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Effects of saline reclaimed waters and deficit irrigation on Citrus physiology assessed by

UAYV remote sensing.
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Contreras®, P. Droogers®. E. Nicolas*
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Abstract

The aim was to assess the usefulness of spectral data to detect structural and physiological
changes in Citrus crops under water and saline stress. Multispectral images were acquired from
a fixed-wing Unmanned Aerial Vehicle (UAV) while concomitant measurements of gas
exchange, plant water status, leaf structural traits and chlorophyll were taken in a commercial
farm located in southeast Spain with two Citrus species, grapefruit and mandarin irrigated for
eight years with saline reclaimed water (RW) combined with regulated deficit irrigation (RDI).
Measurements at leaf scale and airborne flights were carried out twice a day, at 7 and 10 GMT.
Irrigation with RW decreased gas exchange and leaf dry mass per unit area (LMA) on
grapefruit. However, salinity from RW resulted in an increase in pressure potential (¥p) on
mandarin and allowed maintaining net photosynthesis (A) and stomatal conductance (gs) when
vapour pressure deficit increased. On both crops, leaf total chlorophyll (Chl T) concentrations
were significantly reduced by RW. Moreover, RDI decreased A, gs and stem water potential
(W) on grapefruit, independently of water quality. Regarding spectral data, red wavelength (R)
was significantly correlated with Chl T (p<0.001), except when mandarin was subjected to
stressful climatic conditions (at 10 GMT); since R was influenced, in addition to Chl T, by the
plant water and gas exchange status. Near infrared (NIR) was a useful indicator of ¥, A and gs
on both crops. The normalized difference vegetation index (NDVI) was clearly related to gas
exchange in both species and to ¥s only on mandarin. Finally, we combined data from both
Citrus species and the best indicators were NIR and R. The novelty of this study was to show
that diurnal changes in physiological and structural traits of Citrus irrigated with RW combined
with RDI can be determined by multispectral images from UAVSs.

Abbreviations

A: Net photosynthesis (umol-m?.s™); AF: Airborne flight; C: Control treatment; Chl T: Total
chlorophyll (mg-gem™); Chl a: Chlorophyll a (mg-gem™); Chl b: Chlorophyll b (mg-gew™); EC:
Electrical conductivity (dS-m™); ET.: Crop evapotranspiration (mm-month™); ET,: Reference
evapotranspiration (mm-month™); GMT: Greenwich Mean Time; gs: Stomatal conductance
(mmol-m?.s™); LMA: Leaf dry mass per unit area (g-m?); NDVI: Normalized Difference
Vegetation Index; NIR: Near infrared wavelength; ns: Not significant; R: Red wavelength;
RDI: regulated deficit irrigation; RS: remote sensing; RW: Reclaimed water; SE: Standard
error; TW: Transfer water; t;; Time 1; t,; Time 2; UAV: Unmanned aerial vehicle; VPD:
Vapour pressure deficit (KPa); WWTP: Tertiary wastewater treatment plant. ¥,: Steam water
potential (MPa); ¥,: Osmotic potential (MPa); Wp: Pressure potential (MPa).

Keywords: chlorophyll; gas exchange; grapefruit; mandarin; multispectral imagery; precision
agriculture; water status.



75

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

93
94
95
96
97
98
99
100

101
102
103
104
105
106
107

1. Introduction

Irrigation water is not always available (mainly in summer) in the semi-arid
Mediterranean areas due to water scarcity (Pedrero et al., 2015). Therefore, irrigation
scheduling needs to be precise, and this requires strategies to optimize irrigation water
productivity (Tapsuwan et al., 2014). One technique currently in use is the regulated
deficit irrigation (RDI) strategy, where water deficits are imposed only during the crop
developmental stages that are least sensitive to water stress (Chalmers et al., 1981).
Furthermore, current climate change predictions indicate increases in the frequency and
intensity of drought periods (Garcia-Galiano et al., 2015; Stocker et al., 2013). In order
to overcome this issue, the use of non-conventional water sources such as reclaimed
water (RW) (RD 1620/2007) would be an alternative for farmers. On the one hand, RW
can be beneficial to crops due to its concentration of macronutrients (N,P,K) (Pedrero et
al., 2013); bearing in mind that an excess of them could be lost through leaching and
other processes (Romero-Trigueros et al., 2014a). On the other hand, RW may have
risks for agriculture because of its high concentration of salts. Therefore, inappropriate
management of irrigation with RW can exacerbate problems of secondary salinization
and soil degradation at the medium-long term, and finally result in negative impacts on

crop physiology, growth, crop quality, etc. (Romero-Trigueros et al., 2014b).

In order to be successful, RDI strategies and improved agricultural management need a
reliable characterization of the plant water status. This is achieved by measurements at
leaf scale, and up-scaling this information to the canopy/field level. Measuring the
spectral response of canopies is a non-destructive and rapid method to signal stress early
in orchards (Jones and Vaughan, 2010). The acquisition of this information with remote
sensing (RS) techniques has proven useful and cost-effective compared to more time-
consuming and laborious field techniques based on leaf sampling (Gonzélez-Dugo et
al., 2012).

