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Abstract: Biological systems are shaped by environmental pressures. These processes are imple-
mented through the organisms exploiting their adaptation abilities and, thus, improving their
spreading. Photosynthesis, transpiration, and water use efficiency are major physiological parame-
ters that vary among organisms and respond to abiotic conditions. Invasive species exhibited special
physiological performance in the invaded habitat. Photosynthesis and transpiration intensity of
Fallopia japonica, Heracleum sosnowskyi, and Rumex confertus of northern and trans-Asian origin were
performed in temperate extensive seminatural grassland or natural forest ecotones. The observed
photosynthetically active radiation (PAR) ranged from 36.0 to 1083.7 µmol m−2 s−1 throughout the
growing season depending on the meteorological conditions and habitat type. F. japonica and H.
sosnowskyi settled in naturally formed shadowy shrub habitats characterized by the lowest mean
PAR rates of 58.3 and 124.7 µmol m−2 s−1, respectively. R. confertus located in open seminatural
grassland habitats where the mean PAR was 529.35 µmol m−2 s−1. Correlating with the available
sunlight radiation (r = 0.9), the highest average photo assimilation rate was observed for R. confertus
(p = 0.000). The lowest average intensity of photosynthesis rates was exhibited of F. japonica and
H. sosnowskyi in shadowy shrub habitats. Transpiration and water use effectivity at the leaf level
depended on many environmental factors. Positive quantitative responses of photosynthesis and
transpiration to soil and meteorological conditions confirmed positive tolerance strategies of the
invasive species succeeded by environmental adaptation to new habitats during their growing period
sustained across a range of environments.

Keywords: environment; photosynthesis; transpiration; invasive species

1. Introduction

Biodiversity is a prominent concern to ecosystems of Europe and worldwide [1,2].
Vegetation, as part of biodiversity, performs a crucial function in the ecosystem’s services,
i.e., carbon flux exchange and the hydrological cycle between terrestrial ecosystems and
the atmosphere through photosynthesis and transpiration. However, invasive alien species
represent a key pressure to biodiversity as a result of enlarged international trade, trans-
portation, tourism industry, and climate change [3]. The regulation of alien species should
be applied for the preservation of phytodiversity, and thus, guaranteeing the structure and
function of ecosystems with the positive ecosystem services.

Biogeographic and climatic conditions make natural barriers for the spread of alien
species. However, adaptation to a new environment guarantees their spread outside their
natural ranges. The assessment of physiological adaptation, namely, photosynthesis and
transpiration activity, should allow an explanation of the reasons or limitations of the
spread of alien species. Solar radiation is mainly absorbed as energy for CO2 assimilation
into free photosynthetic energy in the leaf, which is used for the transpiration process,
which sets up an essential integrated functional system in plants [4]. One author showed
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that only approximately 55% of solar radiation wavelengths can be employed by photo
assimilation of CO2, which reduces the light efficiency to about 18% [5]. Green plants
converted solar energy to sugars that were transmitted from green leaves to perform the
greatly susceptible processes of growth, development, and ripening. Therefore, plant
growth and development are significantly dependent on the photosynthesis effectivity.
Moreover, photosynthesis provides the energy required for plants’ acclimation, making
them resistant to changing environmental conditions in line with the optimization hy-
potheses, which explained the forces of biological systems from cells to communities and
ecosystems scales [6]. After the ecological perspective, photosynthesis research has mainly
focused on the income of biochemical energy created by light energy, indicating the pho-
tosynthetic efficiency related to consumed water, which is mainly lost in transpiration.
Evaporation and transpiration realize the freshwater exchange between ecosystems and the
atmosphere [7]. Transpiration makes up 60–80% of the whole terrestrial evaporation and
returns about half of the mainland rainfall back into the atmosphere [8]. Hence, evaluations
of photosynthesis and transpiration rates are essential indices for the characterization of
species vitality and understanding vegetation’s role in climate change, which depends
on carbon and water cycling [9]. Successful alien species follow optimal physiological
trajectories formed by environmental pressures, forcing them to maximize their acclimation
and reproductive success [10,11]. The optimization theories particularly clarify the forms
and role of terrestrial vegetation as of eco-hydrological and carbon-economy viewpoints
through spatial and temporal scales [11,12]. Their purposes are generally constrained
by the identification of attributes of a complex system of interacting elements between
environment and organism that contribute to species being fit for survival. Therefore, the
theories of the optimization demands are based on the postulation that the plants target
maximum carbon uptake and growth (subject to constraints) over a specified period [11,13].

