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Anthropogenic nitrogen deposition has been recognized as a factor
affecting the dynamics and composition of plant communities. Its
impact on insect communities is still largely unknown. Using data
from the Dutch Butterfly Monitoring Scheme, we analyzed the varia-
tion in local trends of butterfly abundance in three Natura 2000 habitat
types of known sensitivity to nitrogen deposition: coastal dunes
(H2130), wet heathlands (H4010A) and species-rich Nardus grassland
(H6230). We found evidence of a negative impact of increasing levels
of nitrogen deposition on butterfly trends in all three habitat types.
Interestingly, species from more nitrogen-rich habitats showed a simi-
lar, though less pronounced, response. The results constitute the first
evidence of a significant dose-response relationship between nitrogen
deposition and declines in insect abundance at a national scale.
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Anthropogenic nitrogen deposition from agriculture, traffic and industry has
been recognized as a cause of biodiversity loss and change of ecosystem func-
tioning in plant communities since the 1980s (Vitousek et al. 1997, Bobbink et al.
1998). The excess nitrogen has even been identified as a major threat to ecologi-
cal stability at a global level (Rockström et al. 2009). The recent review by
Bobbink & Hettelingh (2011) of critical loads of nitrogen deposition for natural
and semi-natural ecosystems has underpinned earlier studies and has updated
the estimates of critical nitrogen loads with a strong focus on plant communi-
ties. Evidence of the impact of nitrogen deposition on animal communities is
almost non-existent, with the exception of a few studies on butterflies. The
study by Weiss (1999) on the butterfly Euphydryas editha bayensis in California
(USA) linked excessive nitrogen deposition on serpentine soils to grass
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encroachment, habitat deterioration through loss of host plants and, ultimately,
population decline. WallisDeVries & Van Swaay (2006) analysed the probabil-
ity of declining ranges of butterfly species in response to both nitrogen deposi-
tion and spring temperatures at a national level for nine European countries
along a gradient of continentality. They found that both factors acted in concert
to explain butterfly declines and they argued that the cooling of spring microcli-
mates could be the driving mechanism. Finally, changes in plant chemistry
under nitrogen excess could affect nutritional quality, both leading to increased
frequency of insect outbreaks (Throop & Lerdau 2004, Bobbink & Hettelingh
2011) and declines of habitat specialists (Fisher & Fiedler 2000, Nijssen & Siepel
2010, Turlure et al. 2013).

Although these studies have provided insight into the possible mechanisms
that may lead to biodiversity loss under nitrogen deposition, there still is a
strong need for evidence showing a dose-response relationship between nitrogen
deposition and population trends for animals. This requires spatially detailed
data on nitrogen deposition and changes in animal abundance. The Dutch
Butterfly Monitoring Scheme offers this possibility within the context of The
Netherlands, where detailed assessments of nitrogen deposition are available as
well (Hettelingh et al. 2008). In this study we performed such an analysis with
a focus on butterfly populations from three Natura 2000 habitat types that are
known to be sensitive to nitrogen deposition.

MATERIALS AND METHODS

Habitat types and nitrogen deposition
We focussed on Natura 2000 habitat types of known sensitivity to nitrogen dep-
osition with extensive monitoring data for butterflies. Three habitat types with
sufficient data were selected: Grey Dunes (H2130, i.e., Fixed coastal dunes with
herbaceous vegetation; critical load 570-1070 mol N/ha/year), Wet Heaths
(H4010A, i.e., Northern Atlantic wet heaths with Erica tetralix; critical load 710-
1430 mol N/ha/year), and Nardus Grassland (H6230, i.e., Species-rich Nardus
grassland on siliceous substrates; critical load 710-1070 mol N/ha/year) (critical
loads after Bobbink & Hettelingh 2011).

Data on nitrogen deposition (total N as NOx and NHy in mol/ha/year)
were obtained from RIVM for 1995 and 2005 at a 1 km resolution (Hettelingh et
al. 2008). Grid cells were assigned to five deposition levels: (1) 600-1200, (2) 1200-
1800, (3) 1800-2400, (4) 2400-3000, and (5) >3000 mol N/ha/year. Levels were then
combined into different categories for the 2 years (i.e., 32 for level 3 in 1995 and
level 2 in 2005).

