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Abstract

Monitoring early tree physiological responses to drought is key to understanding

progressive impacts of drought on forests and identifying resilient species. We

combined drone-based multispectral remote sensing with measurements of tree

physiology and environmental parameters over two growing seasons in a 100-y-

old Pinus sylvestris forest subject to 17-y of precipitation manipulation. Our goal

was to determine if drone-based photochemical reflectance index (PRI) captures

tree drought stress responses and whether responses are affected by long-term

acclimation. PRI detects changes in xanthophyll cycle pigment dynamics, which

reflect increases in photoprotective non-photochemical quenching activity

resulting from drought-induced photosynthesis downregulation. Here, PRI of

never-irrigated trees was up to 10 times lower (higher stress) than PRI of irrigated

trees. Long-term acclimation to experimental treatment, however, influenced the

seasonal relationship between PRI and soil water availability. PRI also captured

diurnal decreases in photochemical efficiency, driven by vapour pressure deficit.

Interestingly, 5 years after irrigation was stopped for a subset of the irrigated

trees, a positive legacy effect persisted, with lower stress responses (higher PRI)

compared with never-irrigated trees. This study demonstrates the ability of

remotely sensed PRI to scale tree physiological responses to an entire forest and

the importance of long-term acclimation in determining current drought stress

responses.
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1 | INTRODUCTION

Observed upward trends in global drought over the past decades and

model predictions both suggest that the next decades will be charac-

terized by severe and widespread droughts in northern mid to high

latitudes, resulting from either decreased precipitation and/or

increased evaporation (Dai, 2013). Consequently, many tree species

will experience increasingly unfavourable environmental conditions in

their current range of distribution (Bussotti, Pollastrini, Holland, &

Brüggemann, 2015; Chauvier et al., 2020; Stahl, Reu, & Wirth, 2014;

Williams et al., 2013). As sessile organisms with a long lifespan, their

fitness and ultimately survival is closely tied to the ability to respond

to these climatic changes through the adjustment of key plant traits

involved in the avoidance and tolerance of drought stress. Acclima-

tion, through phenotypic plasticity, in these traits can temporarily

compensate for the maladaptation until genetic adaptive variation is

restored by gene flow and hybridization (Gessler, Bottero, Marshall, &

Arend, 2020; Kremer, Potts, & Delzon, 2014; Nicotra et al., 2010).

In the temperate climate zone, summer droughts are typically

caused by the co-occurrence of high light intensity, high temperature

and water shortage (De Boeck & Verbeeck, 2011). As a result of this

condition, trees activate a cascade of physiological responses. Photo-

synthesis is progressively downregulated, initially through drought-

induced stomatal closure, which decreases atmospheric CO2 uptake

by leaves and thus reduces CO2 availability in the chloroplasts. This, in

turn, decreases the amount of light required to saturate photosynthe-

sis, creating an excess of energy that needs to be safely dissipated to

avoid severe photoinhibition and photooxidation, which lead to pho-

tosystem damage (Flexas & Medrano, 2002).

Plants have developed different protective mechanisms to safely

dissipate excess light energy during periods of stress. Among these,

thermal dissipation mediated by the xanthophyll cycle was first

described by Demmig, Winter, Krüger, and Czygan (1988) and later

confirmed to be a flexible and ubiquitous process common to all plant

species (Demmig-Adams & Adams, 1996; Demmig-Adams & Adams

III, 2006; Flexas & Medrano, 2002; Jahns & Holzwarth, 2012). This

mechanism is responsible for dissipating the majority of excess energy

during drought, which, according to a meta-analysis by Flexas and

Medrano (2002), can amount to 70%–90% of the total light absorbed

by C3 plants.

Thermal energy dissipation under excess light is accomplished via

a de-epoxidation reaction stimulating the interconversion of xantho-

phyll cycle pigments, where violaxanthin is converted, via the interme-

diate antheraxanthin, to zeaxanthin. The inverse epoxidation reaction

is triggered by low light (Demmig-Adams & Adams, 1996;

Niyogi, 1999). Thus, under drought stress, when the absorption of

light by chlorophyll outweighs its utilization through photosynthetic

carbon metabolism, zeaxanthin is the predominant xanthophyll cycle

pigment found in leaves.

Photoprotection includes mechanisms acting across different

temporal scales. The above-described rapid (within minutes) de-

epoxidation of the xanthophyll cycle pigments provides flexible non-

photochemical quenching (NPQ) of excess light energy, a mechanism

that gives insight into the photochemical efficiency of leaves as a

direct response to increasing stress. Over long (seasonal) timescales,

changes in carotenoid pigment pools, including changes in the total

size of the xanthophyll cycle pool (i.e., the sum of violaxanthin +

antheraxanthin + zeaxanthin), define the capacity for zeaxanthin for-

mation and thus reflect the investment in photoprotection by leaves

(Demmig-Adams & Adams, 1993). The slow or irreversible adjust-

ments in carotenoid pigments pool sizes follow seasonal acclimation

to the light environment, rising with increasing degrees of excess light

over the season (Demmig-Adams & Adams, 1996).

The ability to assess early (pre-visual) tree physiological responses

to stress, like changes in photoprotection, is as important as assessing

late physiological and structural effects such as leaf browning and

wilting or canopy defoliation, which often represent irreversible dam-

age to the status of plants. Early assessment can lead to an improved

understanding and monitoring of the progressive impacts of intensify-

ing droughts on our forests, which can inform the development of

mitigation strategies, including the identification of more resilient tree

species and genotypes.

Optical remote sensing indices targeting reflectance at wave-

lengths sensitive to pigment composition and absorption changes pro-

vide a unique non-destructive means to obtain insight into plant

physiological processes. In particular, the remotely sensed photo-

chemical reflectance index (PRI), which in its classical formulation

compares the xanthophyll-induced reflectance change at 531 nm to a

xanthophyll-independent reference band at 570 nm, has been pro-

posed as an indicator of plants' light use efficiency and stress

responses (Gamon, Peñuelas, & Field, 1992; Gamon, Serrano, &

Surfus, 1997). Since PRI measures the relative reflectance on either

side of the green reflectance hump (550 nm), it also compares the

reflectance in the blue (chlorophyll and carotenoid absorption) region

of the spectrum with reflectance in the red (only chlorophyll absorp-

tion) region. Thus, PRI also has the ability to track the relative

carotenoid/chlorophyll ratio, which is indicative of slow changes in

pigment pool sizes over the growing' season (Filella et al., 2009;

Wong, D'Odorico, Arain, & Ensminger, 2020). Together, its sensitivity

to the de-epoxidation state of the xanthophyll cycle over a short time-

scale and to carotenoid/chlorophyll pool sizes over a long seasonal

time scale ensure that PRI scales with photosynthetic efficiency

across a wide range of environmental conditions and plant functional

types (Garbulsky, Peñuelas, Gamon, Inoue, & Filella, 2011). While

measurements of PRI at the leaf level set the mechanistic basis for its

application as a physiological proxy, its full potential for forest moni-

toring unfolds with the scaling from the leaf to the canopy level. In a

past study we demonstrated that leaf PRI derived from proximal spec-

tral measurements successfully scaled to canopy PRI obtained from

spectral reflectance sensors mounted on towers above the forest

canopy (Wong et al., 2020). Sensors onboard drone platforms, as

employed here take the scaling one step further, making it possible to

obtain canopy-integrated response values for entire tree populations

including thousands of individuals. This gives a more ecologically indic-

ative picture of forest stand conditions, which is relevant for compari-

sons with regional climate information and supports causal inference.
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Dry inner-Alpine valleys, at the transition between continental

and Mediterranean climates, have experienced a more frequent occur-

rence of severe summer droughts followed by a steep increase in tree

mortality since the 1990s (Rigling et al., 2013). Characterized by a

wide range of distribution explaining its high genetic variation (Tyrmi

et al., 2020), Pinus sylvestris L. (Scots pine) is known for its pronounced

drought tolerance and undemanding nature regarding soil type and

water supply (Richardson, 1998). However, there is also evidence of

an increased vulnerability of P. sylvestris during early recruitment

stages (Ramírez-Valiente et al., 2021) and along the southernmost

limit of its distribution area in southern Europe (Dorado-Liñán

et al., 2019). At the southern edge of its distribution on the lower

Alpine slopes in the Swiss canton of Valais, P. sylvestris has been

declining, with slower growth and an increased probability of mortal-

ity correlating with drought years over the last century (Bigler, Bräker,

Bugmann, Dobbertin, & Rigling, 2006; Rebetez & Dobbertin, 2004;

Rigling et al., 2013).

