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Opposite effects of litter and hemiparasites on a dominant
grass under different water regimes and competition levels
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Abstract Direct and indirect biotic interactions may
affect plant growth and development, but the magni-
tude of these effects may vary depending on environ-
mental conditions. In grassland ecosystems,
competition is a strong structuring force. Nonetheless,
if hemiparasitic plant species are introduced the
competition intensity caused by the dominant species
may be affected. However, the outcome of these
interactions may change between wet or dry periods.
In order to study this, we performed a pot experiment
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with different densities of the dominant species
Schedonorus arundinaceus (1, 2 or 4 individuals)
under constantly moist or intermittently dry condi-
tions. The different Schenodorus densities were
crossed with presence or absence of hemiparasites
(either Rhinanthus minor or R. alectorolophus).
Additionally, pots remained with bare ground or
received a grass litter layer (400 g m™—2). We expected
that indirect litter effects on vegetation (here Schedo-
norus or Rhinanthus) vary depending on soil moisture.
We measured Schedonorus and Rhinanthus above-
ground biomass and C stable isotope signature (3'>C)
as response variables. Overall, Schedonorus attained
similar biomass under moist conditions with Rhinan-
thus as in pots under dry conditions without Rhinan-
thus. Presence of Rhinanthus also increased 3'°C in
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moist pots, indicating hemiparasite-induced water
stress. Litter presence increased Schedonorus biomass
and reduced 8'°C, indicating improved water avail-
ability. Plants under dry conditions with litter showed
similar biomass as under wet conditions without litter.
Hemiparasites and litter had opposite effects: hemi-
parasites reduced Schedonorus biomass while litter
presence facilitated grass growth. Contrary to our
expectations, litter did not compensate Schedonorus
biomass when Rhinanthus was present.

Keywords Drought - Festuca arundinacea Schreb. -
Grassland - Rhinanthus alectorolophus - Rhinanthus
minor - Schedonorus arundinaceus (Schreb.)
Dumort. - Stable isotopes - Tall fescue

Introduction

At a local scale, plant community composition is the
result of a balance between positive and negative
interactions among their members and with other biota
within the ecosystem (Lortie et al. 2004). These biotic
interactions can be direct or indirect, both having
important consequences on community composition
and structure (Morin 2009).

Direct interactions among individuals, such as
competition, predation or parasitism, affect growth
and reproduction. In particular, parasitism reduces or
delays host development, which may have an impact
on direct interactions of the host with other non-
parasitic species (Mudrak et al. 2014). Hemiparasitic
plants are frequent in natural and semi-natural grass-
lands and they may play an important role in reducing
competitive effects of the dominant grasses (Mudrak
et al. 2014; Phoenix and Press 2005). This may
increase grassland biodiversity by allowing subordi-
nate species to establish (Ameloot et al. 2005). Due to
this effect, hemiparasites such as Rhinanthus species
are being actively used as a restoration tool in
grassland restoration projects (Bullock and Pywell
2005; Mudrak et al. 2014; Pywell et al. 2004).
However, the response of the dominant vegetation to
Rhinanthus may change depending on the prevailing
nutrient and stress level (Bullock and Pywell 2005).
Apart from a direct, mostly negative, parasite-host
interaction, the indirect effects on co-occurring
species may shift from facilitative to competitive
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under stressful environments such as drought (Bu et al.
2013; Napier et al. 2016) and alter the outcome of
interactions among dominant and subordinate species
(Press and Phoenix 2005). For example, when the
parasitic species is attached to a host, high transpira-
tion rates might be maintained even under drought
conditions, water uptake by the host plants will
increase (Jiang et al. 2010; Spasojevic and Suding
2011), soil water content will be reduced and, in turn,
subordinate species will be weakened by lower water
availability.

