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Abstract: Forest insects are among the most important factors of disturbance in European forests.
The increase in and duration of drought stress events due to climate change not only increase
the vulnerability of rural and urban forests but also predispose weakened stands to insect pest
calamities. In this context, many German and European forest research institutes and environmental
institutions report an increase in the densities and calamity developments of the oak processionary
moth (Thaumetopoea processionea L.) not only in oak and mixed-oak forests but also in smaller areas
where oak trees regularly occur, e.g., parklands, urban areas, copses, avenues, recreational forests,
etc. It is expected that the oak processionary moth (OPM) will benefit from the overall weakened
vitality of both individual oaks and oak stands in the future and that mass outbreaks will occur at an
increased frequency. This paper reports on the effects that the OPM can have on tree performance for
rural forest and urban oak trees by applying the chlorophyll fluorescence non-destructive diagnostic
method for the identification and quantification of damage to oak leaves. The aim of the study was
to investigate the effects of OPM frass activity on tree leaf health using chlorophyll fluorescence
measurements, comparing infested host oaks with non-infested oaks in urban and forest environs.
The study assessed: 1. the quantum efficiency of photosystem II (PS II), which counts as an indicator
for leaf conditions, 2. the performance index, which indicates the efficiency of the photosynthetic light
reaction, 3. the energy loss of the photosynthetic reaction, which is an indicator for cell damage, and 4.
the degree of open reaction centers in PS II, which indicates how well light energy can be absorbed for
photosynthesis. Infested urban and rural oaks showed a significantly reduced quantum yield of PS II
by up to 10% compared to non-infested oak leaves. The leaf performance was significantly reduced by
up to 35% for infested urban oaks and by up to 60% for infested forest oaks, respectively. The energy
losses were two times higher for infested urban and forest oaks. However, OPM infestation led to a
higher reduction in the photosynthetic performance in the leaves of forest oaks compared to that of
urban oaks. In order to avoid permanent damage, suitable countermeasures must be taken quickly,
as, immediately after pest infestation, the performance decreases significantly. A lower performance
means a significant loss in biomass production as well as in tree vitality.

Keywords: chlorophyll fluorescence; JIP test; oak processionary moth; infested; non-infested oaks;
urban and forest host trees; leaf health

1. Introduction

There is strong evidence that several insect pest species have altered their geographical
range over the last few decades [1,2] due to the impact of climate change but also to human
activity with respect to the commercial movement of infested (nursery) trees as well as the
ongoing loss and fragmentation of insect pest species habitats [3].

In conjunction with this, one of the most current and major defoliator insect pests,
presently established in almost every European country, is the oak processionary moth
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(OPM) (Thaumetopoea processionea L.). OPM population dynamics seem unpredictable [4],
and outbreak events can lead to the massive destruction of forests. During outbreaks, the
larvae of the caterpillars are also particularly harmful to people and livestock as a result
of the large quantity of urticating setae that they release into the environment [5]. Larvae
produce setae containing toxic thaumetopoein from the third instar onward. These setae
easily break when larvae move and remain toxic for several years in the environment
as well as in exuviae and old nests. When touched or inhaled, they cause the release
of histamines in humans, which can result in extreme allergic reactions [6]. The natural
biocontrol of OPM is limited due to the toxicity of the larvae. Hence, they are avoided by
vertebrate predators such as birds and mammals [6].

Historically, the habitat of the OPM has been limited to southern areas, but since the
1980s, it has been expanding northwards and to large areas in the Netherlands, the UK,
Germany, Belgium and France; additionally, far northern and southern Sweden [7] are at
risk. According to the German State Institutes of Forestry and Health Protection Centers,
severe OPM infestations in the federal states have been a problem around urban environs
since 2005, when OPM spread to forests in regions such as Bavaria and Brandenburg and
caused heavy defoliation. The current and potential establishment of OPM poses a new and
difficult management problem for arborists, local authorities, contractors and tree/forest
owners [8]. In order to assess the resilience of infested oaks, this study was carried out to
compare infested and non-infested oak leaves in urban and forest environs.

