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Abstract: Plants have evolved photoprotective mechanisms in order to counteract the damaging
effects of excess light in hyper-arid desert environments. We evaluated the impact of surface canopy
positions on the photosynthetic adjustments and chlorophyll fluorescence attributes (photosystem II
photochemistry, quantum yield, fluorescence quenching, and photon energy dissipation), leaf biomass
and nutrient content of sun-exposed leaves at the south east (SE canopy position) and shaded-leaves
at the north west (NW canopy position) in the invasive Prosopis juliflora and native Prosopis cineraria
in the extreme environment (hyper-arid desert area, United Arab Emirates (UAE)). The main aim of
this research was to study the photoprotection mechanism in invasive and native Prosopis congeners via
the safe removal—as thermal energy—of excess solar energy absorbed by the light collecting system,
which counteracts the formation of reactive oxygen species. Maximum photosynthetic efficiency
(Fv/Fm) from dark-adapted leaves in P. juliflora and P. cineraria was higher on NW than SE canopy
position while insignificant difference was observed within the two Prosopis congeners. Greater
quantum yield was observed in P. juliflora than P. cineraria on the NW canopy position than SE. With
the change of canopy positions from NW to SE, the reduction of the PSII reaction center activity
in the leaves of both Prosopis congeners was accelerated. On the SE canopy position, a significant
decline in the electron transport rate (ETR) of in the leaves of both Prosopis congeners occurred, which
might be due to the blockage of electron transfer from QA to QB on the PSII acceptor side. On the SE
canopy position; Prosopis leaves dissipated excess light energy by increasing non-photochemical
quenching (NPQ). However, in P. cineraria, the protective ability of NPQ decreased, which led to
the accumulation of excess excitation energy (1 − qP)/NPQ and the aggravation of photoinhibition.
The results also explain the role of different physiological attributes contributing to invasiveness of
P. juliflora and to evaluate its liaison between plasticity of these characters and invasiveness.

Keywords: chlorophyll a fluorescence; leaf C; leaf N; thermal energy dissipation; CO2 assimilation
rate; Prosopis species; photosynthetic efficiency

1. Introduction

The plants convert the sunlight into chemical energy during the photosynthetic process and some
of the light energy is fixed and converted into chemical energy during the photosynthesis, but still some
cannot be fully utilized and might cause potential damage [1–3]. Whenever the light energy can be
converted into chemical energy safely, there will be no hazard to plant metabolism. However, if sunlight
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is absorbed but cannot be fully employed, there might be some potential damage to plant physiological
apparatus. This situation might be more serious when plant growth is restricted due to extreme
environments such as hyper-arid desert conditions; thus, causing intrinsic photosynthetic capacity to
drop, where truly massive levels of excess excitation energy are encountered. An incomplete utilization
of absorbed sunlight is in fact, quite common, and all plants experience such conditions under full-sun
exposure where light energy levels exceed even the highest known photosynthesis rates. This excess
absorbed energy has the potential to damage through transfer to the ever-present oxygen, leading to
the formation of reactive oxygen species (ROS) that might cause cell damage and leaf destruction and
impairment [4]. To escape and avoid the potential damage from excess sunlight, and accumulation
of ROS, plants exhibit a series of self-protection mechanisms that includes efficient utilization of
sunlight and dissipation of excess energy [5–10]. Apart from this, plants might employ some short- and
long-term protection mechanisms that include change in the positioning, function, and stoichiometry
of photosystem core components and light-harvesting antennae complex [11,12]. In closed canopy
of big trees, south east-facing (SE) leaves, which are exposed to more intense insolation, should be
physiologically adapted to such destructive effects of solar radiation; as compared to north west-facing
(NW) leaves that receive lower light intensity [13]. Conversely, leaves on shaded NW direction of
the canopy should have other morphological and physiological adjustment to cope low intensity of
sun light. Some plants might accumulate more nitrogen, proteins, and chlorophyll pigments [14] and
more stomata in their leaves for maximum utilization of sunlight [15]. The capability of a plant to
capture the solar radiation and use them in an efficient way is very important because following this
procedure, plants can avoid photo-damage due to excess light [16,17].