On the other hand, indirect interactions among
plants are mediated through effects of living or dead
plants on abiotic conditions such as soil moisture, light
availability, pH or temperature that modulate growth
conditions of the vegetation (Levine 1999; Resco de
Dios et al. 2014). In the case of dead plant remains (i.e.
litter), their indirect effects may accumulate over time
and thus last much longer than direct effects of living
individuals. Also, they have the potential to alter the
outcome of direct interactions among plant popula-
tions in complex communities (Bergelson 1990;
Ruprecht et al. 2010a). In this way, litter may exert
different types of effects on plant communities. It can
have negative direct effects on vegetation by creating
a mechanical barrier for growth, especially during
early stages of plant development (Jensen and
Gutekunst 2003; Ruprecht and Szabo 2012). But litter
may also have positive or negative indirect effects on
vegetation, usually acting through changes in
microenvironmental conditions (Deutsch et al.
2010). Litter reduces soil evaporation and temperature
fluctuations (Eckstein and Donath 2005; Loydi et al.
2014), which has positive effects during dry periods or
in areas of high insolation or with high temperatures
(Loydi et al. 2013). Similarly, litter releases nutrients
to the soil, increasing seedling growth (Berg 2000;
Myers et al. 1997), but it may also release allelo-
chemicals during decomposition, which will reduce or
delay seed germination (e.g. Hovstad and Ohlson
2008; Inderjit et al. 2008; Loydi et al. 2015a; Ruprecht
et al. 2010b). Litter can also lower the strength of
competition in plant communities by delaying
regrowth of established vegetation (Schmiede et al.
2013; Torok et al. 2012). In a previous study, we found
that the presence of a litter layer reduced seedling
emergence but it also increased biomass of established
fully-grown individuals of Schedonorus arundinaceus

(Schreb.) Dumort. (syn. Festuca arundinacea
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Schreb.), which in turn increased their competitive
effect (Loydi et al. 2015b). Overall, litter seems to
have stronger direct effects when vegetation grows
from underneath the litter layer, as during germination
or regrowth of individuals. Indirect effects on envi-
ronmental conditions generated by litter are more
important for already emerged or developed individ-
uals (Hovstad and Ohlson 2009; Levine 1999; Violle
et al. 20006).

Central European grasslands are systems where
disturbance and competition are the main structuring
forces (Pirtel et al. 2005) and litter represents an
important agent for indirect interactions (Facelli and
Pickett 1991). Additionally, among the wide array of
plant functional groups in these grasslands, hemipar-
asitic plants, such as species of the genera Rhinanthus,
Euphrasia and Odontites, are frequent (Westbury
2004; Wolfe et al. 2005). Thus, the direct and indirect
effects that components of grassland systems, e.g.
dominant grasses, hemiparasitic forbs, grass litter,
exert upon each other may have profound conse-
quences for community composition and structure.
These effects seem to be stronger in communities with
highly variable environmental conditions (Napier
et al. 2016). To untangle these complex interactions
will also help to increase the effectiveness of the
application of Rhinanthus species to control dominant
and unwanted grasses in restoration projects. How-
ever, to our knowledge, there have been no experi-
mental studies addressing the potentially interactive
effects of litter and hemiparasites on the performance
of a dominant species under different levels of
environmental stress. Therefore, we performed a pot
experiment using different densities of the grass S.
arundinaceus growing in the presence or absence of
one of two congeneric hemiparasitic species (i.e.
Rhinanthus alectorolophus and R. minor) with or
without the presence of a grass litter layer. Pots were
additionally subjected to constantly moist or intermit-
tently dry conditions, the latter simulating drought.
We evaluated Schedonorus and Rhinanthus perfor-
mance measuring changes in plant aboveground
biomass and stable carbon isotopes ratios (8'>C).
Drought stress usually reduces aboveground biomass
production. This is partly explained by a reduction in
stomatal conductance. Under such conditions, the
RubisCo enzyme is no longer able to discriminate
among natural C isotopes, leading to an increasing '*C
presence in plant tissues. The resulting increase of the

carbon isotopic ratio (8'>C) can thus be used as an
indicator of drought stress (Adams and Grierson 2001;
Dawson et al. 2002). Therefore, carbon isotopic ratio
is a sensitive indicator of drought stress in plants.

Multiple factors in our experiment may change
moisture conditions: (i) constantly moist and inter-
mittently dry conditions will have an impact on
aboveground biomass and, as soon as stomatal closure
increases, on '°C isotopic signature, (ii) increasing
levels of competition and the presence of hemipara-
sites will decrease water availability, and (iii) presence
of a litter layer will improve water availability by
reducing soil evaporation under drier conditions, thus
counteracting water deficits due to the presence of
hemiparasites. For this particular work, we wanted to
test if the presence of litter and hemiparasitic species
exert opposite effects on aboveground biomass
depending on water availability. Based on current
knowledge, we expect the following:

1. Hemiparasitic species have a negative effect on
water availability and increase drought stress.
Their presence will thus reduce Schedonorus
biomass more strongly under intermittently dries
than under moist conditions. They will indirectly
reduce stomatal conductivity resulting in an
increased carbon isotopic signature.

