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Abstract: The wheat plants were pretreated with the selective herbicide Serrate® (Syngenta) and
subsequently subjected to drought or flooding stress for 7 days. The gas exchange parameters,
chlorophyll a fluorescence and leaf pigment content were measured. The measurements were
performed during the stress period and after 4 days of plants recovery. Herbicide pretreatment
did not cause significant alterations in photosynthesis and fluorescence parameters in alone- or
combined-treated seedlings. A significant reduction in gas exchange parameters (net photosynthesis
rate, stomatal conductance, transpiration rate, and water use efficiency), F, /Fr, and F, /Fj values
during drought or flooding was observed. The disruption of photosynthesis together with reduction
in the pigment content was stronger in droughted than flooded plants. When the normal irrigation
was restored, the gas exchange and fluorescence parameters tended to increase. The comparative
analysis of recovery and resilience indices of photosynthetic traits indicate that the plants subjected
to drought recovered better than those subjected to flooding stress.

Keywords: selective herbicide; chlorophyll a fluorescence; flooding; Triticum aestivum L.; drought;
gas exchange parameters

1. Introduction

The extensive agriculture employs different strategies to satisfy the Earth’s popula-
tion growing needs for food. One of these strategies is the chemical control of weeds,
which compete the crops for nutrients. [1] Herbicides, by selectively killing weeds, en-
sure crop’s growth and yield. Serrate® is a selective herbicide for wheat, rye, and triti-
cale. It is developed by Syngenta (Bazel, Switzerland) and consists of two active ingredi-
ents: clodinafop-propargyl (prop-2-ynyl(R)-2-(4-(5-chloro-3-fluoro-2-pyridyloxy) phenoxy)
propionate)—inhibitor of acetyl co-enzyme A carboxylase, involved into the fatty acids
biosynthesis; and pyroxsulam ((N-(5,7-dimethoxy (1,2,4)triazolo (1,5-a) pyrimidin-2-yl)-2-
methoxy-4-(trifluoromethyl)pyridine-3-sulfonamide))—inhibitor of acetolactate synthase
enzyme, involved into the biosynthesis of branched-chain amino acids [2].

During their lifespan, crops are exposed to a number of unfavorable environmental
conditions of biotic and abiotic origin which cause considerable yield losses. Water deficit
and water excess are abiotic stresses directly linked to global climate change. Both factors
can disturb normal plant metabolism and disrupt key physiological processes such as pho-
tosynthesis [3,4]. Soil drought causes water deficit in plant tissues, leading to a significant
decrease in the photosynthesis rate [5]. Under conditions of water deficit, the electron
transport through PS Il is inhibited [6]. Several in vivo studies demonstrated that drought
stress caused damages to the oxygen-evolving complex of PSII [7], and to dissociation of
the light-harvesting complexes from photosynthetic reaction centers of PSII [6]. The plants
react to water deficit through a rapid stomata closure to avoid further water losses [3,4,8].
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Unforeseen and sudden heavy rainfalls cause flooding, which is becoming an increas-
ingly challenging environmental problem due to global climate change. Flooding is a
complex abiotic stress, which is associated with low oxygen (hypoxic) or no oxygen (anoxic)
root environment for the plant. Furthermore, it limits the nutrient uptake and decreases the
rate of photosynthesis, resulting in total yield and biomass loss and even plant death [9].
It has been reported that flooding causes a significant decline in photosynthetic capacity,
especially in water-logging-intolerant plants and some cereals such as Hordeum vulgare
(L.) [4,10,11].

Regarding the usage of Serrate®, Syngenta clearly advised the herbicide to be ap-
plied on healthy plants only, i.e., on crops that are not preliminarily stressed, in our case
drought or flooding. There is limited information on the physiological responses of plants
pretreated with this herbicide and subsequently exposed to stress factors. Recently, we
reported the alterations in biochemical traits of wheat plants to soil drought or flooding
after the application of Serrate® [12,13]. Here, we complement the information about physi-
ological responses of wheat to herbicide application and following exposure to drought and
flooding stresses by assessment of some photosynthesis-related parameters such as the net
photosynthesis rate, transpiration, chlorophyll fluorescence and leaf pigment content. We
aimed to investigate (1) whether the herbicide could cause some changes in photosynthesis
when applied alone or in combination with other abiotic factor such as water stress, and
(2) whether wheat plants subjected to multifactorial treatments could recover important
physiological processes after termination of the stress.