Therefore, the sufficient rates of photosynthesis and transpiration, in principle, might
potentially indicate an adaptation of invasive plants to new terrestrial ecosystems when
water is not the limiting factor [14], which modulate the gas exchange (water vapor and
also the rate CO2 fixation in leaf mesophyll tissue) between plant and environment [15,16].
However, photosynthesis and transpiration constitute a complex and respond to numerous
abiotic factors (light intensity, vapor pressure deficit, CO2 content, etc.). The impact of
water content on transpiration has been widely documented empirically (data-based) or
validated by means of mechanistic (process-based) and economic (optimization-based)
modeling for the different plant species [17–19]. Transpiration effectiveness is evaluated
by means of water use efficiency (WUE), which is defined as photosynthetic carbon gain
per unit of evaporated water [20]. WUE parameter indicates responses to negative aspects
of the global climate change, such as drought or increased temperature [21]. At the leaf
level, WUE values increase with increasing temperature. When the optimal temperature
for plant growth is exceeded (i.e., heat stress), the WUE begins to decrease [22]. While
comparing different ecosystems, it was identified the WUE has correlated to precipitation,
gross primary productivity, and growing period length [23]. Some studies analyzed the
impacts of environmental changes, where WUE, together with physiological parameters,
was used for the historic observations of different crops’ responses to temperature and
CO2 [22,24]. They found that WUE increased until the temperature was exceeded by
1.5 ◦C of the normal temperature, and then started to decline. An increase in WUE values
might possibly indicate species with higher resistance to drought conditions [5]. Thus, the
important potential benefit of WUE should be used to identify invasive species’ response
and adaptation to a new environment. Nonetheless, the net effect of transpiration and
photosynthesis data of invasive plant species in new territories remain to a large extent
unknown. Extensive gaps in invasive plant species research in terms of their physiological
acclimation faced by global decision-making bodies have significance for the scientific
management of their invasions.

Consistent with previous issues, the assessment of eco-physiological parameters of
photosynthesis and transpiration were selected to specify the adaptation of invasive species
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to environmental conditions in different invaded seminatural or natural habitats. The
present study was undertaken to compare the eco-physiological characteristics, i.e., photo-
synthesis and transpiration rates, of one cosmopolite and three alien plant species, which
are marked by their prolific and vigorous growth and intensive spread. The following
hypotheses were tested: (1) the invasive species achieve high photosynthetic capacity that
contributes to their adaptation and spread in the new invaded environment; (2) species vari-
ations in transpiration rates depend on natural light conditions and precipitation changes
during the growing period. The assessment of efficiency and rates of photosynthesis and
transpiration may contribute to the explanation of the vitality and acclimation of invasive
species to the temperate environments of central Lithuania.

2. Materials and Methods
2.1. Species and Location Setup

Lithuania is situated in the cold temperate zone (5–6 Hardiness Index) with moderately
warm summers and medium cold winters [25]. The average temperature in midsummer,
i.e., July, is approximately 17 ◦C, and in winter, it is approximately −5 ◦C.

Physiological acclimation of three invasive species listed on the National List of
Invasive Species [26], namely Fallopia japonica (Hout.) Ronse Decr. (Polygonaceae), F jap,
native of northern Japan (Hokkaido, Honshu) and N-E Russia (Sakhalin, Kurile Islands),
Heracleum sosnowskyi Manden., H sosn (Apiaceae) from Trans-Asia, and Rumex confertus
Willd., R conf (Polygonaceae) from Asia were assessed in the temperate climate of Lithuania.
Cosmopolite Taraxacum officinale L., T offi served as a control species (Table 1). F jap
and H sosn were tested in shrubland, whereas R conf and T offi were tested in extensive
grassland habitats. Both habitats were situated close to international highway Via Baltica,
Kaunas district, central Lithuania, with intensive traffic. Grasslands are dominated by
Festuca pratensis, Poa pratensis and Lolium perenne, shrubland was dominated by Salix sp.
Each habitat was of sufficient size to accommodate four representative plots of 1 m2.

Table 1. The data of assessed invasive and cosmopolite species.

Plant Species Acronym Biogeographical
Region Habitat Type Coordinates

Fallopia japonica (Hout.) Ronse Decr. F jap Eastern Palearctic Shrubland 54◦54′01.3′′ N
23◦50′07.2′′ E

Heracleum sosnowskyi Manden. H sosn Caucasus Shrubland 54◦54′08.1′′ N
23◦50′10.5′′ E

Rumex confertus Willd. R conf Western Palearctic Grassland 54◦54′13.1′′ N
23◦49′11.1′′ E

Taraxacum officinale F.H.Wigg. T offi Holarctic Grassland 54◦54′12.2′′ N
23◦51′29.5′′ E

2.2. Assessment of Physiological Parameters

A plant photosynthesis system (ADC BioScientific, Hoddesdon, UK) was applied
for the assessing photosynthesis (A, µmol m−2 s−1), transpiration (TE, mmol m−2 s−1),
stomatal conductance (gs, mol H2O m−2 s−1) and photosynthetically active radiation
(PAR, µmol m−2 s−1) parameters in situ for invasive plant species. Physiological param-
eters of fully developed apical leaves of six randomly selected plants were measured in
10 replications every month in each habitat (n = 6 × 10). Measurements were made at
saturating irradiance photosynthetic photon flux density PPFD (1500 µmol m−2 s−1) and
ambient temperature, humidity, and CO2 concentration. Using the measured A and E
values, the water use efficiency (WUE = A/TE) was calculated.

