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Root systems form a significant part of tree biomass and function. Yet, roots are hidden from our eyes, making
it difficult to track the belowground processes. By contrast, our capacity to detect aboveground changes in
trees has been continuously improving using optical methods. Here, we tested two fundamental questions:
(1) To what extent can we detect aboveground responses to mechanical damage of the root system? (2) To
what extent are roots redundant? We applied three different non-destructive remote sensing means: (1) optical
means to derive leaf greenness, (2) infrared means to detect the changes in leaf surface temperature and (3)
spectral means to derive five vegetation indices (i.e. the photochemical reflectance index (PRI), the chlorophyll
photosynthesis index (CIRed-edge), the anthocyanin reflectance index 1, the structure insensitive pigment index
and the normalized difference water index (NDWI)). We recorded the above metrics for hours and days and up to
a month following induced root damage in three key Mediterranean tree species: Aleppo pine (Pinus halepensis
Mill.), Palestine oak (Quercus calliprinos Webb.) and Carob (Ceratonia siliqua L.). To induce root damage, we
removed 25, 50 and 75 percent of the root system in each species and compared it with control saplings. Tree
aboveground (canopy) responses to root damage increased over time and with damage level. Leaf warming (up
to 3◦C) and decreased PRI were the most significant and rapid responses, with temperature differences being
visible as early as 2 days following root damage. NDWI and greenness were the least sensitive, with responses
detectable only at 75 percent root damage and as late as 14 or 30 days following root damage. Responses varied
vastly among species, with carob being the most sensitive and pine being the least. Changes in leaf temperature
and PRI indicated that leaf transpiration and photosynthesis were impaired by root damage. Although trees
build roots in excess, mechanical damage will eventually decrease transpiration and photosynthesis across tree
species.

Introduction
Root systems of trees usually account for 20–50 percent of their
biomass (Crowther et al., 2019). Yet, our knowledge of tree life
is heavily biased towards studying aboveground parts. As soil is
typically a dense and opaque media, we need to expose the roots
via excavation to examine them. However, exposing the root
system disturbs its native environment, thus altering its structure
and functioning. This is why root health is very difficult to assess in
the field. In analogy to leaves, roots are assumed to be produced
by plants in excess, that is plants produce more roots than
required to maintain an adequate tree functioning (Sachs and
Novoplansky, 1993; Zhang and Zhang, 2000; Ma et al., 2018).
Thus, a fundamental question concerns the minimal root frac-
tion a tree needs. In turn, we could also ask whether below-
ground root damage—leading to a reduction of functioning root
fraction—could be detected aboveground by non-destructive

sensing metrics. This question has broad implications for forest
management (Rog et al., 2021), urban landscaping (Čermak et al.
2013), orchard management and various land-use change sce-
narios. Evidently, root damage can result from various processes,
e.g.: (1) strong winds that do not cause uprooting but still damage
roots, (2) drought that leads to fine root mortality, (3) chemical or
biotic attack on roots and (4) mechanical damage to roots from
the use of heavy machinery in forestry, either directly or indirectly
due to soil compaction.

The topic of aboveground–belowground interactions is a
growing study area (Bardgett, 2018). In contrast to root systems,
the aboveground parts of trees are easy to observe and often
form the landscape. For example, in apple trees attacked by a
pest beetle feeding on roots, herbivore-induced plant volatiles
and plant–plant communication were measured below- and
aboveground (Abraham et al., 2015). Belowground organisms
can induce defence responses to aboveground damage and vice
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versa (Bezemer and van Dam, 2005). Similarly, belowground
chemical damage to the root system can translate into phe-
notypic differences aboveground. In a Picea abies plot in Slovakia
exposed to acid deposition, it was found that annual fine root
production decreased with increasing phenotypic crown stress
(Konopka and Lukac, 2010).