Species of Prosopis occur globally as native or introduced large shrubs and trees in 129 countries,
mainly in hot-arid and semi-arid regions [18]. Prosopis juliflora is a fast-growing tree (5–10 m height),
native to Peru, Central America, and the Caribbean, with long lateral shallow and deep taproot systems
that are also able to fix atmospheric nitrogen [19,20]. Prosopis juliflora has been introduced intentionally
in the United Arab Emirates (UAE) for an afforestation program during the 1970s [21,22]. Several
years after its introduction, it invaded most of the eastern emirates of the UAE, where annual average
rainfall is higher and groundwater table is shallow [23]. Several characteristics make P. juliflora among
the most successful invaders in the world. These include the great reproductive efforts and rapid
growth rates [24], deep root systems (>50 m depth) to tap the groundwater [25], and production
of allelochemicals that could reduce seed germination and growth of associated species [26,27].
The adaptation of an introduced tree to a forestation program, in hot-arid environment depends upon
its ability to utilize efficiently the available resources (e.g., water and nutrients) and deal with light
intensity that might be higher or lower than in its native range [28]. Phenotypic plasticity is crucial
for invasive plants to colonize new environments, increasing ecological breadth and potential use of
the available resources [29–31]. The invasive species might gain a particular advantage over the native
species through its capacity to acclimatize higher intensity of sunlight and dissipate excess light as heat
using its photosynthetic plastic features [32,33]. Despite several studies having extensively reported
on the impact of temperature, diurnal pattern of variations, vapor pressure deficit on photosynthesis
in Prosopis species [34,35], and heat tolerance of shade and sun exposed leaves on photoprotection
mechanism in different tropical tree species [36]. However, the relative contribution of dissipation of
excess energy to photosynthetic efficiency in leaves exposed to South East (SE) and North West (NW)
directions of canopies of the invasive P. juliflora and native P. cineraria in the hyper-arid climate of
the UAE, is unknown. The objective of the present work was to evaluate the chlorophyll fluorescence
attributes at two canopy positions in native and exotic invasive Prosopis congeners. This could help
in understanding the responses of leaves towards different light intensities and how the native and
exotic Prosopis deal with excess energy absorbed by chlorophyll through safely dissipation as heat
rather than being transferred to oxygen and resulting in ROS production. To this aim, the following
hypothesis were tested: (1) Does leaves in the SE facing direction (exposed to more intense light and
heat) differ in photosynthetic traits from leaves exposed to the cooler and shaded NW direction?
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(2) Does the thermal energy dissipation is a safe exit in Prosopis congeners to avoid oxidative damage
and provides the photo-protection to the plants? (3) Does the increase or decrease in the electron
transport rate (ETR) and non-photochemical quenching (NPQ) play a significant role in protection
of photosystem II photochemistry? (4) Are the native P. cineraria and invasive P. juliflora having
different photoprotection mechanisms under hyper-arid desert environment? (5) Does the nutrient
homeostasis in different canopy directions contribute better in photosynthetic process in the native
Prosopis than invasive?

2. Materials and Methods

2.1. Study Site, Experimental Setup and Sampling

The study was carried out during early summer season in May 2018 at Muntaza desert area,
in Sharjah Emirates, United Arab Emirates (Figure 1; lat—25.499005 N and long—55.686018 E).
In this area, there is a natural established forest, where both P. juliflora and P. cineraria coexisted.
The Muntaza desert area has a tropical hyper-arid bioclimate [37]. Prosopis cineraria is a native tree
in the UAE and Arabian Gulf deserts while Prosopis juliflora is an exotic invasive tree, adapted to the high
thermal oscillation and solar radiation of the desert [37]. The climate at the study area is hyper-arid
with an average of 9 months hot, dry weather with high temperature and 1–2 months occasional
rainfall. The total annual precipitation in the study year was 48.1 mm, which is considered below
the long-term average. The mean annual temperature was 26.99 ◦C with mean daily evapotranspiration
being 5.96 mm/day; it was 8.17 mm/day during the study month (May 2018). A detailed climatic
attributes during the study period are depicted in Table 1. The complete meteorological data of
the experimental site was obtained from online portal of IWMI (International Water Management
Institute) (http://wcatlas.iwmi.org/Default.asp).
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Figure 1. Changes in chlorophyll fluorescence parameters (A) Fo, (B) Fm, (C) Fv/Fm, and (D) Fv in 
Prosopis juliflora and Prosopis cineraria from two different canopy positions (south east, SE; north west, 
NW). Each bar in a graph represents the mean (±S.E.) of three replicates. Means with the same letters 
within a species indicate insignificant difference between the two canopy positions at p >0.05 
according to Duncan Multiple range test. 

Table 1. Field site surveyed in this study area was Muntaza Desert, at Sharjah Emirates and climate 
data (2018) are mean annual of interpolated data obtained from online portal of IWMI (International 
Water Management Institute) (http://wcatlas.iwmi.org/Default.asp). 