2.3. Estimation of Abiotic Environment Parameters

Climatological data (temperature and precipitation) were taken from Kaunas meteorol-
ogy station. Physical soil parameters (temperature—T, moisture and electric conductivity—
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el. conductivity) were evaluated using the integrated analyzer HH-2 (AT Delta-T Devices
Ltd., Cambridge, UK) in the invaded habitats.

Mean temperature and precipitation were compared with multi-annual averages
throughout the growing period (April–September). The fluctuations and differences in
weather conditions could affect not only abiotic ecosystem’ parameters but also plant
photosynthesis and respiration. Mean temperatures of May–August exceeded multi-
annual averages by 0.3–3.43 ◦C, while it was equal to the multi-annual averages in April
and September. Nonetheless, precipitation exceeded multi-annual averages with the
exception of May. As a result, the growing season was rather favorable for plant growth
compared to normally warm conditions with higher than usual humidity.

Soil temperature, moisture, and electrical conductivity (Figure 1) varied in concomi-
tance to meteorological conditions in the habitats of the assessed species. The soil parame-
ters revealed that F jap and H sosn favored similar environment parameters; however, R
conf was different from the former species in preference for habitats of high moisture, with
warm and ion-rich soil.

Figure 1. Range of soil physical parameters in situ. The ratio of T—temperature (◦C), moisture (%) and el. conductivity
(electrical conductivity, dS m−1) were measured monthly in the growing season. Vertical bars represent ± SE.

2.4. Statistical Evaluation

The level of statistical confidence, stochastic interactions between assessed A, T, and
WUE data, and the plant species, measurement time, and environment conditions were
calculated by an analysis of variance and regression using the statistical package R of
StatSoft for Windows standards. A Fisher test and a Kruskal–Wallis H nonparametric test
were used for means separation.

3. Results
3.1. Abiotic Conditions

PAR intensity (Figure 2) related to habitat type, soil, and meteorological conditions
(Figure 1). The highest PAR rates, up to 1056.0–1083.7 µmol m−2 s−1, were seen in R conf
and T offi, which colonize open grassland habitats where full sunlight is accessible. The low
light access data, with means of 58.3 and 124.7 µmol m−2 s−1, were available for invasive F
jap and H sosn, respectively, established in shaded shrubland.

Meteorological conditions shifted PAR values and changed sunlight access to plants
during the growing season (Figure 1). Precipitations usually conditioned lower tempera-
ture and light (PAR). Determined correlation between PAR and temperature (r = 0.8) and
precipitation (r = 0.4) confirmed their impact on light conditions in habitat. Comparing
PAR during the growing season, the mean values differ significantly between treatments
possibly due to cloudy weather that conditioned wide light dispersion during measure-
ments (Figure 2b). PAR exhibited the highest variation in September, when the change of
sunny and shadowy periods was most frequent.
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Figure 2. PAR alteration throughout photosynthesis and transpiration measurements: (a) mean PAR values, (b) PAR
distributions in different habitats. F jap-Fallopia japonica, H sosn-Heracleum sosnowskyi, R conf-Rumex confertus, T
offi-Taraxacum officinale. F-Fisher test, KW-H-Kruskal–Wallis H nonparametric test of a one-way ANOVA. Vertical bars
denote ± SE.

Significantly, the lowest PAR values (p = 0.000) with narrow dispersion rates were
recorded in mostly shaded bush habitat invaded by F jap (Figure 2). Changing cloud
conditions had no impact on PAR dispersion here. Better average light access was noted
for H sosn in bush habitat. The strongest light was available for R. confertus and T. officinale.
The difference of light conditions was insignificant for open habitats and bush habitat
invaded by H. sosnowskyi. Nonetheless, the widest light dispersion was in open habitats
of T. officinale. The widest light variation was fixed also in these open habitats due to the
changing impact of cloudy conditions here. Some studies [27–29] revealed that different
meteorological conditions may facilitate the invasibility of alien species in ecosystems.
Moreover, the light availability (PAR) determines many functional responses, e.g., changes
in leaf area and thickness, the chlorophyll content, root:shoot ratio of biomass allocation,
and thus, the invasiveness facilities of alien plant species [30]. Consequently, light con-
ditions remain a determinant component for the invasiveness of alien species in newly
invaded territories [28,30].

