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Abstract: European oak species have long been considered relatively resistant to different disturbances,
including drought. However, several recent studies have reported their decline initiated by complex
changes. Therefore, we compared mature sessile oak trees (Quercus petraea (Matt.), Liebl.) infested
versus non-infested by hemiparasitic yellow mistletoe (Loranthus europaeus Jacq.) during the relatively
dry vegetation season of 2019. We used broad arrays of ecophysiological (maximal assimilation
rate Asat, chlorophyll a fluorescence, stomatal conductance gS, leaf morphological traits, mineral
nutrition), growth (tree diameter, height, stem increment), and water status indicators (leaf water
potential Ψ, leaf transpiration T, water-use efficiency WUE) to identify processes underlying vast oak
decline. The presence of mistletoe significantly reduced the Ψ by 1 MPa, and the WUE by 14%. The T
and gS of infested oaks were lower by 34% and 38%, respectively, compared to the non-infested oaks,
whereas the Asat dropped to 55%. Less pronounced but significant changes were also observed at the
level of photosystem II (PSII) photochemistry. Moreover, we identified the differences in C content,
which probably reduced stem increment and leaf size of the infested trees. Generally, we can conclude
that mistletoe could be a serious threat that jeopardizes the water status and growth of oak stands.

Keywords: hemiparasite; oak stands dieback; water deficit; mineral nutrition; photosynthesis;
growth response

1. Introduction

European oak species are dominant species in temperate European hardwood forests [1] and
among the main components of the European forest economy [2]. These woody plants are, therefore,
of great environmental, economic and cultural importance [3]. There is high genetic, physiological and
morphological differentiation within the genus, but European oaks may be generally considered as
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one of the most drought-tolerant tree species in comparison with other deciduous trees of European
forests [3–5]. With average air temperatures significantly rising and significant changes in precipitation
regime in Europe over the last several decades [6], conditions at higher altitudes have become more
suitable for these species [7]. However, they have been more often negatively affected and reports
about the decline of oak stands suggest that multifactorial processes are responsible for the increased
damage [8]. Inappropriate oak forest management [9], cold winters [10] and soil nutrient imbalance [11]
may lead to a strong decrease in oak resistance potential. The interaction of various factors occurring
on the background of climate changes leads to the more frequent extreme weather events, namely,
heat stress, and a lack of precipitation during the beginning of the vegetation season and during the
summer, which may affect the growth and survival of trees [12,13]. There is evidence of frequent
crown and stand declines, especially at dry sites [14]. Weakened oak forests are more affected by
biotic factors which may include infection by pathogenic fungi and microorganisms [15–17], and insect
attacks [8,10,18]. Most of the aforementioned factors that negatively affect the vitality of trees can be
amplified by an often neglected biotic agent with an increasing significance: hemiparasitic plants [19–21].
Hemiparasitic plants and their hosts form integrated systems that are stable for many years [22].
They occur more often in less dense stands [23] and even though they can assimilate CO2, their exclusive
source of water and minerals is the host plants. Thus, hemiparasites need to keep their stomata open
whenever possible to sustain the stream of transpiration and the amount of water lost by hemiparasitic
plants may be enormous [24]. By withdrawing water from the host trees even during drought periods,
hemiparasites cause the drought effects to become more severe [23,25]. The cumulative effect of
these factors leads to a more pronounced decrease in the water potential [26], stomatal conductivity
and assimilation rate [23,27,28], which alter the nutrient and carbon status of host trees compared to
non-infested trees growing in the same conditions [29]. Moreover, transpiration-mediated cooling
of host trees is restricted, and heat stress may also impact light-dependent photosynthetic reactions.
The probability of yellow mistletoe spreading is higher with rising temperatures [30], resulting in a
feedback loop.

We focused on examining how yellow mistletoe (Loranthus europaeus) impacts the physiology of
sessile oak trees (Q. petraea s.l.). This hemiparasitic plant is widespread in Europe, and its northern
distribution border crosses Slovakia [31]. It grows mainly in oak tree crowns and occurs less frequently
on stems at the places where the outer bark is cracked, and it mainly infests oaks that are more than
60 years old [19].

Lower branches of infested trees become more massive resulting in changes of overall tree shape.
The accelerated growth of lower branches is a rebalancing effort of the tree to maintain the physiological
performance as the upper part of the crown is more severely affected by the presence of yellow
mistletoes. However, this defence mechanism is effective only when the infection is not spread and has
a small extent [32]. Currently, a high population density of mistletoe can be observed and, therefore,
the defence mechanism of oak trees is often ineffective. Severely infested trees respond by a premature
senescence of the crown, which may eventually result in the death of the whole individual [32,33].