2. Materials and Methods
2.1. Plant Material and Growing Conditions and Treatments

Seeds of the Bulgarian variety cv. Sadovo-1 of winter wheat (Triticum aestivum L.) were
purchased from the Institute of Plant Genetic Resources (Sadovo, Bulgaria). This is one of
the most extensively grown wheat varieties in Bulgaria because of its high productivity and
good tolerance to soil drought and low temperatures. Wheat plants were grown in plastic
pots filled with leached meadow cinnamon soil (pH 6.2), delivered from the Institute’s
experimental field near Sofia, and sand (3:1). The growth conditions were: 60% relative air
humidity, 22/19 °C and 16/8 h day/night photoperiod (fluorescent lamps providing PAR
of 200 pmol photon m~2 s~1). Seventeen-day old seedlings were sprayed with 1 mg mL !
aqueous solution of the herbicide Serrate® according to the manufacturer’s instructions.
Drought and flooding stresses were performed 72 h after the herbicide treatment and were
implemented by withholding of water [12] or by transferring the pots into an external
container filled with water whose level was 2 cm higher than the soil level [13]. The
duration of the stress program was seven days, then the plants were transferred back to the
normal irrigation conditions for recovery. The analyses were performed on the 4th and 7th
day of stress, and after 4 days of recovery.

2.2. Leaf Pigment Content

Chlorophyll and carotenoids contents were measured according to Arnon [14]. Ap-
proximately 30 mg fresh leaf material was grinded in 5 mL 80% acetone. The samples were
centrifuged for 5 min at 5000 x g in Sigma 2-16 K refrigerated centrifuge (SciQuip, Wem,
UK). The resulting supernatants were diluted to 5 mL with 80% acetone to compensate
for evaporation. The absorbance was measured at 460, 645, and 663 nm using a Multiskan
Spectrum spectrophotometer (Thermo Electron Corporation, Vantaa, Finland).

2.3. Leaf Gas Exchange Parameters

Two fully expanded upper leaves per plant were selected to carry out leaf gas exchange
readings. The leaves were previously adapted to the surrounding environmental conditions
and the leaf surface was not touched to avoid stomata closure before measurements. The
net photosynthetic rate (An, pmol CO, m~2s71), transpiration rate (E, mmol H,O m~—2
s~1), and stomatal conductance (gs, mmol m~2 s~1) were measured using portable infrared
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gas analyzer system Li6400 (LI-COR Biosciences Inc., Lincoln, NE, USA) equipped with
an artificial light sourced chamber (LI6400-02) and 10L buffer to neutralize CO, and H,O
fluctuations in the air entering the system. Before measurements, the system was calibrated
according to a standard procedure recommended by the manufacturer [15]. Measurements
were taken in the morning between 10:00 h and 12:00 h under controlled conditions: actinic
PAR of 200 pumol photon m2s~ L air temperature of 25 °C; air flow rate of 200 pmol s 1;
relative air humidity at 40 to 45%. The water use efficiency (WUE, pmol CO, mmol~! H,0)
was calculated using the formula WUE = A, /E.