Taking advantage of a long-term (17-year) precipitation manipula-

tion (irrigation) experiment in a dry inner-Alpine valley in Switzerland

and the natural environmental fluctuations during 2 years of measure-

ments, we studied drought responses of a 100-year-old P. sylvestris

forest. Specifically, we combined datasets from repeated drone-based

remotely sensed multispectral imaging with measurements of physio-

logical processes and environmental drivers to (a) determine if a

remotely sensed physiological proxy (i.e., drone-based photochemical

reflectance index, PRI) can capture differences in the drought and

recovery response of mature P. sylvestris populations and to what

extent it matches leaf-level pigments and physiological measure-

ments; and (b) investigate whether long-term tree acclimation affects

the current drought stress response of P. sylvestris. We hypothesized

that tree responses to atmospheric and soil drought would differ

depending on whether trees were acclimated to naturally dry condi-

tions or a favourable water supply.

2 | MATERIALS AND METHODS

2.1 | Site and experimental design

The study site is located in the 100-year-old naturally regenerated

Pfynwald forest (46�18 N, 7�360 E, 615 m a.s.l.), the largest

P. sylvestris L. dominated forest in Switzerland, located in the dry

inner-Alpine valley of the river Rhone, close to the dry edge of the

species' natural distribution.

The forest under study is fairly homogeneous, with a mean can-

opy height of 10.8 m, a stand density of 730 stems ha�1 and a basal

area of 27.3 m2 ha�1 (Dobbertin et al., 2010). The soil is a calcaric

Regosol (FAO classification), characterized by very low water reten-

tion and high vertical drainage (Brunner et al., 2009). Climatic condi-

tions are characterized by a mean annual temperature of 10.1�C and a

yearly precipitation sum of approximately 600 mm year�1.

The experimental site (1.2 ha; ~800 trees) is divided into eight

plots of 25 � 40 m2 each, separated by a 5 m buffer zone. Since

2003, four of these plots have been irrigated with ~600 mm year�1

applied at night between April and October, with sprinklers at 1 m

height using water from a nearby channel running parallel to the

experimental plot and fed by the Rhone river (Figure 1b). Nutrient

input through irrigation was proven to be minor (Thimonier

et al., 2010). At the end of 2013, irrigation was stopped in a fraction

(subplot) of the formerly irrigated plots, corresponding to approxi-

mately one-third of the area of the irrigated plots. The irrigation-stop

subplots are located upslope from the irrigated plots (i.e., the terrain

has a 6� slope, with lower ground on the side of the channel). This

resulted in three treatments: control (non-irrigated), corresponding

to the trees exposed to naturally dry conditions; irrigated,

corresponding to trees released from soil drought for the entire dura-

tion of the experiment; and irrigation-stop, corresponding to trees

that, after having acclimated to well-watered conditions for 11 years,

were once again exposed to drought for 5 years. In 2015, nine scaf-

folds (three per treatment) were installed in the forest to enable

access to tree crowns for sampling and in situ measurements

(Figure 2a).

Measurement campaigns were performed three times a year for

two consecutive years (2019 and 2020) during spring, summer and

autumn. Campaigns included same-day drone flights for the acquisi-

tion of multispectral imagery to derive canopy level PRI, needle-level

gas exchange and fluorescence measurements to obtain physiological

parameters and needle sampling for laboratory pigment quantification.

Needle-level measurements and sampling were performed only in the

(sub)plot areas equipped with scaffolds, that is, three per treatment

(Figure 2a). The selection of sunny measurement days, in combination

with the experimental design including irrigated and non-irrigated

treatments, made it possible to distinguish between the effect of light

only versus the effect of light plus water stress. This is because PRI

reflects light stress in general, but in particular, an imbalance between

light energy absorbed and light energy that can be used for photosyn-

thesis, the latter depending on water availability.

2.2 | Environmental measurements

Meteorological data were recorded from the top of a 13-m-high scaf-

fold, positioned 1–2 m above the tree canopy; these data are thus

available only at the site level and not for individual (sub)plots or

treatments (Figure 1a). Air temperature (Sensirion, Stäafa,

Switzerland), relative humidity (Sensirion) and precipitation (tipping

bucket rain gauge 52,203, Young, MI) were continuously recorded at

10 min intervals. Data from meteorological stations of MeteoSwiss

(www.meteoswiss.admin.ch) located ~25 km from Sion were used for

gap-filling and instrument error corrections.

Since 2014, 18 soil profiles have been equipped with volumetric

soil water probes (10 HS, Decagon Devices, Pullman, WA) and soil

water potential (SWP) probes (MPS-2, Decagon Devices) at 10 and

80 cm soil depth. Three (sub)plots for each treatment were equipped

with two sensors each. Measurements are continuously recorded at

15 min intervals, and data calibration is performed in the post-

processing to normalize for the temperature sensitivity of the MPS-2

sensors (Walthert & Schleppi, 2018).
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2.3 | Drone flights and photochemical reflectance
index

Narrow-band multispectral imagery was collected using a modified

Micasense camera (Micasense, Seattle, WA) mounted on a DJI

Matrice 100 quadrocopter (DJI Technology Co., Ltd., Shenzhen,

China). The camera comprises five separate imaging sensors that

operate nearly simultaneously in five narrow custom bands in the visi-

ble and near-infrared part of the electromagnetic spectrum, chosen to

target specific photosynthetic pigment absorption features (Table S1).

A customized angled attachment compensates for the tilt derived

from a flight forward movement, so that the camera keeps a close-to-

nadir orientation to the surface during image acquisition. Drone flights

were conducted under sunny, clear sky conditions within 2 hr of local

solar noon to minimize shadows and large variations in acquisition

geometry and to improve the data signal-to-noise ratio. As an excep-

tion, morning and afternoon flights conducted around 10 and 15 CET,

respectively, were included in the diurnal analysis. Drone image

processing, including georeferencing, reflectance calibration and ort-

homosaic generation, was performed using the commercial Agisoft

PhotoScan package (Agisoft LLC, St. Petersburg, Russia, 191,144).

Georeferencing was supported by 11 ground control points (GCPs)

whose coordinates were measured in the field using a differential

Global Navigation Satellite System (dGNSS). Reflectance calibration

was performed using images of a gray reference panel reflecting 60%

of the incident light (Micasense, Seattle, WA), taken from the ground

before and after each flight. Orthomosaics were generated with the

blending mode set to disabled; this option uses the original pixel value

taken from the photo with the camera view along the normal to the

reconstructed surface in that point. The difference between the digital

surface model (DSM) and the digital terrain model (DTM), both gener-

ated from the dense point cloud in Agisoft PhotoScan, resulted in the

canopy height model (CHM). In ArcGIS (ArcGIS Desktop, Release

10.5, Esri, Redlands, CA, 2011), the CHM was reclassified to a binary

layer separating the overstory tree crowns from the background by

setting the local minima of the bimodal distribution of all scene's

pixels as the threshold. For all dates, the local minimum was identified

to be around 5 m above the ground, which, given the stand mean can-

opy height of 10.8 m, was considered a realistic threshold. The

resulting background masks were applied to the orthomosaics to

exclude pixels belonging to ground, understory vegetation and young

tree individuals from further analysis.