2. Alitter layer will increase water availability under

drought and thus weaken the negative effects of
intermittently dry conditions on aboveground
biomass (i.e. of Schedonorus and Rhinanthus).
Plants will respond to higher water availability
due to a litter layer with a higher stomatal
conductivity resulting in a relatively low carbon
isotopic signature.

3. Litter and hemiparasites presence exert opposite
effects on Schedonorus growth. Thus, presence of
a litter layer will compensate biomass reduction
and isotope ratio changes due to presence of
Rhinanthus spp.

Materials and methods
Study species
Schedonorus arundinaceus (tall fescue) is a cool-

season perennial bunchgrass native to Europe. It is a
common grass in natural and semi-natural grasslands
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across Central Europe, occurring regularly together
with Rhinanthus species (Gibson and Newman 2001).
It is widely used as forage in its native range and many
cultivars have been introduced as forage worldwide.

Parasitic species of the genus Rhinanthus (Oroban-
chaceae) are frequent in non-intensively managed
grasslands in Europe and North-America (Ameloot
et al. 2005; Jiang et al. 2010). The family contains
appr. 45 species, all annual or perennial root hemi-
parasitic herbs (Wolfe et al. 2005) with grasses and
legumes as their preferred host. Recently, Rhinanthus
species have been used as a tool in several grassland
restoration programmes, since introduction of Rhi-
nanthus may be a low-cost method to reduce grass
competition (Hejcman et al. 2011) and indirectly
increase biodiversity. The selected Rhinanthus species
differ in their habitat preference: R. minor is found in
mesic habitats while R. alectorolophus is more
frequent in slightly drier systems (Bullock and Pywell
2005).

Experimental design and data collection

We performed a completely randomised pot experi-
ment to test the effect of competition (factor levels
(k) = 3, low/medium/high levels of competition by
Schedonorus), presence of plant hemiparasites (k = 3,
absence/R. minor/R. alectorolophus), litter presence
(k = 2, presence/absence) and moisture conditions
(k = 2, intermittently dry/constantly humid) on bio-
mass and carbon stable isotope ratios in leaf tissues of
Schedonorus and Rhinanthus. For each combination
(2 x 2 x 3 x 3 = 36 combinations), we prepared 10
replicates (N = 360) of 4 L pots (18 cm diameter and
16 cm depth). Additionally, we prepared pots only
with R. minor or R. alectorolophus (moisture condi-
tions x litter = 4 combinations per species) repli-
cated 10 times each to evaluate the performance of
hemiparasites without hosts. The experiment con-
sisted of a total of 440 pots.

Schedonorus and Rhinanthus species were grown
from seeds from a commercial seed supplier (Rieger-
Hofmann® GmbH). Schedonorus seeds were germi-
nated under greenhouse conditions and later trans-
planted to their respective pots. The transplants were
made in November 2012 and plants were maintained
outside for six months (autumn and winter) until the
beginning of the experiment. Pots were filled with
commercial potting soil (Fruhstorfer Erde®, Type P,
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Industrie-Erdenwerke Archut GmbH, Lauterbach,
Germany) composed of a mixture of peat, clay and
humus (pH-CaCl, 5.7, 188 mgL™' nitrogen,
136 mg L™! P,0Os and 206 mg L™' K,0). The com-
petition treatment was established by planting one,
two or four individuals of S. arundinaceus in each pot.
Pots with the same potting soil were maintained under
the same conditions and used for the treatments
without competitors. Rhinanthus seeds were sown in
germination trays and maintained wet for 6 months at
4 °C under dark conditions in a germination chamber
for proper stratification. Afterwards, they were moved
to greenhouse conditions for 2 weeks since attachment
of Rhinanthus to the host starts 2 weeks after emer-
gence (Davies et al. 1997). All Rhinanthus individuals
had 24 fully developed leaves at the time of
transplantation.