2.4. Chlorophyll a Fluorescence Parameters

Chlorophyll a fluorescence in vivo measurements were performed using a Multi-
Function Plant Efficiency Analyzer—Hendy PEA fluorimeter (Hansatech Instruments
Ltd., Norfolk, UK). The apparatus consists of an array of 3 red LEDs, which are filtered
to a peak wavelength of 650 nm. The LEDs are focused via lenses to provide uniform
illumination on the leaf area exposed by the 4 mm diameter leaf clip. The experimental
plants were dark adapted for 30 min before measurements of chlorophyll a fluorescence.
After dark adaptation, 10 fully developed leaves were illuminated by red actinic light with
wavelength of 650 nm and intensity of 3500 umol m~2 s~!. When the illumination of the
leaves was completed, the prompt chlorophyll a fluorescence was measured. The measured
parameters were minimal fluorescence (Fy), when all PSII reaction centres are open (at
t = 0); maximal fluorescence (Fy,), when all PSIT RCs are closed, and maximal variable
fluorescence (F,) which were used for analysing the efficiency of primary photochemical
reactions (Fy /Fo—electron transport outside Q4 ~) and the maximal quantum yield of
PSII (Fy /Fm). Characteristic points of the fluorescent signal were used to calculate specific
parameters of light phase of photosynthesis according to the JIP model, described by
Strasser et al. [16] and Kalaji et al. [17].

2.5. Assessment of Recovery and Resilience Indices of Photosynthesis Traits

To calculate the recovery and resilience indices, we used the equations by Qi et al. [4],
which were adapted to our model system:

Recovery = (X4dR - X7dS)/X7dS x 100 (1)

Resilience = (Xgqr — Xc)/Xc x 100 )

where X745 and Xy4r are functional parameter values (e.g., An) after 7 days of stress and
on the 4th day of recovery, and X, is functional parameter’s value of control plants on the
4th day of recovery.

2.6. Statistical Analysis

All experiments were carried out two times and included 10 replicates. One-way
analysis of variance (ANOVA) with post hoc Duncan’s multiple range test at p < 0.05 was
performed to estimate the significant differences between the treatments. The data are
presented as mean value + standard error (SE).

3. Results
3.1. Phenotypic Alterations

The changes of crop phenotypic traits induced by herbicide treatment, water withhold-
ing or excess, are presented in Figure 1. The herbicide applied alone did not provoke visible
alterations in plants phenotype except of some yellowing of the older leaves. Drought
caused typical phenotypic alterations in both drought and herbicide + drought-treated
plants, and they depended on the drought duration. Obvious wilting was observed, espe-
cially at 7 days of stress. After restoring the normal irrigation regime, all drought-stressed
variants restarted their growth. No apparent differences were detected between the nor-
mally irrigated and the flooded for 4 days plants. Later on, after 7 days of stress, leaf
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yellowing and wilting were observed when plants were subjected to flooding and her-
bicide + flooding. After 4 days of recovery, the negative consequences of flooding were
stronger than drought. The phenotypic traits of flooded plants worsened, especially of
those subjected to herbicide + flooding.

4 Days of Stress gecn

Figure 1. Phenotypic alterations of wheat plants treated with herbicide and subjected to drought or
flooding stress. C—control; H—herbicide; D—drought; H + D—herbicide + drought; F—flooding; H
+ F—herbicide + flooding.

3.2. Leaf Pigments Content

The phenotypic alterations correlated well with the content of leaf pigments
(Figure 2). Chlorophyll a (Figure 2A) was not altered significantly after herbicide treatment.
It was considerably decreased by drought and flooding stresses either applied alone or in
combination with Serrate® during 4 days of stress period.

Later, after 7 days of stress, the chlorophyll a continued to decline in all treatments,
even in herbicide-only treated plants. After 4 days of recovery, a slight increase in chloro-
phyll a content was detected in drought-stressed plants while that in waterlogged ones
continued to decrease. Similar trends during stress and recovery were detected in the
content of chlorophyll b (Figure 1B) and carotenoides (Figure 1C). The chlorophyll a/b ratio
increased after 4 days of drought stress, while it was decreased by flooding (Figure 1D).
After 7 days of stress, the chlorophyll a/b ratio tended to maintain control value in drought-
treated plants. In flooded seedlings, it continued to decline and remained significantly
lower than the control after 4 days of recovery.
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Figure 2. Chlorophyll a (A), chlorophyll b (B), carotenoids (C) content and chlorophyll a/b ratio (D)
in wheat plants treated with herbicide and subjected to drought or flooding stress. Data are mean
values + standard errors. Different small letters denote significant differences between mean values
atp <0.05.