Traditional RS approaches have also a number of drawbacks: satellite imagery often
suffers from issues with cloud cover, and remote sensors that are fixed on towers within
crop fields are relatively expensive when data from several plots needs to be collected
(Anderson and Gaston, 2013). However, in recent years, the use of unmanned airborne
vehicles (UAVs) increased thanks to technological advances, cost reductions and the
size of sensors. These UAVSs could be operated by the farmers themselves to diagnose

crop features such as water stress and then adjust their water management practices as
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needed. Hence, UAV technology can fill the gap of knowledge between the leaf and the
canopy by improving both the spatial and the temporal resolution of data on vegetative
status (Gago et al., 2015). Nevertheless, the reliability of aerial RS approaches must be
assessed with plant-truth data carried out in the field, i.e. with measurements related to
plant water status (leaf water potential), gas exchange (net photosynthesis and stomatal
conductance), chlorophyll content and leaf structure (Berni et al., 2009b; Contreras et
al., 2014; Gago et al., 2013; Gonzélez-Dugo et al., 2012, 2013; Lelong et al., 2008;
Zarco-Tejada et al., 2012).

Imagery RS technologies are mainly based on canopies’ wavelength reflectances in the
visible, such as red, green and blue, and non-visible range of the spectrum, such as near-
infrared (NIR). The remote monitoring of these specific reflectances is commonly
performed using visible, multispectral and hyper-spectral cameras (Baluja et al., 2012;
Zarco-Tejada et al., 2012, 2013a, 2013b). This reflectance can be used as an indicator of
plant status because of its relationship with, among others, leaf pigment composition,
plant biophysical or structural parameters and physiological status (Jones and Vaughan,
2010). Red wavelengths (R) (660 to 680 nm) specifically are absorbed by leaf
chlorophyll (Ollinger, 2011). Because salty environments harm or reduce the
functionality and content of chlorophyll in the leaves, reflectance may be proportionally
reduced. In the NIR (750 to 1400 nm) domain, the spectral response depends on the
multiple scattering of light inside the leaf that is mainly controlled by its internal

structure, such as mesophyll thickness and water content (Bonilla et al., 2015).

Composite indices integrating data from both domains, such as the Normalized
Difference Vegetation Index (NDVI), have shown positive correlations with water
stress indicators (water potential and stomatal conductance) in a number of crops (Gago
et al., 2015; Glenn et al., 2008). In most cases, the indicators used for this purpose are
related to canopy structural changes in different days of the year or growth season, but
approaches related with diurnal physiology changes along a single day are rare
(Gonzalez-Dugo et al., 2015).

In the last years, research focused on checking the different vegetation indices acquired
from the UAVs equipped with multi-spectral cameras and then comparing them to field-
collected measurements of plant-physiological and structural increased (Berni et al.,
2009a; Contreras et al., 2014; Lelong et al., 2008; Zarco-Tejada et al., 2013a,b).

Drought is one of the most studied stress impulses (Baluja et al., 2012; Gago et al.,
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2015; Pocas et al., 2015; Rodriguez-Pérez et al., 2007; Stagakis et al., 2012; Zarco-
Tejada et al., 2012); however, research on saline stress from RW using UAV technology
is limited (Contreras et al., 2014). Besides, studies that evaluate saline and/or water
stress tolerances over extended periods are scarce because of the cost and time required

for extended periods of time (i.e. multiple years).

Salinity stress harms Citrus mainly in two ways: (1) by specific-ion toxicity and (2) by
osmotic effects caused by the accumulation of salts. If the stress factor remains, changes
in the leaf pigments can arise. In this sense, negative effects of salinity on the
chlorophyll content have been reported in Citrus species (Papadakis et al., 2004;
Romero-Trigueros et al., 2014b), which constitute one of the most important
commercial fruit crops worldwide. The experiment reported on here is the first one to
evaluate the diurnal effects of prolonged exposure (eight years) to RW and deficit
irrigation on grapefruit and mandarin trees under field conditions by i) measurements of
plant water status, gas exchange and chlorophyll in order to obtain the plant-truth data
and ii) spectral data, acquired with an UAV, both carried out twice over the course of
the day. In addition, the current work sought to assess the usefulness of multispectral
imagery to determine the structural and physiological diurnal changes in Citrus crops

under water and saline stress.
2. Materials and Methods
2.1 Site description and irrigation treatments

The experiment was conducted in 2015 in a commercial Citrus orchard, located at the
northeast of the Region of Murcia in Campotéjar (38°07'18”N, 1°13’15™'W, 132 m
above sea level) with a BSk climate by Kdppen-Geiger classification (Peel et al.,
2007).The 1-ha experimental plot was cultivated with i) 11 year-old 'Star Ruby’
grapefruit trees (Citrus paradisi Macf) grafted on Macrophylla rootstock [Citrus
Macrophylla] planted at 6 x 4 meters and ii) 14 year-old mandarin trees (Citrus
clementina cv Orogrande) grafted on Carrizo citrange (Citrus sinensis L. Obs. x
Poncirus trifoliate L.) planted at 5 x 3.5 meters. Irrigation was scheduled on the basis of
crop evapotranspiration (ET.) accumulated during the previous week. ET. values were
estimated by multiplying reference evapotranspiration (ET,), calculated with the
Penman-Monteith methodology (Allen et al., 1998), by a monthly local crop coefficient
according to Pedrero et al. (2015) for grapefruit and Nicolas et al. (2016) for mandarin.

All trees received the same amount of N, P,Os and K,O through a drip irrigation
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system: 215-110-150 kg ha*.year™ for grapefruit and 215-100-90 kg ha™.year™ for
mandarin, respectively. Weeds were eradicated in the orchard by applying the farmers’
commonly used pest control methods.

