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Abstract
Questions: 1. How are the long-term dynamics of the root
hemiparasite Rhinanthus angustifolius related to vegetation
structure, grassland management and climate? 2. Does R.
angustifolius have a long-term impact on standing crop and
community composition?
Location: A formerly fertilized grassland, part of a larger
brook valley system in the nature reserve ‘Drentsche Aa’, near
Groningen, The Netherlands.
Methods: Vegetation development has been monitored since
1973 in 54 permanent plots in nine management regimes
without fertilizer application.
Results: 1. The hemiparasite established when standing crop
was less than 600 g.m–2 and performed best under annual haymaking using machinery. Since its appearance, the population
fluctuated stochastically, with two peaks. Coinciding collapses in six adjacent grasslands and comparison with an
integrated climatic index suggest that the population collapses
are induced by spring drought. 2. We did not find a relationship between total standing crop and R. angustifolius cover.
Cover of grasses was negatively related to the abundance of
the hemiparasite in the same and the previous year. Forb cover
tended to increase with the parasite.
Conclusions: R. angustifolius shows stochastic population
fluctuations, mainly determined by spring drought, to which
this species is probably highly vulnerable because of its parasitic and annual life style without a persistent seed bank. The
hemiparasite also shows long-term relationships with grass
cover (negative) and forb cover (positive), but it seems to have
no lasting impact on standing crop.

Keywords: Climate effects; Grassland restoration; Population fluctuation; Time series.

Nomenclature: Zuidhoff et al. (1996).

Abbreviations: AC = Autocorrelation; CC = Cross-correlation coefficient; Loef S = Study site within Drentsche Aa
nature reserve.

Introduction
Parasitic plants attach to their hosts via haustoria;
through which water, nutrients and carbon compounds
are attracted (Kuijt 1969). The genus Rhinanthus is a
root hemiparasite. These are, in contrast to holoparasites,
to some extent self-sustaining with respect to carbon
fixation.
The ‘theft’ of resources by parasites affects the host’s
fitness, for instance by changes in allocation patterns
and biomass reduction (review Rhinanthus spp., Ameloot
et al. 2005). This, in turn, may have far reaching consequences at the community level (Phoenix & Press 2005),
influencing the interaction of hosts with other species.
Indeed, forbs, usually poor quality hosts, may indirectly
benefit from Rhinanthus infection through the release of
competition from good quality hosts such as dominant
grasses or legumes, which suffer the most from parasitic
infection (de Hullu 1984; Gibson & Watkinson 1991;
Seel et al. 1993; Cameron et al. 2005). Rhinanthus spp.
may also facilitate other species to invade (Joshi et al.
2000; Pywell et al. 2004), which might be significant for
grassland restoration (Bullock & Pywell 2005).
Rhinanthus spp. have become rare in western Europe since the 1950s, due to agricultural intensification.
However, during restoration of semi-natural grasslands
Rhinanthus spp. are among the characteristic (re)colonizers (de Hullu & Grootjans 1987). For establishment, there must be an input of fresh seeds because the
species do not form a persistent seed bank (Thompson et
al. 1997) and vegetation must not be too dense otherwise Rhinanthus spp. are outcompeted for light (van
Hulst et al. 1987 with R. minor in grasslands from 75 to
1000 g.m–2). In an eight year experiment, the largest
increases of R. minor were found under autumn grazing,
producing gaps in the vegetation, and with July haycutting with machinery (Smith et al. 2000), which proved
effective in dispersing the ripe seeds (Bullock et al.
2003). The importance of mechanical hay-making for

638

Ameloot, E. et al.

seed dispersal has also been demonstrated for R.
angustifolius (Strykstra et al. 1996; Couvreur & Hermy
2004).
Through comparison of R. angustifolius populations
in grasslands differing in time since cessation of fertilization, ter Borg (1985) and de Hullu et al. (1985) distinguished three stages in the development of these
populations. Within two to six years, R. angustifolius
appears and increases exponentially in abundance (Phase
I). Peak abundances are then maintained for some years
(Phase II, when vegetation density is optimal) but thereafter decline and level off (Phase III) due to a combination of factors (fewer high quality hosts available, lower
seed production; de Hullu 1985).
In the nature reserve ‘Drentsche Aa’ in the northern
part of The Netherlands, vegetation development of an
agriculturally exploited grassland has been monitored
since 1973 in an experiment with nine management regimes without fertilizer application (Bakker 1989). After
nine years, R. angustifolius established in this grassland.
This provided an opportunity to study long-term population dynamics of R. angustifolius and of its impact on
community structure. Until now our understanding of
these parasites is mostly the result of short-term research.
Although Rhinanthus spp. are facultative parasites,
which means that they can fulfil their life cycle without
a host, survivorship in the field is expected only when
enough high quality hosts are available (ter Borg 1972;
Fig. 1). For this reason, parasite dynamics are interrelated with standing crop and vegetation composition.
Vegetation composition, in turn, affects standing crop
and high above-ground biomass is known to reduce the
survival of the related R. minor (van Hulst et al. 1987).
In addition, the parasite can negatively affect standing