It is expected that the geographical expansion of OPM will continue to increase
dramatically, which is attributed to climate warming [5]. The changing temperature and
precipitation patterns not only significantly affect the reproduction cycle of different insect
pest species but also cause changes in water availability for trees. The evapotranspiration
(water consumption) of trees in urban and rural landscapes will increase with elevated air
temperatures and solar radiation. The impact of drought on exchanges at the soil–root and
canopy–atmosphere interfaces (e.g., from water and CO2 flux measurements) resulted in a
reduction in transpiration and water uptake. Furthermore, modifications in chlorophyll
and leaf pigments and in net carbon assimilation (i.e., decreasing photosynthesis) [9]
result in stomatal closure [10]. This combination of declining precipitation and reduced
soil water reservoirs coupled with the increasing water consumption will induce severe
limitations of water availability for plants (i.e., drought stress). This will severely affect the
metabolism of plants by lowering photosynthetic activity, which will subsequently cause
a reduction in biomass productivity, i.e., net ecosystem production (NEP) as well as net
primary production (NPP), and therefore above-ground carbon sequestration [11,12].

The photosynthetic process involves the conversion of solar energy to chemical energy
through a chain of biological systems. The efficiency of this process is determined by many
environmental parameters such as light, temperature and nutrient and water availability.
Infections with pathogens, fungi, bacteria or viruses create particular stress conditions that
can damage parts of the photosynthetic apparatus and thus reduce the photosynthetic
capacity and efficiency of the affected plant [13].

The plant photosynthetic process consists of two phases: the light and the dark reaction.
In the light reaction, light energy is transferred to chlorophylls and is used via an electron
transport chain, through protein complexes in the thylakoid membranes of the chloroplasts,
to transfer electrons from water via various intermediate stations such as plastoquinone to
oxidized nicotinamide adenosine dinucleotide phosphate (NADP) [13].

In the light-dependent reaction at PS II, in the thylakoid membrane of chloroplasts,
light energy is transformed to split water and activate chlorophyll electrons that travel
through the electron transport chain to the cytochrome-complex and photosystem I (PS
I). From PS I, electrons are transferred non-cyclically to ferredoxin or cyclically, if PS II is
non-functional (e.g., to protect the system from photodamage due to excessive light), to cy-
tochrome to transform the electric energy in chemical energy, creating reduced nicotinamide
adenosine dinucleotide phosphate NADPH [13].
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In the case of chlorophyll, in addition to the desired output (the transfer of electrons to
the electron transport chain), energy is also released in the form of heat and/or fluorescence.
A technique that has been used for decades to determine the photosynthetic performance
of plants is the detection of this chlorophyll fluorescence [13].

One can make practical use of the property of chlorophyll fluorescence to measure
photosynthetic activity non-destructively via a biophysical method. Chlorophyll fluores-
cence detection can be used to make determinations about the state of PS II and the course
of the light reaction and can be used to investigate the stress physiology of plants [14]. Plant
stress response examination via chlorophyll fluorescence to abiotic stress, i.e., light [15],
drought [16–19], heat [20,21], chilling [20,22,23] freezing [23,24] and biotic stress, i.e., leaf
chewing insects [25,26], gall formers and fungi [27,28], is well reported. Nevertheless, most
investigations have been conducted under lab conditions with perennial plants or tree
saplings to avoid the complex environmental conditions inherent to natural systems [27].

In situ measures of chlorophyll fluorescence on leaves of adult trees in forests affected
by pests, especially the OPM-pest on oaks, are rare. Dormant for many decades, the sudden
spread of OPM and increase in Europe and Germany is currently a major issue facing oaks.
Heavy defoliation leads to weakened oak trees and forests but also, because of the setae on
larvae, to severe itching and allergic reactions among people and livestock [29]. Generally,
insect frass activity damages leaves and leads to disrupted stoma, damaged cell walls,
disorganized protoplasts and granular cytoplasm and disintegrated chloroplasts, nuclei
and phloem [20].

In contrast to the conventional measurement method of chlorophyll fluorescence via
Pulse Amplitude Modulation (PAM), the detection of direct fluorescence with the most
modern measuring instruments (Plant Efficiency Analyzer (PEA)) according to the OJIP
method, where the different stages of the polyphasic fluorescence transient are marked al-
phabetically with O, J, I and P, enables a precise analysis and evaluation of the physiological
state and efficiency of photosynthesis. In the so-called “open” (O) state (=F0), the fluores-
cence quantum yield of the system is minimal in the darkened leaf, as an incoming photon
of actinic light from the PEA has a maximal chance to initiate a charge separation in one
of the reaction centers. After illumination, electrons will travel through the electron chain:
plastoquinone A (QA), plastoquinone B (QB) and the pool of free plastoquinone (PQ) from
PS II to PS I. The fluorescence quantum yield will be increased because further incoming
photons cannot be accepted by the partially saturated electron transport chain. When the
majority of electrons in the reaction centers (RC) of a leaf have reduced the QA molecules
in these reaction centers, the “J” state of the fluorescence kinetics has been reached. When
QB is also reduced, the “I” level of the fluorescence quantum yield is reached. Once the PQ
pool has reached its peak of reduction, the fluorescence quantum yield also reaches its peak
at the so called “P” step [30] (see also Table 1). The short duration of a single measurement
enables a high repetition rate (up to 200 measurements per hour) [31]. The method is also
used in environmental protection. Here, for example, the degree of damage to trees can be
measured [32,33].