As results from the aforementioned, yellow mistletoe negatively affects the physiological status
of host trees in many ways [23,25,26,34]. The goal of this study was to analyse a broad array of
ecophysiological properties and processes in oak trees infested by yellow mistletoe during the drought
period. We compared indicators of water status, photosynthetic performance, drought-induced
stress nutrient status, growth and leaf traits on the infested, and non-infested mature oak trees and
yellow mistletoe. We hypothesize that (i) the water potential of infested trees is significantly lower
than that of non-infested trees and even lower for mistletoe, seriously influencing photosynthesis.
The drought enhanced by the presence of yellow mistletoe leads to drops in both the light-dependent
and light-independent stages of photosynthesis. We expect the lowest water-use efficiency (WUE) for
yellow mistletoe and the highest for non-infested trees. Another hypothesis is that (ii) infested trees
have significantly lower content of minerals due to losses to mistletoe and due to restricted upward
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transpiration stream, limiting the growth of leaves and the stem increment. Finally, we expect that
(iii) higher and thicker individuals are more infested than those of lower diameters.

2. Materials and Methods

2.1. Study Site and Design Description

The research was performed in Slovakia, in the central part of the Považský Inovec Mts.
(48◦40′02′′ N; 18◦04′09′′ E, 360–400 m a.s.l.). The site is located on a southwest-oriented slope
with an inclination of 10–30◦. The soils are acid cambisol podzol. The area belongs to a warm,
dry region, hilly land and highlands.

For the research, a stand with an age of 95 years consisting exclusively of sessile oak trees
(Q. petraea (Matt.) Liebl s.l.), was chosen. The stand belongs to managed forests with an area of
12.95 ha, stand density of 0.8 (8) and full canopy. Trees have originated from generative regeneration of
100% sessile oak seeds. The standing volume per hectare is 264 m3 and the total standing volume is
represented by 3419 m3.

The long-term climatic data (1961–1990) for the study area were taken from the nearest
meteorological station Topol’čany. The air temperature and precipitation during 2019 were measured
on an open field close to the study site using our own meteorological station with Minikin Tie and Eri
sensors (EMS, Brno, Czech Republic) and a built-in datalogger. The annual mean air temperature was
higher in 2019 compared to the long-term mean (10.4 ◦C and 9.4 ◦C, respectively) and the average
air temperature during the vegetation period (from April to September) was higher in 2019 (16.6 ◦C
and 15.9 ◦C, respectively). The long-term mean annual rainfall was 549 mm, while the rainfall in 2019
was 782 mm. The amount of precipitation during the vegetation season in 2019 was 409 mm and the
long-term mean was 326 mm. Even though the total precipitation was quite high compared to the
long-term averages, the distribution was uneven (Figure 1) and only 23 mm fell during the 30-day
period prior to the physiological measurements.
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We identified 100 adult dominant oak trees with canopies comparably exposed to sun radiation
(excluding extreme phenological forms): 50 individuals of non-infested oaks and 50 individuals
infested by the hemiparasitic yellow mistletoe (Loranthus europaeus Jacq.), which were comparable for
both, the height and diameter. All chosen trees were situated inside the stand and did not show any
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other visible damage, except the presence of yellow mistletoe. The diameter at breast height (DBH),
the tree height, and the height of the first branch were assessed for each of 100 oak trees. The heights
were measured using the ultrasonic hypsometer for the measuring of tree height and distance—Vertex
IV (Haglöf, Långsele, Sweden) at late autumn of 2018. The DBH was measured in early spring and
late autumn (before and after leaf unfolding) of 2018 using the steel manual band dendrometers with
an accuracy of 1 mm, which were mounted at a height of 1.3 m. The difference between the two
measurements represents the stem increment per year. Moreover, we visually checked each infested
oak tree using binoculars, and mistletoes were counted during the winter of 2018/2019. The mean
number of mistletoes per infested tree was 8.30. A total of 67% of the infested oak trees had fewer
than 10 mistletoes. The maximum number of mistletoes per oak was 19, while the smallest number of
mistletoes per infested oak tree was 2 individuals.

For further physiological measurements, the subset of 14 infested and 14 non-infested trees were
selected, whereas we chose infested trees with between 8 and 11 mistletoes. The sampling of leaves and
the in situ measurements were carried out during two sequential days on 6 and 7 August 2019 from
8:30 to 12:00 and from 15:00 to 18:00. The 2–4 m long branches from the upper, unshaded part of the
crown of selected trees were cut in turns during the day by professional climbers. Immediately after
cutting, the branches were put into water and measured to prevent the rapid desiccation of tissues.

The more detailed information about the individual measurements and their sample sizes are
displayed in Table 1.

Table 1. The description of sample sizes for conducted measurements.

Sampling and Measurements Oak Trees Per
Variant/Repetitions Yellow Mistletoes/Repetitions

Diameter at breast height 50/1 -
Height of tree 50/1 -

Height of the first branch 50/1 -
Stem increment 50/1 -

Leaf water potential 13/2–4 10/1
Gas exchange 14/8 14/6

Chlorophyll a florescence 14/5 -
Content of nutrients in leaves 14/1 (ca. 30 leaves) 14/1 (ca. 100 leaves)

Leaf morphological traits 14/1 (ca. 20 leaves) 14/1 (ca. 100 leaves)

2.2. Leaf Water Potential

The water potential (Ψ) was assessed for a total of 10 to 13 individuals per group. A Scholander-type
pressure chamber SAPS II (Soil Moisture Equipment Corp., Goleta, CA, USA) was used and
2–4 repetitions for each tree were measured. Just one value was assessed for the mistletoe, as the
variability found for one individual was low and measurements were more demanding regarding the
pressure in the portable gas bottle.