Fig. 1. Possible relationships between Rhinanthus angustifolius,
standing crop and community composition at a given site.
Climate and management impact on these three biotic levels.
→ = one-directional influencing; ↔ = mutual influencing. H1
= hypotheses concerning the long-term dynamics of R. angustifolius; H2 = hypotheses concerning the impact of this hemiparasite on vegetation structure (H2a) and composition (H2b).

crop and change vegetation composition (e.g. Ameloot
et al. 2005), at least in the short term. At a given site,
climate and grassland management are two exogenous
factors, affecting these three biotic levels.
We analysed the long-term dynamics of R. angustifolius by testing the following hypotheses: (1) R. angustifolius enters the plant community when standing crop
has fallen below a certain threshold level (cf. van Hulst
et al. 1987); (2) R. angustifolius performs best with
annual hay-making with machinery (cf. Smith et al.
2000; Bullock et al. 2003) and (3) during the 32 years of
study R. angustifolius abundance peaks, declines and
levels off (cf. ter Borg 1985; de Hullu et al. 1985).
To analyse the long-term impact of R. angustifolius
on community structure once established, we also tested
the hypotheses: (1) community standing crop is negatively associated with R. angustifolius and (2) this hemiparasite selectively reduces the abundance of graminoids
and legumes and thereby indirectly benefits forbs.

Methods
Study species
Rhinanthus angustifolius is an annual, flowers from
May until July and occurs in temperate Europe and
parts of Asia (ter Borg 1972, 2005). It thrives in a range
of grassland types, from dry dune grasslands to wet
meadows (Calthion palustris; Westhoff et al. 1995;
Zuidhoff et al. 1996).
Study area
The study site ‘Loefvledder’ (53°05' N, 6°40' E), is
part of a larger brook valley system in the nature
reserve ‘Drentsche Aa’ at the sandy Pleistocene Plateau of Drenthe (The Netherlands). Increased fertilizer
application since the 1950s turned most of the
grasslands in this area into nutrient-rich, species-poor
communities (Bakker 1989). The State Forestry Commission gradually acquired fields in this nature reserve. One part of Loefvledder (Loef S) was acquired
in 1972 and fertilization stopped that year.
From 1973 onwards, nine management regimes (Table 1) were imposed to study the extent they could
encourage different plant communities, starting from a
similar type within a single field. We further refer to
these treatments with the abbreviations indicated in
Table 1. After nine years, R. angustifolius established
for the first time in some of the experimental plots. See
Bakker et al. (1980, 2002) and Bakker (1989) for descriptions of the vegetation during the first 15 and 25
years.
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Table 1. The nine management regimes as they were imposed in Loef S in 1973, after the cessation of fertilization. See Fig. 2 for the
spatial arrangements of these treatments.
Code

Action

Month

Frequency

AB
B
M-S2
H-S2
H-S
H-J/S
H-J
SC
H-J+S

abandonment
burning
mulching with machinery
mechanical hay-making
mechanical hay-making
mechanical hay-making
mechanical hay-making
hay-making by scythe
mechanical hay-making

September
September
September
July or September (alternating)
July
July
July and September

every second year (5 ×, later abandoned)
every second year
every second year
annually
annually
annually
annually
annually

Vegetation monitoring
Each management regime was established in one
subfield of 10 m × 50 m, in which six replicate permanent plots of 2 m × 2 m were laid out in three pairs,
resulting in a total of 54 permanent plots (Fig. 2). The
vegetation in the plots was monitored every June from
1973 until 2004; cover of all species was recorded using
a decimal scale (Londo 1976). This resulted in a data set
of 1522 vegetation relevés (there were some missing
values), in 29% of which R. angustifolius occurred (439
times). In each management regime, ten random samples (20 cm × 20 cm) of above-ground biomass (including the parasite) were taken before mowing, according
to the type of management. These samples were dried to
constant weight and weighed. Mean above-ground
biomass (g.m–2) was calculated per treatment.
Data analysis
The 32 year series was subdivided into two phases,
depending on the hypotheses under investigation. The
first stage, ‘establishment phase’, concerns the period

Fig. 2. Spatial arrangement of the nine treatments imposed in
Loef S (nature reserve ‘Drentsche Aa’, The Netherlands) in
1973, after the cessation of fertilizer application. The position
of the permanent plots (2 m × 2 m) is indicated with dashed
blocks. See Table 1 for explanation of treatment codes.