In the next step, a shade mask was generated from the near-

infrared (NIR) band at 900 nm clipped to the study area. A

reclassification to a binary layer separating shaded from sunlit pixels

was performed by setting the local minima of the bimodal distribution

of all overstory scenes' pixels as a threshold (Otsu, Pla, Duane,

Cardil, & Brotons, 2019). The local minima used as threshold varied

slightly from date to date, as the fraction of shaded crown pixels

changes depending on the sun angle over the day and season. The

resulting shade masks were applied to the orthomosaics to exclude

from further analysis pixels belonging to shaded parts or openings

F IGURE 1 Environmental parameters at the Pfynwald forest experimental site over the two measurement years: (a) daily mean temperature
(T) and daily maximum VPD, (b) daily irrigation superimposed on natural precipitation and daily mean soil water potential (SWP) measured at
80 cm depth for control, irrigation-stop and irrigated treatments. Dashed vertical lines identify dates of the drone and field campaigns
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within the crowns, which might also vary regarding crown

transparency.

The photochemical reflectance index (PRI) was computed as the

normalized difference of reflectance at 531 nm, which is reduced by

the de-epoxidation of xanthophyll pigments, and reflectance at

570 nm, which is largely insensitive to changes in the xanthophyll

cycle (Gamon et al., 1992):

PRI¼ R531nm –R570nmð Þ= R531nmþR570nmð Þ, ð1Þ

where R stands for reflectance at the specific wavelength.

Tree crown delineation was performed via visual interpretation of

a high-resolution true colour orthomosaic obtained via a drone flight

in October 2019, when phenological differences between P. sylvestris

and the few broadleaf tree species present in the plots (e.g., Quercus

pubescens WILLD.) are most evident (Figure 2a). Broadleaf trees and

mistletoe-infested parts of the P. sylvestris crowns, were visually iden-

tified in the imagery and masked out for further analysis. Tree posi-

tions were further compared with positions obtained through

tachymeter measurements. The tree crowns polygon vector layer was

then used with the pixel PRI raster layer (Figure 2b) in the Zonal Sta-

tistics tool of ArcGIS to compute PRI crown mean values (Figure 2c).

This procedure allows one representative PRI value per tree to be

obtained, irrespective of differences in crown size and despite intra-

crown variation. (Sub)plot-level PRI estimates were obtained by aver-

aging PRI values of trees within a (sub)plot, while treatment-level PRI

estimates were calculated by averaging the PRI values of all (sub)plots

in each treatment.

2.4 | Gas exchange and fluorescence
measurements

The percentage of absorbed light that is used in photochemistry or

dissipated as heat can be estimated by chlorophyll fluorescence mea-

surements at the leaf scale, making it possible to estimate physiologi-

cal parameters linked with trees' photosynthesis and photoprotective

processes on the days of drone surveys.

F IGURE 2 Remotely sensed photochemical reflectance index (PRI) from drone-based multispectral imagery acquired on 12 August 2020 over
a Pinus sylvestris forest at the long-term precipitation manipulation (irrigation) experiment in Pfynwald (Canton Valais), Switzerland. The
experimental plot design distinguishing three treatments (control, irrigation-stop, irrigated) is shown on the left (a), including tree crown polygons
and scaffold positions. Pixel-level and tree-level PRI maps are shown in the centre (b) and on the right (c), respectively [Colour figure can be
viewed at wileyonlinelibrary.com]
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Leaf gas exchange and chlorophyll fluorescence were measured

simultaneously from the top of the scaffolds on attached branches,

using portable infrared gas analysers with a multiphase flash fluo-

rometer (LI-6800; LI-COR Inc., Lincoln, NE) and a 6-cm2 leaf cuvette.

In each of the six campaigns, measurements were performed

between 10:00 and 17:30 CET over 2.5 days centred around the

drone flights. Environmental conditions stayed relatively stable

throughout each campaign (Figure S1). On each scaffold, a minimum

of three trees (one branch per tree) were measured, resulting in nine

trees per treatment, except for the first spring campaign, during

which we measured three branches per tree but reduced the number

of trees measured per treatment to five. This early sampling design

was changed for the later campaigns because inter-tree variation

was greater than intra-tree variability. In both years, we conducted

measurements on the previous year's needles because of the poten-

tial for differences in the timing of phenology of the current year's

needles to confound any treatment effects. The measurement proto-

col included a 30-min dark adaptation of the attached twigs wrapped

in aluminium foil. The previous year's needles of sun-exposed, top-

of-crown twigs were then placed inside the cuvette and left to accli-

mate in the dark for an additional 10 min. Inside the cuvette, vapour

pressure deficit (VPD) was set to 1.5 kPa, CO2 to ambient 400 ppm

and temperature to 20�C with adjustments of a few degrees to

approximate changes in the ambient environment throughout the

season.

We used pulse-amplitude modulated (PAM) fluorescence with

the rectangular flash setup to obtain dark- and light-adapted fluores-

cence parameters. A saturating pulse, with an intensity of

10,000 μmol m�2 s�1 for 700 ms, was applied to obtain dark-adapted

parameters like minimum fluorescence (Fo) and maximum fluores-

cence (Fm), from which maximum quantum yield (Fv/Fm) was calcu-

lated according to Genty, Briantais, and Baker (1989) as:

Fv=Fm ¼ Fm – Foð Þ=Fm: ð2Þ

After maximum quantum yield determination, light in the cuvette was

first increased to 400 and then to 1,500 μmol m2 s�1, and the saturat-

ing pulse was applied to determine light-adapted fluorescence param-

eters after stabilization of leaf gas exchange for approx. 10 min.

Specifically, the fraction of light that is thermally dissipated via

dynamic non-photochemical quenching (NPQ) was calculated

according to Demmig-Adams (1998) as:

NPQ¼ Fs=Fm
0 – Fs=Fm, ð3Þ

where Fs is steady-state fluorescence in a light-adapted sample

recorded just before each saturating pulse, and Fm0 is the maximum

fluorescence of light-adapted needles.

Gas exchange parameters, like photosynthesis (A) and stomatal

conductance (gs), were measured at the end of the cycle under

1,500 μmol m2 s�1 saturating light conditions. After each measure-

ment, the part of the needles enclosed in the cuvette was harvested,

and the projected leaf area was determined using a flatbed scanner

and the software Pixstat v1.3.0.0 (Schleppi, 2018). The projected leaf

area of the measured needles was used to correct the recorded gas

exchange values.