3.3. Gas Exchange Parameters

Both water stresses caused alterations in leaf gas exchange parameters (Figure 3). A
substantial decline in the net photosynthesis rate A, (Figure 3A) was established in drought-
stressed plants, and in seedlings treated with herbicide + drought, the photosynthesis was
almost fully inhibited. Flooding stress also provoked a reduction in photosynthesis, which
was significant but less than that caused by drought. The combined treatment (herbicide +
flooding) additionally decreased photosynthesis as compared to only flooded plants. A
significant increase in the net photosynthesis rate was detected after 4 days of re-watering
of drought-stressed plants, while A;, continued to decline in plants subjected to flooding.

Similar tendencies were observed in the transpiration rate E (Figure 3B), stomatal
conductance gs (Figure 3C) and water use efficiency WUE (Figure 3D) during the stress and
recovery periods. The decrease in gs and WUE after flooding stress was not significant as
compared to the respective control levels during the stress period. Herbicide alone caused
some reduction in A, after 7 days of stress and of An and g during the recovery period.
The application of Serrate® did not provoke significant declines in transpiration rate and
WUE as they remained near the control values at the three measurement points.
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Figure 3. Leaf gas exchange parameters ((A): net photosynthesis rate (An); (B): transpiration rate
(E); (C): stomatal conductance (gs); (D): water use ef-ficiency (WUE)) of wheat plants treated with
herbicide and subjected to drought or flooding stress. Data are mean values + standard errors.
Different small letters denote significant differences between mean values at p < 0.05.

3.4. Chlorophyll Fluorescence Parameters

The alterations in chlorophyll fluorescence parameters are shown in Figure 4. It
was observed that minimal fluorescence Fy (Figure 4A) and maximal fluorescence F,
(Figure 4B) were substantially decreased by drought stress, while these parameters were
not influenced or decreased in a lesser degree by flooding stress. During the recovery
period, these parameters tended to increase in plants subjected to drought stress, while
Fy (Figure 4A) was additionally decreased, and Fy, (Figure 4B) remained lower in flooded
seedlings. Initially (4 days stress), Fy /Fy (Figure 4C) and Fy /Fn, (Figure 4D) ratios were not
significantly altered by all treatments; However, later, after 7 days of stress, a significant
decrease caused by drought was found. Flooding stress also caused a slight decline in
the F, /Fy and F, /Fp, ratios, but it was insignificant. After restoring the normal irrigation,
the F, /Fy and F, /Fy, ratios were recovered to control levels and were even significantly
higher in plants subjected to drought stress. Serrate® did not considerably influence the
chlorophyll a fluorescence parameters either when applied alone or in combination with
any of the stress factors.
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Figure 4. Chlorophyll fluorescence parameters ((A): Fo; (B): Fm; (C): Fy /Fy; (D): Fy/Fm) of wheat
plants treated with herbicide and subjected to drought or flooding stress. Data are mean values
standard errors. Different small letters denote significant differences between mean values at p < 0.05.
3.5. Spider Plot Analyses of Fluorescence Parameters

For the purposes of the study, several biophysical parameters characterizing chloro-
phyll fluorescence were considered. These parameters provide important information
about the photosynthetic apparatus of plants. JIP test parameters during the stress and
recovery periods are presented as spider plot analyses in Figures 5-7.

FO/Fm

Fi Fm

Fv/FO

e CONILIO|

Her bicide Fv/Fm
e Dr U T
Herbicide + Drought
Fi Ev w— F 00OdINg

Herbicide +Flooding

®Ro

Figure 5. Spider plot of the chlorophyll fluorescence parameters in wheat plants after 4 days of
drought or flooding.
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Her bicide +Flooding ARA

Figure 6. Spider plot of the chlorophyll fluorescence parameters in wheat plants after 7 days of
drought or flooding.

YEo

Her bicide +Flooding

Figure 7. Spider plot of the chlorophyll fluorescence parameters in wheat plants after 4 days of
recovery following drought or flooding.