2.3. Gas Exchange Measurements

Parameters related to photosynthesis and water-use efficiency were compared among infested
trees, non-infested trees and yellow mistletoes. Eight and six leaves were recorded per individual oak
and mistletoe, respectively. Measurements were carried out using an Li-6400XT gas exchange system
connected to a standard 6 cm2 chamber fitted with a 6400-02B light-emitting diode (LED) light source
(LI-COR Biosciences, Lincoln, NE, USA). Inside the chamber, the reference CO2 concentration and
photosynthetically active radiation were maintained at 400µmol mol−1 and 1400 µmol photons m−2 s−1,
respectively. The air temperature inside the chamber was set to 23 ◦C and the relative humidity of the
air was approximately 70%.
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Values of the CO2 assimilation rate (Asat), transpiration rate (T), intercellular concentration of CO2

(Ci) and stomatal conductance to water vapour (gS) were recorded after the adaptation of leaves inside
the chamber, when the values of CO2 assimilation rate remained stable (1–2 min). The intrinsic water
use efficiency WUEi was calculated as the ratio of the CO2 fixation rate to the stomatal conductance
(Asat/gS).

2.4. Chlorophyll a Fluorescence Measurements

Chlorophyll a fluorescence was assessed using a PAM-2500 fluorimeter (Walz, Effeltrich, Germany).
Five leaves per oak tree (infested and non-infested) were measured. The leaves were kept in darkness for
30 min and then illuminated by a saturation pulse with an intensity of approximately 6580 µmol m−2 s−1

for a duration of 1 s to assess the minimum fluorescence of dark-adapted leaves (Fo) and the maximal
fluorescence of dark-adapted leaves (Fm). Then, the leaves were illuminated with an actinic light of an
intensity 350µmol m−2 s−1 for 1.5 min to obtain the steady-state fluorescence (Fs). The second saturation
pulse was used to measure the maximal fluorescence of light-adapted leaves (F′m). The maximal
efficiency of the photosystem II (PSII) photochemistry (Fv/Fm), the actual efficiency of the PSII
photochemistry (ΦPSII), the electron transport rate (ETR) and the non-photochemical quenching (NPQ)
were calculated as follows [35]:

Fv
Fm

=
Fm− Fo

Fm
(1)

ΦPSII =
F′m− Fs

F′m
(2)

ETR = ΦPSII × PAR× 0.84× 0.5 (3)

NPQ =
Fm
F′m

− 1 (4)

2.5. Content of Nutrients in Plants and Soil

Biomass samples consisting of approximately 30 leaves per tree (infested and non-infested oaks)
and 100 leaves per mistletoe individual were collected. Subsequently, the leaves were dried for 48 h in
a drying oven at a temperature of 105 ◦C. The dry matter was then milled into a powder in a Fritsch
Planetary Micro Mill (Fritsch, Markt Einersheim, Germany). The total nitrogen and sulphur content
were determined with a FLASH 1112 Nitrogen, Carbon and Sulphur Analyser (Thermo Fisher Scientific
Inc, Hanau, Germany). The Ca, Mg, K, and P contents were determined after mineralization of the
samples in concentrated HNO3 using microwave decomposition (UniClever type, Plazmatronika,
Wrocław, Poland). The content of P was measured with an atomic emission spectrometer (AES-ICP,
type LECO ICP-3000, LECO, St. Joseph, MI, USA), while the Ca, Mg and K contents were analysed
using a SensAA atomic absorption spectrometer (GBC, Dandenong, Victoria, Australia).

The biological absorption coefficient (BAC) defined in 1969 by Kovalevsky [36] was calculated
as the ratio between the nutrient content in the plants and the same nutrient in the soil. We utilized
this relationship to determine the ability of the species to accumulate nutrients from a soil subsystem
into the plant biomass or from the host plant into the parasitic plant during the growing season.
Within the research plot, the infested and non-infested trees were randomly integrated, and therefore
the calculation of BAC was based on the same soil samples. Sampling of the soil was carried out
in August 2019. Ten samples of mineral topsoil (5–10 cm deep) were taken along two line transects
(contour and fall line with lengths of 10 and 15 m, respectively) at regular distances of 5 m. These 10
samples from research plot were mixed and analysed. The collected soil sample was dried at 105 ◦C to
a constant weight. Subsequently, the samples were milled into a fine dust using the Planetary Micro
Mill. We determined the total N and S content with the FLASH 1112 CNS analyser. Available forms of
the other macronutrients (Ca, Mg, K, P) were extracted according to Mehlich II, and then the samples
were analysed using an atomic emission spectrometer.
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2.6. Leaf Morphological Traits

Leaves from non-infested trees, infested trees, and yellow mistletoe plants were sampled and
transported to the laboratory to measure of the mean leaf size (area, cm2), using ImageJ 1.51 k software
(National Institute of Health, Bethesda, MD, USA), and the leaf mass area (LMA, g cm−2). LMA was
calculated as the ratio between dry weight and area of leaves. We sampled approximately 20 leaves
per oak tree and 100 leaves per mistletoe.