Table 1. Definitions of terms and formulas for the calculation of parameters from chlorophyll a
fluorescence transient OJIP.

O, J, I, P
Nomenclature of the JIP-Test; Fluorescence Values at Different Points in Time of the Fast

Fluorescence Kinetics, from the Origin to the Peak with Intermediate Steps;
Characteristic Points Used for Calculations to Describe the Shape of the Kinetics.

Ft Fluorescence at time t after the onset of actinic illumination

F50µs = FO = F0 Minimal fluorescence at 50 µs, the Origin of the onset of actinic illumination (F zero)

F2ms = FJ

Fluorescence intensity at 2 ms, at the intermediate step “J”; this marks the point of the first
stabile electron acceptor within the electron transport cascade (QA) at the end of

Photosystem II.

F30ms = FI
Fluorescence intensity at 30 ms, at the intermediate step “I”, the PSI electron acceptor side.

This marks the beginning of the electron transport cascade of Photosystem I.
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Table 1. Cont.

O, J, I, P
Nomenclature of the JIP-Test; Fluorescence Values at Different Points in Time of the Fast

Fluorescence Kinetics, from the Origin to the Peak with Intermediate Steps;
Characteristic Points Used for Calculations to Describe the Shape of the Kinetics.

FP = FM Maximal recorded fluorescence intensity at the peak “P” of the fast fluorescence kinetics.

ϕPo = TR0/ABS = FV/FM Maximum quantum yield for primary photochemistry

ΨEo = ET0/TR0 = (1 − VJ)
Probability that a photon trapped by the PSII reaction center enters the electron transport

chain further than QA
-.

ϕEo = ET0/ABS = [1 − (F0/FM)] ΨEo Quantum yield of electron transport from PS II to the electron-acceptor side of PS I.

M0 = 4 (F300µs − F50µs)/(FM – F0) Initial slope (per millisecond) of the fluorescence kinetics normalized on the maximal
variable fluorescence FV.

RC/ABS = ϕPo (VJ/M0) QA reducing (active) RCs per PSII antenna Chl; measure for the activity of reaction centers.

10RC/ABS The value of RC/ABS multiplied by 10 to shift the values in a range; more reachable.

TR0/RC = M0 (1/VJ) Trapped energy flux (leading to QA reduction) per reaction center.

DI0/RC = ABS/RC − TR0/RC =
[M0(1/VJ)(1/ϕPo)] − [M0(1/VJ)]

Dissipated energy flux per RC; measure for energy loss.

PIABS = (RC/ABS)[ϕPo/(1 − ϕPo)][ΨEo/(1 − ΨEo)] Performance index (potential) for energy conservation from photons absorbed by PSII to the
reduction in intersystem electron acceptors.

This paper reports on the effects caused by insect mass outbreaks of the most current
and major defoliator and insect pest on oak—the oak processionary moth (Thaumetopoea
processionea L.)—and on what impact this pest can have on the photosynthetic system in
OPM-infested and non-infested leaves by comparing the photosynthetic activity/efficiency
of oak leaves on infested trees and those on non-infested trees in urban and forest environs.

2. Material and Methods
2.1. Test Sites

The effects of OPM on the photosynthetic performance and stress response of common
oak (Quercus robur) leaves were studied at one forest area (forest) and in one urban area (ur-
ban) in the cultural landscape of Westhavelland, which is located within the meadowlands
of the Havellaendisches Luch in the Federal state of Brandenburg, Germany. The forest
test site is approximately 900 m2 and is located near Stölln on the Gollenberg (52◦44′34′ ′ N,
12◦23′51′ ′ E). Trees (approximately 73 years old, with an average height of 21 m, growing
on clayey glacial sand) were chosen randomly. The urban test site located in Rathenow
(52◦36′15′ ′ N, 12◦21′39′ ′ E) was adjacent to a highly frequented street, a supermarket park-
ing lot, and a school. Due to the high level of anthropogenic influence, the soil on the
urban site was classified as a non-further-classified-anthrosol. Urban oaks were 70–75 years
old and had an average height of 23 m. Trees from within this group were also randomly
selected. At both the forest and urban sites, non-infested oak leaves were compared to oak
leaves currently infested with OPM during the 2016 and 2017 vegetation periods.