3.2. Intensity of Photosynthesis and Transpiration

The lowest mean photosynthetic activity (A, µmol m−2 s−1) determined for F jap and
H sosn that was established in shadowy habitats was different from the highest activity for
R conf and T offi in open habitats (Figure 3).

Figure 3. Photosynthesis (A) and transpiration (TE) rates during the growing season.
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Nonetheless, the widest and significant differences (p = 0.000) of the photosynthesis
data were documented between F jap (median value 3.02 µmol m−2 s−1) and R conf
(median value11.60 µmol m−2 s−1). The differences between the photosynthesis values of
the remaining species, specifically H sosn, R conf, and T offi, were insignificant (p = 0.000)
in their habitats (Figure 4). The strong coefficients (r = 0.6–1.0) of the linear regression
determined between A and PAR indicated good adaptation of the species’ photosynthesis
activity to light conditions in their habitats. The photosynthesis values have not exhibited
a significant correspondence to the measurement date, possibly due to the substantial
variation of PAR values caused by cloudy conditions in habitats (Figure 3).

Figure 4. Box plot of photosynthesis (A) across groups of assessed plant species. F jap-Fallopia
japonica, H sosn-Heracleum sosnowskyi, R conf-Rumex confertus, T offi-Taraxacum officinale. F-Fisher test,
KW-H-Kruskal-Wallis H nonparametric test of a one-way ANOVA. Vertical bars denote ± SE.

Meteorological conditions, i.e., temperature (T, ◦C) and precipitation (P, mm) revealed
different impacts on species photosynthesis (A) capacity reliant on conditions’ accessibility
in different habitats. T offi and R conf had the highest CO2 exchange rates and exhibited a
strong positive correlation between A and temperature (r = 0.5) due to good light accessi-
bility in their open habitat. Rainy weather negatively affected photosynthesis due to lower
PAR; thus, the negative mean correlation (r = −0.1) between A and P was determined for
the assessed species in their habitats of moderate water content, where precipitation had a
weak impact on the hydrological regime.

Between soil physical conditions (Figure 1), soil temperature exhibited the strongest
correlation with the photosynthesis activity of the assessed species. However, soil tempera-
ture negatively impacted the photosynthesis of F jap (r = −0.9) and H sosn (r = −0.7) in the
wet canopy of shrub habitats. Negative strong correlation was observed between A and soil
moisture (r = −(0.5–0.7)). Soil electrical conductivity, which indicated soluble ion content
sufficient for plant nutrient supply, showed a strong impact on species’ photosynthetic
capacity (r = 0.6).

Transpiration values exhibited a wide range, i.e., from 0.07 mmol m−2 s−1 of F jap
in April to 1.70 mmol m−2 s−1 of R conf in September (Figure 5). The highest mean TE
rates of 0.58 mmol m−2 s−1 and 0.90 mmol m−2 s−1 were recorded for invasive H sosn and
F jap, respectively, in the canopy of shrub habitats. These species grow in wet habitats,
where the unlimited water conditions support the stomata aperture, and thus, the entropy
production of TE. The median transpiration rates ranged between 0.285 mmol m−2 s−1

for F jap and 0.825 mmol m−2 s−1 for H sosn in the natural environment of the invaded
habitats (Figure 5). Although PAR energy is mainly consumed for photosynthesis, the linear
correlation between PAR and TE was determined to be strong (r = 0.6). The correlation
between TE and photosynthesis (A) activity was weaker (r = 0.4). In general, TE values
were altered in the analogous trend as A values, showing a tendency to increase from spring
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to autumn. The TE differences between assessed species were statistically insignificant
(p = 0.0005).

Figure 5. Box plot of the species transpiration (TE) and water use efficiency (WUE) during the growth season: (a) TE
in different habitats; (b) water use efficiency (WUE). F jap-Fallopia japonica, H sosn-Heracleum sosnowskyi, R conf-Rumex
confertus, T offi—Taraxacum officinale. F-Fisher test, KW-H-Kruskal-Wallis H nonparametric test of a one-way ANOVA.
Vertical bars denote ± SE.

The correlation between the mean TE and air temperature of the assessed species was
weak (r = 0.1–0.3). However, precipitation exhibited a stronger impact on TE (mean r = 0.4)
than on T. Soil physical parameters also insignificantly impacted the transpiration activity.
This trend confirmed the weak positive correlation between TE and soil temperature
(r = 0.3), but a negative correlation between moisture (r = −0.2), and el. conductivity
(r = −0.1), possible due to their different impact on root functioning and soil water access
to plant.