The most significant changes in fluorescence indices were observed in plants subjected
to drought and herbicide + drought. Figure 5 shows that the parameters V; and V; were
most significantly decreased during the first 4 days of the stress. V; is a relative variable
fluorescence after 2 s of luminescence emitting and provides information about the number
of closed reaction centres (RCs) relative to the total number of RCs that could be closed. The
values of maximum quantum yield (P, or F, /F,) were lower in all variants as compared
to control plants, where they had a maximum. The quantum yield of electron transport (at
t = 0) (pEy) had the lowest values in drought and in herbicide + drought treated plants.

The plants treated with herbicide and herbicide + drought showed significant changes
in fluorescence parameters after 7 days of stress (Figure 6). Plants subjected to drought
and herbicide + drought had the lowest values of almost all parameters, except for Fy/Fn,
where the values were the highest. This parameter represents the quantum yield of en-
ergy dissipation, and this is the part of light energy harvested by plants photosynthetic
apparatus, which is dissipated by heat.

Figure 7 shows that the fluorescence parameters tended to recover to their initial states
in drought and herbicide + drought treated variants when the plants were transferred to a
normal irrigation regime for recovery.

3.6. Assessment of the Recovery and Resilience Indices of Photosynthesis

The recovery index is presented by the ratio of values of functional parameters
recorded during the stress period and those recorded during the recovery, while the
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resilience index is presented by the ratio of values of functional parameters recorded in
control and treated plants during the recovery period.

It is evident that the drought and herbicide + drought stressed plants recovered to the
highest degree (Table 1). The resilience index of most of the assessed functional parameters
also had positive values. In the opposite, in plants subjected to flooding or herbicide +
flooding stress, these indices had negative values, which supposed that these plants did
not recover successfully after the stress and had deprived resilience. The recovery and
resilience indices after herbicide treatment were altered insignificantly, but in combination
with drought stress, it increased these parameters.

Table 1. Summary of the recovery and resilience indices of the photosynthesis functional traits in

response to treatment with herbicide, drought and flooding (%).

Traits Treatments Recovery Resilience
Herbicide — 6 — —-15v
Drought 1612 A A A A 26 A
An Herbicide + Drought 4851A A A A 40 A
Flooding -79vVY -8vvy
Herbicide + Flooding -71vv -8l1vy
Herbicide —16Vv —15v
Drought 428 A A A A 26 A
E Herbicide + Drought 854 A A AA 41 A A
Flooding —37V -33v
Herbicide + Flooding -20v -29v
Herbicide 10 w— — ] —
Drought 207 AAAA 2 w—
WUE Herbicide + Drought 312 A AAA — ] —
Flooding —-62VY -73vVvVY
Herbicide + Flooding —-64VV —74vVVV
Herbicide 15 A -30v
Drought 654 A A AA 6 —
Gs Herbicide + Drought 1095 A A A A 20 A
Flooding -33v -52vvy
Herbicide + Flooding — 10— —45vv

Notes: Ap, net photosynthetic rate; g5, stomatal conductance; E, transpiration rate; WUE, water use efficiency.
Mean data of functional traits were used. Symbols: ==stands for +10%; A V stands for +11-40%; A A V V stands
for £41-70%; A A A V V V stands for +£71-100%; A A A A ¥ V V V stands for +£>100%.

4. Discussion

Under changing environmental conditions, the disruption of water availability lead-
ing to water stress (either deficit or excess) becomes a significant problem, affecting plant
growth and principal physiological and metabolic plant reactions [8,11,18,19]. There is no
information concerning the alterations of photosynthesis-related parameters after treatment
with the selective two-component herbicide Serrate®. Few articles reported such analyses
with pyroxsulam (in combination with florasulam) or clodinafop-propagyl applied sep-
arately on weeds [20]. Hassannejad and Porheidar Ghafarbi [21] measured the effects of
clodinafop-propagyl on chlorophyll a fluorescence in maize, which is sensitive to this herbi-
cide. Our study demonstrates for a first time how Serrate®-treated wheat plants respond to
drought and flooding stress by measuring key photosynthetic functional characteristics.