Sites MAP (mm) MAT (°C) DTR (°C) RH (%) SH (%) WR (m/s) MAI PM (mm/Day)          
Jan 5.13 18.3 11.8 68 73 2.9 0.01 3 
Feb 17.59 19.2 11.8 67 72 3.3 0.04 3.67 
Mar 13.25 22.2 12.8 63 68 3.5 0.02 4.83 
Apr 3.28 26.5 14.7 56 76 3.5 0 6.64 
May 0.01 30.4 15.5 52 82 3.6 0 8.17 
Jun 0 32.9 15.1 56 82 3.8 0 8.6 
Jul 0 35 13.6 55 77 3.6 0 8.67 

Aug 0 34.7 12.9 57 78 3.7 0 8.29 
Sep 0 32.2 14.6 61 83 3.3 0 7.01 
Oct 0.03 28.5 14.6 62 85 2.9 0 5.46 
Nov 0.56 23.9 13.8 63 85 2.8 0 4.1 
Dec 8.3 20.1 12.2 67 76 2.8 0.03 3.11 

Mean 4.01 26.99 13.62 60.58 78.08 3.31 0.01 5.96 
MAP, mean annual precipitation; MAT, mean annual temperature; DTR, daily temperature range; 
RH, relative humidity; SH, sunshine hours; WR, wind run; MAI, moisture availability index; and PM, 
Penman-Montieth. 

  

Figure 1. Changes in chlorophyll fluorescence parameters (A) Fo, (B) Fm, (C) Fv/Fm, and (D) Fv

in Prosopis juliflora and Prosopis cineraria from two different canopy positions (south east, SE; north west,
NW). Each bar in a graph represents the mean (±S.E.) of three replicates. Means with the same letters
within a species indicate insignificant difference between the two canopy positions at p > 0.05 according
to Duncan Multiple range test.

Table 1. Field site surveyed in this study area was Muntaza Desert, at Sharjah Emirates and climate
data (2018) are mean annual of interpolated data obtained from online portal of IWMI (International
Water Management Institute) (http://wcatlas.iwmi.org/Default.asp).

Sites MAP (mm) MAT (◦C) DTR (◦C) RH (%) SH (%) WR (m/s) MAI PM (mm/Day)

Jan 5.13 18.3 11.8 68 73 2.9 0.01 3
Feb 17.59 19.2 11.8 67 72 3.3 0.04 3.67
Mar 13.25 22.2 12.8 63 68 3.5 0.02 4.83
Apr 3.28 26.5 14.7 56 76 3.5 0 6.64
May 0.01 30.4 15.5 52 82 3.6 0 8.17
Jun 0 32.9 15.1 56 82 3.8 0 8.6
Jul 0 35 13.6 55 77 3.6 0 8.67

Aug 0 34.7 12.9 57 78 3.7 0 8.29
Sep 0 32.2 14.6 61 83 3.3 0 7.01
Oct 0.03 28.5 14.6 62 85 2.9 0 5.46
Nov 0.56 23.9 13.8 63 85 2.8 0 4.1
Dec 8.3 20.1 12.2 67 76 2.8 0.03 3.11

Mean 4.01 26.99 13.62 60.58 78.08 3.31 0.01 5.96

MAP, mean annual precipitation; MAT, mean annual temperature; DTR, daily temperature range; RH, relative
humidity; SH, sunshine hours; WR, wind run; MAI, moisture availability index; and PM, Penman-Montieth.

2.2. Pulse-Modulated Chlorophyll Fluorescence Measurements

Chlorophyll fluorescence measurements were conducted between 09:00 a.m. and 16:00 p.m.
using a pulse-modulated fluorescence monitoring system (FMS-2, Hansatech Instruments Ltd.,
Norfolk, UK) according to the method described previously [1,9,10,38]. Data was collected from
five fully expanded young leaflets from five branches (at the NW and SE canopy position) and
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pooled as one replicate. Three trees per Prosopis species were selected and individual tree was
10 m away from the other tree. Our observations indicated that the trees were not affected by
the shade of any other neighboring trees. Leaves were dark-adapted using Walz leaf clips for 20 min.
The minimal fluorescence level in the dark-adapted state (Fo) was measured using a modulate
pulse (PPFD < 0.05 µmol (photon) m−2 s−1) too small to induce significant physiological changes [39].
However, this is difficult to accomplish for those leaves which have already reached the steady state
in the light under open field environmental conditions, even when the light energy from the “measuring”
beam is kept as low as possible. Maximal fluorescence (Fm) was measured after applying a saturating
actinic light pulse of 15,000 µmol (photon) m−2 s−1 for 0.7 s and the value of Fm was recorded as
the highest average of two consecutive points. The chlorophyll fluorescence parameters such as
efficiency of photosystem II photochemistry (Fv/Fm), quantum yield (ΦPSII), and electron transport
rate (ETR = 0.5 × 0.85 × ΦPSII × PFD) measurements were conducted. Here, 0.5 is the distribution
ratio of light energy between PSII and PSI, 0.85 is the light absorption coefficient of leaves, and PFD
is the light intensity (µmol m−2 s−1) [40,41]. The other photosynthetic parameters such as quenching
(qP = (Fm′ − Fs)/(Fm′ − Fo′), and non-photochemical fluorescence quenching (NPQ = (Fm − Fm′)/Fm′)
were measured as described previously [1,38]. The excess excitation energy of the PSII reaction center
was calculated as (1 − qP)/NPQ.