Similarly to A data, scattered rates of transpiration insignificantly differed due to the
cloudy atmosphere and sufficient water access in researched habitats during the growing
season (Figure 5). The highest mean TE values were observed in July and August for F jap,
possibly due to the unlimited water content after extremely abundant precipitations. TE
rates alternated insignificantly between measurements during the growing season.
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3.3. Water Use Effectivity

Here, the water use efficiency (WUE) is expressed by the ration between plant produc-
tivity or photosynthesis gain and transpiration (Figure 5). WUE is defined as the amount
of assimilated carbon per unit of water used by the assessed species. Different exposures
to solar radiation (PAR) impacted species’ WUE rates in different habitats (Figure 5). The
R conf and T offi in grass habitats with unlimited light access had the most evident gas
exchange rates and lower transpiration rates, and thus, they revealed nearly two times
higher WUE values of 28.31 and 29.96 µmol mol−1 than the remaining species in the
constant canopy of a shrub habitat. A strong correlation between WUE and A (r = 0.6) and
TE (r = −0.6) confirmed a similar impact, but with different vectors, of these parameters on
water use efficiency, while temperature (r = −0.3) and precipitation (r = 0.1) have a weak
impact on WUE due to their different effect on A and TE.

Soil T (r = −0.1), moisture (r = 0.3), and el. conductivity (r = 0.2) showed a weak
impact on WUE.

4. Discussion
4.1. Photosynthesis and Transpiration Adaptation to Abiotic Conditions

In this study, we found that photosynthesis and transpiration rates of invasive species
at leaf level could be used as novel parameters for the documentation of their adaptation
to a new abiotic environment. In agreement with numerous studies [6,14,18,19], our
results also revealed the alternation of eco-physiological parameters being subjected to
environmental conditions in different habitats during invasive plant distribution. Moreover,
some researchers concluded [27] that such light differences accounted for the regulation of
photosynthesis more than transpiration. Thus, photosynthesis and transpiration presented
as a function of environmental conditions for the season of invasive plant growth.

We found that soil physical conditions characterized by temperature, moisture, and
electrical conductivity might be helpful to improve the photosynthesis and transpiration
values of plants. Nonetheless, some simulation models in previous studies revealed that
soil temperature impacted water loss through evaporation and photosynthesis more than
through transpiration [31]. The data of this research revealed that soil characteristics im-
pacted the rates of photosynthesis more than those of transpiration activities of the assessed
plants. Some authors recognize that water deficits cause water stress and have a dominant
role in controlling stomatal function and gas exchange between plant and atmosphere,
followed by the impact on the photosynthesis and transpiration activity [32,33].

We found that among the soil parameters, the soil temperature had the strongest
impact on photosynthesis rates due to the activation of root formation and functioning. It is
already confirmed that soil temperature might increase the water supply by root activation,
and thus, support stomatal conductance [34]. Soil moisture regime exhibited a stronger
correlation with photosynthesis activity in open grassland habitats than in the canopy
of bush habitats, possibly due to different water cycling. This finding has been widely
documented by previous publications, which generalized that adequate soil moisture
maintained efficient light utilization and high photosynthetic rates, and thus, probably
contributed to the success and geographical distribution of some invasive species [35].
Drought stress might limit the distribution and spreading of invasive species responsive to
water limit, reacting by dropping their leaves during drought stress [36].

CO2 gas exchange through stomatal conduction responses to a complex of many abi-
otic parameters (light intensity, water vapor pressure deficit, CO2 concentration, etc.). Light
remains an essential environmental resource for green plant survival, growth, development,
and spread [37]. Light limits photosynthesis, which integrates the two processes of inverse
vectors, i.e., the exchange of CO2 and water between the plant canopies and the atmosphere.
Plants simultaneously absorb atmospheric CO2 through leaves’ stomata and lose water
that diffuses to the atmosphere. This is directed to the supplementary proposition that
photosynthetic rates in natural ecosystems are indirectly limited by sunlight; however,
they are also related to the CO2 transfer between the atmosphere and the canopy [5]. Our
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results confirmed previous findings and revealed that photosynthesis strongly depended
(r = 0.6–1.0) on light conditions; the highest values were documented for species in open
grassland habitats, where PAR availability depends on cloudy weather. These data are con-
sistent with the previous conclusion that photosynthesis can be effective in capturing the
photons, using them for the generation of chemical-free energy in case of PAR availability
and plant capacity for efficient light utilization [5,34]. This means that photosynthetic rates
are not directly restricted only by sunlight or PAR in natural ecosystems, but also by the
transference of CO2 between the atmosphere and the plant [5].