Among damage scenarios, it seems that physical (mechan-
ical) damage has not been studied as thoroughly as chemical
damage, and more so, biological damage. However, trees are
often exposed to mechanical damage, for example, by storms
and human activities. Among four tropical rainforest tree species,
effects of induced aboveground mechanical damage like crown
loss, stem breakage and stem pinning by fallen debris revealed
interspecific differences in post-damage vegetative recovery
and survival (Guariguata, 1998). Belowground damage has
been studied as well. For example, root pruning is a general
practice in gardening and landscaping. The effects on growth,
photosynthesis and leaf minerals were primarily expressed
following repetitive root pruning or in the subsequent dry season
(Schupp and Ferree, 1988, Benson et al., 2019). In mature
urban trees (Celtis occidentalis and Fraxinus pennsylvanica),
both aboveground damages (defoliation and stem injuries) and
belowground (37 and 75 percent root reduction) damages were
examined. Root injury was the most impactful treatment for
Celtis, consistently decreasing root and stem growth throughout
the 5 years following the treatment. By contrast, defoliation
decreased growth only in the first 2 years (Vitali et al., 2019).
Low-intensity stress-triggered compensatory reactions stimulate
photosynthetic rates and nutrient utilization. The slower-growing
tree species, Celtis, showed a less adverse reaction to all
damage treatments compared with Fraxinus (Vitali et al., 2019).
Lastly, root severance by trenching around young urban trees
(Aesculus hippocastanum and Tilia × europea) showed that
growth reduction was associated with mild water stress and
photoinhibition (Fini et al., 2013). Damage effects on trees
developed over time, peaking at 2 months after trenching.

Since roots are the major source of water and nutrient uptake,
belowground damage should directly affect the water and nutri-
ent supply to stems and leaves. When the ratio between leaf area
and root area increases abruptly, a demand–supply imbalance
develops. In turn, these effects can translate into phenotypic
responses such as leaf desiccation, discoloration and ultimately
leaf shedding. Dror et al. (2020) examined how mature olive trees
responded to breakage of the root-soil connection, followed by
transplanting at a nearby site. Among several functional param-
eters measured over months and years, leaf photosynthesis and
transpiration showed the most significant and consistent reduc-
tions, up to 60 per cent.

Recent developments in optical and remote sensing methods
pave the path to new opportunities in studying tree eco-
physiology. These remote sensing methods span from using
satellites to detect forest canopy height (Klein et al., 2015), forest
health (Helman et al., 2017b) and forest drought vulnerability
(Helman et al., 2017a) to using handheld cameras to study
the dynamics in leaf greenness (Winters et al., 2018) and
temperature in trees (Lapidot et al., 2019) and crops (Mulero
et al., 2022). Spectral-based vegetation indices, such as the
photochemical reflectance index (PRI) and the normalized
difference water index (NDWI), have been used to track changes

in the photosynthesis activity (Filella et al., 2004; Garbulsky
et al., 2011; Peñuelas et al., 2011; Zhang et al., 2017) and plant
water status (Helman and Mussery, 2020). For example, PRI
demonstrated sensitivity to diurnal changes in the physiological
indicators of water stress in an olive orchard with diurnal airborne
imagery (Suárez et al., 2008). In maize and sorghum, PRI and
canopy temperature were more useful in detecting the leaf
fluorescence yield changes caused by water stress than sun-
induced chlorophyll fluorescence (Panigada et al., 2014). Still, the
utility of these indices has not yet been tested in relation to root
damage.

Here, we set out to test the following research questions:
(1) To what extent can aboveground responses to belowground
mechanical damage be detected through non-destructive ther-
mal and spectral sensing? Once detected, (2) What is the rate
of aboveground response of each metric to belowground dam-
age? (3) What is the minimum root system fraction required
to maintain tree survival? We hypothesized that root damage
would induce a fast reduction (hours to a few days) in tree water
uptake, expressed in leaf warming and desiccation. On the other
hand, we assumed that the feedback on photosynthesis will be
slower (several days), eventually reducing leaf greenness (days
to weeks) and impacting the other spectral-based vegetation
indices. Based on a few previous studies on the topic (Fini et al.,
2013; Benson et al., 2019; Vitali et al., 2019; Dror et al., 2020),
we hypothesized that the above responses would appear at high
root damage (e.g. ≥50 percent), but not at low root damage (e.g.
25 percent), due to root redundancy. To test our hypothesis, we
removed 0, 25, 50 and 75 percent of the root systems of 2.5-year-
old saplings of three key Mediterranean forest tree species and
followed their phenotypic responses using three non-destructive
means: RGB, infrared (IR) and near-IR spectral imageries. For the
sake of simplicity, we mechanically reduced the root biomass by
cutting roots. We hypothesize that the related root loss could
result from any inducer, be it physical, chemical or biological.
After inducing the damage, images were used to track the leaf
greenness, leaf temperature, radiation use efficiency (RUE; mea-
sured by PRI), photosynthesis (measured by CIRed-edge and struc-
ture insensitive pigment index (SIPI)), anthocyanin content (mea-
sured by anthocyanin reflectance index 1 (ARI1)) and water
stress (measured by NDWI).