from the start of the experiment (1973) and ends with
the appearance of the parasite in the experimental plots
(and is thus not the same for all plots). The second stage,
‘persistence phase’, starts with the appearance of R.
angustifolius in the field (1980) and lasts until the end of
our observations (2004).
Because each management treatment is only repeated once in the field, there might be a problem with
pseudoreplication, as is often the case with time series
data (Rasmussen et al. 2001) or large-scale experiments
(Oksanen 2001). In our data analysis, this only provides
a problem when comparing treatments. Although the
four ‘good’ annual, mechanical hay-making treatments
are close together, H-J+S is separated from the rest by
the scythe-treatment (Fig. 2 and see below), reducing
this problem. Furthermore, pseudoreplication does not
present problems when interpreting the results of the
second sub-hypothesis, considering the relationship of
the hemiparasite with vegetation structure.
All statistical analyses were performed with SPSS
11.0.1 for Windows (Anon. 2001).
Cover of the hemiparasite
We analysed the long-term dynamics of R. angustifolius by testing three sub-hypotheses.
1. Mean R. angustifolius cover per treatment was
plotted against mean above-ground biomass in the establishment phase. On this scatterplot, a threshold standing crop for invasion of the hemiparasite could be visually determined.
2. To test differences in R. angustifolius abundance
between the treatments in the persistence phase, we
applied repeated measures ANOVA under Pillai’s Trace
(Gotteli & Ellison 2004) and with Dunnet’s C post hoc
comparison. Hereafter, we only considered the four
treatments where the parasites’ cover was sufficiently
high (annual, mechanical hay-making).
3. R. angustifolius population stability in the persistence phase was investigated. We therefore started with
examining patterns of autocorrelation (AC) in each plot.
AC is a correlation between a time series and a lagged
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version of itself; ACs close to zero (within the limits of
a 95% CI) indicate that we cannot infer from a value at
time t to what the next value at t+1 will be and thus rules
out trends or periodicity. In the case that a parasite is so
virulent that its own survival is endangered, AC would
produce a cyclic pattern (an oscillating parasite-host
relationship).
With cross-correlation (CC), a standard method of
estimating the degree to which two series are correlated
in time, we checked if R. angustifolius cover was ‘in
phase’ in each of the six permanent plots per treatment
and among the four different treatments. For CC, missing values within the time series were substituted by
interpolation (taking the means of two adjacent time
points).
Weather conditions
To investigate the impact of weather conditions on
the abundance of the parasite, we compared it to an
integrative measure of climate, i.e. the aridity index (AI;
Eq. 1). We calculated AI according to the definition by
UNESCO (Anon. 1979) and on a monthly basis from
March until September:
(1)
with ET0 being the reference evapotranspiration: by
definition the rate of evapotranspiration of an extended
surface of an 8-15 cm tall green grass cover, actually
growing, completely shading the ground and not short
of water (Allen et al. 1998). ET0 was calculated with the
computer program ‘ET0‘ (Raes 2000), using the Penman-Monteith method (Anon. 1992). Input data were
monthly minimum and maximum temperature, mean
duration of sunshine, mean relative air humidity and
mean wind velocity for the period 1973-2004 from the
weather station in Eelde, at a distance of ca. 10 km from
the nature reserve. These were obtained from the website
of the Royal Meteorological Institute of The Netherlands (www.knmi.nl). The more AI approaches zero, the
more the vegetation suffers from drought. A threshold
AI was visually determined.
If an abiotic, climatic factor such as drought was the
main factor determining population fluctuations, collapses would occur simultaneously in populations in the
vicinity. We therefore cross-correlated parasite cover in
the establishment phase in Loef S with that in eight
grasslands in the adjacent Anlo study area, including
fields acquired at various periods by the State Forestry
Commission and cut for hay without fertilizer application. Similar long-term data were available for these
grasslands.

Fig. 3. Mean Rhinanthus angustifolius cover vs. mean standing crop (including R. angustifolius) per treatment (means of
six and ten replicates, respectively) in the establishment phase
(from the cessation of fertilization (1973) until the appearance
of the hemiparasite in the permanent plots (year indicated in
brackets in the legend)). Only five treatments without missing
values are presented. The dashed, vertical line suggests the
threshold value. See Table 1 for explanation of treatment
codes.

Long-term relationship of R. angustifolius with
vegetation structure and composition
The long-term relationship of R. angustifolius with
the vegetation was analysed in the persistence phase in
the four annual mechanical hay-making treatments. We
distinguished five plant functional groups: grasses
(Poaceae), rushes (Cyperaceae and Juncaceae), legumes (Fabaceae), the hemiparasite and forbs (other
non-leguminous dicots). For each of the 24 plots, we
calculated the cover of each group as the sum of the
cover values of the species in that group. Legume cover
was omitted because of the very low values found.
We first auto-correlated (1) standing crop (mean per
treatment) and (2) functional group cover (per plot).
These variables were secondly cross-correlated to R.
angustifolius cover (for standing crop: means per treatment, for the other variables: per plot and then for all
variables: mean of the four treatments). Only lags 0 and 1
were considered. Third, for the four treatments separately, we applied multiple linear regression with stepwise,
forward regression (probability for F for entry: 0.05 and
for removal: 0.10) of (1) standing crop on time, the aridity
index (mean AI of March until September for H-S, H-J/S
and H-J+S and until July for H-J), cover of the functional
groups and of the parasite (in the same and the previous
year) and (2) grass, forb and rush cover on time, AI (mean
of March until July) and parasite cover in the same and
the previous year. For R. angustifolius √cover was used to
fulfil normality assumptions.
Finally, R. angustifolius cover was cross-correlated
to the cover of individual species which frequently
attained at least 5% cover during the persistence phase
(for all permanent plots separately and for the means of
the four treatments).