For invasive species, the geographic latitude is an important variable that causes a
large change in light and temperature in new habitats. Differently from PAR, the ambient
temperature exhibited a minor impact (r = 0.3) on invasive species’ photosynthesis in the
canopy of shrub habitats compared to open habitats. Species’ response to temperature was
different in changes of photosynthesis effectivity, which reflected the species’ ability to
adapt to the invaded habitat environment [38,39]. Plants that inhabit cold regions often
need a low optimal temperature to achieve the maximal photosynthesis activity, which is
limited by Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) or RuBP (ribulose
1,5-bisphosphate) regeneration activities [40,41]. Precipitation of temperate climates nega-
tively impacted A rates (r = −0.6) in all habitats due to decreased PAR access in cloudy
conditions. Therefore, photosynthesis variation never remains systematic and predictable
in the natural environment [5,38,42]. We found that the photosynthesis capacity of as-
sessed invasive species in this study was similar to that of cosmopolitan species T off.
Since photosynthesis is an essential physiological process for plant acclimation, making
them resistant to changing environmental conditions, the recorded photosynthesis data
revealed that the assessed species physiologically adapted to light and temperature condi-
tions in the investigated habitats of a new environment, namely Lithuania, which has a
temperate climate.

The next principal question is how invasive plants will respond to the new abiotic
environment of the invaded climate zone in different latitudes, with different levels of
light, temperature, and precipitation, which affect not only their photosynthesis, but also
transpiration and WUE. Since photosynthesis is closely linked to transpiration through
gas exchange [16,23], we found that the transpiration values were altered in the analogous
trend, such as A ranged. Similar to the previous conclusion that high leaf transpiration
has always been found in habitats distinguished with high soil water content [14,16,34],
we similarly found that the transpiration rate was minimal in the open grass habitat and
increased in the canopy of the bush habitat due to the higher moisture content. Some
authors explained that abscisic acid modifies stomatal behavior, and thus, changes the
transpiration rates [43]. The recorded TE rates subjected to habitat water environments are
the indication of the invasive species adaptation to their invaded habitats.

4.2. Water Use Efficiency

Water use efficiency (WUE) is among the basic characteristics of ecosystem functioning
that reflects the balanced connection between carbon gain and water loss [20,22]. We found
that higher rates of WUE exhibited invasive R conf and cosmopolite T off in open grass
habitats due to more intensive photosynthesis activity than those of invasive species in
the bush habitats. We found a strong correlation between WUE, photosynthesis (r = 0.6),
and transpiration rates (r = −0.6). The ambient temperature (r = −0.3) and precipitations
(r = 0.1) are also important environmental factors affecting the WUE rates under different
habitat conditions. This corresponds to previous findings that showed that the WUE re-
sponse is directly related to the physiological processes controlling the gradients of carbon
dioxide and water vapor among the foliage and surrounding atmosphere [22]. Additionally,
some authors concluded [43,44] that WUE exceptionally depended on the carboxylation
intensity caused by different stomatal conductance and response to environmental condi-
tions. Moreover, recent studies on the environmental impact on WUE have analyzed the
historical observations and discovered that WUE increased when temperatures rose by
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1.5 ◦C above the usual temperature and then began to decrease [45]. Thus, water loss gra-
dient can indicate the potential response of plant to environment and climate change [46].
Chen et al. [14] revealed that higher rates of net photosynthetic and WUE of alien species
than those of native plants contributed to the successful invasion of alien species.

Although the assessed invasive species represented invaders from southern latitudes,
they found a favorable moisture level and sufficient light environment, ensuring high pho-
tosynthesis and transpiration rates, which indicated the species’ physiological adaptiveness
in a new habitat, namely Lithuania, which has a temperate climate.

5. Conclusions

In this study, we evaluated invasive species of different geographical origins for their
physiological tolerance to a colder climate. The species exhibited sufficient photosynthetic
rates which were maintained by effective water absorption and transport to leaves under
conditions of unlimited water supply, and thus, supporting their spread in the temperate
climate. Photosynthesis activity in relation to water loss during transpiration and water use
effectivity at leaf level differently depended on many abiotic environmental impacts. The
photosynthesis capacity of the assessed invasive species was similar to that of cosmopolitan
T. officinale. The assessed species physiologically adapted to light, precipitation, and
temperature conditions in an investigated habitat in Lithuania with a temperate climate.
The soil temperature revealed the strongest impact than moisture and electric conductance
on photosynthesis rates due to root formation and functioning. The soil moisture regime
exhibited a stronger correlation with photosynthesis activity in open grassland habitats
than that in the canopy of bush items, possibly due to the different water cycling here. The
photosynthesis and transpiration capabilities of the invasive species allows them to access
the required sufficient levels of light energy and water, keeping plants acclimated to the
new temperate climate.