On 14th May 2013, all pots were placed in a
greenhouse located close to Giessen, Germany
(50°32'N, 8°41.3'E, 172 m a.s.l.). Schedonorus indi-
viduals were cut 2 cm above the soil surface and half
of the pots received 400 g.m™? of air-dried grass litter
(10 g per pot) without covering the grasses. The litter
amount is within the range of 250 and 500 g m >
where positive effects on vegetation biomass in pot
experiments can be expected (Loydi et al. 2013). Litter
was collected from unfertilized grasslands. The other
half of the pots was kept without litter (i.e. bare
ground). Afterwards, one third of the pots with
Schedonorus within each level of the competition
treatment received five individuals of R. minor and the
other third five individuals of R. alectorolophus. The
rest was maintained without any hemiparasite species.
Additionally, 80 pots without Schedonorus received
five individuals of one Rhinanthus species in the
presence or absence of a litter layer and under different
moisture conditions (eight combinations, factors
hemiparasites x litter x moisture conditions) and
were maintained under the same conditions. These
pots were used as controls to measure Rhinanthus
growth without a host but under the effect of all the
other treatments employed. However, they were not
used in our statistical analyses (see below). After
transplantation of all Rhinanthus individuals, all pots
were maintained constantly moist for 11 days to avoid
subsequent mortality. Nonetheless, 3% of the trans-
planted Rhinanthus (ca. 50 individuals) died during
the first 4 days and were replaced by new individuals.
We measured litter depth in a random subsample of 10
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pots per Schedonorus treatment and the controls. Litter
depth varied between 21.3 and 38.8 mm, with a mean
of 29.6 mm, but there were no significant differences
among treatments (F33¢ = 1.43, p = 0.250). Addi-
tionally, we measured the diameter of each Schedo-
norus tuft to test for random differences among
treatments before the start of the experiment. As
expected, the individual basal diameter of the Sche-
donorus plants differed significantly between the
levels of competition, with 66.0 & 0.5, 51.1 £ 0.4
and 38.6 & 0.3 mm plant_1 (mean £ SE) for pots
with one, two and four individuals, respectively
(F2324 = 1105.3, p < 0.001, see Table S1 in supple-
mentary information). There were no differences
among the other treatments. At the same time, to
ensure similar levels of nutrients in each pot, we added
Osmocote  exact standard (Everris GmbH,
16N:9P:12K + 2MgO + trace elements, with a
3—4 months release formulation) with watering at
4gL7",

On 25th May, the experiment commenced by
letting half of the pots become intermittently dry,
while the other half was maintained constantly moist.
To accomplish this, the pots in the intermittently dry
treatment received 50 mL of water, while the con-
stantly humid pots received 100 mL. After 20 days,
the amount of water applied was doubled due to higher
temperatures at the end of spring and beginning of
summer. Watering events occurred when the treatment
with the highest evapotranspiration but no Rhinanthus
individuals turned dry (i.e. treatment with four Sche-
donorus, no litter, no Rhinanthus and moist condi-
tions). We assumed that this treatment had the highest
evapotranspiration since it had the highest Schedo-
norus green biomass, and was therefore used as an
indicator for watering the rest of the treatments. This
resulted in watering twice to three times a week.
Volumetric soil water content was monitored using a
ThetaProbe ML2x soil moisture sensor (Delta-T,
Cambridge, UK) only in the pots without Rhinanthus
(n = 120) to avoid damage of Rhinanthus seedlings or
established host-parasite connections. This was done
three times during the experiment: immediately, 1 and
2 days after watering at randomly chosen dates. At the
end of the growing season, before the dry summer
period (7th July), all aboveground biomass was
collected from each pot, dried at 60 °C for 48 h and
weighed. The experiment lasted for 43 days. For
statistical analyses, we only used those pots with at

least two or more healthy and well-developed Rhi-
nanthus individuals, i.e. those pots where Rhinanthus
did actually parasitize on Schedonorus. This was
assumed when individuals had five times more
biomass than Rhinanthus individuals growing in the
control pots without hosts (Jiang et al. 2007). This
resulted in a slightly unbalanced design with a total of
335 pots (93% of the original design).