- Long-term dynamics of the hemiparasite Rhinanthus angustifolius Results
Long-term R. angustifolius dynamics
In all management regimes, R. angustifolius appeared after a time lag following the cessation of fertilization, when standing crop was below a threshold of ca.
600 g.m–2 (Fig. 3, Fig. 6B).
In the persistence phase (1980-2004), mean R.
angustifolius abundance was significantly higher in the
four regimes with annual mechanical hay-making (H-J,
H-J+S, H-J/S, H-S) than in the other five treatments
(repeated measures ANOVA, treatment effect: F8,45 =
49.182, P < 0.001; Fig. 4). Occasionally, the hemiparasite
appeared at very low abundances (< 5%) in the unfavourable regimes, but never persisted there for more
than three years (for the individual time series per treatment, see Fig. A-1 in App. 1).
In the four treatments with annual mechanical haymaking, we observed two peaks of high R. angustifolius
abundance (ending in 1988 and 1996, respectively) (Fig.
5A, Fig. 6A, Fig. A-1 in App. 1). The cover of the
hemiparasite in the permanent plots was generally in
phase per treatment (Table A-1 in App. 1) and also
among the treatments (Table A-2), although the first
peak in H-S lagged one year before the ones in H-J and
H-J/S (see Fig. A-1). ACs of R. angustifolius cover in
the 24 permanent plots were within the 95% CI, thus
population fluctuations were treated as random.
In Loef S, cover of R. angustifolius decreased in very
dry springs: in 1988, vegetation suffered from a very dry
April and May; March and April 1996 were also very
dry, as well as the rest of the vegetation season that year
(Fig. 5B). Of the 36 performed CCs on R. angustifolius
cover between each of the nine grasslands of the Anlo

Fig. 4. Mean R. angustifolius cover per treatment in the
persistence phase (1980-2004) (means of six permanent plots
per treatment per year + 1 SE). See Table 1 for explanation of
treatment codes. Different letters correspond to significant
differences (P < 0.001), as determined with repeated measures
ANOVA, Dunnet’s C post hoc test.
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Table 2. Significant cross-correlation (CC) coefficients (± SE,
P < 0.05, N = 25) of standing crop and cover of the functional
groups with R. angustifolius cover (means of the four annual
mechanical hay-making regimes) in the persistence phase
(1980-2004). The lag is negative when the tested variable is
lagged 1 year behind the hemiparasite.
Lag
Variable
Standing crop
Grass cover
Forb cover
Rush cover

–1

0

1

–0.424 ± 0.204
–0.622 ± 0.204
/
/

/
–0.428 ± 0.200
/
/

/
/
/
/

/: no significant CC at P < 0.05

study area, 17 were significantly positive in the same
year or at a lag of one or two years (P < 0.05; Table A3 in App. 1). In spite of this variability in synchrony
between the populations, the cover of the hemiparasite
collapsed in all grasslands in 1988 (Fig. 5A). To a lesser
extent, 1978 (no R. angustifolius yet in Loef S), 1983
and 1996-1997 seemed to be ‘bottleneck’ years.
Since the last collapse of R. angustifolius in Loef S
in 1996 no recovery has occurred, although the
hemiparasite has remained present in the vegetation
(Fig. 5A bold line).
Long-term relationship of R. angustifolius with the
vegetation
AC coefficients of standing crop were very low. In
the persistence phase, mean standing crop in the annual
mechanical hay-making treatments showed large yearto-year fluctuations, but generally decreased (Fig. 6B,
Table 3: significant time effect). There were no significant CCs between standing crop and mean R. angustfolius
cover for each of the four treatments separately (data not
shown). However, there was a marginally significant,
negative correlation between the overall mean R.
angustifolius cover in year t and mean above-ground
biomass in year t+1 (Table 2). Multiple linear regressions did not indicate the cover of the hemiparasite as an
important factor explaining variation in standing crop
(Table 3). Only in the H-J+S treatment there was a
significant negative relationship with R. angustifolius
cover in the same year.
Grass cover decreased mainly during the establishment phase (1973-1980; Fig. 6A), whereas forb cover
increased in the persistence phase (1980-2004; Fig. 6A,
Table 3: significant year-effect). Mosses established
late in the 1990s. Rushes and, in particular, legumes
occurred at low abundances (cover data not plotted in
Fig. 6A).
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Table 3. Multiple linear regressions of standing crop and cover of the functional groups against the specified exploratory variables
in the persistence phase. Stepwise regression was performed in a forward direction with the probability for F for entry set to 0.05 and
for removal at 0.10. For R. angustifolius √cover was used in the analyses to fulfil normality assumptions.
H-S
Variable