2.3. Plant Biomass Determination and Elemental Analysis

All morphological and physiological measurements from each selected tree were made at ~1.7-m
height, where the environmental conditions were more homogeneous during the day (radiation and
wind). Leaf biomass and relative water content (WC) was determined by using the following equation;

WC (%) =
(FW−DW)

FW ∗ 100 according to procedure described by [42]. To estimate the C and N contents,
three branches, each 1-m length, were harvested from both SE and NW directions of the two Prosopis
species. Leaves were separated from the branches, dried at 70 ◦C for a constant weight and then C
and N contents were assessed using elemental analyzer with a standard protocol [43]. In addition,
sub-samples (50 mg) of the leaves were used to measure different elements through X-ray fluorescence
technique using Horiba’s XGT 7200 X-ray analytical microscope (XAM) and procedure as elaborated
by [44] and as reported previously [45].

2.4. Experimental Design and Statistical Analysis

The experiment was laid out in a Nested Block Design with three replications. Data was analyzed
by ANOVA (analysis of variance) using General Linear Model procedure through statistical software,
SPSS Version 21.0 (SPSS Inc., Chicago, IL, USA). Significant difference among group means was
compared by Duncan Multiple range test (p < 0.05). Microsoft Excel was employed to calculate average
and standard deviation for growth, biomass, and leaf water contents (WC) attributes.

3. Results

3.1. Effects of Canopy Position (NW and SE) on Photosystem II Photochemistry Traits in P. cineraria and
P. juliflora

The effects of Prosopis species (P. cineraria and P. juliflora) on several chlorophyll fluorescence traits
(Fo; Fm; Fv; Fs; Fm′ ; Fo′ ; Fv′ ; and Fv′ /Fm′) were significant (p < 0.01; Table 2). The effects of interaction
between Prosopis species (P. cineraria and P. juliflora) and canopy position (SE and NW) on different
chlorophyll fluorescence attributes (Fo; Fm; and Fv/Fm) were significant (p < 0.01) and Fo′ at (p < 0.05;
Table 2). The P. juliflora leaves attained significantly higher values of initial fluorescence (Fo), maximum
fluorescence (Fm), and variable fluorescence (Fv), as compared to P. cineraria (Figure 1). In dark-adapted
leaves of P. juliflora, efficiency of photosystem II photochemistry (Fv/Fm) was significantly higher at
the NW as compared to the SE canopy position (Figure 1c). Similar results were obtained in P. cineraria,
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where Fv/Fm was also higher on NW canopy position than SE (Figure 1). Insignificant difference was
obtained for Fv/Fm between the two Prosopis species.

Table 2. ANOVA (F-values) testing the effects of Prosopis species (P. cineraria and P. juliflora) and canopy
position (southeast and northwest) on (a) several chlorophyll fluorescence traits and (b) leaf nutrient
concentrations. The numerator and denominator degrees of freedom are 1 and 8, respectively.

Variable
Source of Variation

Species (S) Directions (D) S X D

(a) chlorophyll fluorescence traits

Fo 7.627* 0.891 0.036
Fm 5.396* 8.739* 0.002

Fv/Fm 0 17.60** 0.039
Fv 5.90* 10.87* 0
Fs 32.68*** 1.527 1.243

Fm′ 22.84** 37.91*** 0.275
ΦPSII 0.639 29.84** 0.136

Fo′ 12.3** 1.368 0.001
Fv′ 21.14** 37.16*** 0.276

Fv′ /Fm′ 7.44* 15.21** 2.845
qP 3.593 16.94** 0.238

NPQ 0.677 6.92* 1.265
HED (1 − qP)/NPQ 7.48* 7.45* 4.02

(b) Leaf nutrient concentrations

Mg 4.216* 12.66** 0.40
P 462.35*** 12.52** 0.10
S 203.30*** 45.41*** 4.47
Cl 62.37*** 45.80*** 203.21***
K 2004.45*** 71.57*** 200.58***
Ca 734.01*** 41.29*** 5.73*
Fe 154.79*** 107.27*** 11.08*
Zn 29.49*** 8.09* 13.33***

The asterisks (*) indicate significance at 0.05, (**) at 0.01 and (***) at 0.001 level.