2.5 | Photosynthetic pigments

Needle samples were collected during a 2 hr period centered around the

time of a midday drone flight. Needles were taken from the same three

trees and the same sun-exposed south-facing branches on which gas

exchange and fluorescence measurements were performed. Needle

samples were flash frozen in the field in dry ice and stored at �80�C in

the lab. Pigment analysis was performed according to Junker and

Ensminger (2016). Frozen needles were ground to a fine powder in liquid

nitrogen, and pigments were then extracted in the dark in 98% methanol

buffered with 2% of 0.5 M ammonium acetate for 2 hr. Extracts were

then filtered through a 0.45 μm polytetrafluoroethylene filter, prior to

the separation of the pigments by high-performance liquid chromatogra-

phy (HPLC) using an Agilent Infinity Quaternary LC system (Agilent

Technologies, Deutschland GmbH & Co. KG, Waldbronn, Germany) and

a C30-column (5 μm, 250 � 4.6 mm2, YMC Inc., Wilmington, NC). Total

carotenoid content was calculated as the sum of the amount of

violaxanthin (V), antheraxanthin (A), zeaxanthin (Z), neoxanthin, lutein,

α-carotene and β-carotene. Total carotenoids were normalized to the

sum of chlorophyll a plus chlorophyll b and expressed as Car/Chl in

mmol mol�1. Total xanthophylls were calculated as V + A + Z (VAZ),

and the de-epoxidation status (DEPS) of the xanthophyll cycle pigments

was calculated according to Thayer and Björkman (1990) as:

DEPS¼ 0:5AþZð Þ= VþAþZð Þ: ð4Þ

2.6 | Statistical analysis

2.6.1 | Correlation analysis between remotely
sensed PRI and leaf-level physiology

We investigated the (up-)scalability of physiological processes, such as

pigments adjustments and photosynthesis, from the leaf to the tree

level by means of our remotely sensed proxy PRI. The strength and

direction of the linear relationships between leaf-level measurements

and tree-level PRI were investigated using correlation analysis. Leaf-

level measurements were acquired on the same day as drone imagery.

As an exception, in spring 2020, a temporal offset of a few weeks

occurred, due to technical problems with the equipment, which led to

the exclusion of this time point from the correlation analysis, despite

comparable environmental conditions.

2.6.2 | Significance analysis of treatment
differences in tree response

We tested the significance of treatment differences (control, irrigated,

irrigation-stop) in the PRI tree response, as well as in gas exchange
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and pigments parameters using a two-sample t-test. Treatment differ-

ences were tested for each date separately to investigate seasonal

dependencies, using linear mixed-effects models in Matlab (version

9.5.0 R2018b). Treatment was considered a fixed effect and intro-

duced as a categorical variable, while (sub)plot was introduced as a

random effect influencing the model intercept to control for repeated

measurements and for potential (sub)plot effects.

2.6.3 | Analysis of acclimation and environmental
drivers on tree PRI

The effect of potential drivers on PRI tree responses, particularly the

effect of concurrent environmental conditions versus the effect of

long-term acclimation resulting from treatment, was tested over sea-

sonal timescales for the 2 years. A linear mixed-effects model fitted

with maximum likelihood (ML) was selected following the top-down

approach suggested by Zuur, Ieno, Walker, Saveliev, and Smith (2009),

as well as our understanding of the biological problem. The starting

point was a model where the fixed component contained all explana-

tory variables, namely treatment, mean daily SWP measured at 80 cm

depth and maximum daily VPD, and all their interactions. Environmen-

tal parameters were taken as the average value over the 5 days pre-

ceding a drone flight. Date and (sub)plot number were chosen as

random effects influencing the model intercept in a crossed design,

according to our experimental setup (Table S5). Date was introduced

to control for potential phenology effects. The fixed part of the

mixed-effects model was selected by sequentially removing non-

significant terms. All possible reduced models were compared based

on the Akaike information criterion (AIC) and Bayesian information

criterion (BIC) values to obtain the minimum adequate model. When

several models showed ΔAIC ≤ 2, the simplest model was chosen. If

an interaction effect was significant, the corresponding individual-

fixed effects were included in the model regardless of their signifi-

cance or the model AIC value (see Tables S2 and S3 for details on

model selection). The optimal model was refitted using the restricted

maximum likelihood (REML) method to obtain estimates and signifi-

cances of effects (Table 1). REML was chosen because it is known to

be more robust in accommodating unbalanced designs characterized

by an unequal number of observations, as is common in ecological

studies (Spilke, Piepho, & Hu, 2005). In our study, the control,

irrigation-stop and irrigated treatments included 197, 111 and

105 trees, respectively, corresponding to the tree crowns that were

identified based on drone RGB imagery and ground tree coordinates.

Homoscedasticity and normality of residuals were verified visually.

The effect of potential drivers on PRI tree responses was also

tested over diurnal timescales by including all summer dates for which

drone flights were performed at different times of the day

(i.e., ~10:00, 12:30 and 15:00 CET). For this analysis, we started by

comparing two models, fitted with ML, with treatment and time of

day as fixed effects, with and without the interaction term, to verify

whether diurnal cycles of environmental parameters affect the sensi-

tivity of the PRI – treatment relationship. In a second step, we rep-

laced time of day with environmental parameters (VPD,

photosynthetically active radiation [PAR] and SWP at 10 cm depth),

averaged over the hour centered around a drone flight, to understand

which parameters best explain PRI diurnal variability (Table S5). We

used SWP from shallower soil here as we were interested in

TABLE 1 Seasonal effects of a
precipitation manipulation (irrigation)
treatment and environmental parameters
on the drone-based remotely sensed
photochemical reflectance index (PRI) at
the Pfynwald Pinus sylvestris
experimental forest site for all dates
(N = 54) based on a linear mixed-effects
model

Model: PRI � 1 + treatment � SWP5d + (1 j plot) + (1 j date)

Fixed effects Estimates SE t-value DF p-value Random SD

Intercept 0.062 0.008 7.565 50 <.001 Plot 0.010

Date 0.007

Treatment

IS �0.004 0.010 �0.406 .687

I �0.003 0.010 �0.294 .769

SWP5d 3.681e-05 6.853e-06 5.372 50 <.001

Treatment: SWP5d

IS:SWP5d �2.162e-05 8.927e-06 �2.423 50 <.05

I:SWP5d �5.902e-05 1.251e-05 �4.716 50 <.001

Residual error 0.009

Note: Soil water potential (SWP) was measured at 80 cm depth and averaged over the 5 days preceding a

drone acquisition. Treatments include control (C), corresponding to trees exposed to the naturally dry

conditions and used as a reference in the model; irrigation-stop (IS), corresponding to trees exposed to

drought again after acclimation to irrigation; and irrigation (I), corresponding to trees released from soil

drought for the entire duration of the experiment. (1 j effect), random effect for the model intercept;

effect1 � effect2, fixed effect1, fixed effect2 and their interaction effect1:effect2; effect1:effect2,

interaction effect; estimates, model coefficients for each of the fixed effects and their interactions; SE,

standard error of the estimates; SD, standard deviation of the random effects.

Abbreviations: PRI, photochemical reflectance index; SWP, soil water potential.
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short-term responses more related to the conditions in shallower and

more dynamic soil horizons. The optimal model was refitted using the

REML method to obtain estimates and significances of effects (Table 2).

3 | RESULTS

3.1 | Environmental parameters

At the Pfynwald study site, VPD ranged from 0 to 4 kPa (Figure 1a)

and SWP at 80 cm depth varied between 0 and �1,000 kPa

(Figure 1b) over the course of the year. In winter, when irrigation was

switched off, SWP was comparably high over all treatments. In spring

before the start of irrigation, SWP in the irrigated plots dropped

below that in non-irrigated (sub)plots (i.e., control and irrigation-stop

treatment) because irrigated trees with their larger crowns have

higher evapotranspiration rates. In 2019, this trend persisted through

the summer with SWP values in irrigated plots nearly matching those

of non-irrigated (sub)plots. Treatment differences were further

reduced in this period, due to malfunctioning of the irrigation system

over a few weeks in August 2019 (Figure 1b). On the other hand,

summer 2020 was characterized by the expected differences in soil

water availability between treatments, with higher soil water availabil-

ity for trees in irrigated plots, while SWP dropped to the critical level

of �1,000 kPa in non-irrigated plots and subplots. Autumns were

characterized by increases in SWP in irrigated plots, while in the two

non-irrigated treatments water availability remained low for both

years.