The experimental plot has been irrigated with two different water sources since 2007. In
one case water was pumped from the Tajo-Segura canal (transfer water, TW) and in the
other case water was pumped from the North of “Molina de Segura” tertiary wastewater
treatment plant (WWTP) (reclaimed water, RW). The latter had high salt and nutrient
levels (Table 1) with high electrical conductivity (EC) close to 4 dS-m™, while for the
transfer irrigation water the EC values were close to 1 dS-m™. Saline water was
automatically mixed with water from TW at the irrigation control-head to lower its EC
to ~3 dS'm " in order to establish a constant EC during the experiment. This high level
of salinity observed in the RW was mainly due to the high concentration of CI" and Na
(Table 1). The boron concentration in RW was considerably higher than that in TW.
Moreover, higher concentrations of N, P and K were observed in RW than in TW. The
pH was more basic in TW than RW (Table 1). No differences in the concentration of

heavy metals were found between the irrigation water sources (data not shown).

Two irrigation treatments were established for each water source. The first treatment
was a control (C) irrigated throughout the growing season to fully satisfy crop water
requirements (100% ET.). The second one was a regulated deficit irrigation (RDI)
treatment irrigated similarly to C, except during the second stage of fruit development
when it received half the water amount applied to the C (50% ET.). The amount of
water applied in 2015 to C was 5945 and 7531 m*-ha™ for grapefruit and mandarin,
respectively, while the water applied to RDI was 4875 and 6175 m*-ha™ for grapefruit
and mandarin, respectively. Therefore, RCD treatments saved about 18% of irrigation

water in the case of both species.

The experimental design of each irrigation treatment was 4 replicate distributed
following a completely randomized design. Each replicate consisted of 12 trees,
organized in 3 adjacent rows. Two trees of the middle rows from each replication were
used for measurements and the rest acted as guards and were excluded from the study to

eliminate potential border effects. A total of 64 trees were used in this study.
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2.2 Airborne imagery and image processing

A flight campaign was carried out on July 7, 2015 using a fixed-wing UAV (eBee from
SenseFly) (Figure 1). Two airborne flights (AFs) were conducted at approximately 100
m of altitude over both experimental plots: the first one at 07.00 GMT (t;) and the
second at 10.00 GMT (ty). For this study the autopilot was used, following the
waypoints of a flight plan created using flight planner software (eMotion). The UAV
was mounted with a GPS receiver, altimeter, wind meter and a digital camera that was
electronically triggered by the autopilot system to acquire images at the correct
positions. The camera used was a Canon IXUS 125 HS digital compact camera that had
a 16 megapixel sensor, i.e. 4608 by 3456 pixels, and captured JPEG format images in
the green, red and near infrared light range. A total of 110 images per flight were taken
and processed into ortho-photos using a Structure from Motion (SfM) workflow
(Lucieer et al., 2013) as implemented in the software package Agisoft PhotoScan

Professional version 0.9.1.

Following previous experiences in the area (Contreras et al., 2014), the spectral data
retrieved from the red (R, 600-700 nm) and near-infrared (NIR, 700-900 nm) domains
were used to compute the Normalized Difference Vegetation Index (NDVI) as an
indicator of the vegetation greenness. Green and dense vegetation has a strong
absorption of red light due to the presence of chlorophyll, while cell walls strongly
scatter (reflect and transmit) light in the NIR region. NDVI normalizes R and NIR
spectral responses in order to provide a combined signal strongly related with the
healthy and physiological performance of vegetation (Glenn et al., 2008). Here, NDVI

was computed as:
NDVI =(NIR-R)/(NIR+R)

where NIR and R are the total radiances captured at the top of the sensor and codified as
digital numbers in the near-infrared and red domains, respectively. Maps of NDVI
values were computed for each experimental plot, and average values were extracted for
a buffer circular area of 1m-radius centered at each tree crown in order to minimize the

soil background disturbance on the overall spectral response of the crown trees.
2.3 Field data collection

Physiological and structural measurements at plant scale were conducted on July 7,
2015, the same date as UAV flights, and after two weeks of the beginning of deficit
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irrigation in this season, in order to obtain the plant-truth data. They were carried out
twice a day: at 07.00 GMT (t;) and at 10.00 GMT (t;), coinciding with the AFs
described in section 2.2.

Leaf-scale gas-exchange parameters (net photosynthesis, A, and stomatal conductance,
gs) and stem water potential (W) were determined on eight fully-expanded leaves from

the mid-shoot area of each tree per treatment (two leaves from each replicate).

A and g; were determined with a portable photosynthesis system (LI-6400 Li-Cor,
Lincoln, Nebraska, USA) equipped with a clear chamber bottom (6400-08) and a
LICOR 6400-01 CO, injector using a 6 cm? leaf cuvette. The CO, concentration in the
cuvette was maintained at 400 pmol-mol™ (xambient concentration). Measurements
were performed at saturating light intensity (1200 pmol-m?-s™) and at ambient air
temperature and relative humidity. The air flow was set to 300 mL-min™®. ¥ was
measured using a pressure chamber (model 3000; Soil Moisture Equipment Corp.,
California, USA), according to Scholander et al. (1965), in leaves close to the trunk
which had been bagged within foil-covered aluminum envelopes at least 2 h before
(Shackel et al., 1997). Leaves from the W5 measurements at t, were frozen in liquid
nitrogen (-196 °C) and stored at -30 °C till analysis. After thawing, osmotic potential
(W) was measured in the extracted sap, according to Gucci et al. (1991), using a
WESCOR 5520 vapour pressure osmometer (Wescor Inc., Logan, UT, USA). Pressure

potential (Wp) was calculated as the difference between Ws and ;..