Butterfly monitoring data
Butterfly abundances were obtained for the years 1992-2008 from the Dutch
Butterfly Monitoring Scheme. Butterfly numbers represent weekly counts for
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all species between April 1st and September 30th along permanent transects
under suitable weather conditions (details on methods in Pollard & Yates 1993).
Each transect consists of a series of usually 20 sections of 50 m length and 5 m
width. For Phengaris alcon we used egg count plots of a known size (typically 100
m2) where the annual count consists of the maximum of two counts in late July
and early August. The transects (or plots) are distributed over the whole coun-
try; imbalances in geographical distribution are accounted for in trend analysis
by a weighting procedure according to landscape type (Van Swaay et al. 2002).

Transects (or plots) were assigned to habitat types primarily on the basis of
topographical information and vegetation classification. In the case of H6230, we
added the criterion of the occurrence of at least the characteristic typical species
Pyrgus malvae or at least the presence of one of the following species Argynnis
aglaja, A. niobe, Hesperia comma, Lycaena tityrus in addition to Thymelicus
sylvestris, which is considered to be a constant species for this habitat type (Bal
2007); transects in which the wetland species Boloria selene occurred were dis-
carded as belonging to a different habitat type.

For data analysis, we selected transects (or plots) with at least 5 years of
counts and set a minimum limit of five transects per nitrogen deposition level.
Four deposition levels could be analysed for H2130 (n = 63 transects) and H4010
(n = 114 transects or egg count plots) and three deposition levels for H6230 (n =
34 transects). We only included species with counts from at least three transects
(or plots) for each deposition level in a given year. This limited the set of species
to a total of 19 (Table 1).

Butterfly species were assigned to either a low or an intermediate-high
(including indifferent) nitrogen status of their habitat (Table 1) according to
Oostermeijer & Van Swaay (1998), who identified the probability of species
occurrence along monitoring transects in relation to Ellenberg’s nitrogen indica-
tor value of the local plant community.

Data analysis
Butterfly trends per habitat type and nitrogen deposition level were first esti-
mated at species level using TRIM 3.54 (Pannekoek & Van Strien 2005), which
determines changes in log-transformed abundance as an index value in compar-
ison to the baseline year. We then averaged these values across species to obtain
a mean annual abundance index for the two nitrogen status groups at all deposi-
tion levels for each habitat type. For H4010 we had to reduce the deposition lev-
els from four to two levels by combining levels 43/44 and levels 53/54.

Effects of nitrogen deposition level on the population trends for the two
species groups with different sensitivity to nitrogen availability were analysed
with Generalized Linear Mixed Models (GLMM) using standard least square
analysis in JMP 5.0.1 (Sall et al. 2005). The annual log-abundance index was
taken as the response variable and species nitrogen status, nitrogen deposition
level and year were considered as explanatory variables, along with their two-
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way interactions (three-way interactions were investigated but left out from the
model after ascertaining that they were not significant). Model residuals were
checked for normality.

RESULTS
The variation in butterfly abundance trends in the Grey Dunes could be
explained for 72% by the GLMM model. Strong declines in butterfly abundance
were observed, as shown by a highly significant Year effect (Figure 1, Table 2).
The large Status × Year interaction effect pointed to a more severe decline for
the low-N species. Overall, species with low nitrogen status showed a 6.5%
lower log-abundance index (corresponding to 24% difference in actual abun-
dance). Abundance indices differed only modestly between nitrogen levels, with
the highest values for the 21-level. Also, the Status × Deposition interaction indi-
cated variation in the effect of deposition level on abundance between the two
species groups, with no clear order in relation to deposition. However, the sig-
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Table 1. Selected butterfly species for the three Natura 2000 habitat types in relation to
nitrogen status. Low nitrogen status reflects an optimum Ellenberg inidicator value for
nitrogen of ≤4 (on a scale of 1-9, after Oostermeijer & Van Swaay 1998; NA signifies
that there was no significant response of occurrence probability to nitrogen value for
this species).