Materials and methods
Plant material and conditions
Our study was conducted on 2.5-year-old saplings growing in a
net house at the Weizmann Institute of Science (Rehovot, Israel).
Climate is warm Mediterranean, and weather conditions during
the experiment (November 2020) were typical of the autumn
season at the site, with minimum and maximum diurnal temper-
atures of 9.4◦C and 20.1◦C, mild wind (0–3 m s−1) and with a few
rain events, totalling ∼70 mm. Our study species were common
forest tree species from the Mediterranean forest and maquis: (1)
Aleppo pine (Pinus halepensis Mill.), a coniferous species occurring
across a wide range of sites in the Mediterranean basin. The
tree is evergreen, reaches 20–30 m and is drought resistant. The
leaves are needle-shaped and paired to one called brachiblast. (2)
Palestine oak (Quercus calliprinos Webb.), an evergreen broadleaf,
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Figure 1 A scheme of the experimental layout: root systems of five saplings of each of three tree species were pruned to three different levels (and an
unpruned control). Canopy responses were monitored along hours and days and up to a month using three non-destructive remote sensing means:
optical (red, green, blue (RGB)) TIR and spectral means.

the most common tree in the Israel maquis. It reaches up to 15 m
in height, and its trunk diameter reaches up to 2 m. The leaves
are small, stiff and dentate, changing their shape in the phase
transition from juvenility to maturity. (3) Carob (Ceratonia siliqua
L.) is a dioecious broadleaf evergreen tree that lives in the wild
as well as cultivated in Israel and throughout the Mediterranean.
The tree reaches up to 10 m with a thick trunk and the leaves are
fresh green and pennate.

Experimental setup
The 2.5-year-old saplings were 0.8–1.2 m tall. They originated
from seeds collected in the Jerusalem Mountains, Israel, and
were sprouted by the Jewish National Fund (JNF) Forest service
nursery from February to April 2017. Seedlings were transferred
to plastic ‘quick-pots 585’ (200-mL plugs, 5 × 5 cm) in the Eshtaol
nursery (JNF). At the Weizmann Institute, all seedlings were
transplanted to 10-L pots. To avoid shock and enable the root
system to develop, saplings were grown under a sustained
irrigation regime (60 mL, three times a day) without fertilization.
They received a natural light regime in a glasshouse until the
transfer to the net-house. Saplings were arranged in an area of
15 × 5 m in the middle of the net-house (30 × 20 m). The net-
house was devoid of any climate control, and hence, saplings
were exposed to the native conditions (above). All pots contained
natural forest soil mixed with washed sand and tuff (5/10/1 v/v).
During the experiment, saplings were drip irrigated with 30 mL
for three times a day (90 mL day−1). The planting soil was not
fertilized, and the saplings were not sprayed. Twenty plants from
each species were divided into four treatments, representing 0,
25, 50 and 75 percent removal of the root system (Figure 1). The
cylindrical pots were first marked with lines at 0, 25, 50 and 75
percent of pot height (bottom to top) and were then sawed along
the lines. Saplings that were not sawed (0 percent) were used
as controls. To ensure that all pots are simultaneously sawed,
eight helpers were recruited to expedite the preparation of

treatments. All saplings were put back to their pots for the
rest of the experiment. We left some free soil at the bottom
of each pot (otherwise, pots were too light and tipped over).
Six months following the end of the experiment, we detected
new root growth into the soil at the bottom of each pot across
treatments and species. Each sapling was marked with its
treatment level (either 0, 25, 50 or 75 percent root system
removed) and replicate label (A–E). For each photograph, four
saplings of the same species and marked with the same letter,
i.e. representing each of the treatments, were arranged in front
of a black velvet screen. The cameras were placed in a fixed
position 1.2 m from the row of four saplings, at 90◦ to the row.
Due to sapling morphology, self-shading in the foliage was rather
low across the species, aiding the selection of sunlit leaves for
image analysis. Due to the differences in instrument and expert
availability, not all parameters were measured at all times. Image
capture and analysis are detailed below. Still, each parameter
was measured at early (3 h–4 days) and late (14–30 days)
time-points following root cutting. The original plan included
additional sensing metrics, namely estimates of leaf elements
using an X-ray fluorescence machine and measurements of
free-air volatile organic compounds emissions. However, since
preliminary results were inconsistent for unknown reasons, these
measurements were discontinued.