The infestation level was determined with an egg survey on twigs in crowns [34] and
a caterpillar slip control with a degree of egg-parasitism from information provided by Dr.
K. Möller (Center for Forest Research (LFE), Department Forest Protection Brandenburg).
Trees were also observed visually with binoculars and monitored throughout the frass
activity period to determine the level of infestation. This was estimated to be 60% of the
leaf loss in 2016 and 85% in 2017.

Measurements were conducted in two consecutive years, 2016 and 2017, at comparable
leaves (sun crown, measurement height, leaf area) on the same tress, based on a repeated
measurement design. Leaf parameters were examined monthly from May to October
during the vegetation period from leaf-shoot to senescence. For the respective sites (forest
and urban), 12 trees were selected and divided into infestation categories (infested and
non-infested), providing 6 trees per infestation level per site. From each tree, 30 leaves were
sampled to determine their photosynthetic performance and stress response. Leaf-level
measurements were performed between 10:00 a.m. and 2:00 p.m.
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2.2. Measurements and Sampling

All measured leaves were dark-adapted for 30 min using Hansatech leaf clips prior to
the Chl a fluorescence measurement with a Plant Efficiency Analyzer (Pocket PEA chloro-
phyll fluorimeter, Hansatech Instruments Ltd., King’s Lynn, UK). The emitter wavelength
of a non-modulated light source was 625 nm for the actinic light LED. High-quality optical
band pass filters were used for the detector (Chl a fluorescence 730± 15 nm). Measurements
were performed on circular areas of the leaves measuring 2 mm in diameter, using leaf
clips homogeneously illuminated by actinic light LEDs set to a saturating light intensity of
3.500 µmol photons m2/s. The detection of Chl a fluorescence was recorded within five
different time intervals: every 10 µs for the initial fluorescence (0–300 µs), every 100 µs
(0.3–3 ms), 1 ms (3–30 ms), 10 ms (0.03–0.3 s) and 100 ms (0.3–1 s). Raw data were trans-
ferred and processed using PEA Plus 1.0 software (Hansatech Instruments Ltd.). For the
interpretation of differences in the Chl a fluorescence induction curves, the fluorescence
values were normalized to F0 = 50 µs. The primary photochemistry of PS II was further
evaluated using the well-established parameters described in Table 1. The changes in these
parameters are associated with various stressors as well as the overall plant vitality. In order
to have full control over all calculations, all parameters were calculated in spreadsheets
and optimized for a high-throughput workflow of Chl a fluorescence raw data using Libre
Office 6 (The Document Foundation, Berlin, Germany). The data were plotted graphically
using Prism 8 for Mac OS-X software (GraphPad Software Inc., La Jolla, CA, USA) (for the
definitions of terms, see Table 1).

2.3. JIP Test

The different stages of the polyphasic fluorescence transient are marked alphabetically
with O, J, I and P. The analysis of the transient is called the JIP test and was used to compare
the averaged chlorophyll fluorescence kinetics (Chl II—fluorescence) of infested leaves (red
curves) with those of non-infested leaves (green curves) (Figure 1). In most months of the
study, the measurement curves were similar in their course. The level of the fluorescence
signal at the end of the one-second recording of the fluorescence kinetics gives conclusions
about the functionality of the photosynthetic electron transport chain (light reaction). A
lower signal indicates disturbances in the electron transport capacity, which can be traced
back to the effect of stressors.

2.4. The Photosynthetic Performance

The photosynthetic performance is described by the quantum yield of PS II (PHI Po),
the Performance Index PIABS, the energy loss and the degree of opening of the reaction
centers. This parameter represents the physiological status of PS II in the photosynthetic
system according to [35]. The performance index P IABS is calculated as the product of
independent parameters combining the density of PS II RCs, the quantum efficiency of
primary photochemistry and the conversion of excitation energy into electron transport [35].

2.5. Reaction Centers’ Activity

Once light is absorbed by the PS II antenna complexes, energy is transferred to the PS
II RCs, and, if in an open state (oxidized state), they are “active” to convert light energy to
chemical energy [36]. The activity of RCs can be determined by the factor RC/ABS [37].
For better scaling, this factor is multiplied tenfold.

