. Their fitted response curves thus have the same
shape. Figure 6 shows the shape of the response curves
for species situated on lines with 45◦ intervals and they
give an impression of the type of shapes that can be
obtained by combining PRCs. The four diagrams in
the corners apply to species that have equal weights
on the two PRCs (except for the sign). The PRC di-
agrams corresponding with the axes are precisely the
PRCs of Figure 3. For example, the species positioned
on the right side along the horizontal axis in Figure 6
(e.g.,Asellus aquaticus) decreased due to chlorpyrifos,
while those at the top of the vertical axis (e.g.,Tri-
chocercasp.) increased due to the nutrient additions.
Those at 45◦ (e.g.,Ostracoda) decreased due to chlor-
pyrifos and increased due to nutrients, whereas those
at the other end of the ray, i.e., at 225◦, (e.g.Stylaria
lacustris) show the opposite pattern. In this way, taxa
can be grouped on the basis of similarity of response
pattern.

The statistical significance of the effects of chlor-
pyrifos on the invertebrate community is demonstrated
by the permutation tests per sampling date (compari-
son CPF-NUT versus NUT; Table 3). Using the F-type
criterion and the Bray-Curtis index quotient, signif-
icant effects were found for the whole period after
week 9, whereas Stander’s index quotient indicated
effects for only a few sampling dates (Table 3). The
P-values obtained with the Bray–Curtis index quotient
were, however, not always robust (weeks 10 and 12;
Table 3).

The effects of the nutrient additions were signif-
icant from week 14 to week 20, as assessed on the
basis of the similarity indices (NUT versus CON; Ta-

ble 3). Using the F-type criterion, a few sampling dates
showed significant effects (weeks 6, 16 and 20).

All tests indicate significant effects of the CPF-
NUT treatment compared with the control (Table 3).
Only for week 10 did the tests produce different re-
sults: the effect was judged to be significant using the
F-type criterion only.

Phytoplankton data set

Both the Bray–Curtis and Stander’s index showed
minor effects of the first large nutrient addition on
the phytoplankton community. After the second large
nutrient addition, the effects were larger (weeks 10–
14; Figure 7). There were no consistent differences
between NUT and CPF-NUT.

As for the invertebrate data set, the overall vari-
ation among sampling dates was higher than among
treatments (Table 2). Whereas the first and second
PRC components were statistically significant, the
third was not (P> 0.05). The percentage of variance
explained by treatment was smaller in the phytoplank-
ton data set than in the invertebrate data set. In the phy-
toplankton data set, the second PRC was about equally
important as the first, as assessed on the basis of the
percentage of variance accounted for. This means that
the joint interpretation of the PRCs (Figures 8A and B)
is even more important in the phytoplankton data set
than it was in the invertebrate data set. Together, the
two PRCs encompass 55% of the treatment variance,
which is only slightly less than was the case with the
invertebrate data set.

The first PRC indicates a deviation of the NUT
treatment from the control for week 4. After the sec-
ond high nutrient treatment and the chlorpyrifos appli-
cation in week 9. Both treatments differed more con-
sistently from the control, with a larger deviation for
the CPF-NUT compared to the NUT treatment (Fig-
ure 8A). The second PRC shows opposite responses to
both treatments after week 9. The differences between
NUT and CPF-NUT shown by the first two PRCs are
reduced when the second PRC is added to the first, and
are enhanced when the second PRC is subtracted from
the first, as shown in Figure 9 in the right upper and
lower quadrants at 45◦ and 135◦, respectively.

Figure 10 shows the observed dynamics of the
three species that were in extreme positions in terms
of their weight with the first PRC, namelyVolvox
sp., Chroomonassp. and Algae sp. The lay-out of
Figure 10 is the same as that of Figure 4. We now
compare the response curves of these species with the
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Figure 6. Two-dimensional plot of the weights of the invertebrate species on the first and second PRC, as given in Figure 3. The four diagrams in the corners apply to species that have equal
weights on the two PRC’s (except for the sign).
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Table 3. Results of Monte Carlo permutation tests per sampling date; ‘−’: calculation not applicable, F= p < 0.05 using the F-type criterion;
B = p < 0.05 using the Bray–Curtis index quotient; S= p < 0.05 using Stander’s index quotient; blanc= P > 0.05; ∗ = when permutation
procedure is repeated, sometimes ap < 0.05 is reported, sometimesp > 0.05. For abbreviations see Figure 1

Week Invertebrates Phytoplankton

NUT vs CON CPF-NUT vs CON CPF-NUT vs NUT NUT vs CON CPF-NUT vs CON CPF-NUT vs NUT

−4 – – – –

−1 – – – –

2 – – – –

4 – – F – –

6 F S – – – –

8 – – F – –

10 F F B∗ F B S F

12 F B S∗ F B∗ F B S F B S∗
14 B S F B S F B S F B S B S∗ F B S

16 F B S F B S F B S F B S

18 B S F B S F B

20 F B S F B S F B

22 F B S F B S

fitted curves that can be inferred from Figures 8 and
9. Volvoxsp. increased in abundance in the NUT and
CPF-NUT treatments, with a greater increase just af-
ter week 9 for the CPF-NUT treatment (Figures 10A
and 10B). This response pattern is predicted well by
Figure 9, whereVolvoxsp. had a high negative weight
with the first PRC and a low weight with the second
one.Chroomonassp. had a high positive weight with
the first PRC and near zero weight with the second
(Figure 9), thus decreasing in abundance in both treat-
ments, with a much larger decrease in the CPF-NUT
treatment (Figures 10C and D). Algae sp. had high
weights with both PRC diagrams. The predicted re-
sponse curves of Algae sp. as indicated in Figure 9
at 45◦ are very much like the actual response curves
(Figure 10F).