Root system biomass and architecture
Before transfer to the net-house, three saplings from each
species were harvested and were sectioned into five major
compartments: tap root, lateral roots, branches, stem and leaves.
All compartments were dried in an oven (60◦C for 48 h), followed
by weighing for biomass partitioning. We observed that in all
nine saplings, roots reached the bottom of the pot (20 cm).
Total biomass was lower for Ceratonia (82.1 ± 7.5 g) than for
Quercus (114.5 ± 11.0 g) and Pinus (121.7 ± 22.3 g). Similarly,
total root biomass was 23–34 g in Ceratonia, 40–58 g in Pinus
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and 51–74 g in Quercus. Despite these differences, biomass was
partitioned equally between tap root and lateral roots and across
the three species: lateral roots accounted for 49.7 ± 1.3 percent
of total root biomass in Ceratonia, 50.2 ± 3.9 percent in Pinus and
49.2 ± 0.8 percent in Quercus.

Leaf greenness
We used a Nikon D7200 camera (Tokyo, Japan), including a Kodak
greyscale in the image (for calibration purposes), to photograph
the saplings. This RGB camera is an SLR camera equipped with
a Toshiba CMOS sensor (23.5 × 15.6 mm), 24.2 Mpixel and 3:2
aspect ratio. The lens is a Nikkor AF-S with focal length of 18–
140 mm (technical data taken from the manufacturer). Images
were analysed using ImageJ software (github.com/imagej/ima
gej1), and the Green chromatic coordinate (GCC) index (on a scale
of 0–1) was calculated by the equation:

GCC = Intensity of green channel
RGB

(
Red + Green + Blue

) . (1)

GCC was calculated for each of nine pixels (3 × 3) manually
selected from the centre of sunlit leaf areas of each sapling.
These replicates (n = 10) were used to produce a mean value per
sapling (species, treatment and replicate) and time-point and
were not considered in the statistical analysis, where only sapling
replicates were considered.

Leaf temperature
We used a thermal infrared (TIR) camera in order to evaluate
the changes in leaf temperature. We demonstrated, in a previous
experiment, for the three species, that leaf temperature changes
could be used as an index for transpiration rate due to evapo-
rative cooling from the leaf surface (Lapidot et al., 2019). The
camera was a FLIR T1030sc (FLIR Systems Inc., Wilsonville, OR,
USA), with 14-bit, 1027 × 768-pixel resolution, 30 frame rate per
second, accuracy of ±1◦C or 1 percent of the temperature reading
between 5–150◦C, 7.5–14 μm spectral range, 24.6 mm focal
length, 21◦ × 28◦ field of view (FOV) and built-in 5 Mpixel digital
camera, adapted to the IR lens (technical data taken from the
manufacturer). TIR images were processed using FLIR ResearchIR
Max software (FLIR Systems Inc.). Image parameters of relative
humidity and air temperature were set for each image. The
emissivity was set to a value of 0.98, as recommended by Idso
et al. (1969). TIR images were saved as eight-bit grey-level TIFF
images. Each image was aligned to its matching visual image
using the Fiji package for image processing (Schindelin et al.,
2012). Both types of images had corresponding pixels and the
same dimensions. For each image, 10 regions of interest (ROIs)
of 9 pixels (3 × 3) each were manually selected from the centre
of the sunlit part of the leaf. This approach was used to avoid
observed leaf cooling due to self-shading (Figure 2), exacerbated
by our imaging at the side view of the saplings rather than a top
view. The ROI was limited to the centre of the leaf to avoid edge
effects. �Tleaf-air was calculated as an average of the 10 ROIs per
sapling.

Spectral imaging and image processing
We used the SpecimIQ hyperspectral camera (Specim Ltd, Oulu,
Finland), which is a push broom portable handheld camera. The
SpecimIQ camera is an integrated operating and controls system
that enables easy pre-processing and classification within the
camera’s software (Behmann et al., 2018). It covers the wave-
lengths within the visible–near-IR range (VIS–NIR = 400 nm—
1000 nm), having a total of 204 spectral bands with a 7-nm
FWHM bandwidth and a FOV of 0.55 × 0.55 m at 1-m distance
and a spatial resolution of 512 × 512 pixels. A 10×10-cm white
reference calibration panel (90 percent reflectance) was used in
the scene to enable transforming radiance values into relative
reflectance. The hyperspectral SpecimIQ camera comes with
pre-installed software that allows hyperspectral data capturing
and data processing to change the radiance values into rela-
tive reflectance and other analytical options (Behmann et al.,
2018).