2.7. Statistical Analysis

Hierarchical analysis of variance was performed to reveal the differences among the studied
parameters whenever more repetitions for one individual were measured (more leaves/twigs per oak
tree/yellow mistletoe). This was used for the measurements of leaf water potential, gas exchange
parameters, and chlorophyll a fluorescence parameters (Table 1). The analysis was performed in R
(R Core Team 2017) using the lme function from the nlme package. For the measurements, where just
one repetition per individual oak tree/yellow mistletoe was conducted (e.g., tree height, DBH, LMA,
content of nutrient; Table 1), a one-way analysis of variance was used. Then, the Tukey tests
(with significance level α = 0.05) were performed for multiple comparisons using the glht function
from the multcomp package.

Moreover, relationships between the number of mistletoes and the growth parameters of the
infested trees were tested using the linear regression models.

3. Results

3.1. Leaf Water Potential and Photosynthesis

The water potential values were negative, with the lowest value in the yellow mistletoe,
higher values in the infested sessile oaks and the highest value in the non-infested sessile oaks.
The steps between respective variants were nearly 1 MPa, and the differences among all groups were
significant (Figure 2a). Strikingly low variability was found for mistletoe.

There were no significant differences in the assimilation rate between the infested trees and the
mistletoes (Figure 2b), but these two groups differed statistically from the best-performing non-infested
trees. The average value of the assimilation rate for the non-infested trees was almost twice as high as
that of the infested trees or mistletoes.

The yellow mistletoe showed the highest average values of transpiration rate and stomatal
conductance which were 3.3 and 4 times higher than values of the infested oaks and 2.2 and 2.5 times
higher than the values of the non-infested trees (Figure 2c,d). Even though the differences between the
infested and non-infested trees were not as pronounced for the assimilation rate, they were statistically
significant between all three groups for both, T and gS. Despite the lower stomatal conductance
in the infested trees, their intercellular concentration of CO2 was significantly higher than that of
the non-infested trees (Figure 2e). The Ci values of the yellow mistletoe was close to the ambient
concentration of CO2, and again, the variability was extremely low.

The differences in the intrinsic water-use efficiency were significant between all three groups.
The lowest WUEi value was recorded for mistletoe and the highest value was recorded for the
non-infested trees (19.2 and 84.5 µmol mol−1 respectively). The WUEi values of the non-infested trees
was roughly 4 times higher than that of the mistletoe (Figure 2f). The differences between the groups
of oaks were significant, with higher WUEi values confirmed for the non-infested trees, in particular
due to much higher assimilation rates.

Based on the maximal (Fv/Fm) and the actual photochemical efficiency of PSII (ΦPSII), we did not
confirm significant damage to the PSII photochemistry induced by the activity of yellow mistletoe
(Figure 3a,c). However, the non-infested sessile oak trees showed a slightly (but significantly)
higher efficiency of the electron transport rate (Figure 3b). The dissipation of excess energy as heat
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(non-photochemical quenching, Figure 3d) differed greatly between the groups of trees, with average
values of 1.03 and 1.31 for non-infested and infested oaks, respectively.Water 2020, 12, x FOR PEER REVIEW 7 of 19 
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3.2. Content of Nutrients in Plants and Their Absorption

By comparing mistletoe and both groups of sessile oak trees we found that content of Ca, Mg,
K and P in the leaves of mistletoe were significantly higher than those of both groups of oaks
(Figure 4a–f). In contrast, the contents of C and N were significantly lower in the leaves of mistletoe.
Most importantly, the only significant difference between the two groups of oaks was confirmed for
C. Non-infested trees had a lower concentration of C in their leaves compare to the infested trees
(479.2 and 498.4 g kg−1, respectively).
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Analyses of the mineral topsoil (5–10 cm) at the study site showed a low base saturation. On the
poorest solid rocks we detected acid cambic podzol (pH 4.8). The content of C showed the highest
value (22.1 g kg−1) among all nutrient. On the other hand, the contents of other nutrients (N, Ca, Mg,
K and P) did not exceed 1.2 g kg−1. Biogeochemical flows of selected nutrients between the soil and
the oaks were analysed using the biological absorption coefficient (BAC, Table 2).

Table 2. Biological absorption coefficient of nutrient (in direction from soil to oaks and from oaks to
mistletoe). Mean ± standard deviations are displayed. Superscript letters (a,b) represent the statistical
significance at the level of p = 0.05.

Carbon Nitrogen Calcium Magnesium Potassium Phosphorus

Non-infested tree 21.7 ± 0.92 b 17.3 ± 2.31 a 12.3 ± 1.96 a 190.9 ± 37.11 a 18.4 ± 4.77 a 55.7 ± 9.57 a

Infested tree 22.6 ± 0.60 a 17.7 ± 1.77 a 13.2 ± 1.28 a 179.8 ± 69.83 a 18.5 ± 5.46 a 59.2 ± 12.71 a

Mistletoe 0.9 ± 0.02 0.7 ± 0.13 1.4 ± 0.23 1.9 ± 0.58 1.5 ± 0.27 5.2 ± 1.44

We confirmed that there were no significant differences for nutrient accumulation between groups
of trees (except C). The nutrients with the highest accumulation were Mg and P, while Ca had the lowest
accumulation in the leaves of trees. The accumulation of Mg was 14 times higher than the accumulation
of Ca for infested oak trees and almost 16 times higher for the non-infested oak trees. We found the
following BACs for the nutrients in the leaves of the tested trees: Mg > P > C > K > N > Ca.