2.6. Statistical Data Analysis

Raw data were transferred and processed using PEA Plus software (Hansatech Instru-
ments Ltd.). The maximum quantum yield of PS II (PHI Po) was calculated for F0 = 50 µs.
Chl-a fluorescence induction curves were analyzed to determine the performance index
(PI total), the QA reducing reaction centers (RC) per PS II antenna chlorophyll (RC/ABS)
and the ratio of the total dissipation of untrapped excitation energy from all RCs with
respect to the number of active RCs (DIo/RC) due to [38]. All calculations were performed
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using the opensource software Libre Office 6 (The Document Foundation, Berlin, Germany).
Prism 8 for Mac OS-X software (GraphPad Software Inc., La Jolla, CA, USA) was used for
statistical analysis.
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Figure 1. Fluorescence kinetics of PS II chlorophyll fluorescence; comparison of OPM-infested oak
leaves (red curves) with non-infested ones (green curves) in the urban area of Rathenow, Branden-
burg. May to October 2016 and 2017.

Prior to comparisons between treatments, all data were tested for the normal distribu-
tion and homogeneity of variances. Statistical analyses were performed using R package
version 1.3.1 [39]. Differences between non-infested and infested sites were detected using
the non-parametric Kruskal–Wallis test on ranks. For multiple pairwise comparison within
one treatment at different sampling dates between the parameters and the infested vs. con-
trol sites at each sampling date, a post-hoc Dunn’s test was performed using the Bonferroni
correction for the p-value adjustment [40]. For statistical analyses, SPSS (SPSS Statistics for
Windows, version 22.0., IBM, Armonk, NY, USA) was used. Comparisons between infested
and non-infested sites, as well as sampling dates, were tested using ANOVA.
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3. Results
3.1. Urban Trees in Rathenow
JIP Test

The results of the JIP test for the urban site are shown in Figure 1. There are significantly
weaker signals of OPM-infested urban oak leaves in the months of August of 2016 and
September and October of 2017, which are striking. Infested urban leaves showed a reduced
number of active reaction centers in August 2016, with the same trend being observed
in September and October 2017 compared to non-infested urban leaves. In contrast, the
activation level of the reaction centers of non-infested urban leaves corresponds to the
expected regular annual course. Under non-infested conditions, the fluorescence kinetics
of PS II appeared to be the highest in August (2016) with 30,000 relative fluorescence units
(RFU) and in 2017 with 29,000 RFU (June), while the lowest values appeared in October
for both 2016 and 2017. Under infestation, the highest values were measured in June 2016,
with 30,500 RFU, and the lowest were measured in October (2017), with 15,000 RFU. In
contrast to the results from the forest site, the kinetical differences were less pronounced in
urban leaves and appeared the highest in August (2016), with +20% for non-infested leaves,
as well as September (2017), with +34%, and October (2017), with +29% in non-infested
leaves. The fluorescence kinetics were temporarily higher under infestation (e.g., May and
June 2016).

3.2. Quantum Yield of Photosystem II (PHI Po)

The quantum yield/quantum efficiency is normally above 80% (0.80) in fully devel-
oped, unstressed leaves. In May, when the leaves are still juvenile, the photosystems are
not yet fully developed, which is reflected in a lower quantum yield (Figure 2a,b). From
June to September, the leaves are fully developed, and in October, leaf aging begins, which
is reflected in a decreasing quantum yield. The quantum efficiency of the leaves of infested
trees is significantly worse than that of non-infested trees. For example, the quantum yield
of infested leaves in October 2017 is 10% lower compared to that of non-infested trees. The
ability to absorb light energy is lower and fluctuates. Senescence also begins earlier in
infested leaves.

3.3. Performance Index PIABS

The greatest performance of the photosynthetic electron transport chain is typically
expected in deciduous species in July, when the leaves are fully mature and the photosys-
tems are fully functional. In July 2016, no significantly different values could be detected
between the leaves of infested and non-infested trees (Figure 2c,d). In July of the following
year (2017), however, highly significant differences were detected. The performance index
PIABS of leaves of non-infested trees averaged 105, while infested trees had an average
value of only 60, a 35% lower performance. This trend continued throughout the entire
2017 growing season. The leaf performance index for both 2016 and 2017 was highest for
urban trees in June, with a decrease afterwards. Infested urban leaves showed a reduced
performance during all sampling dates except for May in both years, where infested ur-
ban trees showed an enhanced leaf development compared to non-infested urban trees
(Figure 2).