Images were taken with the camera fixed on a tripod ∼3 m
away from the saplings for a good FOV of all five-replicate pots
of each species at a time. To properly represent illumination
conditions, the white reference panel was located next to the
sample, and the images were taken using the simultaneous
white reference setting of the camera (see Figure 2). The inte-
gration time was set depending on the illumination conditions.
The plants were placed before a black non-reflective background
to minimize light scattering on the plant samples. Since the
SpecimIQ software does not support the direct calculation of veg-
etation indices, reflectance data from the captured images were
extracted using Headwall’s Hyperspec III software (Headwall
Photonics, Fitchburg, MA, USA). We selected the pixels from the
mid-even portion of the plant canopy as the ROI. All vegetation
indices were calculated from the spectral data per pixel and were
then averaged over the ROI for each replicate pot.

Vegetation indices
We used five spectral indices to detect the aboveground
responses to belowground damage: the PRI, the chlorophyll
photosynthesis index (CIRed-edge), the SIPI, the ARI1 and the
NDWI. Table 1 presents the formulation and sources of the five
indices.

PRI has been shown to be a good proxy of RUE (Gamon
et al., 1997; Filella et al., 2004; Garbulsky et al., 2011), which is
a biophysical parameter that determines the efficiency of the
plant to use the absorbed energy in photosynthesis (Monteith,
1977). Plants dissipate excess energy through the de-epoxidation
of violaxanthin (xanthophyll pigment) to zeaxanthin, which is
reflected in the absorbance of light at the yellow band of the
visible spectrum (∼530 nm). Such a dissipation mechanism is
related to the RUE of the plant, and the accompanied pigment
change is the basis for the PRI calculation (Demmig-Adams and
Adams, 2006; Kohzuma et al., 2021; Zhang et al., 2017). PRI and
RUE correlations were found at various levels and scales (Gamon
et al., 2005; Porcar-Castell et al., 2012; Kováč et al., 2018; Sukhov
et al., 2021), and since PRI can be derived from remote sensing,
its use opens up a great opportunity for modeling RUE from
space. Here, we expect root damage to affect aboveground PRI
because we assume that the efficiency of the leaves to assimi-
late carbon will be reduced following functional damage. Hence,
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Figure 2 Phenotypic changes in Pinus halepensis saplings 2, 7 and 14 days following mechanical root damage (control and three levels: 25, 50 and 75
percent, left to right in each image). Note the different temperature ranges among the thermal images (top and bottom right corners in each of the
three right panels). The white reference used to calibrate the image for light conditions is seen in the bottom left RGB image (14 days).

functional damage to the aboveground assimilation capacity will
be reflected by a reduced PRI.

The sensitivity of carotenoid-based indices, like the SIPI, is
closely related to that of PRI in terms of response to stress.
This is due to the fact that carotenoids work as complemen-
tary light-absorbing pigments, which can dissipate the photody-
namic effect directly and indirectly. While PRI specifically tracks
changes in xanthophylls, a series of molecules framed within
the carotenoids group, SIPI looks more at the ratio of the bulk
carotenoid to chlorophyll content, which may make it a little bit

less sensitive to small reactions occurring in response to stresses
compared with PRI.

The chlorophyll photosynthesis index (CIred-edge) was first
developed to estimate the canopy chlorophyll content of
anthocyanin-free leaves. Generally, CIred-edge can be used to
assess the photosynthetic activity in plants. Its calculation is
based on the red-edge band (705 nm), which is a reflecting
switch between the effect of plant pigments and the canopy/leaf
structure (Gitelson et al., 2005, 2006). The effectiveness of this
index is based on the sensitivity of the red-edge band, which
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Table 1 Formulation of the five spectral vegetation indices used in this study

Index Full name Formulation Reference

PRI Photochemical reflectance index R531−R570
R531+R570

Gamon et al., 1992

CIred-edge Chlorophyll photosynthesis index R783
R705

− 1 Gitelson et al., 2005

NDWI Normalized difference water index R550−R790
R550+R790

McFeeters, 1996

ARI1 Anthocyanin reflectance index 1 1
R550

− 1
R700

Gitelson et al., 2001

SIPI Structure insensitive pigment index R800−R445
R800−R680

Penuelas et al., 1995

Note: R# is the reflectance at wavelength #.

shows a relatively strong response to the changes in chlorophyll
content, especially under stress conditions, shifting towards
longer wavelengths with increased chlorophyll content or water
content and towards shorter wavelengths with decreased
chlorophyll or water content (Filella and Penuelas, 1994; Main
et al., 2011).