To analyse '*C stable isotope signatures of Sche-
donorus and Rhinanthus plants, we used four repli-
cates per treatment using only those pots with four or
five well-developed Rhinanthus individuals. A sub-
sample of leaf biomass was used for analyses. Two
grams of biomass were ground in a Retsch MM200
mill (Retsch GmbH, Hann, Germany) and subse-
quently stored dry in 2 mL Eppendorf tubes until
further analysis. Samples of 3—-4 mg were weighted
into 4x6 mm tin cups (HEKAtech, Germany) for C
isotope determination in an stable isotope ratio mass
spectrometer (nu Horizon, Nu Instruments Limited,
UK) linked to an elemental analyser (EURO-EA 3000,
Euro Vector, Italy) in continuous flow configuration
(set-up by HEKAtech, Germany).

Samples were measured against CO, reference gas
that had been calibrated to L-glutamic acid reference
materials USGS-40 (8"°C = — 26.39%. VPDB) and
USGS-41 (8"3C = — 37.63%0 VPDB) (International
Atomic Energy Agency, Vienna, Austria). We used
NIST-certified 2,5-bis(5-tert-butyl-2-benzoxazol-2-
yl)thiophene (BBOT; 72.52% C; HEKAtech, Ger-
many) as internal reference material for carbon isotope
analysis. The 8'°C were expressed as

R sample

isotope ratio 6(%,) = < — 1) x 1000

Rsland
where R represents the ratio of the fractional abun-
dance of the heavy and light isotope ('>C/'>C) in the
tissue sample (Ryampie) OF the reference substance used
(Rstand)~

Statistical analysis

All data were evaluated using factorial ANOVA to
analyse the effects of competition, litter, moisture
conditions and presence of hemiparasites. Hemipara-
sites were considered a factor only for Schedonorus
data. Data were transformed using Box-Cox transfor-
mations to meet ANOVA assumptions (Legendre and
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Legendre 1998). All factors were considered fixed.
Due to the mortality of Rhinanthus individuals during
the experiment, we included the number of Rhinanthus
individuals that survived until the end of the exper-
iment as a covariate in the ANOVA model for
Schedonorus biomass to account for its potential
effects on final biomass. Covariates were not neces-
sary for Schedonorus stable isotopic composition
since variation in Rhinanthus was minimal (4 or 5
individuals per pot, see above), nor for Rhinanthus
biomass since there was no Schedonorus mortality
during the experiment. In all cases, Tukey posthoc
tests were performed. All statistical analyses were
performed using Statistica (version 10.0, StatSoft Inc,
Tulsa, OK, US).

Results

The number of live Rhinanthus individuals in each pot
did not affect the outcome of the study since their
presence as covariate in the ANOVA was non-
significant (p = 0.117; Table S2). In general, the
effects of R. minor and R. alectorolophus on Schedo-
norus did not differ significantly and both Rhinanthus
species showed similar response to the analysed
factors.

Soil moisture per pot
Soil moisture was higher in treatments with litter

presence at all sampling dates (see Table 1 and
Table S3). Already 1 and 2 days after watering

significantly higher moisture contents were found in
the low competition compared to the other treatments
(Table 1). Two days after watering (and right before
the next watering event), litter had a positive effect on
soil moisture only at medium competition levels but
not at high or low competition level (Competition x
Litter interaction, p = 0.043, Table S3). At the same
date, in well-watered pots low competition level
showed a higher soil moisture than medium and high
competition level but intermittently dry pots had
similar soil moisture at all competition levels (Com-
petition x Watering interaction, p = 0.0007,
Table S3).

Schedonorus biomass per plant

Overall, increased levels of competition reduced
Schedonorus biomass per plant (Fig. 1). Also, within
each competition treatment, intermittently dry condi-
tions significantly reduced biomass (Fig. 1). Within
each competition treatment, the presence of both
hemiparasites significantly reduced biomass com-
pared to pots without hemiparasites (Fig. 1), espe-
cially at medium and high competition intensity
(Fig. S1). Overall, Schedonorus attained similar
biomass under moist conditions with Rhinanthus as
in pots under intermittently dry conditions without
Rhinanthus (Fig. 1). The presence of litter increased
Schedonorus biomass under both constantly wet and
intermittently dry conditions and the combination of
intermittently dry conditions with litter showed sim-
ilar biomass as constantly wet conditions without litter
(Fig. S2). There was no significant