3.2. Impact of Canopy Position on Fv′ /Fm′ and ETR in Leaves of P. juliflora and P. cineraria

In light-adapted state, maximum fluorescence (Fm′), and variable fluorescence (Fv′) values were
greater in the NW canopy positions as compared to SE in both Prosopis species (Figure 2). However,
P. juliflora leaves showed higher values of Fm′ and Fv′ as compared to P. cineraria. Quantum yield
of photosynthesis in the light adapted leaves (ΦPSII) was greater in both P. juliflora and P. cineraria
on the NW canopy position as compared to SE. The photosynthetic efficiency in light adapted leaves
(Fv′ /Fm′) was greater in P. juliflora on NW canopy position than SE. Similar results were obtained
in Fv′ /Fm′ values in P. cineraria. The effects of canopy position on ETR of two Prosopis congeners were
significant (p < 0.001), and there was a very significant interaction between canopy position and two
Prosopis congeners (Figure 3). Compared with the P. cineraria, the ETR of P. juliflora decreased to varying
degrees under different canopy positions.
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Figure 2. Changes in chlorophyll fluorescence parameters (A) Fv′ , (B) Fm′ , (C) ΦPSII, and (D) Fv′ /Fm′

in Prosopis juliflora and Prosopis cineraria, respectively, from two different canopy positions (south east,
SE; north west, NW). Each bar in a graph represents the mean (±S.E.) of three replicates. Means with
the same letters within a species indicate insignificant difference between the two canopy positions at
p > 0.05 according to Duncan Multiple range test.
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Figure 3. Changes in electron transport rate (ETR) [µmol e−m−2 s−1] in Prosopis juliflora and
Prosopis cineraria leaves from east and west canopy directions. Each bar in a graph represents
the mean (±S.E.) of three replicates. Means with the same letters within a species indicate insignificant
difference between the two canopy positions at p > 0.05 according to Duncan Multiple range test.

3.3. Impact of Canopy Position on qP, NPQ and Thermal Energy Dissipation Attributes

The effect of canopy position (SE and NW) on several chlorophyll fluorescence traits (qP; NPQ)
and heat energy dissipation (1 − qP)/NPQ were significant (p < 0.05). In both P. juliflora and P. cineraria,
there was significant inhibition in the fluorescence quenching coefficient (qP) on SE as compared to
NW canopy position (Figure 4a). Non-photochemical fluorescence quenching (NPQ) was significantly
reduced on NW canopy position in P. juliflora than SE. However, NPQ decreased by 50% in P. cineraria
on the SE canopy position than NW (Figure 4b).
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Figure 4. Changes in fluorescence quenching coefficients (a) qP, (b) non-photochemical fluorescence
quenching (NPQ), and (c) heat energy dissipation (1-qP)/NPQ in Prosopis juliflora and Prosopis cineraria
leaves from different canopy position (south east, SE; north west, NW). Every column in each bar
represents the mean (±S.E.) of the three replicates. Means with the same letters with a species indicates
insignificant differences between the two canopy positions at p > 0.05 according to Duncan Multiple
range test.

There was significant difference in heat energy dissipation (1 − qP)/NPQ between P. juliflora
and P. cineraria on both canopy positions. On the SE canopy position of P. cineraria, the heat energy
dissipation (1 − qP)/NPQ, was increased by 60.09% (p > 0.05) as compared to NW, respectively,
(Figure 4). This indicates a photoprotective mechanism of P. cineraria on the SE canopy positions during
the summer month of May.
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3.4. Effects of Canopy Position (NW and SE) on Leaf Water Content and Leaf Biomass of P. juliflora and
P. cineraria

Plant growth was measured by different growth traits including leaf fresh weight (LFW), leaf dry
weight (LDW), leaf dry/fresh weight ratio (LD:LF ratio), and leaf relative water contents (WC). The LFW,
LDW, and LD:LF ratio were significantly higher in P. juliflora than P. cineraria. However, canopy
positions (NW or SE) did not show any impact on any of these parameters (Table 3). The effects of
canopy position (NW and SE) on leaf water content of P. juliflora and P. cineraria were also non-significant
(p < 0.001), and interaction between canopy position and WC in both invasive and native Prosopis
species was also non-significant (Table 3).

Table 3. Effect of canopy position of Prosopis juliflora and Prosopis cineraria on the plant biomass traits
(leaf fresh weight (g) LFW; leaf dry weight (g) LDW; leaf dry/fresh weight ratio, LD:FW; and water
contents (WC).

Tree Side LFW LDW LD:FW WC

South East 5 ± 1.04a 2.4 ± 0.1a 0.48 ± 0.05a 1.06 ± 0.8a
P. cineraria North West 5.3 ± 1.8a 2.4 ± 0.00a 0.45 ± 0.01a 1.13 ± 0.73a
P. juliflora South East 8 ± 1.00a 4.6 ± 0.02a 0.57 ± 0.02a 1.31 ± 0.3a

North West 7 ± 0.98a 4.1 ± 0.03a 0.58 ± 0.02a 1.21 ± 0.5a

Means with the same letter are not significantly different from each other (p > 0.05; ANOVA followed by Duncan
multiple range test). Error lines represent means ± S.E. of 3 replicates.

3.5. Effects of Canopy Position (NW and SE) on Carbon Gain and Nitrogen Partitioning

Leaf carbon and nitrogen contents were significantly higher in P. juliflora as compared to P. cineraria,
particularly on the SE canopy position (Table 4). Meanwhile, more prominent result was obtained
in nitrogen content that was 3-fold higher in P. juliflora as compared to P. cineraria.