Leaf area was determined using an area meter (LI-3100 Leaf Area Meter, Li-Cor,
Lincoln, Nebraska, USA) in twenty leaves per tree collected from the two central trees
of each replicate per treatment in the early morning and transported in refrigerated
plastic bags to the laboratory. Then, leaves were washed with running tap water
followed by rinsing in distilled (Desta, 2014) water and left to drain on a filter paper
before being oven dried for at least 2 days at 65 °C. Later, we determined the dry weight
to calculate leaf dry mass per unit area (LMA, g-m™).

Regarding phytotoxic elements, sodium and boron were determined by Inductively
Coupled Plasma mass spectrometry (ICP- ICAP 6500 DUO Thermo, Cambridge, UK)
and chloride anion by ion chromatography with a Chromatograph Metrohm
(Switzerland) in the dried leaves which were ground and digested with a mix of acid
nitric (4 mL) and hydrogen peroxide (1 mL).
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Finally, leaf chlorophyll determination was carried out as described in Romero-
Trigueros et al. (2014b).

2.4 Statistical analysis

A weighted analysis of variance (ANOVA) followed by Tukey ‘s test (P<0.05) were
used for assessing differences among treatments. Linear regressions among variables
measured in the field and spectral data were calculated. Pearson correlation coefficients
were used to assess the significance of these relationships. All statistical analyses were
performed using SPSS (vers. 23.0 for Windows, SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1 Plant water status and leaf structural traits

We considered the data presented in this section as truth-plant data because they are
field-collected-leaf measurements. Table 2 shows some climate variables for July 7,
2015: vapour pressure deficit, mean temperature and average radiance increased from t;

to t,, as expected.
Plant water status

Stem water potential (Ws) was not influenced by salinity from RW in any of the crops
(Figure 2), in agreement with the results found by Nicolas et al. (2016) for mandarin
trees. Nevertheless, plant-water relations are proven to be affected by water quality
(Paranychianakis et al., 2004). Regarding RDI, there were no significant differences
between treatments of grapefruit trees at t;. However, at t, ¥ of the RDI treatments
declined significantly with respect to that of the C treatments: 15% for TW treatments
and 11% for RW treatments, as expected. Short-term water deficits may affect plant
growth processes and therefore monitoring of water stress is critical not only for early
detection of stress, but also for applying RDI strategies (Fereres and Soriano, 2007)
with the degree of precision needed. On mandarin trees, the more negative ¥ values at
t; were observed for the C trees for both TW and RW treatments (TW-C and RW-C).
This was probably because the well-irrigated trees had at the end of winter 2014 greater
plant canopies than the trees under RDI, thus absorbing more water from the soil profile
with a consequent lower water potential in the morning. The measurements were carried

out only two weeks after the initiation of RDI.
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On the one hand, both salinity and water stress in grapefruit resulted in a decrease of ¥y,
with a slight increase in Wp, although in this case no significant differences were
observed between treatments (Table 3). On the other hand, in mandarin only the RW
treatments (RW-C and RW-RDI) showed a ¥, more negative than TW treatments and,
in this case it resulted in a significant rise in Wp, similar to findings by Aksoy et al.
(1998) and Gimeno et al. (2009) for mandarin and lemon trees, respectively. It is known
that when Wp of “Carrizo Citrange” under saline conditions is similar to or higher than
that of C trees, CI" and Na accumulation represent important osmotic adjustment
processes and not a significant toxicity effect (Pérez-Pérez et al., 2007). Therefore,
according to Aksoy et al. (1998), the response of different Citrus rootstocks under saline
conditions is not always similar since in our case salinity from RW only increased the

leaf turgor in mandarin trees and not in grapefruit trees.
Gas exchange parameters

In the case of grapefruit, both water and saline stress decreased A and gs (Table 4), in
agreement with observations by other authors (Anjum, 2008; Hussain et al., 2012;
Melgar, 2008). Stomatal conductance in particularly is considered a suitable parameter
to assess plant water stress (Flexas et al., 2002). A reduction of this parameter in well-
irrigated, but salt-stressed Citrus leaves has also been associated with the specific
toxicity of CI" and/or Na (Levy and Syvertsen, 2004), as probably happened in the case
of the RW-C.

On mandarin trees at t;, RDI treatments showed A values slightly higher than their
corresponding C treatments, but these differences were not significant. This behaviour
responded to Ws (Figure 2). Besides, there was stomatal closure in RW-C with respect to
the rest of the treatments (Table 4). In this sense, s regulated physiological processes
(Gomes et al., 2004) and induced stomatal closure which reduced A. At t,, unlike with
grapefruit, both parameters decreased only in TW-RDI, and not in RW treatments. As
mentioned above, one of the main plant adaptations to osmotic stress, e.g. from saline
water, is osmotic adjustment which maintains the positive leaf turgor required to keep
stomata open and sustain gas exchange (Garcia-Sanchez and Syvertsen, 2006) as
occurred in RW treatments. This response has already been described for Citrus, but is
rootstock dependent (Garcia-Tejero et al., 2010) since it determines the tolerance or
sensitivity to different abiotic stresses, including salinity (Gimeno et al., 2012; Navarro

et al., 2011). Our results for example showed that mandarin trees, grafted on "Carrizo
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citrange’, increased their Wp when they were irrigated with RW and, for that reason, gas
exchange was unaffected; however, grapefruit trees, grafted on Macrophylla rootstock,
responded differently (Table 4).