3.2 | Treatment differences in the remotely sensed
PRI tree response

In spring, drone-based PRI tree responses showed the smallest differ-

ences among treatments, with relatively high PRI values indicating

high photochemical efficiency of trees not experiencing drought

stress. While, treatment still explained 50% of the variance in spring

PRI in 2019 (Table S2), in 2020, we found no significant differences

among spring PRI values (Figures 3a,d and 4a,d).

In summer, we observed the largest PRI tree response differences

among treatments, with control (C) trees showing significantly lower

PRI values than irrigation-stop (IS) trees (for which irrigation was

stopped 5 years ago), which in turn showed significantly lower PRI

values than irrigated (I) trees (Figure 4b,e). In 2019, this was caused

mainly by drought stress release in irrigated trees (i.e., higher PRI)

compared with spring and a stress increase in control trees (i.e., lower

PRI), while irrigation-stop trees maintained similar PRI values in sum-

mer as in spring. In 2020, on the other hand, PRI differences among

treatments originated mainly from a stress increase (i.e., lower PRI) in

non-irrigated trees in summer compared with at the beginning of the

growing season (Figures 3b,e and 4b,e). Summer 2020 saw the larg-

est significant (p < .001) PRI differences (PRIC = 0.01 ± 0.01;

PRIIS = 0.04 ± 0.01; PRII = 0.08 ± 0.004) among treatments com-

pared with any other date (Figures 3e and 4e, Table S2).

In autumn 2019, PRI differences among treatments were signifi-

cant (p < .05; Figures 3c and 4c), with treatment explaining 70% of

the observed variance (Table S2), while in autumn 2020, no significant

difference was detected in PRI values (Figures 3f and 4f).

3.3 | Relationships between remotely sensed PRI
and leaf-level physiology

3.3.1 | Pigments seasonality

Non-irrigated trees (i.e., control and irrigation-stop) showed overall

larger carotenoid and xanthophyll cycle pigments pool sizes in relation

to chlorophyll pools, that is, Car/Chl in summer 2020 (Figure S1k) and

VAZ/Chl in spring and summer 2020 (Figure S1p,q), indicating an

increased capacity for energy dissipation. Similarly, the de-epoxidation

TABLE 2 Diurnal effects of
precipitation manipulation (irrigation)
treatment and environmental parameters
on drone-based remotely sensed
photochemical reflectance index (PRI) at
the Pfynwald Pinus sylvestris
experimental forest site for three
summer days (N = 68) based on a linear

mixed-effects model

Model: PRI � 1 + treatment + VPD + (1 j plot)

Fixed effects Estimates SE t-value DF p-value Random SD

Intercept 0.070 0.011 6.419 68 <.001 Plot 4.883e-18

Treatment

IS 0.026 0.006 4.180 68 <.001

I 0.053 0.006 8.399 68 <.001

VPD �0.012 0.004 �3.065 68 <.01

Residual error 0.022

Note: Vapour pressure deficit (VPD) is averaged for 1 hr centered around a drone acquisition. Treatments

include control (C), corresponding to trees exposed to the naturally dry conditions and used as reference

in the model; irrigation-stop (IS), corresponding to trees exposed to drought after acclimation to

irrigation; and irrigation (I), corresponding to trees released from soil drought for the entire duration of

the experiment. (1 j effect), random effect for the model intercept; effect1 � effect2, fixed effect1, fixed

effect2 and their interaction effect1:effect2; effect1:effect2, interaction effect; estimates, model

coefficients for each of the fixed effects and their interactions; SE, standard error of the estimates; SD,

standard deviation of the random effects.
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status of the xanthophyll cycle pigments (DEPS) was significantly

higher for non-irrigated trees than for irrigated in spring 2019 and

summer 2020, indicating an enhanced efficiency of energy dissipation

in non-irrigated trees (Figure S1a,e).

Significant correlations were found between all three leaf-level

pigment parameters and drone-based tree-level PRI when all dates

and treatments were pooled together (Figure 5a,e,i). The best correla-

tion was with DEPS (r2 = 0.37, p < .001), followed by Car/Chl

(r2 = 0.24, p < .001), and VAZ/Chl (r2 = 0.14, p < .05). In summer, we

found the highest correlations between drone-based PRI and pigment

parameters (Figure 5c,g,k), with the strongest relationship being the

one between PRI and DEPS (r2 = 0.56, p < .001). In autumn, the sig-

nificant correlation of PRI with DEPS and VAZ persisted, while there

was no correlation between PRI and Car/Chl (Figure 5d,h,l). Analysis

for spring 2019 revealed no significant correlations (Figure 5b,f,j),

while spring 2020 data were omitted from this analysis, as drone

flights and needle collection were offset by a few weeks due to tech-

nical problems with the equipment.

3.3.2 | Gas exchange and fluorescence

Gas exchange and fluorescence measurements confirmed what was

observed with all other measurements, namely that the greatest dif-

ferences between treatments occurred in summer 2020. Reference

trees mean values of A, gs, Fv/Fm and ƟPSII were significantly (p < .05)

higher for irrigated than for non-irrigated (control and irrigation-stop)

trees, while NPQ was lower (Figure S3). Among all parameters, irri-

gated trees showed higher values than non-irrigated trees most con-

sistently across seasons and years for gs (Figure S3g–l). NPQ

treatment differences were also rather persistent across all seasons,

with a few dates (autumn 2019 and summer 2020) for which signifi-

cant differences appeared especially for irrigation-stop versus irri-

gated trees (Figure S3y–dd).

Over summer, we observed significant correlations between all

leaf-level physiological parameters and drone-based tree-level PRI

values averaged at the (sub)plot level, while only weak correlations

were present when considering all dates (data not shown). Comparing

F IGURE 3 Spatial distribution of the tree-level remotely sensed photochemical reflectance index (PRI) at the Pfynwald Pinus sylvestris forest
experimental site, over two growing seasons. Precipitation manipulation (irrigation) treatments include control, corresponding to trees exposed to
the naturally dry conditions; irrigation-stop, corresponding to trees that were exposed to drought again after acclimation to irrigation; and
irrigation, corresponding to trees released from soil drought for the entire duration of the experiment. PRI was obtained from drone-based
multispectral imagery acquired under clear-sky conditions near midday. PRI tree-level values represent within-crown averages [Colour figure can
be viewed at wileyonlinelibrary.com]
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the two summers, the strongest correlations occurred in 2020

(Figure 6), when A and gs were close to zero in non-irrigated trees but

in the order of 5.7 μmol m�2 s�1 (A) and 0.03 mol m�2 s�1 (gs) for irri-

gated trees, showing good correlations with drone-based tree-level

PRI (A: r2 = 0.77, p < .01; gs: r
2 = 0.47, p < .05; Figure 6a,b). Similarly,

strong correlations in summer 2020 existed between PRI and Fv/Fm

(r2 = 0.65, p < .01; Figure 6c), ƟPSII (r
2 = 0.62, p < .05; Figure 6d) and

NPQ (r2 = 0.41, p = .061; Figure 6e).

3.4 | Drivers of remotely sensed PRI dynamics

3.4.1 | Seasonal timescale

Over the seasonal timescale, the drone-based PRI tree response

followed the seasonal course of soil water availability for non-irrigated

trees (Figure 7a,b). Daily mean SWP at 80 cm depth, averaged over

the 5 days preceding a drone flight, was the best predictor of mid-day

(sub)plot-level PRI (p < .001; Table 1). The explanatory power of SWP

varied as a function of treatment type, as shown by the significance

(p < .001, Table S4) of the interaction term. An increase in SWP of

one unit corresponded to an increase in PRI of 3.7e-05 for a tree

exposed to the naturally dry conditions (i.e., in control plots), while

the rate of PRI increase was slightly lower for trees in irrigation-stop

subplots, significantly negative (p < .05) for irrigated trees (Figure 7c).