3.4. Energy Loss DIo/RC

When plants are under stress, energy is released by targeting heat to the photosynthetic
reaction centers (RC) to prevent over-energization and damage to the protein complexes of
the photosynthetic chain. After leaf emergence in May, leaves are not yet fully developed,
so more energy must be dissipated (Figure 2e,f). Especially in August and September 2016,
leaves of OPM-affected trees release 50% more energy than unaffected ones. In July 2017,
the month in which the performance of infested leaves is reduced by 35% (see above), the
RCs release significantly more energy (27%).
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Figure 2. Comparison of photosynthetic performance and stress parameters. OPM-infested leaves
of oaks (red colour) and of non-infested leaves (green colour) in the urban area of Rathenow, Bran-
denburg. May to October 2016 and 2017. (a,b) Po = PHI Po = Fv/Fm = quantum efficiency of PS II,
indicator of general leaf condition. (c,d) PIABS = Performance Index, indicator for the efficiency of the
photosynthetic light reaction up to the start of PS I. (e,f) DIo/RC = Energy loss of the photosynthetic
reaction center, targeted heat release as protection against over-energetisation of the photosystem,
protection against cell damage. (g,h) 10RC/ABS = Degree of opening of the reaction centres in PS II,
which indicates how well light energy can be absorbed for photosynthesis. Displayed in boxplots
with Tukey interval. Cross-lines in boxes, median. Crosses, mean values. Significances calculated by
analysis of variance (one-way ANOVA). Significance level: ns = p > 0.05; * = p < 0.05; ** = p < 0.01;
*** = p < 0.001; **** = p < 0.0001.

3.5. Degree of Opening of the Reaction Centers 10RC/ABS

In large parts of the 2016 growing season and in some months of the 2017 season,
leaves of infested trees show a significantly reduced light receptivity compared to those of
non-infested trees (Figure 2g,h). For example, in August 2016, 25% fewer reaction centers
are open. Conversely, this means that 25% fewer reaction centers convert light energy
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into chemical energy. The photosynthesis capacity is thus reduced, so less biomass can
be formed.

3.6. Forest Trees at Gollenberg
JIP Test

Figure 3 shows the results of the JIP test for the forest site. For forest tree leaves infested
with OPM, the reaction centers ability to convert light-energy is constantly lower compared
to non-infested leaves. For non-infested leaves, the highest values were in 2016 in July, with
29,500 RFU, and in 2017, with 30,500 RFU. May of both years showed the lowest values,
with 25,000 RFU (2016) and 22,000 RFU (2017). In infested leaves, the highest values were
in 2016, with 27,000 RFU (June), and in 2017, with 26,000 RFU in July. The lowest results
were measured in 2016, with 16,000 RFU (August), and in 2017, with 14,000 RFU in May.
The fluorescence kinetics were more varied, with higher values under no infestation (when
compared to infested leaves), with +46% in August and +47% in September (2016). In 2017,
the values were +44% (June), +39% (August), +34% (September) and +47% (October).
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3.7. Quantum Yield of Photosystem II (PHI Po)

Immediately after the OPM infestation in June 2016, the quantum yield of the leaves of
infested trees differed significantly from that of the leaves of non-infested trees (Figure 4a,b).
The quantum yield of infested leaves in August 2016 was more than 10% lower than that of
non-infested leaves. The ability to absorb light energy is significantly reduced throughout
the growing season.

Forests 2023, 14, x FOR PEER REVIEW 11 of 17 
 

 

 

Figure 4. Comparison of photosynthetic performance and stress parameters. OPM-infested leaves 

of oak (red colour) and non-infested leaves (green colour) in a forest area. Stölln, Gollenberg, Bran-

denburg. May to October 2016 and 2017. (a,b) Po = PHI Po = Fv/Fm = quantum efficiency of PS II, 

indicator for the general condition of the leaves. (c,d) PIABS = Performance Index, indicator for the 

efficiency of the photosynthetic light reaction up to the start of PS I. (e,f) DIo/RC = Energy loss of 

the photosynthetic reaction centre, targeted heat release as protection against over-energisation of 

the photosystem, protection against cell damage. (g,h) 10RC/ABS = Degree of opening of the reac-

tion centre in PS II, which indicates how well light energy can be absorbed for photosynthesis. Dis-

played in boxplots with Tukey interval. Cross-lines in boxes, median. Crosses, mean values. Signif-

icances calculated by analysis of variance (one-way ANOVA). Significance level: ns = p > 0.05; * = p 

< 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. 