Finally, Citrus trees grown in semi-arid areas are affected by high VPD that induce a
continuous decline in gs and A from the early morning hours, even when trees are well-
irrigated (Villalobos et al., 2008). In our study, grapefruit trees showed A and gs levels
higher than mandarin trees and the lower reduction of both parameters from t; to t, was
in grapefruit trees: the RW-RDI treatment of grapefruit was the most affected (reduction
of 44 and 42% for A and gs, respectively) caused by a water stress and a Na, ClI" and B
accumulation (Table 5). In the case of mandarin, TW-RDI showed the highest decline
(79 and 60% for A and gs, respectively).

Leaf structural traits: leaf dry mass, phytotoxic elements and chlorophyll.

LMA is positively related to leaf photosynthetic capacity (Niinemets, 1999), hence
grapefruit trees presented higher values of LMA than mandarin trees (Table 5), as
expected from gas exchange measurements. There were also significant differences
between treatments: the highest LMA values were observed in TW treatments for

grapefruit trees and in RW-RDI for mandarin (Table 5).

Regarding phytotoxic elements (Table 5), RW-C treatment showed CI’, Na and B levels
significantly higher than TW treatments in both crops, except to the B in mandarin. In
agreement with the phytotoxic thresholds reported by Romero-Trigueros et al. (2014b),
in our study the Na limit was not exceeded by any treatment, CI" only by RW-C of
mandarin and B by both RW treatments on grapefruit and RW-RDI on mandarin.

Moreover, differences in leaf chlorophyll content can be an indicator of photosynthetic
capacity and degree of stress (Wu et al., 2008). In addition, the coefficient Chl a/Chl b
(Coef a/b) can be used as an index to characterize the plant physiological status. In our
study, RW treatments of both crops showed the lowest values of total chlorophyll, Chl T
(Figure 3) and the highest values of Coef a/b, in accordance with Bondada and
Syvertsen (2003). Only in RW treatments of mandarin the Coef a/b increased from t; to
t, (Figure 3C and 3D) due to a decrease in Chl b since increments in radiance destroy
the Chl b in greater proportion than Chl a due to the fact that photosystem Il, which is
rich in Chl b, becomes more unstable (Casierra-Posada, 2007).
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3.2 Spectral indicators in Citrus species

In general, we observed that reflectance in the NIR region was about 7% higher in
Control grapefruit than in Control mandarin trees whereas the reflectance values in the
R wavelength were about 3% lower in control grapefruit than in Control mandarin trees
at t;. No differences were detected at t, between species. It is noticeable that R and NIR
reflectance decreased from t; to t, within all mandarin and grapefruit treatments due to
changes in climatic conditions (solar radiation, air temperature, VPD, etc.).

Grapefruit

At t;, trees under water and salt stress (TW-RDI, RW-C and RW-RDI) showed a
significant increase in the reflectance on the R domain with respect to TW-C (Table
6A). This is in contrast with what Contreras et al. (2014) found for the same plot at the
beginning of the RW application in 2009. This increase in R responds to the observed
decrease in Chl T in those treatments (Figure 3A). On the contrary, no significant
differences between treatments were found in the NIR region. The NDVI was
significantly higher in TW than RW treatments (Table 6A). Similar results were
obtained by Contreras et al. (2014). At t,, only trees irrigated with RW showed an
increase in the R domain, coinciding again with Chl T (Figure 3A). NIR reflectance in
this second AF was significantly lower in both RDI treatments (TW-RDI and RW-RDI)
but not in RW-C (Table 6A), in accordance with lower W levels (Figure 2A).

Mandarin

At t;, the highest R values were observed in RW treatments. The RW-RDI had the
biggest effect, probably as a result of the low chlorophyll concentration (Figure 3B).
Regarding the NIR region, trees under deficit irrigation (RDI treatments) had higher
values than C trees, in accordance with Ws data (Figure 2B). Moreover, in contrast to
grapefruit, the trees with significantly higher NDVI values were those in the C
treatments, regardless of water quality. At t,, R increased only with TW-RDI (Table 6B)
and not with RW treatments also, as expected it would do in relation to chlorophyll

decreases (Figure 3B).

It is thus worth highlighting that the Wp increase in RW treatments (Table 3), due to a
low ¥, driven by CI" and Na from RW, likely interfered with R reflectance. Finally,

there were no significant differences among treatments for NIR.
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3.3 Correlations between spectral indicators and plant water status and leaf

structural traits.
Red domain (R)

On grapefruit trees (Table 7A), the R domain was significantly correlated with Chl T
and Coef a/b (p<0.01 and p<0.05, respectively) as expected according to the data shown
in sections 3.1 and 3.2. This correlation was negative since R reflectance is lower with
increasing chlorophyll. Sims and Gamon (2002) and Ollinger (2011) demonstrated that
the R domain was linked to the photosynthetic leaf pigments across a wide range of
species. Because of important physiological roles of leaf chlorophyll and its strong
absorbance properties, it is important have corroborated that the method here evaluate
using UAVs is a useful and effective tool to estimate Chl T from grapefruit canopy
reflectance and that avoids destructive laboratory methods. Moreover, the R domain
was also significantly linked to Wp. This was associated to the fact that absorbance
includes light absorbed by pigments, as we observed with R absorbance by Chl T, but
maybe also by other leaf constituents (Kokaly et al., 2009) such as those associated with

the increased turgor.