As shown from the ANOVA results of the four evaluated statisti-

cal models (Table S4), irrigation treatment alone and, among the envi-

ronmental parameters, daily maximum VPD averaged over the 5 days

preceding a drone flight did not explain PRI variability over the year.

Treatment was kept in the final model because its interaction effect

with SWP was significant (Table S3).

3.4.2 | Diurnal timescale

Over the course of the measured summer days, VPD at the top of the

canopy varied between 0 and 4 kPa, with peak values typically

reached around 15:00 CET, while incoming radiation on clear-sky days

reached its maximum value earlier, around 12:30 CET (Figure 8a,b). In

contrast, SWP at 10 cm depth is typically characterized by small varia-

tions over the course of a clear, sunny summer day, for example,

ΔSWP ~25 kPa.

For all treatments, PRI values obtained for ~10:30, 12:30 and

15:00 CET decreased with the time of day (largest drop from morning

to midday), in line with the diurnal course of VPD and PAR

(Figure 8a,b).

F IGURE 4 Remotely sensed photochemical reflectance index (PRI) differences among precipitation manipulation (irrigation) treatments at the
Pfynwald Pinus sylvestris experimental forest site. Treatments include control (C), corresponding to trees exposed to the naturally dry conditions;
irrigation-stop (IS), corresponding to trees that were exposed to drought again after acclimation to irrigation; and irrigation (I), corresponding to
trees released from soil drought for the entire duration of the experiment. PRI was obtained from drone-based multispectral imagery acquired
over two growing seasons, under clear-sky conditions near midday, on (a) 04 June 2019, (b) 30 July 2019, (c) 14 October 2019, (d) 19 May 2020,
(e) 12 August 2020 and (f) 12 October 2020. Letters above the boxplots indicate significant differences between treatments (p < .05, with
n.s. indicating not significant) according to linear mixed-effects models, with treatment as a fixed effect and (sub)plot number as a random effect
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The ANOVA indicated that treatment and time both explained

(sub)plot-level PRI over the day. Among the environmental parame-

ters varying in time, VPD was found to best explain the concomi-

tant differences in (sub)plot-level PRI, while PAR and SWP at

10 cm depth were not significant and were excluded from the final

model (Tables 2 and S5). The environmental parameters were mea-

sured at different spatial scales (i.e., site vs. (sub)plot) and spanned

different value ranges, which might have influenced their predic-

tive power in the model. No significant interaction was found

between treatment and time (p = .970; Table S5), indicating that

the sensitivity of PRI to environmental parameters over the day

does not vary across treatments. The linear regression analysis

between PRI and VPD demonstrated that the intercept, but not

the slope, of this relationship was dependent on treatment

(Figure 8c).

4 | DISCUSSION

4.1 | PRI as a physiological proxy for tracking
drought stress and recovery

Remote sensing vegetation indices related to structure and greenness,

such as the normalized difference vegetation index (NDVI), are not sen-

sitive to rapid adjustments in plant photosynthetic status in response to

environmental stressors and do not allow real-time physiological moni-

toring of plants (Zarco-Tejada, Morales, Testi, & Villalobos, 2013).

Carotenoid-sensitive spectral indices, such as PRI and the chlorophyll/

carotenoid index (CCI), are instead directly linked to the (de)epoxidation

status of xanthophyll cycle pigments and the process of safe excess

energy dissipation under drought (D'Odorico, Besik, Wong, Isabel, &

Ensminger, 2020; Gamon et al., 1990; Peñuelas, Filella, & Gamon, 1995;

F IGURE 5 Relationship between drone-based tree-level photochemical reflectance index (PRI) and leaf-level (a–d) de-epoxidation state of
the xanthophyll cycle (DEPS), (e–h) carotenoid to chlorophyll pool ratio and (i–l) violaxanthin (V) + antheraxanthin (A) + zeaxanthin (Z) to
chlorophyll pool ratio, for all dates, for spring (only 2019) and for summer and autumn dates in 2019 and 2020 at the Pfynwald Pinus sylvestris
experimental forest site. Symbols represent mean values for trees surrounding scaffolds (n ≥ 3) in each (sub)plot and error bars are SD.
Precipitation manipulation (irrigation) treatments are represented with different shades of gray: dark for control (C), light for irrigation-stop
(IS) and white for irrigated (I). Seasons are represented with different symbols. r2 values and significance levels are indicated for the linear
correlations (dashed regression lines are given for significant relationships; *p < .05, **p < .01, ***p < .001)
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Wong et al., 2020). Among the carotenoid-sensitive indices, PRI was

most successful in capturing changes in photochemical efficiency over

short timescales and was thus selected over CCI for this study. Its

potential as a proxy for monitoring drought stress has been amply

investigated for Mediterranean vegetation, where summer drought rep-

resents the primary environmental constraint (Goerner, Reichstein, &

Rambal, 2009; Hernández-Clemente, Navarro-Cerrillo, Suárez,

Morales, & Zarco-Tejada, 2011; Marino et al., 2014; Peguero-Pina,

Morales, Flexas, Gil-Pelegrín, & Moya, 2008; Peñuelas, Munné-Bosch,

Llusià, & Filella, 2004; Stylinski, Gamon, & Oechel, 2002; Yang

et al., 2020; Zarco-Tejada, González-Dugo, & Berni, 2012; Zhang,

Preece, Filella, Farré-Armengol, & Peñuelas, 2017). Among these are

F IGURE 6 Relationship between drone-based tree-level photochemical reflectance index (PRI) and leaf-level (a) photosynthesis (A) at
1,500 μmol m�2 s�1, (b) stomatal conductance (gs), (c) maximum quantum yield of PSII (Fv/Fm), (d) quantum yield of PSII (ƟPSII) and (e) non-
photochemical quenching (NPQ), over the summer season of 2 years (2019, 2020) at the Pfynwald Pinus sylvestris experimental forest site. Circles
are mean values for trees surrounding scaffolds (n ≥ 3) in each (sub)plot and error bars are SD. Precipitation manipulation (irrigation) treatments
are represented with different shades of gray: dark for control (C), light for irrigation-stop (IS) and white for irrigated (I). Years are represented
with different symbols (cross = 2019, solid = 2020) and line types (dashed = 2019, solid = 2020). r2 values and significance levels are indicated
for the linear correlations (*p < .05, **p < .01, ***p < .001)
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early studies by Zarco-Tejada and colleagues, which demonstrate the

ability of airborne PRI to track seasonal and diurnal changes in stem

water potential, stomatal conductance and canopy to air temperature

differences in Spanish tree orchard ecosystems under different irriga-

tion regimes (e.g., Suárez et al., 2008; Suárez et al., 2010; Zarco-Tejada

et al., 2012; Zarco-Tejada et al., 2013). Studies also seem to suggest

that PRI measurements can determine post-drought recovery not only

in terms of water status but also in terms of photosynthetic capacity,

better than other parameters commonly used to assess plant water rela-

tions, such as leaf or stem water potential. PRI has been shown to track

CO2 net assimilation rates recovering simultaneously with water status

(Peguero-Pina et al., 2008) but also the impairment of photosynthetic

capacity that persisted despite the recovery of water status

(Sancho-Knapik, Mendoza-Herrer, Gil-Pelegrín, & Peguero-Pina, 2018).