We found that treatment with Serrate® alone did not cause severe alterations in the
photosynthesis-related parameters (Figures 2-7). This result was not unexpected because
the mode of action of this herbicide is not primarily related to photosynthesis. However,
it is of interest to study its effects in combination with other stress factors which directly
disrupt photosynthesis, and to investigate if there will be some additive side effects. The
application of Serrate® in combination with water stresses provoked insignificant changes
in the photosynthesis related traits, as compared to those measured in plants subjected only
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to drought or flooding. Therefore, the observed alterations were mainly due to the abiotic
stress. It could be generalized that the application of Serrate® prior to exposure of wheat
plants to water withholding or excess did not cause additional changes in photosynthesis.

It is well known that water stresses (both deficit and excess) provoke disturbance
of plant growth. We also documented the negative impact of these stresses on plants
phenotypic traits which deepened during the stress span (Figure 1). The application of
Serrate® prior to water stresses did not worsen the phenotypic traits of drought-treated
seedlings, and they recovered successfully after re-watering. Plants subjected to flooding
exhibited worsened phenotype and arrested growth even during the recovery period. The
alterations in phenotype correlated with the changes in photosynthesis rate, leaf pigment
content and chlorophyll a fluorescence.

The results showed that drought rendered a negative impact on photosynthetic
functions—A,,, WUE, E, gs, and leaf pigment content (Figures 2 and 3). Net photosyn-
thesis (An) is the physiological parameter which is most affected by water deficit [4].
Photosynthetic deterioration during water scarcity is mainly caused by either stomatal
(stomatal closure due to CO; reduction) or non-stomatal (decrease in chlorophyll content,
inhibition of Rubisco and Rubisco activase, and lower photochemical efficiency of PSII)
limitations [5,22]. A decrease in net photosynthesis, stomatal conductance, and chlorophyll
content was observed in maize plants under drought stress conditions. These alterations
were reversed after re-watering [4]. It is evident from Figures 2 and 3 that the impairment
of photosynthetic process due to drought during the first 4 days of stress period was mainly
attributed to stomatal limitation, i.e., a decline in stomatal conductance, which decreased
the CO; availability and in due course limited the net photosynthesis rate. These processes
occurred in parallel with a decrease in the transpiration rate and WUE. However, after
prolonged drought (7 days), the changes in photosynthetic activity could also be linked
to a decrease in chlorophyll content. The limitation of photosynthesis by stomatal as well
as non-stomatal mechanisms depends not only on the intensity and duration of drought
but also on the susceptibility /tolerance of plant species, stage of development and age [23].
Later, after restoration of the normal irrigation, the recovery of g¢ along with A indicated
that the increase in stomatal aperture fostered the availability of CO, from the atmosphere,
as reported earlier [8]. In addition, the increase in g facilitated transpiration and WUE.

Water excess in soil, which sometimes leads to flooding, also provokes negative con-
sequences of photosynthesis-related traits in flooded plants [4,24], especially if they are
intolerant [10,11,17,25,26]. Our results are in accordance with the reported by Yordanova
et al. [25] and Malik et al. [11], who found a substantial decrease in net photosynthesis
and stomatal conductance of flooded barley seedlings (for 5 days) and wheat (for 14 days),
respectively. A reduction in net photosynthesis during periods of waterlogging was linked
to a decrease in chlorophyll content, stomatal conductance [11], or activity of photosyn-
thetic enzymes [25]. We documented that flooding provoked less decrease in gas exchange
parameters (Figure 3) as compared to drought during the stress period. However, the de-
structive processes deepened further during the recovery period as wheat is a waterlogging
susceptible crop [11]. The biochemical (leaf pigments—Figure 2) and physiological (gas
exchange parameters—Figure 3) traits continued to decrease after transferring the plants to
normal irrigation.