On mandarin trees, the R domain was significantly related to Ws, A and gs according to
Sims and Gamon (2002). To the contrary, no significant correlation between the R and
Chl T was observed since the R values found in the RW treatments were lower than
expected, as the Chl T concentration at t, (Figure 3B). Consequently, under high VPD
conditions reflectance of mandarin trees (at t;) was stronger influenced by gas
exchange, ¥, and Wp than by chlorophyll (RW treatments showed the highest ¥, and
Yp, Table 3).
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Near infrared domain (NIR)

The biophysical basis for high leaf-level reflectance in the NIR region is provided by
(Ollinger, 2011). It is related to the likelihood of photons being scattered from the point
of entry into the leaf because absorption by leaf constituents is either small or altogether
absent (Merzlyak et al., 2002). In our study, NIR for both grapefruit and mandarin trees
was positively linked to Ws and consequently with gas exchange parameters, as we
expected from the results of sections 3.1 and 3.2. High values of net photosynthesis (A)
correlated with high NIR values, likely as a result of scattering in the NIR region caused
by high CO, levels in leaves (Ollinger, 2011).

NDVI index

The NDVI index for grapefruit trees had a direct relationship with A and gs in
accordance with data reported by Baluja et al. (2012) and Gago et al. (2015) for
vineyards, and Zarco-Tejada et al. (2012) for Citrus. The NDVI for mandarin trees
correlated well with ¥, in agreement with the findings of Baluja et al. (2012). NDVI
and other vegetation indices proposed to monitor vegetation dynamics are considered
structural indices related to plant vigor (Dobrowski et al., 2005; Gago et al., 2015;
Gonzalez-Dugo et al., 2015; Zarco-Tejada et al., 2013b) as they track changes in canopy
structure but have little or no sensitivity to short-term leaf physiological changes which
are independent of canopy structure according to Haboudane et al. (2004). However, the
current work showed that in case of Citrus, NDVI responds to short-term changes in gas
exchange and Ws. Thus, we can confirm that NDVI can be sensitive in Citrus to diurnal
physiological changes induced by variations in environmental conditions throughout the
day and not only tracks the effects in the long term as other authors indicated
(Dobrowski et al., 2005; Zarco-Tejada et al., 2013c). Similar conclusions were obtained

Baluja et al. (2012) for vineyard crop.
Best indicators across species

Bearing in mind data from both species together (Figure 4), NIR was significantly
correlated with ¥ (p<0.005) and R with Chl T (p<0.005). For the last one, it was
necessary to eliminate the point from the RW treatment at t, of mandarin due to —as was
mentioned above- when mandarin trees were under high values of VPD (at t,), the R

domain is more influenced by gas exchange, ¥, and Wp, than by chlorophyll. Therefore,
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we considered the NIR and R spectral indicators as the best related to the parameters

measured at the leaf scale for Citrus crops.
4. Conclusions

This study assessed the effects of eight years of irrigation with RW and deficit irrigation
on grapefruit and mandarin trees on a diurnal basis. The results suggest that on
grapefruit trees the water potential was affected by water stress (RDI) but not by saline
stress when trees were well irrigated with RW. Gas exchange was reduced by both
stresses. The water potential of mandarin trees was not affected by any treatment and
gas exchange was only reduced by RDI with TW. The total chlorophyll of both crops
decreased with RW treatments.

Regarding spectral data, for grapefruit, R wavelength values increased with RW
treatments, consistent with chlorophyll data, and the NDVI levels decreased at 07.00
GMT since gas exchange also declined. The NIR region was affected mainly by deficit
irrigation, regardless water quality, in the second airborne flight. For mandarin, R
domain increased with declining of chlorophyll in RW treatments. However, when
climatic conditions were more stressful, R was influenced mainly by the increasing leaf
turgor and gas exchange. Therefore, the response in R was attributed to stress-induced
declines in leaf chlorophyll. But when VVPD was too high, R could detect physiological
changes in other parameters and responded in a shorter term than those related
exclusively with the chlorophyll synthesis. NIR was linked to deficit irrigation
treatments and NDV1 only increased under well irrigated conditions, regardless of water

quality.

Because all of the above, we obtained significant correlations between: i) For grapefruit:
R with chlorophyll and potential turgor; NIR with ¥s and gas exchange (A and gs); and
NDVI with gas exchange. ii) For mandarin: R correlated with chlorophyll only at the
first hour of the morning; NIR with stem water potential and gas exchange, as in
grapefruit, and NDVI with stem water potential.

We conclude the following: The statistical analyses of field data and remote sensing
data, derived from multispectral imagery using an UAV, confirms the feasibility of
applying the proposed methods to assess physiological and structural properties of

Citrus under water and saline stress.
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Table 1. Physical and chemical properties for Tajo-Segura transfer water

and reclaimed water in 2015.