Table 4. Carbon and nitrogen contents and C/N ratio in leaves of Prosopis juliflora (PJ),
and Prosopis cineraria (PC) at two canopy positions (south east, SE; north west, NW).

Carbon % Nitrogen % C/N Ratios

Prosopis spp. North West South East North West South East North West South East

PC 40.8 ± 0.11 bB 43.1 ± 0.15 aB 1.5 ± 0.01 aB 1.5 ± 0.02 aB 27.2 ± 0.15 bA 28.7 ± 0.14 aA
PJ 45.3 ± 0.13 bA 46.2 ± 0.27 aA 4.35 ± 0.03 aA 3.7 ± 0.08 bA 10.41 ± 0.10 bB 12.9 ± 0.12 aB

Means with the same letter (small or capital) are not significantly different from each other (p > 0.05; ANOVA
followed by Duncan multiple range test). Error lines represent means ± S.E. of 3 replicates.

The effect of canopy position (southeast and northwest) on different elements (K, P, S, Mg2+, Fe2+,
Ca2+, and Zn2+) were significant (p < 0.01 and 0.05; Table 2). The impact of interaction between Prosopis
species (P. cineraria and P. juliflora) and canopy position (southeast and northwest) on different elements
(K, S, Fe2+, Ca2+, and Zn2+) were significant (p < 0.01 and 0.05).

Different elements such as K, P, S, and Cl attained significantly higher values in the P. juliflora leaves
at both canopy positions as compared to P. cineraria (Table 5). There was significantly higher Mg2+

content in leaves of P. cineraria from NW as compared to SE canopy position (Figure 5). In P. juliflora,
Fe2+ content decreased drastically in leaves exposure to SE canopy side than NW side. Maximum Fe2+

content was noted in leaves from NW canopy position of P. cineraria. Furthermore, Fe2+ contents were
2-fold in P. cineraria leaves than in that of P. juliflora leaves (Figure 5). The Ca2+ content in P. cineraria
leaves were higher from P. juliflora while Ca2+ content was unaffected due to canopy position in both
plant species. The Zn2+ content in P. cineraria was higher in leaves exposure to NW canopy side than
SE side. There Zn2+ content in P. juliflora leaves remain unaltered due to canopy position (Figure 5).
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Table 5. Different elemental concentrations in leaves of Prosopis juliflora (PJ) and Prosopis cineraria (PC)
at different canopy position (south east and north west).

Species K P S Cl

North West South East North West South East North West South East North West South East
PJ 16.76 ± 1.18 bA 24 ± 0.16 aA 1.73 ± 0.07 aA 1.59 ± 0.03 bA 9.46 ± 0.10 bA 10.48 ± 0.25 aA 8.36 ± 0.26 aA 5.061 ± 0.31 bB
PC 6.97 ± 0.72 aB 5.15 ± 0.32 bB 0.974 ± 0.12 aB 0.86 ± 0.06 aB 8.06 ± 0.28 aB 8.59 ± 0.33 aB 4.88± 0.31 aB 6.059 ± 0.49 aA

Means with the same letter (small or capital) are not significantly different from each other (p > 0.05; ANOVA
followed by Duncan multiple range test). Error lines represent means ± S.E. of 3 replicates.
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Figure 5. Magnesium (Mg), calcium (Ca), iron (Fe), and zinc (Zn) contents (dry weight basis) of leaves
of Prosopis juliflora (PJ) and Prosopis cineraria (PC) from different canopy positions (south east, SE; north
west, NW). Every column in each bar represents the mean (±S.E.) of the three replicates. Means with
the same letters with a species indicates insignificant differences between the two canopy positions at p
> 0.05 according to Duncan Multiple range test.

4. Discussion

Difference in light interception and canopy position impact on Photosystem II (PSII)
photochemistry, acclimation effects and thermal energy dissipation kinetics were analyzed in invasive
P. juliflora and native P. cineraria in a natural habitat of hyper-arid climate of UAE using chlorophyll
fluorescence attributes. Previously, some authors evaluated photosynthetic responses and respiration
traits of the invasive P. juliflora [26,34,35,46]. However, in this study, we evaluated the dynamic
response of light environment in terms of canopy positions (SE and NW), on leaf carbon gain,
nitrogen partitioning, leaf ion homeostasis, photosynthetic efficiency, photo-protection through
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excess thermal energy dissipation, and physiological adaptation of Prosopis congeners under UAE
hyper-arid environment.