However, most of this evidence comes from short-term (e.g., 1 month

or one growing season) drought experiments in seedlings or orchard

ecosystems (Marino et al., 2014; Peguero-Pina et al., 2008;

Sancho-Knapik et al., 2018; Zarco-Tejada et al., 2012), where the

drought response is exclusively driven by concurrent environmental

conditions. To the best of our knowledge, our study is the first to investi-

gate the use of PRI to track stress and recovery in a mature natural forest

in a long-term precipitation manipulation experiment, where tree responses

are affected by concurrent environmental conditions, as well as functional

and structural acclimation to a 17-year experimental water regime.

We found that drone-based PRI is an effective remotely sensed

physiological proxy to track drought responses of P. sylvestris trees.

Specifically, the PRI of drought-stressed control trees was up to

10 times lower than for irrigated trees, reflecting larger

photoprotective pigment pool sizes and greater photoprotective non-

photochemical quenching activity during summer. PRI also captured

functional recovery during times of high soil water availability

(SWP > �10 kPa) in spring, when photosynthesis of non-irrigated

trees nearly recovered to irrigated tree levels (Figures 3d and 4d).

PRI treatment differences between control and irrigated trees

during midday of summer days were larger than seasonal and diurnal

variations in PRI within the same treatment, by 20% and 30%, respec-

tively. In line with other studies (Fréchette, Chang, &

Ensminger, 2016), the variation in PRI associated with seasonal

F IGURE 7 Seasonal differences in the drone-based remotely sensed photochemical reflectance index (PRI), as a function of soil water
potential (SWP), at the Pfynwald Pinus sylvestris experimental forest site for two growing seasons. Precipitation manipulation (irrigation)
treatments are represented with different shades of gray: dark for control (C), light for irrigation-stop (IS) and white for irrigated (I). (a) and
(b) show PRI and SWP for C (solid black line), IS (dashed black line) and I (solid blue line) treatments, as a function of date for (a) 2019 and
(b) 2020. (c) Shows (sub)plot-level PRI measurements and predictions from the linear mixed-effects model with SWP at 80 cm depth averaged
over the preceding 5 days and its interaction with irrigation treatment as fixed effects and date and (sub)plots as random effects [Colour figure
can be viewed at wileyonlinelibrary.com]

3564 D'ODORICO ET AL.

http://wileyonlinelibrary.com


changes in pigment pool sizes was larger than the variation in PRI

attributable to dynamic diurnal xanthophyll cycle activity (e.g., about

10% for the control treatment). All three treatments showed compara-

ble diurnal PRI variations, suggesting similar dynamic adjustments of

xanthophyll pigments over the day. The highest PRI values (i.e., lower

stress levels) occurred in the morning (~10:30 CET), when

VPD < 2 kPa and PAR < 1,500 μmol m�2 s�1 (Figure 8a,b); morning

PRI was lower for non-irrigated trees than for irrigated trees,

reflecting a higher investment in photoprotection in the form of larger

carotenoid pigment pool in these trees.

4.2 | Factors affecting the mechanistic
interpretation of PRI

Past studies have shown that a series of factors can affect the varia-

tion in PRI and, under some circumstances, its sensitivity to physiolog-

ical processes.

At the leaf scale, PRI is affected by a short-term rapid component

linked with xanthophyll cycle activity and a long-term seasonal com-

ponent related to pigment pool size adjustments, that is, Car/Chl and

VAZ/Chl ratios (Wong, D'Odorico, Bhathena, Arain, &

Ensminger, 2019; Wong & Gamon, 2015). These components overlap

over seasonal timescales, potentially hindering a clear mechanistic

interpretation of PRI (Filella et al., 2009; Gamon et al., 2016;

Gamon & Berry, 2012; Sims & Gamon, 2002; Stylinski et al., 2002).

This overlap has been hypothesized to be the reason for a decoupling

of PRI and NPQ at seasonal time scales, with the former being con-

trolled by seasonal adjustments in pigments pool sizes and the latter

by the xanthophyll de-epoxidation status and other xanthophyll-

independent mechanisms (Porcar-Castell et al., 2012). During spring

recovery of photosynthetic capacity, sustained NPQ is gradually rep-

laced by the rapidly reversible flexible energy dissipation, via the xan-

thophyll cycle during dehardening. Accordingly, prior to this switch

PRI cannot be used to accurately detect changes in LUE (Busch,

Hüner, & Ensminger, 2009), while zeaxanthin-independent mecha-

nisms of NPQ remain in operation, decoupling the relationship

between PRI and LUE (Fréchette, Wong, Junker, Chang, &

Ensminger, 2015). This was confirmed in our study, as we found the

strongest correlations between tree-level PRI and leaf-level pigments

and physiological parameters in summer (Figures 5 and 6), while rela-

tionships between PRI and pigment parameters were especially weak

F IGURE 8 Diurnal differences in drone-based remotely sensed photochemical reflectance index (PRI), as a function of vapour pressure deficit
(VPD) and photosynthetically active radiation (PAR), at the Pfynwald Pinus sylvestris experimental forest site for 2 days in summer. Precipitation
manipulation (irrigation) treatments are represented with different shades of gray: dark for control (C), light for irrigation-stop (IS) and white for
irrigated (I). (a) and (b) show PRI superimposed on VPD (solid line) and PAR (dashed line), as a function of time for (a) 30 July 2019 and
(b) 12 August 2020. (c) and (d) show linear regressions of PRI versus (c) average VPD and (d) cumulated PAR, recorded over 1 hr centered around
the drone flight time. Regression lines (solid = control, dashed = irrigation-stop) are included for significant correlations (*p < .05,
**p < .01, ***p < .001)
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in spring (Figure 5b,f,j), confirming that PRI is unable to capture

zeaxanthin-independent NPQ mechanisms.

A decoupling of PRI and NPQ was also observed in an experiment

with Kermes oak (Quercus coccifera) seedlings during post-drought

recovery, when irrigation of severely drought-stressed seedlings did

not result in a drop in NPQ, while PRI captured the upregulation of

photosynthetic activity (Peguero-Pina et al., 2008). In our study, PRI

seemed to track the overall drop in NPQ and the upregulation of pho-

tosynthesis (Figure S3) in response to improved water availability over

autumn 2020. This is also demonstrated by the strong correlations

found between tree-level PRI and leaf-level DEPS and VAZ/Chl in

autumn (Figure 5d,l).

PRI is a robust indicator of the leaf-level physiological processes

discussed above, yet the sensitivity of PRI as a physiological proxy can

be confounded at the canopy and the landscape scale by factors such

as illumination conditions, viewing geometry and canopy structure

(Barton & North, 2001; Hernández-Clemente et al., 2011; Hilker

et al., 2008; Suárez et al., 2008). These factors could potentially influ-

ence the physiological signal during times when treatment differences

are less evident, for example, during spring and autumn. Differences

in illumination conditions for leaves from different canopy positions

(top vs. bottom) having contrasting light histories (sun vs. shade) are

known to affect leaf physiology and pigment composition and in turn

PRI (Gamon & Berry, 2012). In this study, we focused on sun-exposed

top-canopy leaves, which are known to invest more in photo-

protection than their shaded counterparts. This was possible, thanks

to a shade mask applied during the processing of drone-based imagery

and to scaffolds for measuring upper canopy branches. Some authors

suggest alternative PRI formulations that seem to reduce the effect of

canopy structure (Hernández-Clemente et al., 2011) or enhance the

sensitivity to DEPS and NPQ (Woodgate et al., 2019). All these formu-

lations are based on the original PRI by Gamon et al. (1990, 1992),

which was also chosen when customizing our multispectral sensor,

which was limited to five wavelength bands for estimating PRI, CCI

and NDVI. Regardless of the adopted formulation, noise in the data

can be minimized through the implementation of acquisition protocols

and data correction workflows (Aasen, Honkavaara, Lucieer, & Zarco-

Tejada, 2018). However, complete noise removal is difficult, as shown

by the year-to-year variability of physiological parameters and PRI

relationships (Figure 6). Paired physiological and remotely sensed field

datasets, like those collected in this study, over multiple years and a

wide range of environmental conditions must be analysed to further

calibrate and validate PRI-based approaches before they can be used

operationally for forest stress monitoring.