Property Units TW RW
EC dSm? 1.00£0.01 3.21+0.20
pH 8.41+0.09 7.70+0.10

Ca meq-L?  1.99+0.10 3.58+0.20
Mg meq-L? 1.5840.10 3.92+0.30

K mg-L?  3.65+1.40 38.94+1.40
Na meq-L* 1.8620.20 18.30+1.20
B mg-L*  0.10£0.01 0.66+0.04
cr meq- L* 3.1520.40 20.10+3.01

NO;5 mg-L?  7.70£3.60 25.42+10.6
PO, mg-L?  0.31+#0.02 1.73+0.70
SO, meq-L? 5.90+0.50 17.20+3.40

Values are averages + SE of 12 individual samples taken throughout the crop cycle. EC: electrical conductivity (dS-m™);

RW: reclaimed water; TW: transfer water.

Table 2. Vapour pressure deficit, mean temperature and average radiation recorded at the

agrometeorological station of Campotéjar (Molina de Segura) at different airborne flights.

8] t
VPD (kPa) 3.28 6.19
Temperature (°C)  30.05 38.54

Radiation (W-m?)  608.97 954.67

t;: 07.00 GMT; t;: 10.00 GMT; VPD: Vapour pressure deficit.
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as a function of the irrigation treatment.

Table 3. Osmotic and pressure potential values of grapefruit and mandarin at 10.00 GMT

Grapefruit (t,)

Mandarin (t,)

Treatment Y. Ye Y, Y
TW-C -1.55+0.08b  0.65+0.10  -1.73+0.03b 0.83%0.04a
TW-RDI -1.72£0.08a  0.75+0.09  -1.64+0.08b 0.79+0.03a
RW-C -1.70£0.06a 0.80+0.11  -1.85+0.05a 1.06+0.04b
RW-RDI -1.69+0.09a 0.68+0.08  -1.80+0.0l1a 1.04+0.05b
Significance * ns * *

Each value is the average + SE of eight replicates. Different letters in the column indicate significant differences among

treatments according to Duncan's test (P <0.05). ns: not significant; t,: 10.00 GMT; ¥,: osmotic potential; Wp: pressure

potential.



746

747
748
749

750

751

752

753

754

755

756

Table 4. Gas-exchange parameters in Citrus species as a function of the irrigation treatment.

Grapefruit Mandarin
t t 4 t

Treatment A Os A Os A Os A Os

TW-C 14.16+0.95b 193.36+2.53c 10.68+0.04b 117.54+0.22c | 6.37+0.16 50.04+0.04b 3.40+0.34b 30.09+0.03b
TW-RDI 12.87+0.54a 138.11+6.64b 7.26+0.01a 91.73+0.01b | 7.00+0.35 50.48+0.06b 1.50+0.12a 20.12+0.04a

RW-C 12.21+0.10a 113.81+1.13a 8.46+0.58a 98.12+5.88b | 6.07+0.79 40.01+0.03a 3.10+0.04b 30.09+0.02b
RW-RDI 13.06+1.04a 120.76+5.45a 7.36+0.65a 70.50+8.63a | 7.10+1.46 50.5+0.10b 2.52+0.59b 25.00+0.54b
Significance * * * * ns * * *

Each value is the average + SE of eight replicates. Different letters in the column indicate significant differences among treatments according to Duncan's test (P <0.05). A: Net photosynthesis (umol-m=2-s™);

gs: stomatal conductance (mmol-m2s™); ns: not significant; RW-C: reclaimed water-control; RW-RDI: reclaimed water-regulated deficit irrigation; TW-C: transfer water-control; TW-RDI:
transfer water-regulated deficit irrigation; t;: 07.00 GMT; t,: 10.00 GMT.
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Table 5. Leaf structural traits in Citrus species as a function of the irrigation treatment.

Grapefruit Mandarin
Treatment LMA Cr B Na LMA cr B Na
TW-C 143.37£1.39b 0.42+0.04a  83.25#5.60a  0.02+0.00a |110.91+1.93a 0.48+0.08a 75.70+5.04a 0.02+0.00a
TW-RDI |146.96+1.37b 0.36+0.04a  87.00+7.44a  0.02+0.00a |111.50+4.35a  0.46+0.06a 75.99+0.96a 0.03+0.0la
RW-C |122.82+2.80a 0.58+0.06b 105.26+1.36b  0.07+0.01b |111.46+1.52a 0.76+0.09b 92.60+8.41ab 0.08+0.00b
RW-RDI |127.00+2.49a 0.54+0.05ab 112.96+9.08b  0.08+0.01b |120.72+1.15b  0.56+0.04a 115.09+1.77b 0.05+0.0lab
Significance * * * * * * * *

Values represent average + SE of eight replicates. Different letters in the column indicate significant differences among treatments according to Duncan's test (P <0.05).

B: boron (mg-kg-1); CI': chloride ion (%); LMA: Leaf dry mass per unit area (g-m?); Na: sodium (%); RW-C: reclaimed water-control; RW-RDI: reclaimed water-regulated deficit irrigation; TW-C:

transfer water-control; TW-RDI: transfer water-regulated deficit irrigation.
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Table 6. Spectral indicators in Citrus species as a function of the irrigation treatment.