Although the data of photosynthesis and transpiration profiling may be acceptable
for finding relevant measures to explain the further spread of alien species, consistent with
abiotic environment parameters, understanding and interpreting the constraints of the
adaptation of invasive species might be subjected to more detailed complex analyses in
future. In addition, the large-scale geographic variations in terrestrial photosynthesis are
fairly well explained; however, the invasiveness problem can still be more fully interpreted
by physiological and eco-physical exchange processes.
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25. Galvonaitė, A.; Misiūnienė, M.; Valiukas, D.; Buitkuvienė, M.S. (Eds.) Lithuanian Climate; Lithuanian Service of Hydrometeorology:
Vilnius, Lithuania, 2007. (In Lithuanian)

26. List of Invasive Species in Lithuania; D1-810, LR; Ministry of Environment: Vilnius, Lithuania, 2016. Available online: https:
//www.e-tar.lt/portal/lt/legalAct/TAR.7B6390A69C91/asr (accessed on 4 December 2020). (In Lithuanian)

27. Sellers, P.J.; Schimel, D.S.; Moore, B.; Liu, J.A. Eldering Observing carbon cycle–climate feedbacks from space. Proc. Natl. Acad.
Sci. USA 2018, 115, 7860–7868. [CrossRef] [PubMed]

http://doi.org/10.4060/ca7722en
http://ec.europa.eu/environment/nature/invasivealien/index_en.htm
http://doi.org/10.1016/j.tplants.2018.06.003
http://doi.org/10.1016/j.bbabio.2020.148303
http://doi.org/10.1038/nature11983
http://www.ncbi.nlm.nih.gov/pubmed/23552893
http://doi.org/10.1002/2016GL072235
http://doi.org/10.1126/science.1184984
http://doi.org/10.1093/treephys/tpt005
http://doi.org/10.1071/FP08128
http://doi.org/10.14214/sf.536
http://doi.org/10.1093/treephys/tpr138
http://doi.org/10.1007/s00382-010-0741-2
http://doi.org/10.1126/science.1096014
http://www.ncbi.nlm.nih.gov/pubmed/15178800
http://doi.org/10.1111/pce.12140
http://doi.org/10.1111/pce.12086
http://www.ncbi.nlm.nih.gov/pubmed/23448751
http://doi.org/10.1016/j.jplph.2018.11.019
http://www.ncbi.nlm.nih.gov/pubmed/30544052
http://doi.org/10.1016/j.ecoenv.2017.07.028
http://doi.org/10.1016/j.envexpbot.2020.104154
http://doi.org/10.1111/pce.12424
http://doi.org/10.3389/fpls.2019.00103
http://doi.org/10.1016/j.agrformet.2013.08.007
http://doi.org/10.1016/j.fcr.2016.09.023
https://www.e-tar.lt/portal/lt/legalAct/TAR.7B6390A69C91/asr
https://www.e-tar.lt/portal/lt/legalAct/TAR.7B6390A69C91/asr
http://doi.org/10.1073/pnas.1716613115
http://www.ncbi.nlm.nih.gov/pubmed/29987011


Atmosphere 2021, 12, 969 12 of 12

28. Stotz, G.C.; Gianoli, E.; Patchell, M.J.; Cahill, J.F. Differential responses of native and exotic plant species to an invasive grass are
driven by variation in biotic and abiotic factors. J. Veg. Sci. 2016, 28, 325–336. [CrossRef]

29. Canessa, R.; Saldaña, A.; Ríos, R.S.; Gianoli, E. Functional trait variation predicts distribution of alien plant species across the
light gradient in a temperate rainforest. Perspect. Plant Ecol. Evol. Syst. 2018, 32, 49–55. [CrossRef]

30. Van Kleunen, M.; Weber, E.; Fischer, M. A meta-analysis of trait differences between invasive and non-invasive plant species. Ecol.
Lett. 2010, 13, 235–245. [CrossRef]

31. Sun, X.; Wang, G.; Huang, M.; Chang, R.; Hu, Z.; Song, C.; Sun, J. The asynchronous response of carbon gain and water loss
generate spatio-temporal pattern of WUE along elevation gradient in southwest China. J. Hydrol. 2020, 581. [CrossRef]

32. Shackel, K.A. Water relations of woody perennial plant species. OENO One 2007, 41, 121. [CrossRef]
33. Spinelli, G.M.; Snyder, R.L.; Sanden, B.L.; Shackel, K.A. Water stress causes stomatal closure but does not reduce canopy

evapotranspiration in almond. Agric. Water Manag. 2016, 168, 11–22. [CrossRef]
34. Naidoo, G.; Naidoo, K. Drought stress effects on gas exchange and water relations of the invasive weed Chromolaena odorata.