The energy of photosynthetically active radiation is absorbed by photosynthetic pig-
ments located in the antenna complexes of the thylakoid membranes [27], and then it is
transferred as excitation energy to photosystem I (PSI) and photosystem II (PSII) reaction
centers, where it is used to initiate photochemical reactions. A part of photochemical energy
is dissipated as heat and chlorophyll a fluorescence. The chlorophyll a fluorescence is a
rapid, non-invasive, and sensitive method to evaluate the efficiency of the photosynthetic
apparatus, photosynthetic electron transport, related photosynthetic processes, and plant’s
physiological state [28,29]. Principally, Fy /Fn (maximal quantum yield of PSII) and Fy /Fy
(electron transport outside Qa ™) ratios are considered as major indicators assessing damage
to PSII due to diverse environmental stresses [30,31]. A key place of the inhibition of the



Agronomy 2022, 12, 390

110f13

photosynthetic electron transport is the donor part of PSII, and especially the Qg™ site on D1
protein in the reaction center of PSII, which prevents Qa~ from reducing Qg [32]. Our data
of chlorophyll a fluorescence (Figures 4-6) are in line with the photosynthesis parameters
(Figure 3) and indicated that during the stress period drought caused much more severe
alterations in the physiological responses than the flooding stress. During the recovery
period, the chlorophyll a fluorescence indices (Figure 7) tended to recover to controls state
in drought stressed seedlings but not in those exposed to flood.

In relation to the second question of our study—whether plants subjected to multi-
factorial treatments can recover important physiological processes after the termination of
stress—we estimated the recovery and resilience indices of photosynthesis traits (Table 1).
Recovery and resilience are terms usually used in ecology to assess ecosystems functioning
under disturbance of ecological conditions. Most studies have estimated the ecosystem
stability and response to perturbation, such as drought [33]. Recovery is the ability of the
plant community to compensate biomass losses or reproductive outputs due to the pertur-
bation, while resilience is the ability of the plant community to return to its original state
following perturbation [34]. Recently, Qi et al. [4] introduced recovery and resilience in use
for the assessment of photosynthesis traits of maize crop subjected to drought stress and
re-watering. We used recovery and resilience indices to assess the ability of wheat plants to
recover after drought and flooding stress. In the current study, full and over-compensatory
upturn of photosynthetic traits Ay, gs, E, and WUE was observed in terms of both recov-
ery and resilience indices of drought and herbicide + drought treated plants. These data
correspond to the results of Pinheriro et al. [35], who found that upon re-watering, the
rapid growth of new tissues and organs might accelerate plant growth of Lupinus albus
and potentially enhance CO, assimilation. Contrastively, an under-compensatory recovery
(i.e., a negative percentage of the recovery and resilience) of photosynthetic traits Ay, gs, E,
and WUE was observed in flooded and herbicide + flooding treated plants. Positive values
of the resilience index of drought and herbicide + drought treated plants as compared
to flooding treated plants implies a greater ability to recover, which is also evident from
Figure 1. The values of the recovery index were higher in combined-treated wheat as
compared to drought-only treated wheat. This fact allows us to suggest that the application
of Serrate® did not worsen photosynthesis-related parameters of drought-treated wheat,
and they recovered successfully after re-watering.

5. Conclusions

Our study demonstrates for the first time that the herbicide Serrate® caused insignif-
icant changes in photosynthesis-related parameters of wheat plants when applied alone
or in combination with drought or flooding. The reported considerable alterations in
photosynthetic traits could be attributed to the negative consequences of the abiotic stress
and depend on the particular tolerance/susceptibility of wheat to drought or flooding.
Drought and flooding hampered growth and decreased the photosynthetic capacity of
plants to a different extent during the course of stress. The alterations in leaf gas exchange
parameters correlated with the changes in chlorophyll a fluorescence indices with the
most significant variations after 7 days of stress. During the recovery, the photosynthetic
functions of droughted plants almost completely recovered, while in flooded plants, the
impaired photosynthesis continued to worsen, which is evidenced also by the recovery and
resilience indices.
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