The ARI1 was formulated primarily based on the reflectance
of anthocyanins. ARI1 is sensitive to anthocyanin accumulation
in leaves, mainly through new growth and senescing leaves
(Gitelson et al., 2001; Oren-Shamir, 2009). When stress occurs,
anthocyanin is usually accumulated to help with photoinhibition
following disease, drought and physical damage in plants (Yu
et al., 2021). ARI1 should provide an early indication of plant
damage (or other stress) via anthocyanin accumulation.

Finally, we use the NDWI to assess the long-term impact (on
the scale of days) on the leaf water content. There are several
versions of this index (Gao, 1996; McFeeters, 1996; Helman and
Mussery, 2020). Here, we used the version based on the 550- and
790-nm bands (Table 1) because our hyperspectral data were
confined to the VIS–NIR wavelength range (400–1000 nm). This
version of NDWI provides negative values for materials contain-
ing water and positive values for completely dry materials. Thus,
we expect desiccated leaves to be less negative or with smaller
negative values than the hydrated leaves.

Statistical analyses
Data from all measurements were grouped by species, time of
measurement (time after root damage (TARD)), root damage
and measurement type. Statistical analyses were performed on
each species and date separately through an analysis of variance
(ANOVA) test followed by a Tukey HSD post hoc test for significant
differences among root damage classes (0, 25, 50 and 75 per-
cent) as well as via a three-way ANOVA test for the interaction
Species × TARD × Root damage. The Shapiro–Wilk test was used
to ensure a normal distribution of the data before conducting the
ANOVA. Data that did not fulfil the normality assumption were
transformed using the Normal Score Transformation method
(Krzysztofowicz, 1997; Pyrcz and Deutsch, 2018). This method
converts a data set so that it closely resembles a normal standard
distribution curve by comparing the cumulative frequency value
(y: 0–1) of the original data point (x) corresponding to the cumu-
lative frequency vs a normal score of a typical normal distribution
curve, point by point. The results from the ANOVA are summarized
in Table 2, and all Tukey test results are marked directly on the

boxplots in Figures 3–9. All statistical analyses were performed
using the JMP 15 Pro statistical software (SAS Institute, Cary,
NC, USA).

Results
Leaf greenness and temperature responses to root
damage
Phenotypic differences among trees from different root damage
groups, as detected by an RGB camera, were mild (Figure 1). Val-
ues of the green index ranged between 0.40–0.42 and decreased
to as low as 0.30 after 30 days from root damage (i.e. in Ceratonia;
Figure 2). Though the decrease was already observed after 4 days
for saplings with 75 percent root damage, the difference from
control saplings was statistically significant only after 30 days
(Table 2). The only exception was Pinus, which did not display a
significant difference from control even after 30 days following
the damage.

In contrast to the green index, leaf temperature difference
�Tleaf-air, measured 3 h, 2 days and 25 days following root cutting,
showed a significant difference from control saplings as early
as 2 days following the root damage at both 50 percent and
75 percent root damage in Ceratonia and Quercus (Figures 3
and 4; Table 2). These changes were exacerbated at 25 days,
when almost all damaged saplings (including the 25 percent root
damage) had a greater �Tleaf-air than control saplings up to 3◦C
in Ceratonia and Quercus with a 75 percent root damage.