Hemiparasitic yellow mistletoe gains nutrients exclusively from its host (oak). For this reason,
we calculated the BAC of the leaf nutrients ratio (mistletoe/infested oak tree). The highest values of the
BAC among all the nutrients were detected for P (5.16 ± 1.44), while the lowest values were found
for N (0.66 ± 0.13). By comparing the ability of mistletoes to accumulate nutrients with that of oaks,
we found much lower values (Table 1) and a markedly different order: P > Mg > K > Ca > C > N.
We assume that the values of the coefficients reflect the bioaccumulation potential of mistletoe and the
oak–mistletoe interaction.

3.3. Growth and Rate of Infestation

We confirmed marginally significant differences in leaf area between infested and non-infested oaks.
Infested oaks had significantly smaller and slightly (but not significantly) thicker leaves (Figure 5a,b).
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From the point of view of tree growth, we found significant differences in all studied traits,
except diameter at the breast height (Table 3). The mean height of the infested sessile oak trees was 2 m
lower compared to non-infested trees with the lower-lying crown as well. Although, the differences
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in DBH were not significant, analysis of the average stem increment per year showed that the stem
increment of the infested oaks was approximately 34% lower than of non-infested trees.

Table 3. Growth traits of non-infested and infested oak trees. Mean ± standard deviations are displayed.
Superscript letters (a,b) represent the statistical significance at the level of p = 0.05.

DBH (cm) Height (m) Height of the
First Branch (m)

Stem Increment
(mm)

Non-infested trees 36.6 ± 3.5 a 25.2 ± 1.7 a 9.1 ± 3.3 a 1.75 ± 1.4 a

Infested trees 39.2 ± 5.1 a 23.2 ± 1.9 b 6.7 ± 2.6 b 2.38 ± 1.7 b

Moreover, we calculated the correlation coefficient between the height of oak trees and the
frequency of mistletoe in the infested oaks and found no significant relationship. On the other hand,
we found a significant positive relationship between the diameter at breast height of the infested oak
trees and the frequency of mistletoe (r2 = 0.234, Figure 6a,b).Water 2020, 12, x FOR PEER REVIEW 11 of 19 
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4. Discussion

4.1. Impact of Mistletoe on Photosynthesis and Water Relationships

Our results showed that yellow mistletoe infestation alters the water status of its host plant.
Infested trees showed a more negative leaf water potential Ψ (−2.5 MPa) than did non-infected trees
(−1.58 MPa). This result was expected because part of the water is drained by mistletoe, amplifying
the drought stress of the host trees in our experiment. Moreover, plants try to avoid water shortage
and wilting caused by drought and hemiparasite by lowering the osmotic potential via production of
osmoprotective compounds, in addition to closing their stomata [24,37]. There is a close relationship
between the severity of drought stress and the leaf water potential. Breda et al. [4] reported a predawn
leaf water potential of −2 MPa and midday leaf water potential of −3.3 MPa as a threshold values of
Q. petraea when the number of embolised vessels significantly increase. Cochard et al. [38] estimated
the threshold value for midday water potential of −3 MPa in a 30-year-old Q. petraea stand. While the
non-infested trees in our study were, during the observations (from 8:30 to 12:00 and from 15:00 to
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18:00), in the “safe zone”, the infested ones were threatened in the long term by water shortage. The high
water demands of mistletoe are guaranteed by a greater negative leaf water potential (−3.5 MPa),
which causes the hydrostatic pressure in the cells between the host and the hemiparasite to favour the
hemiparasite and the xylem sap to flow from the host to the mistletoe [39]. The average differences in Ψ
during observation hours between the infested oaks and the mistletoes was 0.75 MPa, which is a smaller
value than the published values for yellow mistletoe parasitizing Q. robur (from −1.0 to −1.5 MPa, [40]).
Davidson et al. [41] pointed out that the Ψ difference between a host and mistletoe depends on the
air temperature and vapour pressure deficit (VPD). Higher air temperatures and VPDs lead to larger
differences. During our experiment, the VPD ranged from 1.54 to 2.48 kPa, and the air temperature
ranged from 22.0 to 26.0 ◦C indicating rather mild conditions. However, drought was present, and the
rainless period lasted for nearly one month prior to the experiment; therefore, we assume that under
more severe climate conditions (warmer and drier), the difference in Ψ between a hemiparasite and its
host might be higher.