Effect

Coeff

t

1.596
96.793
0.607
0.730

-6.896***

Forb
cover

Rush
cover

Time
Aridity index
R. angustifolius same year
R. angustifolius prev. year

Time
Aridity index
R. angustifolius same year
R. angustifolius prev. year

t

128.320
0.775

2.762**
4.444***

R2adj

df (n, d)

F

R2adj

df (n, d)

F

R2adj

df (n, d)

F

R2adj

df (n, d)

F

47%

4, 80

19.524***

46%

4, 79

18.621***

24%

2, 101

17.372***

28%

3, 105

15.158***

Coeff

SE

t

Coeff

SE

t

Coeff

SE

t

Coeff

SE

t

—
—
-4.096
-4.718

1.426
1.272

-2.872**

1.103
1.116

-2.421*

0.913
0.893

2.308*
-4.423***

-4.328***

—
30.778
-3.585
—

13.335
0.811

-4.130***

—
—
-2.019
-3.864

-2.212*

-3.709***

—
—
-2.672
-4.609

R2adj

df (n, d)

F

R2adj

df (n, d)

F

R2adj

df (n, d)

F

R2adj

df (n, d)

F

26%

2, 100

19.132***

26%

2, 99

18.425***

30%

2, 107

23.940***

17%

2, 106

11.908***

Coeff

SE

t

Coeff

SE

t

Coeff

SE

t

Coeff

SE

t

3.624***

0.702
—
—
2.045

0.198

3.549**

2.860**

1.014
—
—
—

0.280

15.480

0.793

2.579*

—
—
—
20.65

0.980

2.106*

Time
Aridity index
R. angustifolius same year
R. angustifolius prev. year

—
44.267
—
—

**

Coeff

-4.715***

-10.062
2.134
—
-590.287 132.330 -4.461*** 354.475
***
4.032
0.674
5.985
3.446
1.643
0.771
2.132*
-—
—
—
—
—
—
—
—

Coeff

SE

t

-10.223
1.847 -5.534***
-401.808 125.472 -3.202**
—
—
—
—
-15.883
7.687
-2.066*
—

df (n, d)

F

R2adj

df (n, d)

F

R2adj

df (n, d)

F

R2adj

df (n, d)

F

7%

1, 101

8.177**

26%

1, 100

18.425***

14%

2, 107

9.746***

3%

1, 107

4.437*

Coeff

SE

t

Coeff

SE

t

Coeff

SE

t

Coeff

SE

t

0.096
—
—
—

0.033

2.924**

0.209
—
—
—

0.042

4.926***

0.268
—
—
—

0.046

5.846***

R2adj

df (n, d)

F

R2adj

df (n, d)

F

R2adj

df (n, d)

F

7%

1, 100

8.552**

18%

1, 108

24.269***

24%

1, 107

34.175***

—
—
—
—

—

= 0.01 < P ≤ 0.05;

t

R2adj

R2adj

*

SE

H-J+S

SE

-2.548*
6.813***
3.506**

Coeff

H-J

SE

Standing Time
-11.009
crop
Aridity index
-246.640
Grass cover
4.138
Forb cover
2.560
Rush cover
—
Legume cover
—
R. angustifolius same year
—
R. angustifolius prev. year
—

Grass
cover

H-J/S

df (n, d)

F

= 0.001 ≤ P ≤ 0.01; *** = P < 0.001; — = effect omitted from the model. df (n, d) = degrees of freedom (nominator, denominator.

In the persistence phase, mean grass cover was negatively cross-correlated with mean cover of the
hemiparasite in the same year, but more strongly with
that in the year before (Table 2). For both lags, CCs
between grass cover and the parasites’ cover were significantly negative in 16 of the 24 permanent plots
(Table A-4). The parasites’ cover in the previous and the
same year proved to be more important than time and
drought (multiple linear regressions: Table 3). Only in
the H-J+S regime was a negative relationship between
grass cover and the hemiparasite in the previous year
absent.

We found no significant CC between mean forb
cover and mean R. angustifolius cover at lags 0 and 1
(Table 2), as can also be seen in the small number of
significant CCs for the permanent plots individually
(Table A-4). Only in the H-J and H-J+S treatments did
the cover of the hemiparasite in the previous year, but
not in the same year, explain a significant amount of the
variation in forb cover (positive effects: Table 3). Cover
of rushes was unrelated to the hemiparasite (Tables 2
and 3, Table A-4).
The most abundant plant species which occurred
during the persistence phase were: Agrostis capillaris,