Table 1 Mean soil moisture content (in % volumetric soil water content; £SE, n = 10) during the experiment under the different

treatments
Factor Levels Sampling date
Immediately after watering 1-Day after watering 2-Days after watering

Competition Low 34.93 + 1.24° 29.35 £+ 0.91° 13.70 &+ 1.21°

Medium 33.12 £ 1.13° 2744 + 1.14® 9.98 + 0.63°

High 34.04 + 1.19° 26.88 + 1.25° 8.55 4 0.40°
Watering Wet 39.16 + 0.63° 31.63 £+ 0.72° 13.59 + 0.87°

Dry 28.79 + 0.71° 24.15 + 0.78° 7.99 + 0.24°
Litter presence Yes 36.95 + 0.89° 32.12 + 0.68° 12.12 + 0.85°

No 31.15 + 0.89° 23.81 + 0.74 9.53 + 0.58"

Different letters within each factor indicate significant differences among factor level means (Tukey test, p < 0.05)
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Fig. 1 Schedonorus mean
biomass per plant (in g per 67 6
plant) in pots without E3
hemiparasite species or with o = B3
Rhinanthus alectorolophus g 44 § 44
(R. ale) or Rhinanthus minor 3:35 :’5
(R. min) at different levels 1 > ol
of competition and with é ” é ”
presence or absence of a RS kS
litter layer. Grey bars A A
represent moist conditions
and white bars represent dry 0- 0-
conditions. Mean £ 1 SE e
are shown «g 4- 4n
E
=]
= i\ 34 T:\ 3
g | E
= =) =
g 2| & 24 25 2
S g g
Q
3 £ g
< S 1 S 1
3 /A m
[T
=]
g 0- 0-
g
2.0 2.0
< 151 151
g g
a =
4 | 2 104 201,04
g g
5 g
2054 = 0.5
2] aa]
0.0 0.0
none R.ale R. min none R. ale R. min
Hemiparasite Hemiparasite
No Yes
Litter presence
litter x hemiparasite interaction (p = 0.186, layer for all treatments, although the magnitude varied

Table S2), indicating that the presence of a litter layer
did not compensate for negative effects of the
hemiparasites on Schedonorus biomass.

Hemiparasite biomass

In comparison with Schedonorus, Rhinanthus biomass
responded differently to various factors of the exper-
iment (Table S4). The interaction among Competi-
tion x Hemiparasite x Litter = was significant,
showing a higher biomass in the absence of a litter

between species. In all cases, R. minor showed a
higher biomass than R. alectorolophus. As in Schedo-
norus, dry conditions reduced Rhinanthus biomass,
although this tended to happen at low competition
levels (p = 0.084, Fig. 2). Unlike in Schedonorus, the
presence of a litter layer reduced Rhinanthus biomass
(p = 0.0001), although this was due to a higher
biomass in constantly moist conditions without litter
(Fig. 2).
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Fig. 2 Rhinanthus 0.4n 0.4-
alectorolophus (R. ale) and ’ ’
Rhinanthus minor (R. min)
mean biomass per plant (in g 034 0.3
per plant) at different levels g g
of competition and with = i
presence or absence of a S0 0.2 S0 0.2
litter layer. Grey bars 1 2 2
represent moist conditions g g
and v.vljlite bars represent dry & 0.14 s 0.14
conditions. Mean £ 1 SE
are shown
0.0 0.04
0.4+ 0.4+
%
E < 034 < 034
g = =
z 2| & 021 &0 0.2
3 %] 1)
§ & g
T | :
% 3 014 2 017
g
g 0.0 0.0
0.4- 0.4-
o T 037
3 3
=% o
4 | & S0 0.24
7] 172]
wn wn
s <
g g
& A 0.14
0.0~
R.ale R. min R. ale R. min
Hemiparasite Hemiparasite
No Yes
Litter presence

Schedonorus and Rhinanthus: '>C isotope
signatures

Intermittently dry conditions resulted in higher (less
negative) 8'°C in Schedonorus leaves than constantly
moist conditions, indicating relatively higher assimi-
lation of "*C (i.e. reduced isotope discrimination) in
the former owing to stomata closure. The presence of
hemiparasites did not affect 8'°C in dry pots. In
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contrast, in constantly moist pots, the presence of any
of the Rhinanthus species resulted in higher §'°C
indicating lower water availability due to hemipara-
sites (Fig. 3, Table S5).