As European oaks are considered as an anisohydric species in general, which are characterized by
relatively low stomatal control and under drought conditions they try to retain the CO2 assimilation
rate at the costs of water loses [42,43], we expected that the presence of yellow mistletoe would enhance
the anisohydric behaviour of the oak–mistletoe system. However, based on our results as we observed
the decrease in stomatal conductance and transpiration rate, we now suppose that behaviour of infested
oak trees is more isohydric compared to the non-infested trees. Transpiration in the infested trees was
66% of that in the non-infested ones. Reduced transpiration of the infested trees was connected to
an increased stomatal closure. In our case, the closing of stomata is a water-saving tool that prevent
hydraulic failure in host trees suffering from the presence of hemiparasites. The activity of mistletoe
leads to a reduced water supply in the host tree, a lower transpiration rate due to preventive stomatal
closure and an eventual reduction in the cooling ability at high air temperatures [44]. Unlike host trees,
mistletoe controls its own transpiration rate at very low levels and keeps stomata open allowing it to
transpire large amounts of water [26]. However, several studies have described the coupled regulation
of mistletoe stomata based on the host tree water status [28,40,45], light and air humidity [46] to some
extent. In our study, we did not observe any of these regulatory mechanisms. Ullmann et al. [45]
reported that the ratio between the transpiration rate of most mistletoe species and their hosts usually
ranges between 1.5 and 7.9, but only a few studies have dealt with yellow mistletoe and Quercus sp.
relationships. The ratio of transpiration between the mistletoe and its host in our study was 3.3, which is
in good accordance with the findings published by Schultze et al. [40] and [28]. Urban et al. [47] reported
that the transpiration rate of Loranthus europaeus was 5 times higher than that of oak. The differences in
the transpiration rates might be caused by a different duration of observations and the presence of
drought in our study.

In addition to the reduced transpiration in the infested oaks, the stomatal conductance was also
significantly lower compared to the non-infested trees (0.039 mmol m−2 s−1 and 0.062 mmol m−2 s−1,
respectively). Low stomatal conductance on infested trees prevents water loses, but on the other
hand, it causes limited CO2 assimilation. Hence, the presence of yellow mistletoe increases the risk
of carbon starvation. Under a sufficient water supply, this is not an issue for a host [24], but carbon
starvation remains a challenge under drought conditions. The activity of mistletoe reduced the stomatal
conductance to the same extent as that of the transpiration rate, as these processes are tidily coupled.
This is in accordance with Orcutt and Nilsen [48], who demonstrated a decline in the conductance in
tree leaves infested by yellow mistletoe to 68% when compared with non-infested oaks. The stomatal
conductance of mistletoe (0.159 mmol m−2 s−1) was significantly higher than in both groups of oaks
confirming the huge water withdrawal from the host tree xylem sap. A high rate of water loss due to
stomata openness is the most common feature among mistletoes either from temperate, tropical or arid
regions [40,41,45,46,49,50].

As is apparent from the aforementioned results, we found a difference in the photosynthetic
performance between the infested and non-infested trees. The close relationship between the severity
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of drought stress and the decline in photosynthetic activity was earlier described by Wang et al. [51],
who mainly attributed the decline of photosynthesis during mild and severe drought stress to
the stomatal limitation and PSII photoinhibition with accumulation of reactive oxygen species
(ROS), respectively. Queijeiro-Bolaños et al. [52] stated that the presence of mistletoes impacts the
photosynthetic performance of host according to the severity of infestation. The maximal rate of
CO2 assimilation (Asat) in our study dropped to 55%. A similar decline (drop to 68%) was found
by Johnson and Choinski [44]. For oaks infested by mistletoe, Schulze et al. [40] found Asat values
between 4 and 7 µmol CO2 m−2 s−1. Generally, the Asat values of non-infested oaks are much higher.
Epron et al. [53] found Asat values for Q. petraea ranging from 12 to 14 µmol CO2 m−2 s−1 and
Morecroft and Roberts [54] published a value of 10.4 µmol CO2 m−2 s−1 for Q. rubra. Osuna et al. [55]
published values from 7 to 15 µmol CO2 m−2 s−1 for Q. douglasii in dry years, but the Asat values
shifted to 15–23 µmol CO2 m−2 s−1 during the peak of the growing season for precipitation rich years.
Differentiation between our results and those mentioned above suggests pronounced drought stress
during the measurements. Typically, most mistletoes have lower rates of CO2 assimilation rate than the
trees they infest, but this is not an absolute rule [56–58]. Davidson et al. [41], as in our case, observed
that the Asat values of a hemiparasite and its host were nearly equal. In addition to reducing the CO2

assimilation rate of the host tree, yellow mistletoe can gain carbon from host xylem sap, as there is no
phloem bridge between the host tree and hemiparasite [59]. This heterotrophic carbon gain by mistletoe
species could range from 5% to 62% [57,60,61], which might lead to different impacts on host trees
according to the abundance of the parasite. To date, no such data are available for yellow mistletoe.

Coupled processes of CO2 assimilation and water transpiration on the leaf level are described
by the intrinsic water use efficiency (WUEi), which is the ratio of carbon assimilation to the
rate of stomatal conductance. Lower WUEi values generally means that more water is required
for carbon fixation. In our study, the WUEi values of infested trees were significantly lower
(73 µmol H2O mol−1) than that of non-infested trees (84 µmol H2O mol−1). This corresponds well with
the results of Sangüesa-Barreda et al. [62], who reported the substantial decrease in WUEi of Scots
pine (Pinus sylvestris) severely infested by European mistletoe (Viscum album) based on long-term
observation. Similar results were recorded by Queijeiro-Bolaños et al. [52] for the same species.
The mistletoes in our study had WUEi values 4 times lower than those of non-infested oaks, which also
support the strongly anisohydric behaviour of this hemiparasitic plant.