- Long-term dynamics of the hemiparasite Rhinanthus angustifolius Anthoxanthum odoratum, Holcus lanatus, Plantago
lanceolata, Poa trivialis, Potentilla anserina, Ranunculus repens, Rumex acetosa and Rumex crispus. Only H.
lanatus and R. acetosa showed population fluctuations
related to R. angustifolius (Fig. 6C). Peaks in the cover
of the hemiparasite lagged two to four years behind
peaks of H. lanatus (highest CC at lag 3: r = 0.629 ±
0.213; P < 0.05; N = 25), R. acetosa ran two years
behind R. angustifolius (CC: r = 0.433 ± 0.209; P <
0.05; N = 25). This is generally consistent with the CCs
for the individual permanent plots (Table A-5).
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Discussion
Influence of grassland management
Rhinanthus angustifolius could only establish when
mean standing crop in the subfields was below ca. 600
g.m–2. Bakker et al. (1980) had succeeded to successfully introducing R. angustifolius into some of the management regimes in Loef S by 1978. At that time, there
was no microsite limitation in Loef S, but seed limitation
instead. Probably because of enhanced dispersal by
mowing machinery (e.g. Strykstra et al. 1996), estab-

Fig. 5. A. Mean R. angustifolius cover in nine valley grasslands in the Loefvledder and Anlo study area of the nature reserve
‘Drentsche Aa’ (The Netherlands). Number of permanent plots per grassland is indicated between brackets in the legend. B. Aridity
index (from March until July; grey line). Mean R. angustifolius cover in the four treatments with annual hay-making with machinery
(black diamonds; N = 24; ± 1 s.e.) for the period 1980-2004. The black horizontal line suggests the aridity threshold for successful
R. angustifolius establishment (visually determined).
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lishment first occurred in the annual mechanical haymaking regimes (H-J, H-S, H-J+S and H-J/S) and the
parasite became significantly more abundant here. The
sporadical occurrence of the hemiparasite in the other
treatments (except scything) proves, however, that the
parasite could also reach these subfields (Fig. A-1).
Here, the lack of, or the less frequent visit of the mowing
machinery (lower dispersal), combined with the remaining high peak standing crop (Bakker et al. 2002)
probably prevented establishment. Although scything
removed the same amount of nutrients as the treatments
with mechanical cutting, the lack of dispersal by machinery postponed establishment. By the time seeds
entered the subfield it had probably become too dry for
persistence of R. angustifolius due to a lack of soil
compaction because no machinery had entered the field
since 1973.

(Fig. 5B). The impact of drought may be so pronounced
on this hemiparasitic species because of its annual life
cycle and the lack of a persistent seed bank. Each year, a
new cohort of plants has to ensure transfer to the following year. Once the species has disappeared from the field,
it takes several years to rebuild a new population.
In the same way as animals (Bjørnstad & Grenfell
2001), plant populations are not necessarily at stable
equilibrium (e.g. Dodd et al. 1995; Silvertown et al.
2002); this is often the result of stochastic climate fluctuations (Silvertown et al. 1994; Haddad et al. 2002;
Dunnett et al. 1998). This finding illustrates the importance of long-term monitoring to give insight into population dynamics. These population fluctuations would never
have been assessed in short-term studies or with fewer
years of monitoring (cf. ter Borg 1985; de Hullu 1985).
Disappearance of R. angustifolius from the field?

Population fluctuations
After the first collapse of the hemiparasite, abundances did not level off but again peaked and collapsed.
Continued vegetation monitoring thus suggests that the
breakdown of R. angustifolius populations cannot be
due to only the deterioration of beneficial conditions for
the parasite such as the lowering of soil fertility and the
scarcity of high quality hosts, as de Hullu (1985) and ter
Borg (1985) suggested.
Our results clearly indicate that an abiotic, probably
climatic, factor such as drought is of more importance

Since the last population breakdown (1996), the
hemiparasite has not recovered much. Contrarily, the
moss Rhytidiadelphus squarrosus has vastly increased
since 2000 (Fig. 6A). This may be an indication of
acidification as a result of long-term nutrient depletion
by hay-making without fertilizer application.
A thick moss layer may mechanically inhibit seedling establishment (van Tooren 1988). Petru & Lepš
(2000) found the highest number of seedlings of the
related Pedicularis sylvatica in mown plots with moss
removal. The thick moss layer in the adjacent field

Fig. 6A. Mean cover of the
functional groups grasses,
R. angustifolius, forbs and
mosses per plot (N = 24; ±
1 SE);
B. Mean standing crop (including the hemiparasite, N
= 40; ± 1 SE);
C. Mean cover of Holcus
lanatus and Rumex acetosa
(in the plots where the
species were present; N =
max. 24; ± 1 SE); all in the
four annual mechanical
hay-making treatments.