When comparing different Schedonorus densities,
the presence of Rhinanthus induced a water shortage at
low competition levels (i.e. increased 3'3C) but not at
medium or high competition levels. In contrast, the
presence of a litter layer improved water availability
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Fig. 3 8'°C values (in per
mil) in Schedonorus leaf
biomass in pots without

Litter presence
Yes

hemiparasite species or with
Rhinanthus alectorolophus
(R. ale) or Rhinanthus minor none

Hemiparasite
R. ale R. min none R. ale R. min

Hemiparasite

(R. min) at different levels
of competition and with

and white bars represent dry 1
conditions. Mean £ 1 SE
are shown 314

§13C(%o)

=324

228+
presence or absence of a 2294 Ll u
litter layer. Grey bars
represent moist conditions

=304

1

§13C(%o)

=324

[\)
513C(%o)

314

=324

Density of Schedonorus (individuals pot™)

v, 0

513C(%o)

=314

=324

F¥F I

= =
S S
4|5 -304 S -30-
) o
[Ze] %=
31+ -31-
-32- -32-

as shown by a reduction in 3'°C in both watering
treatments (Fig. 3).

In the case of Rhinanthus, both species showed
significantly higher (less negative) 8'°C under inter-
mittently dry conditions (8"3C under intermittently dry
vs. moist conditions were — 30.97%o vs. — 31.97%o
and — 31.23%o vs. — 32.13%o, for R. alectorolophus
and R. minor respectively), indicating a water deficit.
Across all other factors, there were also significant
differences in 8'>C between low and high competition
levels, but neither of these was different from medium
competition levels.

Discussion

Our work showed that the presence of hemiparasite
species had negative direct effects on S. arundinaceus,
while presence of a litter layer had indirect positive
effects. However, the strength of these effects changed
with water availability and Schedonorus density.

Treatment effects on Schedonorus arundinaceus

Water stress reduces aboveground primary productivity
and biomass (Knapp et al. 2002; Yahdjian and Sala
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2006) and increases 8'°C in plant tissues (Moreno-
Gutiérrez et al. 2012; Murphy and Bowman 2009). Both
responses were observed in our experiment. Presence of
hemiparasites reduced host biomass. We expected that
Rhinanthus will also increase isotopic composition of
host biomass, indicating higher water stress (Moreno-
Gutiérrez et al. 2012). However, this was only found in
well-watered pots. Intermittently dry pots had an
overall higher 8'°C isotopic signature, but showed no
differences in isotopic composition between pots with
or without hemiparasites presence. Under dry condi-
tions, Rhinanthus species had a direct effect reducing
plant growth, but they were not an additional source of
water stress. Thus, our data suggest that water stress
through drought and through the presence of hemipar-
asites is not additive. Probably, the stress provoked in
Schedonorus individuals due to the intermittently dry
conditions was already above the threshold where
additional water stress due to hemiparasites would
change the 8'°C isotopic signature. Under natural
conditions, during dry periods or in dry grasslands, the
presence of hemiparasite species may probably not
have any (or only weak) effects on vegetation, besides
reducing available resources for growth (Ameloot et al.
2005; Jiang et al. 2010). Since even Rhinanthus growth
is reduced under intermittently dry conditions, direct
effects of hemiparasites on the host may be limited.
Additionally, litter does not improve environmental
conditions to a degree that compensates for Rhinanthus
direct effects under dry conditions (but see below), or
maybe Rhinanthus is not capable to reduce soil water
availability for co-occurring species as we expected.
Therefore, we hypothesised that in dry grasslands, the
effectiveness of Rhinanthus species as a diversity-
restoration tool is limited, but positive effects can be
expected in mesic grasslands. This hypothesis should be
empirically tested in future studies.