Habitat type
Species Nitrogen Nitrogen H2130 H4010 H6230

status optimum
Argynnis niobe Low 3.8 X
Coenonympha pamphilus Low 3.7 X X
Hesperia comma Low 1.0 X
Hipparchia semele Low 2.4 X
Lycaena phlaeas Low 3.0 X
Lycaena tityrus Low 2.5 X
Phengaris alcon Low 1.9 X
Plebejus argus Low 1.0 X
Pyrgus malvae Low 3.2 X X
Thymelicus sylvestris Low 3.2 X
Aglais io Intermediate-High 5.7 X X
Aglais urticae Intermediate-High 8.0 X X
Aricia agestis Intermediate-High 5.0 X
Gonepteryx rhamni Intermediate-High NA X X
Issoria lathonia Intermediate-High 4.5 X
Maniola jurtina Intermediate-High 4.2 X X X
Pieris rapae Intermediate-High 8.0 X
Polyommatus icarus Intermediate-High 4.9 X
Thymelicus lineola Intermediate-High 4.5 X X X



nificant Deposition × Year interaction revealed the most severe decline in abun-
dance at the highest nitrogen deposition level.

Despite the lower number of both years and deposition levels, the regression
model accounted for 76% of the variation in butterfly trends in Wet Heaths
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Table 2. Results of the GLMM analysis for the three Natura 2000 habitat types: Grey
Dunes (H2130), Wet Heaths (H4010) and Nardus Grassland (H6230). Indicated are the
proportion of explained variation by the model (R2), the degrees of freedom of the
error term in the model (d.f.) and the F-ratio of statistical tests with their significance
(ns: not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).

Habitat type
H2130 H4010 H6230

R2 0.721 0.757 0.413
d.f. 123 37 50
Nitrogen status 7.3** 8.3** 0.1ns
Nitrogen deposition 5.1** 21.9**** 1.7ns
Year 51.7**** 6.0* 1.2ns
Status x deposition 11.4**** 1.5ns 2.3ns
Status x year 37.1**** 17.1*** 9.0**
Deposition x year 8.5**** 7.7** 4.9*

Figure 1. Trends of but-
terfly abundance in
H2130 Grey dunes for
a) 6 species of low-
nitrogen habitats and
b) 9 species of interme-
diate- to high-nitrogen
habitats. Different
symbols indicate dif-
ferent levels of nitro-
gen deposition (the
first symbol denotes
the 1995 level, the sec-
ond the 2005 level; 1:
600-1200, 2: 1200-1800, 3:
1800-2400 mol
N/ha/year).
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Figure 2. Trends of but-
terfly abundance in
H4010 Wet heaths for
a) 2 species of low-
nitrogen habitats and
b) 4 species of interme-
diate- to high-nitrogen
habitats. Different
symbols indicate dif-
ferent levels of nitro-
gen deposition (the
first symbol denotes
the 1995 level, the sec-
ond the 2005 level; 3:
1800-2400, 4: 2400-3000
and 5: >3000 mol
N/ha/year).

Figure 3. Trends of but-
terfly abundance in
H6230 Nardus grass-
lands for a) 4 species of
low-nitrogen habitats
and b) 3 species of
intermediate- to high-
nitrogen habitats.
Different symbols
indicate different lev-
els of nitrogen deposi-
tion (the first symbol
denotes the 1995 level,
the second the 2005
level; 3: 1800-2400, 4:
2400-3000 and 5: >3000
mol N/ha/year).



(Figure 2, Table 2). The most significant factor was the 6% difference in log-
abundance (corresponding to 22% difference in actual abundance) due to nitro-
gen deposition, with a lower abundance at the high deposition level. The strong-
ly significant Status × Year interaction showed a lesser decline for the low-N
species, which maintained stable population levels at the lowest nitrogen depo-
sition. This also was reflected by the higher abundance indices for the low-N
species. Overall, the species showed a slight decline, which was significantly
worsened at the higher nitrogen deposition level, as indicated by the significant
Deposition × Year effect.