- Long-term dynamics of the hemiparasite Rhinanthus angustifolius (Loef L) might have prevented R. angustifolius to increase in abundance there (pers. obs.), although the
species must have been a constituent part of the seed
rain. This hypothesis remains to be tested.
Impact on standing crop?
We did not find indications that R. angustifolius
reduced total standing crop (including the parasites’
biomass) over the long term (1980-2004). However, in a
quantitative review of short-term sowing studies (one to
two years) Ameloot et al. (2005) showed that total
above-ground biomass of mixed vegetation (including
the parasite’s biomass) is reduced by ca. 26% of the
amount in control plots by Rhinanthus spp.
Vegetation composition
In this long-term data set, grass cover was negatively
associated with the parasite (Fig. 6A). Grasses are generally considered to be high quality hosts for Rhinanthus
spp. (Seel et al. 1993). Ameloot et al. (2005) found that
in sowing and weeding experiments in mixed vegetation, grass biomass was reduced by ca. 56%.
Forbs, generally considered to be poor quality hosts
(Cameron et al. 2005), slightly increased with increasing cover of the parasite (Fig. 6A). Non-leguminous
dicots mostly benefit from the presence of Rhinanthus
spp. (Ameloot et al. 2005).
Interestingly, the cover of H. lanatus and R. acetosa
was related to that of R. angustifolius (Fig. 6C). Population fluctuations of the grass alternate with those of the
hemiparasite and may be a result of (over-) parasitism.
Alternatively, they may be caused by the sensitivity of
H. lanatus to winter frosts (pers. obs. Y. De Vries),
giving R. angustifolius the opportunity to increase in
abundance. Furthermore, R. acetosa might benefit from
the gaps which are left after the death of R. angustifolius
because this species is often found on disturbed patches
within grasslands (pers. obs.).
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App. 1. Fig. A1. Time series of mean annual Rhinanthus angustifolius cover per treatment (six permanent plots per treatment ± 1 SE)
in Loef S. See Table 1 for an explanation of the treatment codes.
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Table A-1. Coefficients of significant CCs (P < 0.05) at lag 0 of Rhinanthus angustifolius cover between the permanent plots in the
four annual mechanical hay-making regimes (six replicates each ) in Loef S (nature reserve Drentsche Aa, The Netherlands) in the
establishment phase (since the first appearance of the hemiparasite in the grasslands). When CC was not significant (P < 0.05) at lag
0, the highest significant CC at the smallest lag is shown between brackets. The lag is negative when the tested variable in the left
column is lagged one year behind the other variable tested.

H-S

25
26
27
28
29

H-J/S

31
32
33
34
35

H-J

37
38
39
40
41

H-J+S

49
50
51
52
53

26

27

28

29

30

0.604 ± 0.180

0.868 ± 0.180
0.428 ± 0.180

0.918 ± 0.180
0.616 ± 0.180
0.880 ± 0.180

0.762 ± 0.180
0.765 ± 0.180
0.749 ± 0.180
0.792 ± 0.180

0.808 ± 0.180
0.805 ± 0.180
0.673 ± 0.180
0.875 ± 0.180
0.857 ± 0.180

32
0.425 ± 0.180

33
(-1: 0.553 ± 0.183)
0.562 ± 0.180

34
0.375 ± 0.180
0.578 ± 0.180
0.796 ± 0.180

35
0.887 ± 0.180
0.496 ± 0.180
0.482 ± 0.180
0.472 ± 0.180

36
0.574 ± 0.180
0.584 ± 0.180
0.721 ± 0.180
0.792 ± 0.180
0.655 ± 0.180

38
0.871 ± 0.180

39
0.756 ± 0.180
0.667 ± 0.180

40
0.535 ± 0.180
0.434 ± 0.180
0.909 ± 0.180

41
0.541 ± 0.180
0.401 ± 0.180
(1: 0.382 ± 0.180)
(1: 0.434 ± 0.183)

42
0.821 ± 0.180
0.664 ± 0.180
0.506 ± 0.180
(1: 0.641 ± 0.183)
0.878 ± 0.180

50
0.519 ± 0.180

51
0.916 ± 0.180
0.441 ± 0.180

52
0.833 ± 0.180
0.533 ± 0.180
0.859 ± 0.180

53
0.617 ± 0.180
0.525 ± 0.180
0.683 ± 0.180
0.518 ± 0.180

54
0.585 ± 0.180
0.399 ± 0.180
0.532 ± 0.180
0.539 ± 0.180
0.750 ± 0.180

Table A-2. Coefficients of significant CCs (P < 0.05) at lag 0 of mean Rhinanthus angustifolius cover in the four annual mechanical
hay-making regimes (means of each six replicates) in Loef S (nature reserve Drentsche Aa, The Netherlands) in the establishment
phase (since the first appearance of the hemiparasite in the grasslands). When CC was not significant (P < 0.05) at lag 0, the highest
significant CC at the smallest lag is shown between brackets. The lag is positive when the tested variable in the (right) columns is
lagged 1 year behind the variable in the utmost left column.

H-S
H-J/S
H-J

H-J/S

H-J

H-J+S

(2: 0.451 ± 0.192)

(2: 0.398 ± 0.192)
0.960 ± 0.186

0.428 ± 0.186
0.676 ± 0.186
0.670 ± 0.186
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Table A-3. CCs of Rhinanthus angustifolius cover between each of the nine grasslands in the Anlo study area (nature reserve
Drentsche Aa, The Netherlands) in the establishment phase (since the first appearance of the hemiparasite in the grasslands). Only
the highest CC values are shown; bold: significant CCs (P < 0.05). The lag is negative when the tested variable in the utmost left
column is lagged one year behind the other variable tested. For CC, missing values within the time series were substituted by the
means of the two adjacent time points.