The maximum efficiency of photosystem PSII (Fv/Fm), in both P. juliflora and P. cineraria leaves, was
higher at NW as compared to it at SE canopy position. This indicates that leaves at SE canopy position,
were exposed to stronger light intensities and high temperature that might have resulted in such
reduction in the Fv/Fm ratio. In hyper-arid climates, high temperature and heat waves cause stomata
closure that cause significant inhibition of photosynthesis due to limited CO2 supply, carboxylation
rates, and decline in RuBisCO functionality [47–49]. Similar results were reported by [50], where
they showed that plant growth and leaf physiological functions were significantly affected under
temperature change scenario. In another study, it has been found that PSII photosynthetic efficiency and
transpiration was greatly reduced under drought stress in Prosopis chilensis [46]. In the present study,
we found a co-relation in the reductions of photosynthesis and Mg contents in P. cineraria. Inhibition
of photosystem II photochemistry may also the consequences of individual or synergistic responses
of high temperature, heat stress, phytotoxicity of allelochemicals released into the environment,
unfolding of proteins, loss of manganese from the oxygen-evolving complex, chlorophyll pigments
reduction, and magnesium deficiency [10,51–55]. Several studies have reported conflicting results
about physiological attributes, such as photosynthesis and respiration, among invasive and native
species [56]. However, our results demonstrated that the invasive P. juliflora maintain a slightly
lower, but stable photosynthetic efficiency (Fv/Fm), than the native P. cineraria under the hyper-arid
environment of UAE. These results are consistent with those reported in other studies, which indicated
that an invasive plant species does not need to have higher Fv/Fm to overtop its native competitor
growing in the same niche. Conversely, higher photosynthetic efficiency and gas exchange attributes
have been reported in invasive plants, as compared with native species [57,58]. There was insignificant
difference observed in stomatal conductance, leaf gas exchange traits and photosynthesis among
the invasive Berberis thunbergii DC. and the native Kalmia latifolia L. and Vaccinium corymbosum L. [59].
This indicates that photosynthesis, as an individual trait, could not be held responsible to drive invasive
success of P. juliflora and there might be other factors that contribute in its range expansion, invasion,
and stand establishment.

The ΦPSII values were greater in both P. juliflora and P. cineraria on the NW as compared to SE
canopy position (Figure 2). Such reduction in ΦPSII could be coincided with a decrease in the efficiency
of excitation energy trapping of PSII reaction centers in the SE side. Moreover, inhibition in ΦPSII
was more prominent in P. juliflora than P. cineraria. It has been well documented that ΦPSII is reduced
under water limited conditions. On the SE side, due to excess sunlight, high temperature increased
transpiration, which might cause a stress that led to decrease in ΦPSII values on the SE canopy position.
Other researchers also have reported that water deficiency causes a significant reduction in excitation
energy capture of open PSII reaction centers [60].

The physiological and biochemical characterization of NPQ has been described by several authors
in details in several model plants [61–64]. In our study, NPQ values were significantly higher on
NW canopy positions with a reduction on SE canopy position in both P. juliflora and P. cineraria,
but this reduction in NPQ values were more prominent in the P. juliflora, showing that it is more
adapted to local climatic conditions and has the capacity to dissipate excess energy as heat, which
otherwise might disturb the photosynthetic machinery. According to a recent study conducted by [65],
NPQ demonstrate a passive outlet for excess heat energy dissipation and thus helps in reducing
pressure on the PSII reaction centers through protecting from excess heat energy damage. Thus, NPQ
also improve the photosynthetic capacity and PSII photochemistry of plants under stress.

Several authors have reported the dissipation of any excess light energy in different tree species,
such as Pinus contorta or Pinus ponderosa [61,66,67] and the Eurasian Scots pine (Pinus sylvestris) [68,69].
However, less attention was given to plant species especially shrubs and trees from tropical,
sub-tropical and hyper-arid climatic regions. To the best of our knowledge, this is the first study
that highlights and compares the importance of photo-protection via thermal energy dissipation
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among the invasive P. juliflora and the native P. cineraria under the hyper-arid UAE climate. On the SE
canopy position, the leaves of P. cineraria initiated an NPQ-dependent energy dissipation mechanism
to improve the excessive summer heat tolerance and providing a protective mechanism to PSII.
This indicates that excessive light, heat, and high temperature (mostly on SE canopy side), might
inhibit the NPQ-dependent energy dissipation mechanism. When the summer heat increased on the SE
canopy position, the excess excitation energy (1 − qP)/NPQ also increased abruptly; thus, resulting
in a significant increase in NPQ-dependent energy dissipation mechanism. This was also one of
the important reasons for the increase of photoinhibition in leaves of P. juliflora and the native P. cineraria
on SE canopy side under the hyper-arid desert climate of the UAE. In this study, P. cineraria exhibited
higher values of “(1 − qP)/NPQ” compared to P. juliflora, suggesting that native species might have
greater potential to dissipate excess light energy to avoid photo-oxidative damage) at the canopy
position that receive higher light intensities, as compared to invasive plants. It has been shown that
the foliage of P. cineraria dissipated up to 40% of absorbed excess light that might be harmful to
photosynthetic apparatus [70]. Other studies have also reported that thermal energy dissipation can
reach to 92% of the total absorbed sun light/radiation [71]. Under abiotic stress conditions, plants
have abilities to make adjustments in the photosynthetic apparatus and attributes, so that they can
handle and tolerate the stress conditions and relieve the unfavorable influences on the photosynthetic
apparatus. Different plants have developed different strategies to cope with adverse impact of PSII
excitation due to excess light, which include the dissipation of excess light energy [10,63]. Some plants
can make adjustment in the electron transport rate (µmol e−m−2 s−1) in the light harvesting complex
(LHC) and within the PSII reaction centers to tolerate the excess light [72]. Furthermore, plants have
several other photoprotection mechanisms that might help to protect them from excess heat damage
and to avoid ROS production and involve xanthophyll cycle depend light energy dissipation that can
protect antenna complex from excitation energy [73–75]. Furthermore, our study also highlights that
photoprotection mechanism of the native P. cineraria through light energy dissipation is fundamentally
more advanced than that of P. juliflora; the excess light energy absorbed by chlorophyll can be safely
dissipated as heat to avoid reactive oxygen species generation. It is also advocated that dissipation of
excess light is a complicated phenomenon and further study is required to summarize the diversity
and evolution of photoprotective process in ecological and genetic contexts.