4 [7)
Treatment R NIR NDVI R NIR NDVI
TW-C 69.51+2.33a 171.73+25  0.4116+0.0056b 65.81+1.80a 149.13+1.1b 0.4047+0.0085
Grapefruit  TW-RDI 77.20+1.35b 162.65+3.4  0.4165+0.0102b 65.84+1.99a 144.91+1.3a 0.3905+0.0121
RW-C 80.11+2.49b 166.48+4.1 0.3982+0.0087a 71.18+2.08b 150.0+1.0b  0.3936+0.0046
RW-RDI 85.10+2.41b 169.83+1.8  0.3984+0.0024a 69.37+£1.02b 142.60+1.9a 0.3975+0.0153
Significance * ns * * * ns
4 t
Treatment R NIR NDVI R NIR NDVI
TW-C 71.77+£0.69a 160.21+4.06a 0.4164+0.0034b 64.96+2.89a 150.73+5.73 0.4166+0.0118
Mandarin TW-RDI 71.52+1.06a 177.35+1.39b 0.3837+0.0067a 70.12+1.27b 153.79+3.80 0.4052+0.0089
RW-C 75.89+2.00b 165.70+1.18a 0.4048+0.0016b 64.42+1.08a 149.43+2.04 0.4276+0.0102
RW-RDI 83.14+1.22¢c  176.19+0.95b 0.3934+0.0027a 65.57+2.15a 146.27+3.70 0.4090+0.0162
Significance * * * * ns ns

Each value is the average + SE of eight replicates. Different letters in the column indicate significant differences among treatments according to Duncan's test (P <0.05).

NDVI: normalized difference vegetation index (dimensionless); NIR: near-infrared (digital number); ns: not significant; R: Red (digital number); RW-C: reclaimed water-control; RW-RDI: reclaimed

water-regulated deficit irrigation; TW-C: transfer water-control; TW-RDI: transfer water-regulated deficit irrigation; t;: 07.00 GMT; t,: 10.00 GMT.



766 Table 7. Relationships between plant water status and leaf structural traits with spectral indicators in Citrus species.

Grapefruit
¥, ¥, ¥y A Os ChlT Coef a/b LMA
A s R? s R s R® s R® s R® s R® s R s R
R + 0.34 - 018  + 0.62*** + 0.33 + 0.02 - 050> + 0.39* - 0.22
NIR + 0.54* + 004 + 0.17 +  0.89*** <+ 0.61** + 0.05 - 0.00 - 0.04
NDVI - 0.00 + 017 - 0.09 + 0.53* T 0.55* + 0.19 - 021 + 0.26
Mandarin
Y, ¥, e A Os Chl' T Coef a/b LMA
® s R® s R* s R® s R? s R® s R® s R s R
R + 0.42* - 0.00 + 0.07 T 0.51* T 0.44* - 0.07 - 0.06 + 012
NIR +  0.78*** + 0.04 + 0.02 +  0.77*** + 0.71*** - 0.01 - 010 + 0.30
NDVI - 0.71*** - 021 - 0.00 - 0.30 - 0.24 + 002 + 000 - 008

Significance level: * p<0.05;**p<0.01; ***p<0.005.

Shaded boxes correspond to significant relationships according to Pearson correlation coefficients.

Regression lines were calculated with eight points corresponding to the mean values of each treatment at t; and t,.

A: net gas exchange (umol-m2-s™); Chl T: leaf total chlorophyll (mg-gem™); Coef a/b: coefficient Chl a/Chl b; g: stomatal conductance (mmol-m2-s™);
LMA: leaf dry mass per unit area (g-m?); NDVI: normalized difference vegetation index; NIR: near-infrared; R%: coefficients of determination; s: slope

sign; Wp: pressure potential (MPa); Ws: stem water potential (MPa); ¥,: osmotic potential (MPa); R: Red .
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Figure 1. Citrus orchards and fixed-wing unmanned aerial vehicle (eBee SenseFly) used in

NDVI: normalized difference vegetation index; UAV: unmanned aerial vehicle.
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783 Figure 2. Stem water potential in Citrus species.
784 Each value is the average + SE of eight replicates. Different letters on the bars indicate significant differences according to
785 Duncan's test (P<0.05) for the treatments within t; or t,. RW-C: reclaimed water-control; RW-RDI: reclaimed water-
786 regulated deficit irrigation; TW-C: transfer water-control; TW-RDI: transfer water-regulated deficit irrigation; t;: 07.00
787 GMT; t,: 10.00 GMT; W;: stem water potential (MPa).
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804 Figure 3. Total leaf chlorophyll and coefficient Chl a/Chl b for grapefruit (A and C,
805 respectively) and mandarin (B and D, respectively) trees as a function of the irrigation
806 treatment.
807 Each value is the average + SE of eight replicates. Different letters on the bars indicate significant differences among

808 treatments according to Duncan's test (P<0.05) at t; or t,. *corresponds to significant differences by ANOVA test between t;

809 and t, within the same treatment in mandarin. Chl T: total leaf chlorophyll (mg-gem™); Coef a/b: coefficient Chl a/Chl b;
810 RW-C: reclaimed water-control; RW-RDI: reclaimed water-regulated deficit irrigation; TW-C: transfer water-control;
811 TW-RDI: transfer water-regulated deficit irrigation; t;: 07.00 GMT; t;: 10.00 GMT.
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816 Figure 4. Correlations between A) Near infrared and water potential (¥;, -MPa); B) Red (R) domain and Chlorophyll Total (Chl T, mg-gew™) for
817 both species together.
818 Regression lines were calculated with 16 points corresponding to the mean values of each treatment at t; and t, and both species. Points surrounded by a square correspond to RW treatments of mandarin at

819 t,. Chl T: total leaf chlorophyll (mg-gev™); NIR: near infrared; R: red; t;: 07.00 GMT; t,: 10.00 GMT; ¥,: stem water potential (MPa).