Flora Morphol. Distrib. Funct. Ecol. Plants 2018, 248, 1–9. [CrossRef]
35. Liu, M.-C.; Kong, D.-L.; Lu, X.-R.; Huang, K.; Wang, S.; Wang, W.-B.; Qu, B.; Feng, Y.-L. Higher photosynthesis, nutrient- and

energy-use efficiencies contribute to invasiveness of exotic plants in a nutrient poor habitat in northeast China. Physiol. Plant.
2017, 160, 373–382. [CrossRef]

36. Esperón-Rodríguez, M.; Barradas, V.L. Ecophysiological vulnerability to climate change: Water stress responses in four tree
species from the central mountain region of Veracruz, Mexico. Reg. Environ. Chang. 2015, 15, 93–108. [CrossRef]

37. Lusk, C.H.; Reich, P.B.; Montgomery, R.A.; Ackerly, D.D.; Cavender-Bares, J. Why are evergreen leaves so contrary about shade?
Trends Ecol. Evol. 2008, 23, 299–303. [CrossRef]

38. Machino, S.; Nagano, S.; Hikosaka, K. The latitudinal and altitudinal variations in the biochemical mechanisms of temperature
dependence of photosynthesis within Fallopia japonica. Environ. Exp. Bot. 2021, 181, 104248. [CrossRef]

39. Yahia, E.M.; Carrillo-López, A.; Barrera, G.M.; Suzán-Azpiri, H.; Bolaños, M.Q. Chapter 3: Photosynthesis. In Postharvest
Physiology and Biochemistry of Fruits and Vegetables; Elsevier BV: Duxford, UK; Cambridge, MA, USA, 2019; pp. 47–72.

40. Yamori, W.; Hikosaka, K.; Way, D. Temperature response of photosynthesis in C3, C4, and CAM plants: Temperature acclimation
and temperature adaptation. Photosynth. Res. 2014, 119, 101–117. [CrossRef] [PubMed]

41. Yamaguchi, D.P.; Mishima, D.; Nakamura, K.; Sano, J.; Nakaji, T.; Hiura, T.; Hikosaka, K. Limitation in the Photosynthetic
Acclimation to High Temperature in Canopy Leaves of Quercus serrata. Front. For. Glob. Chang. 2019, 2. [CrossRef]

42. Loeb, N.G.; Doelling, D.R.; Wang, H.; Su, W.; Nguyen, C.; Corbett, J.; Liang, L.; Mitrescu, C.; Rose, F.G.; Kato, S. Clouds and the
Earth’s Radiant Energy System (CERES) Energy Balanced and Filled (EBAF) Top-of-Atmosphere (TOA) Edition-4.0 Data Product.
J. Clim. 2018, 31, 895–918. [CrossRef]

43. Haworth, M.; Marino, G.; Cosentino, S.; Brunetti, C.; DE Carlo, A.; Avola, G.; Riggi, E.; Loreto, F.; Centritto, M. Increased free
abscisic acid during drought enhances stomatal sensitivity and modifies stomatal behaviour in fast growing giant reed (Arundo
donax L.). Environ. Exp. Bot. 2018, 147, 116–124. [CrossRef]

44. Taylor, S.; Hulme, S.P.; Rees, M.; Ripley, B.; Woodward, F.I.; Osborne, C.P. Ecophysiological traits in C 3 and C 4 grasses: A
phylogenetically controlled screening experiment. New Phytol. 2010, 185, 780–791. [CrossRef]

45. Males, J.; Griffiths, H. Stomatal Biology of CAM Plants. Plant Physiol. 2017, 174, 550–560. [CrossRef]
46. Hatfield, J.L.; Wright-Morton, L.; Hall, B. Vulnerability of grain crops and croplands in the Midwest to climatic variability and

adaptation strategies. Clim. Chang. 2018, 146, 263–275. [CrossRef]

http://doi.org/10.1111/jvs.12499
http://doi.org/10.1016/j.ppees.2018.04.002
http://doi.org/10.1111/j.1461-0248.2009.01418.x
http://doi.org/10.1016/j.jhydrol.2019.124389
http://doi.org/10.20870/oeno-one.2007.41.3.847
http://doi.org/10.1016/j.agwat.2016.01.005
http://doi.org/10.1016/j.flora.2018.08.008
http://doi.org/10.1111/ppl.12566
http://doi.org/10.1007/s10113-014-0624-x
http://doi.org/10.1016/j.tree.2008.02.006
http://doi.org/10.1016/j.envexpbot.2020.104248
http://doi.org/10.1007/s11120-013-9874-6
http://www.ncbi.nlm.nih.gov/pubmed/23801171
http://doi.org/10.3389/ffgc.2019.00019
http://doi.org/10.1175/JCLI-D-17-0208.1
http://doi.org/10.1016/j.envexpbot.2017.11.002
http://doi.org/10.1111/j.1469-8137.2009.03102.x
http://doi.org/10.1104/pp.17.00114
http://doi.org/10.1007/s10584-017-1997-x

	Introduction 
	Materials and Methods 
	Species and Location Setup 
	Assessment of Physiological Parameters 
	Estimation of Abiotic Environment Parameters 
	Statistical Evaluation 

	Results 
	Abiotic Conditions 
	Intensity of Photosynthesis and Transpiration 
	Water Use Effectivity 

	Discussion 
	Photosynthesis and Transpiration Adaptation to Abiotic Conditions 
	Water Use Efficiency 

	Conclusions 
	References