The photosynthetic efficiency in the light adapted state (Fv′ /Fm′) was significantly lower
in P. cineraria on the SE, as compared to the NW canopy position. Such reduction in Fv′ /Fm′ values
can directly disturb the process of carbon assimilation [76], stomatal closure [77], or interference
in the RuBisCO pathway. In this study, we also observed significantly lower C and N concentrations
in the native P. cineraria as compared to invasive P. juliflora. This result indicates that canopy position
and genetic diversity (i.e., species type) can significantly impacts the photosynthetic efficiency, quantum
yield, and photon energy dissipation (Figure 4). Meanwhile, this study also expands our understanding
about leaf absorbed light energy and its partitioning into three competing process: ΦPSII, NPQ,
and “P”. It is worth noting that P. cineraria increased ΦPSII and NPQ at the expenses of “P” at both NW
and SE canopy positions (Figures 2 and 4). Higher amounts of leaf absorbed light energy translocated
to ΦPSII can contribute to an increase in growth under optimal light conditions. P. cineraria also
increased NPQ and ΦPSII in SE canopy position (high light intensity) compared with NW canopy
position (lower light intensity) (Figure 2). The present results are in agreement with those reported
by [32,56,78]. In contrast, [5], documented that energy dissipation of excess light did not depend
neither species nor light intensities.

The carbon and nitrogen are vital elements for normal plant growth, photosynthesis,
and development, and are an important indicator for C and N metabolism [79]. In the present
study, the C and N contents from different canopy positions were obviously higher in the leaves
of P. juliflora than in those of P. cineraria, indicating the better capacity of the former to maintain
C and N metabolism than the latter in the hyper-arid marginal soil environment. Similar to many
other physiological processes, N is a vital component of photosynthesis, chloroplast, and RuBisCO
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enzymes [80,81]. For a higher rate of photosynthesis, a significantly higher level of N is required [82,83].
In our study, high leaf nitrogen contents in the invasive P. juliflora might help this exotic plant to
maintain a lower but stable photosynthesis in the new introduced range. In P. cineraria, higher light
intensities on the SE canopy position might be responsible for increased root respiration that ultimately
causes reduction in leaf N. Other authors also reported that interfering in the RuBisCO function will
also lead to leaf N reduction [84]. The K and P2+ content in P. juliflora leaves elevated progressively
on both canopy sides as compared to P. cineraria. The plant nutrient status indicates significant
changes in nutrient acquisition of the plant during a particular growth period (vegetative, flowering,
and reproductive stages). This also helps to explain the physiological responses of the plant in respect
of photosynthesis, hormones transport, and protein synthesis.

5. Conclusions

We conclude that canopy position (NW and SE) has significant impact on photosynthetic attributes
and thermal energy dissipation among the two Prosopis species. Native P. cineraria trees showed higher
maximum PSII efficiency (Fv/Fm) and capacity to dissipate excess light energy as heat. P. juliflora
was sensitive in shade conditions, where thermal energy dissipation was lower than P. cineraria.
Meanwhile, P. juliflora exposed to high sunlight levels on SE canopy position was able to avoid
permanent damage to their photosynthetic apparatus by lowering PSII efficiency, but it remained
in a stable state through adjustment of nutrient resources and carbon gain. The higher photosynthetic
efficiency in P. cineraria on both canopy positions (NW and SE), suggests that the use of higher density
of this species in the artificial forests of the hot arid deserts of the UAE for future afforestation programs.
In addition, the higher dissipation of excess energy in P. cineraria leaves would be behind the success
of this species in the artificial forest and natural habitats of the hot arid climate, where the summer
temperature can shoot up to 50 ◦C.
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