In addition to the above, drought stress could be identified with the intercellular concentration of
CO2 (Ci). Cornic and Massachi [63] identified drought stress by declining CO2 concentration inside
the leaf. We found significantly higher Ci values accompanied by lower stomatal conductance
in infested oaks. A situation in which Ci increases with declining stomatal conductance was
described by Flexas and Medrano [64], who identified an inflexion point beyond which Ci starts
to increase with declining conductance. The inflexion point usually lies close to the value of
50 mmol H2O m−2 s−1. In general, stomatal conductance below 150 causes metabolic limitation;
for gS values below 100 mmol H2O m−2 s−1, photochemical activity is reduced; and for gS values below
50 mmol H2O m−2 s−1, permanent photoinhibition frequently occurs [65]. The stomatal conductance
values in our study were notably low, at 60 mmol H2O m−2 s−1 in non-infested tree leaves and
39 mmol H2O m−2 s−1 in infested tree leaves. According to the association of higher Ci values with
lower conductance values in infested trees, we assume that the Ci values were beyond the inflection
point of the Ci curve, and photoinhibition is present. In contrast, non-infested trees show lower Ci
values and higher gS values. This points out that the inflection point of the Ci curve lies between
these two values and that infested individuals undergo severe heat-light stress, which could lead to
permanent photoinhibition.

The method of chlorophyll a fluorescence can be a sensitive indicator of plant photochemical
performance under a wide range of stress factors and it is suitable for assessing photoinhibition [66].
Even though PSII has been considered relatively resistant to drought and is more suitable as an indicator
of heat stress than drought [67,68], several studies have used this method and confirmed significant
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reduction in the photochemical performance under drought conditions [35,68,69]. Moreover, oaks in
field conditions may suffer from additive effects, such as heat stress or a hindered ability to regenerate
photosystems II [70]. Therefore, we expected that the unsuitable conditions intensified by yellow
mistletoe (Ψ = −1.58 MPa in non-infested trees and Ψ = −2.5 MPa in infested oaks) will alter the PSII
photochemistry yield in both the dark-adapted and light-adapted states. However, the Fv/Fm and ΦPSII

values (ranging in the interval 0.8–0.81 and 0.4–0.45, respectively) showed no significant differences
between non-infested and infested oak trees. ΦPSII values in the range of 0.3–0.6 were described for
two oaks species by [71], whereas the values were the same during wet and dry summers, suggesting
a relatively high resistance of PSII photochemistry to drought. However, the electron transport rate
(ETR), which is closely coupled with the maximum velocity of carboxylation (Vc,max), can be used as a
surrogate for leaf biochemistry and reflects gross photosynthesis [72,73], was significantly reduced
in infested trees. This suggests that non-infested oaks utilize light energy in carboxylation more
efficiently than infested trees, which corresponds well with the carbon assimilation rate results. On the
other hand, we observed substantially upregulated non-photochemical quenching NPQ in infested
oak trees. The higher values of NPQ means that the infested trees probably tried to avoid possible
damage caused by the ROS overproduction by dissipating excess energy through the xanthophyll
cycle, as they were under more severe drought stress [74,75]. Such a protective behaviour to maintain
normal photochemistry has been described in several studies dealing with drought stress [51,76].
However, Wang et al. [51] described the upregulated NPQ under moderate drought stress caused by
reversible photosynthetic adjustment (e.g., limited stomatal conductance, Ribulose-1-5-bisphosphate
(RuBP) regeneration, adenosine triphosphate (ATP) synthesis, and/or decreases in Rubisco activity).
On contrast, under a severe water deficit (with a Ψ values of approximately −3 MPa in apple tree
leaves), the sharp drop of NPQ was observed, which suggests the irreversible impairment of PSII
units. As we observed the higher ability of NPQ in the infested trees, we can conclude that the changes
in photosynthesis of infested oaks were caused by reversible photosynthetic adjustment rather than
irreversible damages of PSII.

4.2. Relationships between Oaks and Mistletoes: Growth and Mineral Nutrition

Long-term reduced photosynthesis may alter growth as well. The results of our study show
significant differences in the growth parameters between non-infested and infested oak trees. We found
differences in the stem increment (ca. 0.63 mm) and height (2.6 m) of non-infested oaks. Infested trees
were significantly lower compare to the non-infested ones as well as their radial growth was slower.