3.8. Performance Index PIABS 

Directly after OPM infestation, the performance is significantly reduced. In the main 

performance month of July (2016), it is reduced by 35% (Figure 4c,d). In August 2016, it 

was found to be more than 60% lower than that in non-infested leaves. This trend contin-

ues in the following year, especially at the beginning of the growing season and after the 

Figure 4. Comparison of photosynthetic performance and stress parameters. OPM-infested leaves
of oak (red colour) and non-infested leaves (green colour) in a forest area. Stölln, Gollenberg,
Brandenburg. May to October 2016 and 2017. (a,b) Po = PHI Po = Fv/Fm = quantum efficiency of PS
II, indicator for the general condition of the leaves. (c,d) PIABS = Performance Index, indicator for
the efficiency of the photosynthetic light reaction up to the start of PS I. (e,f) DIo/RC = Energy loss of
the photosynthetic reaction centre, targeted heat release as protection against over-energisation of the
photosystem, protection against cell damage. (g,h) 10RC/ABS = Degree of opening of the reaction
centre in PS II, which indicates how well light energy can be absorbed for photosynthesis. Displayed
in boxplots with Tukey interval. Cross-lines in boxes, median. Crosses, mean values. Significances
calculated by analysis of variance (one-way ANOVA). Significance level: ns = p > 0.05; * = p < 0.05;
** = p < 0.01; *** = p < 0.001; **** = p < 0.0001.
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3.8. Performance Index PIABS

Directly after OPM infestation, the performance is significantly reduced. In the main
performance month of July (2016), it is reduced by 35% (Figure 4c,d). In August 2016,
it was found to be more than 60% lower than that in non-infested leaves. This trend
continues in the following year, especially at the beginning of the growing season and
after the end of summer. In August 2017, however, the performance does not differ
significantly. For leaves of Q. robur on the forest site, the performance index peaks in
July and decreases afterwards. OPM-infested leaves on forest trees show a decreased
performance index during all sampling dates in 2016, whereas in 2017, this was the case
for June, July, September and October, while no difference was detectable during May and
August (Figure 4).

3.9. Energy Loss DIo/RC

During the entire 2016 growing season, leaves of OPM-infested trees release signif-
icantly more energy than non-infested ones (Figure 4e,f). In August 2016, the month in
which the performance of infested leaves is reduced by 60% (see above), the reaction centers
release twice as much energy as they do in leaves of non-infested trees.

3.10. Degree of Opening of the Reaction Centers 10RC/ABS

In large parts of the 2016 growing season and in some months of the 2017 season, the
leaves of infested trees show a significantly reduced light receptivity compared to those
of non-infested trees. For example, in August 2016, 17% fewer reaction centers are open
(Figure 4g,h).

4. Discussion

The aim of the study was to measure, non-destructively, the effects of leaf damage
by OPM frass activity in terms of photosynthetic performance based on the biophysical
measurement method of chlorophyll fluorescence by comparing infested host oaks with
non-infested ones within urban and forest environs. The parameters assessed were: 1. the
quantum efficiency of PS II, which is an indicator for leaf conditions, 2. the Performance
Index, which indicates the efficiency of the photosynthetic light reaction, 3. the energy loss
of the photosynthetic reaction centers, which is an indicator for cell damage, and 4. the
degree of opening of the reaction centers in PS II, which indicates how well light energy
can be absorbed for photosynthesis. The results show that the site conditions seem to be
of great importance to how an oak stand can cope with OPM calamities. Particularly on
sites with a poor water supply, such as the south-exposed dry slope on the Gollenberg,
an OPM infestation is clearly noticeable in a reduction in performance across all indices.
A lower performance means a decreased biomass production and a reduction in vitality.
In the urban area of Rathenow, OPM infestation is not as noticeable in the physiology of
infested leaves as it is at the Gollenberg forest site. However, the enormous loss of leaf
mass due to feeding cannot be compensated for by the small number of remaining leaves.

At both locations, the photosynthetic performance and stress parameters show signifi-
cant differences with respect to non-infested and infested leaves. Performance indices have
proven to be highly sensitive to different abiotic stressors [22,35,41–46] as well as to biotic
stress caused by insect infestations [47]. Based on the decreased performance of leaves
infested by the OPM in 2016 and 2017, we can expect a decreased growth rate of these trees
during the infestation.

OPM defoliation leads to a decreasing efficiency of the photosynthetic apparatus, with
a reduced functioning of the electrons moving along the chains. The results indicate altered
processes within the reaction centers such as light absorption (ABS), energy trapping (TR),
electron transport (ET) and a decrease in the end electron acceptor (RE) [35]. The differences
between infested and non-infested oaks were more pronounced at the forest test plot compared
to the results gathered from infested and non-infested oaks in the urban area. Generally, the
non-infested oaks showed relatively similar values across all measurements between the two
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sites (when differing site conditions are taken into consideration). From this point of view, it is
suggested that urban oaks are better adapted to the environmental conditions and more capable
of tolerating the stresses induced by OPM infestation [19,20,48–51].