4.3 | Long-term acclimation affects the current
tree drought stress response

We found both concurrent environmental conditions and acclimation

to past conditions resulting from the irrigation treatment to have a

strong impact on P. sylvestris responses captured through drone-based

PRI. Over seasonal timescales, we found concurrent soil water

availability to be a good predictor of the PRI tree response, indicative

of the trees' investment in photoprotection obtained through Car/Chl

pigment pool size adjustments over the year (i.e., slow PRI compo-

nent; Figure S2g–l). In line with our hypothesis, this relationship was,

however, highly dependent on acclimation to past conditions. Trees in

the control treatment showed the highest positive rate of change in

PRI per unit of SWP, followed by irrigation-stop trees. Irrigated trees

showed the lowest sensitivity to SWP changes over the growing sea-

son (Figure 7c). These results are in accordance with the sensitivity of

stomatal conductance to SWP changes observed for our site

(Schönbeck et al., 2021).

Over diurnal timescales, we found that atmospheric water

demand (VPD) explained the large PRI tree response dynamics, indica-

tive of photoprotective non-photochemical quenching activity

(i.e., fast PRI component). All treatments showed a similar sensitivity

of PRI per unit of VPD change, but treatment affected the intercept

of the PRI–VPD relationship. Trees in the non-irrigated treatments

started the morning with lower PRI values than trees in the irrigated

treatment, and this difference was maintained throughout the day

(Figure 8), suggesting a higher overall investment in photoprotection

through larger carotenoid pigment pool in the non-irrigated trees.

There is substantial evidence that past conditions and derived leg-

acy acclimation effects play an important role in explaining the degree

of decoupling of plant responses from concurrent environmental con-

ditions (Anderegg et al., 2015; Kannenberg et al., 2019; Zweifel

et al., 2020). However, a full understanding of the impact over differ-

ent time scales and the underlying mechanisms has yet to be reached.

Structural tree acclimation is among the legacy effects that have been

observed at our site since the start of irrigation in 2003, occurring

gradually through the adjustment of morphological and anatomical

traits in response to long-term irrigation. Reported trait adjustments

in irrigated trees have included increases in leaf area, needle and

shoot length (Dobbertin et al., 2010; Eilmann, Dobbertin, &

Rigling, 2013; Schönbeck et al., 2018) and fine-root biomass (Brunner,

Herzog, Galiano, & Gessler, 2019). Zweifel et al. (2020) conducted a

study at the same site to specifically look at the acclimation of trees in

the irrigation-stop treatment. The authors found different traits to

have different acclimation response times, with biophysical processes

responding within days, while needle and shoot length and radial stem

growth started to reach control levels only after 4 years.

In this study, we found irrigation-stop trees to have intermediate

and significantly different (p ≤ .05) PRI tree responses in summer

(Figure 4) and over diurnal timescales (Figure 8) compared with trees

exposed to the other two treatments. This suggests that even

5–6 years after irrigation was cut off, a positive legacy effect – where

trait values remained above the level of the control for several years –

might still have influenced stress responses to some extent and,

consequently, the photoprotective needs of these trees. Other physi-

ological and structural traits also suggest that the acclimation of

irrigation-stop trees was ongoing. For instance, leaf-level gas

exchange measurements for the trees around the scaffolds suggest

that irrigation-stop trees tended to have higher photosynthesis and

stomatal conductance levels than control trees, although these

3566 D'ODORICO ET AL.



differences were only marginally significant in summer 2020 (p ≤ .1;

Figure S3e,k). In contrast, NPQ values were not significantly different

between these two treatments (Figure S3cc). At the canopy scale,

visual crown transparency estimates conducted every summer at the

site based on the guidelines of the International Co-operative Pro-

gramme on Assessment and Monitoring of Air Pollution Effects on For-

ests (ICP) (Dobbertin & Brang, 2001) confirmed the positive legacy

effect. Specifically, in 2020 irrigation-stop trees had still not increased

in crown transparency to the level of control trees (Figure S4), indicating

an overall better health status of irrigation-stop trees than control trees.

The underlying mechanisms for such prolonged acclimation pro-

cesses in irrigation-stop trees are still not fully understood and are

somewhat counterintuitive. One might assume that the persistent

larger leaf area and canopy size of these trees would increase drought

stress and photoprotection even beyond control levels. In fact, right

after irrigation was stopped at the end of 2013, trees in irrigation-stop

subplots dried out the soil more severely than trees in control sub-

plots, due to their larger crowns and higher fine-root biomass in the

topsoil (data not shown). In the years that followed, however,

irrigation-stop trees adjusted their aboveground traits to the new con-

ditions (e.g., by growing shorter needles) faster than changes to their

fine-root system (Brunner et al., 2019; Zweifel et al., 2020), which

might partially explain the relatively low stress level observed for

these trees. The potential tapping of deep roots from irrigation-stop

trees into irrigated soil did not significantly influence tree responses,

as shown by performing the analysis both with and without a 5 m

buffer zone separating irrigation-stop and irrigated subplots

(Figure S5). Although a study by Gao et al. (2021) at our same site

showed that tree rhizospheres extend laterally up to 2.8 times the

reach of tree canopies, our findings (Figure S5) suggest that the larg-

est contribution to water uptake comes from fine roots in the topsoil

close to the base of the tree. Water run-off from irrigated to

irrigation-stop subplots is unlikely because the latter are located

upslope. Further, belowground lateral water flow can be excluded

because matric potentials are low, preventing mobility of the soil

water. The slightly higher SWP of irrigation-stop subplots compared

with control plots (Figure 1) could instead be explained by improved

soil shading due to lower crown transparency (Figure S4) and fewer

stand openings due to fewer dead trees (Figure 2), overriding the

effect of higher transpiration by larger crowns.

Overall, this study corroborates the importance of including infor-

mation on past environmental conditions and on the speed of acclima-

tion of different traits to understand the (de)coupling of plant

responses from concurrent environmental conditions and to improve

the representation of these processes in vegetation models (Zhou

et al., 2019).

5 | CONCLUSIONS

In this study, the high sensitivity of drone-based PRI to tree water sta-

tus and photosynthetic activity made it possible to capture

differences in diurnal and seasonal tree responses to environmental

parameters describing atmospheric and soil drought in a mature

P. sylvestris forest. Long-term acclimation to a 17-year precipitation

manipulation (irrigation) experimental treatment influenced the sea-

sonal relationship between tree PRI responses and water availability,

demonstrating the importance of past environmental conditions in

determining trees' current drought stress responses.

Most existing knowledge on drought stress physiology is based

on small seedlings in short-term experiments. It might be misleading

to extrapolate these findings to mature trees, as they do not represent

the true responses of mature forests that have undergone acclimation.

Our study demonstrates that high-throughput drone-based physiolog-

ical phenotyping based on PRI can scale tree physiological responses

to entire tree populations and reduce measurement time, from several

days needed for classical physiological assessments to less than an

hour to complete a full scan of an entire forest stand. Long-term field

manipulation experiments such as the one in Pfynwald are rare

(Knapp et al., 2017); nevertheless, such experiments are crucial to

understand the potential of functional and structural acclimation

required to alleviate the impact of drought on stomatal conductance

and photosynthesis at different time scales and in turn to better pre-

dict tree responses to future warmer and drier conditions.
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