The effects of the prolonged nutrient additions and
the single chlorpyrifos addition on the phytoplank-
ton communities were both judged to be statistically
significant during short sequences of sampling dates
(Table 3). In this data set, the Bray–Curtis index and
Stander’s index quotients yielded similar test results,
which sometimes differed from those based on the
F-type criterion of RDA.

Discussion

Comparison of similarity analysis and PRC

Similarity analysis expresses the systematic differ-
ences among communities that are subjected to dif-
ferent treatments, in a single number. This number,
defined as the quotient of the mean between-treatment
and the mean within-treatment similarities, is a statis-
tical measure of the total size of the treatment effects
on the species. Similarity analysis results in a graph
of the development of the size of the treatment ef-
fects with time, and is complemented by permutation
tests that assess the statistical significance of the treat-
ment effects. Although different in detail, the results
obtained using the Bray–Curtis index and those ob-
tained with Stander’s index showed the same global
pattern, namely, weak treatment effects before week 9
and strong treatment effects in the period after week
9 (Figures 2 and 7). This demonstrates the effect of
the chlorpyrifos treatment and prolonged nutrient ad-
ditions on both the invertebrate and the phytoplankton
communities. The F-type statistic of RDA showed the
same global pattern of effect sizes (Table 3).

In PRC, the principal components of the treatment
effects on the species are each plotted against time.
The first PRC diagram may sometimes resemble the
graph from similarity analysis as, for example, in the
phytoplankton data set. An important advantage is that
PRC allows a direct interpretation down to the species
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Figure 7. Size of the effects of nutrient additions (NUT) and extra
the chlorpyrifos addition (CPF-NUT) in the phytoplankton data set
as defined by the Bray–Curtis (A) and Stander’s (B) Index quotient.
For explanation see text and Figure 2.

level. In particular, PRC shows whether a particular
species increased or decreased in the treated cosms
relative to its abundance in the control cosms. In other
words, PRC gives a signed difference (increasevs.
decrease) whereas the similarity analysis provides an
unsigned difference only, namely the total treatment
size.

In both example data sets, PRC successfully re-
duced the treatment effects of the many species to
two dimensions. The fact that more than one PRC
was needed, demonstrates that the species reacted in
qualitatively different ways to the treatments. When
the PRCs are combined and displayed in a two-
dimensional diagram of species weights, such as Fig-
ure 6, an overview is obtained of the main types of
response curves that occur, and also of the species
that react according to each particular type of re-
sponse curve. For example, Figure 6 shows that all
possible combinations of increase/decrease due to the

nutrient additions (NUT) and increase/decrease due to
both nutrient and chlorpyrifos additions (CPF-NUT)
actually occurred. In addition, there are species that
did not respond to nutrient additions but did decrease
strongly when chlorpyrifos was added as well. These
are the species that lie along the positive first axis.
Asellus aquaticusshows this type of response most
prominently.

In summary, both the PRC method and the sim-
ilarity analysis provide endpoints for an evaluation of
effects of toxicants at the community level. Both meth-
ods also allow the effects to be tested statistically. The
main difference, however, is that the PRC method also
allows the treatment effects to be evaluated directly
down to the taxon level.

Comparison of effects as reported in Cuppen et al.
(1995) versus PRC outcomes

The results reported by Cuppen et al. (1995) are sum-
marized in Table 1. A qualitative interpretation of the
PRC results of the invertebrates is also given, in the
columns labelled ‘PRC’. At first glance, no differences
in interpretation between the reported effects on the
invertebrates are apparent. This means that the PRC
method succeeded in comprising the most important
treatment effects of the invertebrate data set into two
diagrams.

The increase in the chlorophyll-a content of the
phytoplankton can of course not be compared with the
abundance counts used in the example data set. For
PRC, the entries in Table 1 are therefore empty as far
as the chlorophyll-a content or biomass of the primary
producers are concerned. In Van Donk et al. (1995),
the only taxon reported to show a treatment effect
wasVolvoxsp. (Van Donk et al., 1995). Although the
chlorophyll-a content of the phytoplankton increased
due to the nutrient additions and the chlorpyrifos
application, PRC analyses indicated a decrease in
abundance for most taxa that showed treatment-related
effects (Figure 8A; e.g.Chroomonassp.: Figure 10D).
Only for Volvoxsp. is an increase indicated (Table 1).
Because of its size, this taxon evidently accounted for
a considerable fraction of the chlorophyll-a content of
the phytoplankton.

In conclusion, PRC not only revealed the same re-
sponses reported in Cuppen et al. (1995), but it also
provided an overview of the effects at the community
level.
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Figure 8. Principal Response Curves for the phytoplankton data set, indicating the effects of nutrient additions (NUT) and the extra chlorpyrifos addition (CPF-NUT). The first PRC is given
in A; the second PRC in B. See Table 2, for explained and displayed variance, and Figure 3 for explanation. Only the species with a weight of 0.5 or higher or −0.5 or lower with the diagrams
are displayed. Explanation of the codes: Ba= Bacillariophyceae; Chl= Chlorophyceae; Chr= Chrysophyceae; Cr= Cryptophyceae; Cy= Cyanophyta; Eu= Euglenophyta.
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Figure 9. Two-dimensional plot of the weights of the phytoplankton species on the first and second PRC, as given in Figure 8. The four diagrams in the corners applyto species that have equal
weights on the two PRC’s (except for the sign).
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Figure 10. Dynamics in numbers of three phytoplankton taxa. A, C and E show the geometric means of the counted numbers per treatment, of
Volvoxsp.,Chroomonassp. and Algae sp. respectively. B, D and F shows their abundance relative to control, respectively.
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