It is known that the environment and, thus, the climatic conditions influence the
reaction norm of trees regarding their physiological processes. Studies have shown that
trees in old forests or trees that have adapted to permanent climatic situations for a longer
time have a larger fine root system than trees in younger forests or trees that were suddenly
confronted with new environmental conditions [52]. Land-use-induced changes alter
the size and morphology of the fine root system as a mechanism for regulating drought
resistance in beech. It is thus clear that the “ecological memory” of trees and forests must be
considered when assessing or predicting the sensitivity of forest ecosystems or urban trees
to global environmental changes and the associated disturbances. Legacy effects therefore
influence the response of tree growth to climate extremes [52,53]. On the other hand, a
better performance of urban oaks might also be achieved based on an improved nutrient
supply by anthropogenic fertilized depositions [45,54], genetical aspects [55] as well as the
interaction between chlorophyll content and insect damage [56].

Different stresses can cause the transformation of PS II RCs to “heat sinks”, where
the excitation energy is dissipated as heat instead of being transformed to photochemical
energy, where the parameter DI0/RC is a measure quantifying the dissipation of energy as
heat via PS II RCs [38,57]. Non-infested leaves of urban trees emitted increased thermal
radiation compared to the OPM-infested urban leaves only in May 2016 and 2017, when
the leaves are not fully developed. In September, the heat emissions of infested leaves are
increased compared to those of the non-infested leaves of urban and forest oak trees. The
frass activity and leaf damage of the infested trees of both environments therefore led to a
reduced photochemical energy.

The maximum quantum efficiency of PS II (Po; FV/FM), calculated as the ratio between
the variable fluorescence (FM–F0) and the maximum fluorescence FM, is well known to
describe the physiological state of photosynthesis [58]. Despite the introduction of models
of a higher complexity [59], this formula is still widely used to quantify responses in plants
to abiotic stress [15,16,60,61], as well as for biotic stress [62].

In 2016, the efficiency of PS II in leaves of infested trees in urban surroundings is sig-
nificantly lower compared to that in non-infested leaves from July to October. In May and
June of 2016 and May of 2017, the leaves of the infested urban trees were superior in their
developmental state to those of the unaffected trees and therefore have a higher efficiency of
PS II. In forests, the PS II efficiency of infested leaves was significantly lower compared to that
of non-infested leaves during all sampling dates in both measured years. In May 2016, when
the leaves are still juvenile, the photosystems are not yet fully developed, which reflects in
low PHI Po values. From June to September, the leaves are fully developed, with maximum
values for both infested and non-infested trees. In October, leaf senescence starts, but the leaf
condition of infested trees is worse compared to that of non-infested ones. This means that the
ability to absorb light energy is decreased and fluctuates more when trees are infested by OPM.
Additionally, leaf senescence starts earlier, when trees are infested.

Leaf heat emissions are high in May 2016 due to the leaves not yet being fully devel-
oped, thus resulting in heat emission to protect the cells against radiation. In immature
and undeveloped leaves (and their photosystems), excess light energy must be dispensed
to ensure the integrity of the biomembranes in the thylakoids. The infestation with OPM
means stress for the tree, which must be compensated for by the increased heat emissions
compared to the non-infested trees. Therefore, the controlled heat emission is increased to
protect the infested leaves from further damage. More energy must therefore be emitted un-
used, which otherwise would have promoted photosynthesis in healthy, unaffected leaves.
The increased thermal radiation of infested leaves in September could be an indicator of
the earlier leaf senescence caused by the OPM leaf destruction.
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5. Conclusions

The results of this investigations show that forest oaks exhibit a greater degree of
reduction in photosynthetic performance than urban oaks. It is assumed that urban oaks
are already better adapted to stress conditions and have developed corresponding physi-
ological adaptation mechanisms. In contrast to oaks in the forest, urban oaks experience
permanent stress through higher temperatures and water deficits within the urban environ-
ment. This is caused by a lack of cooling by transpiration, increased heat convection and
long-wave radiation from no vegetative surfaces by buildings and roads as well as chemical
stresses form a variety of sources [63,64]. Therefore, stronger legacy effects at the urban tree
scale, which influences the response of the tree reaction to climate extremes, and associated
insect calamities are suggested. In this study, the chlorophyll fluorescence method was
proved to be an effective and fast diagnostic method that can be applied quickly and in a
stress-free manner to both forest and urban trees.
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