The presence of a litter layer may exert indirect
positive effects on plants by slowing down the
evaporation of water from the soil (Eckstein and
Donath 2005). In our experiment, this effect lasted
until the next watering event (see Table 1). Conse-
quently, litter presence increased Schedonorus bio-
mass by reducing drought stress. This observation is in
line with the fact that Schedonorus biomass in
intermittently dry pots covered with litter was similar
to biomass in moist pots in the absence of a litter layer.
However, isotopic composition between these two
treatments was still different, with higher water stress
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(i.e. higher 8'"°C isotopic signature) in pots under
intermittently dry conditions with a litter layer than in
well-watered pots without litter (see Fig. 3). This
indicates that Schedonorus in the intermittently dry
pots was able to improve its water use efficiency
slightly, which means a reduction of stomatal con-
ductance in a range where carbon gain and, conse-
quently, growth was not significantly slowed down. It
is well known that litter increases soil moisture by
acting as a barrier for water evaporation (Facelli and
Pickett 1991), but this is the first time that this effect is
demonstrated in terms of changes in carbon isotopic
composition. Our results suggest that a litter layer
cannot completely compensate intermittently dry
conditions, but its presence may mitigate drought
stress and thus counteract growth depression under
reduced water availability. However, the role of litter
in dry grasslands or during dry periods might be
limited if dry conditions persist for too long.

The observed effect of competition in the experi-
ment was already present at the beginning of the study,
since the competition treatment was established
6 months before the start of the experiment. However,
once the experiment started, our experimental
approach did not produce a water deficit in the low
competition treatment in the absence of Rhinanthus
(Table 1), but there was an effect at medium or high
levels of competition when water demand increased
but water supply was kept constant. Also, the effect of
Rhinanthus was different for the different competition
treatments. In general, well-watered pots with Rhi-
nanthus had the same biomass as intermittently dry
pots without Rhinanthus, suggesting that Rhinanthus
may have a strong effect on grass biomass (Hejcman
etal. 2011) that will allow non-host species to compete
with established grasses under natural conditions
(Ameloot et al. 2005; Davies et al. 1997).

Treatment effects on Rhinanthus spp.

Rhinanthus biomass was similar for wet and dry
conditions at medium and high densities of Schedo-
norus, where hemiparasite species may have acquired
enough resources from the host (Gibson and Watkin-
son 1989; Westbury 2004). At low Schedonorus
densities, one host individual was not enough to
support optimal hemiparasite resource supply. Para-
sitism by several individuals on one host may limit
available nutrients and constrain proper development
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of the hemiparasite (Atsatt and Strong 1970). Contrary,
higher density of Schedonorus individuals, and there-
fore higher biomass, did not translate into higher
biomass of the hemiparasite species, probably because
high host biomass incurs a competitive effect on the
hemiparasite, most likely for light or space (see Loydi
et al. 2015b). This is also reflected in the lower
Rhinanthus biomass when a litter layer is present, since
these pots were characterised by high Schedonorus
biomass. Limited growth of the hemiparasites due to a
reduced water supply was corroborated by higher 3'*C
isotopic signature under intermittently dry conditions.
However, there were no differences in carbon isotopic
signature (or only minor differences) among levels of
the other factors. This may suggest that the main effects
of competitors or litter on Rhinanthus biomass were
not mediated through changes in available water
because carbon isotopic signature did not change.
Instead, these changes suggest a competition effect
between Schedonorus and Rhinanthus in pots with high
Schedonorus densities. For example, Hejcman et al.
(2011) reported that R. minor is affected by competi-
tion when aboveground productivity is high. On the
other hand, litter may exert a negative mechanical
effect on Rhinanthus at low Schedonorus densities, as
reported by other authors (e.g. Mudrak et al. 2014).
This direct negative effect of grass litter on Rhinanthus
biomass may be partly the cause of higher Schedonorus
biomass in these pots, being an indirect positive effect
of litter on Schedonorus biomass.

Conclusions

In this work, we have shown some of the complex
relations among biotic components of grassland habi-
tats. Direct effects of hemiparasites and indirect effects
of litter (acting through changes in environmental
conditions) have opposite consequences for the growth
of the widespread grass S. arundinaceus. Overall, litter
seems to have a stronger effect on dominant grasses
than presence of hemiparasites especially under dry
conditions. Nonetheless, under well-watered condi-
tions, hemiparasites may have a considerable effect on
dominant vegetation without being affected by litter
presence. Interactions between both factors (i.e. litter
and hemiparasites) are complex: litter increases host
biomass while reducing hemiparasite biomass, sug-
gesting that litter accumulation in grassland may be a

benefit for the dominant vegetation, especially under
dry conditions when the direct effect of hemiparasites
is at the same time limited.
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