We found that the height of trees has no significant effect on the number of mistletoes, while the
relationship between the diameter at breast height and the number of mistletoes on the oaks was
significant (r2 = 0.234). Similar to Aukema and Martinez del Rio [77], we suppose that the tree height,
crown density and position of oaks in the forest stand play important roles for infestation of the oak by
mistletoe. However, the frequency and density of mistletoe are not related just to a character of the
oaks and the forest stand. In general, the distribution of mistletoes is affected by climate conditions
such as winter and spring frosts [31] and the presence and frequency of common bird species that feed
on mistletoe fruits [78–80]. Birds usually prefer higher oak trees with a high crown density to smaller
oak trees with crown lift in the forest stand [77]. According to Overton [81], larger trees are older and
have more branches (space) for birds. This could be a reason why they have a higher probability of
being colonized by mistletoe [82]. Matula et al. [23] found that the probability of mistletoe infection
increased significantly as the stem diameter of oak increased (>27 cm). Our results confirm this
observation, because mistletoe infestation occurred (Figure 6b) on trees with a stem diameter above
31 cm. If mistletoe attacks an individual oak tree, the probability of mistletoe frequency will increase
due to its own reproduction and to the behaviour of birds, which disperse mistletoe seeds. This means
that the most infested oaks could be those that are the nearest to other infested trees. If the distance to
an infested oak tree is greater than 5 m, the likelihood of infection is much smaller [23].
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Growth of oak trees has focused not only on the carbon and water cycle mechanisms, but also on
the critical role of soil-available nutrients [83]. Our results show that the soil under oak forests is an
important reservoir of organic C. In the soil of our study area, we found 22.1 g kg−1 of C. Soils from
European oak forests show similar carbon concentrations [84]. On the other hand, we detected a
relatively low content of Mg. According to Nilsson [85], this is not especially surprising because
acidic, respectively cambic podzols are characteristic of a low availability of nutrients (particularly
Mg). The ability to accumulate nutrients (other than Mg) was slightly higher in infested oaks than
in non-infested oaks (Table 2), but this difference was not significant suggesting that mistletoe does
not reduce the nutrient content of host trees. The reason for the low differences between infested and
non-infested oaks could be the stock of nutrients that oaks have, similar to other long-living plants.
We suppose that the infested trees acclimated their metabolism and mineral acquisition processes to
mitigate the negative effect of the hemiparasites. On the other hand, this phenomenon may be related
to the number and age of mistletoes. We expect that a low number of young mistletoes will not cause
as much damage as a high number of older mistletoes. However, as there is no data about the length of
time for which this particular mistletoe infestation has been in the study area, the present study can only
describe one snap shot in time. Mistletoes derive nutrients from their hosts [86], so we expected lower
nutrient contents in the leaves of infested trees. However, the nutrient content in leaves did not differ
significantly between infested and non-infested trees in our study. Infested oaks had a relatively higher
nutrient accumulation than non-infested oaks. However, the overall biomass of leaves may differ
between infested and non-infested oaks. The formatting of smaller and thicker leaves and the overall
reduction of growth is probably a reaction to competition for water, inorganic ions, and metabolites [87],
and, at the same time, could be a mechanism to maintain a relatively high efficiency of light-dependent
photosynthetic reactions. We confirmed that infested trees formed smaller leaves without significant
differences in the thicknesses of the leaves between oaks. Thus, the total amounts of allocated nutrients
in leaves probably differ too. The high hemiparasite to host phosphorus ratio (5× higher concentration
in mistletoe) is in agreement with data published by Lamont [88]. Ca and Mg are in the plausible
range, but potassium was much lower in our study. According to Hosseini et al. [86] and Glatzel and
Geils [26], nutrient flow through the transpiration stream is predominantly a one-way flow (from host
to mistletoe, not the opposite direction). This may be the main reason why the content of some mineral
nutrients is higher in mistletoe leaves than in infested and non-infested oak trees. Many other authors
have reported similar findings on various host and mistletoe species [89–91] Mistletoe parasitism is a
strategy for N acquisition [61,88]. In our study, the N content was markedly lower in mistletoe than in
both infested and non-infested oaks. Schulze and Ehleringer [22] and Ehleringer et al. [50] reported N
availability as a limiting factor for mistletoe growth. In the study by Schultze et al. [40], the ratio of
parasite/host N content was 1.08. Additionally, in the study by Bowie and Ward [92], the N content
was higher in mistletoe than in host trees. In our case, the ratio is opposite (0.66), and we found higher
N contents in the host tree leaves. The same findings were published Hosseini et al. [86]. However,
we discarded the leaf petiole prior to determination of the elemental contents, which could cause a
discrepancy with the aforementioned studies.

5. Conclusions

According to our results, we can conclude that yellow mistletoe (Loranthus europaeus) infestation
seriously threatens the physiological and growth performance of sessile oak (Quercus petraea s.l.) trees.
We observed a significant reduction of leaf water potential, transpiration rate and stomatal conductance
in infested oak trees, which resulted in the decrease of their CO2 assimilation rate as well. Moreover,
significant changes of PSII photochemistry were observed in infested trees. Considering the nutrient
status, infestation by yellow mistletoe caused a reduction in the accumulation of C, which probably led
to a lower stem increment and leaf size of infested oak trees.

For this reason, we suppose that yellow mistletoe may represent a great ecological and economic
problem in Europe oak forest stands, which could also reduce expected ecosystem services in
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these unique habitats. To determine the most effective way to combat yellow mistletoe infestation,
intensive monitoring of both hemiparasite and its host is required.
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