463

677

854

1376K

1376L

1371A

1371B

Loef K

lag
r
SE
N
lag
r
SE
N
lag
r
SE
N
lag
r
SE
N
lag
r
SE
N
lag
r
SE
N
lag
r
SE
N
lag
r
SE
N

677

854

1376K

1376L

1371A

1371B

Loef K

Loef L

–1
0.478
0.200
26

–1
–0.429
0.200
26

2
0.656
0.209
25

1
0.597
0.204
25

2
0.582
0.316
12

0
0.429
0.196
26

3
0.477
0.243
20

27

25

0
0.801
0.289
12

26

1
0.720
0.229
20

3
0.785
0.258
18

25

1
0.715
0.302
12

26

2
0.440
0.236
20

3
0.497
0.258
18

12

2
–0.453
0.209
25

20

18

1
0.780
0.302
12

–1
0.580
0.204
25

20

18

12

1
0.615
0.302
12

2
0.696
0.316
12

4
–0.487
0.250
20

18

0
0.499
0.192
27

25

25

2
–0.430
0.209
25

1
0.670
0.218
22
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Table A-4. Coefficients of CC (± 1 SE; n = 25; bold: significant at P < 0.05) of grass, forb and rush cover with Rhinanthus
angustifolius cover for each of the 24 permanent plots in the annual mechanical hay-making treatments in Loef S, since the presence
of the hemiparasite in the grassland (1980-2004). The lag is negative when functional group cover is lagged one year behind R.
angustifolius cover.
Grasses
Plot
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
49
50
51
52
53
54

lag -1

lag 0

-0.596 ± 0.204

-0.636 ± 0.200

Forbs
lag 1

lag -1

lag 0

-0.651 ± 0.209
-0.394 ± 0.204
-0.637 ± 0.209

0.455 ± 0.204
-0.445 ± 0.204

-0.456 ± 0.204
-0.384 ± 0.200
-0.662 ± 0.204

-0.534 ± 0.200
-0.394 ± 0.200

-0.446 ± 0.204
-0.560 ± 0.204
-0.730 ± 0.209

-0.495 ± 0.200
-0.479 ± 0.204
-0.353 ± 0.200
-0.435 ± 0.200
-0.413 ± 0.204
-0.375 ± 0.204

lag -1

-0.381 ± 0.200

-0.459 ± 0.204

lag 0

lag 1

0.746 ± 0.200

0.451 ± 0.204

-

-

-

-

-0.390 ± 0.200
-0.398 ± 0.204

-

-0.502 ± 0.204

-0.500 ± 0.204

-0.440 ± 0.204
-0.461 ± 0.204

lag 1

-0.604 ± 0.204

-0.537 ± 0.204
-0.583 ± 0.209
-0.659 ± 0.209

Rushes

-0.429 ± 0.209

0.500 ± 0.204
0.380 ± 0.204

-0.328 ± 0.204

-0.505 ± 0.204

0.454 ± 0.204

0.471 ± 0.209
0.391 ± 0.204
0.400 ± 0.204

Table A-5. Coefficients of CC (± 1 SE; n = 25; bold: significant at P < 0.05) of the cover of Holcus lanatus and Rumex acetosa with
Rhinanthus angustifolius cover for each of the 24 permanent plots in the annual mechanical hay-making treatments in Loef S, since
the presence of the hemiparasite in the grassland (1980-2004). The lag is negative when the other species is lagged one year behind
R. angustifolius cover.
Holcus lanatus
Plot
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
49
50
51
52
53
54

lag -1

-0.378 ± 0.204
-0.388 ± 0.209
-0.386 ± 0.204
-0.423 ± 0.209

lag 0

lag 1

lag 2

Rumex acetosa
lag 3

lag 4

0.404 ± 0.209
-0.462 ± 0.200
-0.475 ± 0.204

lag -1

0.743 ± 0.209
0.613 ± 0.213

0.611± 0.204
0.475 ± 0.204

lag 0

0.479 ± 0.209
0.387 ± 0.218

0.587 ± 0.213

0.618 ± 0.213
0.800 ± 0.218
0.447 ± 0.213
0.553 ± 0.213

0.383 ± 0.209
0.637 ± 0.209

-0.343 ± 0.200

-0.409 ± 0.200

lag -2

0.398 ± 0.218
0.520 ± 0.218

0.525 ± 0.204
0.416 ± 0.204

0.452 ± 0.213
0.651 ± 0.213

0.541 ± 0.209

0.451 ± 0.218
0.613 ± 0.224
0.401 ± 0.218
0.606 ± 0.218
0.715 ± 0.218
0.573 ± 0.218
0.461 ± 0.218
0.401 ± 0.218
0.603 ± 0.224
0.527 ± 0.224

0.552 ± 0.213
0.529 ± 0.209
0.461 ± 0.213
0.400 ± 0.200

0.529 ± 0.204

0.395 ± 0.204

0.387 ± 0.204
0.458 ± 0.200

0.621 ± 0.224
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