For Nardus Grassland, the model explained a lesser proportion (41%) of the
variation in butterfly abundance (Figure 4, Table 2). Only two of the interaction
terms were significant, especially the Status × Year interaction, which pointed
to a stronger decline for the low-N species at higher nitrogen deposition. The
significant Deposition × Year interaction was especially due to a more positive
trend at the lowest deposition level in comparison to the two higher levels.

DISCUSSION
This study is the first to analyze population abundance trends of insects in rela-
tion to local variation in nitrogen deposition at a national scale. We focussed on
habitat types that are known to be sensitive to nitrogen deposition: Grey Dunes,
Wet Heaths, and Nardus Grassland. For all three investigated habitat types we
found significant indications of population decline that were worse at higher
nitrogen deposition levels. This similarity in response, despite the underlying
variation in habitat types and specific differences, confirms the significance of
nitrogen deposition as a detrimental influence on biodiversity beyond plant
communities (see Bobbink & Hettelingh 2011), i.e., also including animal com-
munities. This supports an earlier exploratory analysis on species richness by
Van Hinsberg et al. (2008), who found a higher loss of species of threatened but-
terflies and birds at greater levels of critical load exceedance for nitrogen. 

We did find significant variation in response of butterfly abundance between
habitat types in other respects. In the Grey Dunes, the observed declines were
the strongest and were even noticeable at the lowest nitrogen deposition, also for
species that do not depend on nitrogen-poor habitats. This was against the
expectations, because deposition levels in the coastal region were considered to
be low compared to other regions in The Netherlands. Recently, however, it was
established that previous estimates of nitrogen deposition in the dunes should be
considered as serious underestimates (Bobbink & Hettelingh 2011, Kooijman et
al. 2012). This agrees with our results, where the deposition estimates that we
used led us to expect lesser declines. With updated estimates, the nitrogen
exceedance would probably be more in line with the observed declines.

In the Wet Heaths the declines were not as serious as the high deposition lev-
els would suggest. The two heathland specialists from nitrogen-poor habitats
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even showed more favourable trends than the high-N species. However, heath-
lands are actively managed by sod-cutting and this management successfully
removes the accumulated nitrogen (Bobbink & Hettelingh 2011). Thus, due to
sod-cutting, especially heathland specialists may be able to maintain stable pop-
ulations despite nitrogen deposition exceeding critical loads. Still, the declines
observed at the highest deposition levels of >3000 mol N/ha/year in 1995 suggest
that there is a limit to what restoration management may achieve for butterflies.

A similar conclusion may be drawn for the results in Nardus Grassland. Here,
declines occurred for species of nitrogen-poor habitats at 1995 deposition levels
of >2400 mol N/ha/year. Below this level, the management of these habitats by
mowing or grazing may keep habitats in sufficient condition for stable butterfly
populations.

A general result from this analysis was the similarity in response of species
from nitrogen-poor habitats to that of species from habitats of greater nitrogen
availability (or species that appear to be indifferent to nitrogen). Declines were
greater for the low-nitrogen species in Grey Dunes and Nardus Grassland, but
the type of response was similar for the species from more nitrogen-rich habi-
tats. Thus, a common species such as Maniola jurtina showed a significantly
more negative trend in abundance at higher nitrogen deposition in both Grey
Dunes and Nardus Grassland. In Wet Heaths the decline for the nitrogen-rich
species group was indeed even more severe than for the low-nitrogen species.

We conclude that the present analysis of butterfly population trends presents
convincing evidence for the occurrence of negative effects of excess nitrogen
from anthropogenic deposition on insect biodiversity. The fact that this
response is not limited to species from nitrogen-poor habitats, but extends to
species from more productive habitats as well, suggests that excess nitrogen
affects the entire butterfly community. This underlines the urgency to take ade-
quate measures, both to reduce nitrogen emissions and to invest in mitigation.
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