Vegetation indices response to root damage
PRI, a measure of the RUE (and indicative of photosynthesis),
showed a significant decrease in two species already at day 4
(Ceratonia and Pinus; Figure 5). These responses were maintained
on day 7 and mostly exacerbated on day 14, when PRI was signif-
icantly lower for all treated Ceratonia and Quercus, regardless of
the level of damage, and for the 75 percent damaged Pinus. The
CIRed-edge showed species-specific responses (Figure 6). There was
no significant response in Pinus, a delayed response in Quercus
and an early response in Ceratonia, affecting all treated saplings
on days 7 and 14 following the root damage (Table 2). NDWI
was also species-specific, with no significant Pinus response and
a significant Quercus increase at day 14 (Figure 7; Table 2), likely
indicating leaf desiccation. NDWI seemed to increase in Ceratonia
already on day 4, but this increase was not significant even on
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Table 2 Statistics F ratio and P-value > F ratio of full factorial three-way ANOVA for the sensing metrics PRI, CIred-edge, NDWI, ARI1, SIPI, �Tleaf-air (◦C)
and greenness (GCC); the three factors are (1) species: Pinus, Ceratonia and Quercus; (2) root damage: 0, 25, 50 and 75 percent and (3) TARD, which
corresponds to measurements done 4, 7 and 14 days after damage for PRI, CIred-edge, NDWI, ARI1 and SIPI; 3 h, 2 days and 25 days for �Tleaf-air;
and 3 h, 4 days, 14 days and 30 days for greenness; statistically significant effects (P < 0.05) are marked in bold.

PRI Cl red-edge NDWI ARI1 SIPI

Factor N F ratio Prob > F F ratio Prob > F F ratio Prob > F F ratio Prob > F F ratio Prob > F

Species 2 39.82 <0.0001 115.64 <0.0001 185.96 <0.0001 156.78 <0.0001 4.20 0.017
TARD 2 2.78 0.07 0.57 0.57 0.09 0.91 6.45 0.002 4.66 0.01
TARD ∗ species 4 1.33 0.26 4.34 0.0024 6.03 0.0002 5.72 0.0003 11.70 <0.0001
Root damage 3 52.28 <0.0001 20.57 <0.0001 7.00 0.0002 12.50 <0.0001 24.36 <0.0001
Species ∗ root damage 6 7.11 <0.0001 3.75 0.0017 1.72 0.12 1.89 0.09 3.17 0.006
TARD ∗ root damage 6 1.60 0.15 0.88 0.51 1.04 0.41 1.38 0.23 0.86 0.53
Species ∗ TARD ∗ root damage 12 0.65 0.80 0.68 0.76 1.01 0.44 1.87 0.04 1.29 0.23

�Tleaf-air (◦C) Greenness

Factor N F Ratio Prob > F N F ratio Prob > F

Species 2 11.16 <0.001 2 4.19 0.02
TARD 2 36.57 <0.001 3 10.78 <0.001
Species × TARD 4 3.97 <0.001 6 4.47 <0.001
Root damage 3 28.85 <0.001 3 19.73 <0.001
Species × root damage 6 0.51 0.80 6 3.36 0.004
TARD × root damage 6 1.51 0.18 9 3.59 <0.001
Species × TARD × root damage 12 0.19 0.99 18 0.54 0.94

day 14. ARI1 increased after 14 days in Ceratonia and Quercus
saplings with 75 percent root damage but did not change in Pinus
(Figure 8). An early ARI1 increase, however, was observed in all
treated Quercus saplings (25, 50 and 75 percent) after 4 days.
Three days later, this apparent difference between the treated
and control saplings disappeared (Figure 8). SIPI decreased in
Ceratonia saplings with 75 percent root damage already after
4 days and in all three species after 7 days (Figure 9). Only in
Ceratonia, there was a decrease in SIPI for saplings with 50
percent root damage (already after 7 days).

Discussion
We presented a first-of-its-kind experiment on aboveground
responses to belowground damage in forest trees, taking
advantage of the non-destructive optical and thermal methods.
Overall, the aboveground response to root damage (1) was
detected earlier in higher levels of root damage, and (2)
the response became more noticeable with time. The first
observation indicates an exposure-dependent response, which
supports the notion that measured responses were directly
linked to the root damage. The second observation suggests that
aboveground responses to belowground damage were gradual
and delayed. Repair and/or acclimation mechanisms, if any, were
either faster than our observation intervals (e.g. in the case of
Pinus, observing little responses), or, vice versa, insufficient in
the long term, since damage increased with time. The latter is
in agreement with previous studies showing a gradual decline
in aboveground functions following trenching (Fini et al., 2013),

root pruning (Schupp and Ferree, 1988, Benson et al., 2019), root
reduction (Vitaly et al., 2019) or mature tree transplantation (Dror
et al., 2020). We clarify that our findings cannot be reversed, i.e.
responses detected aboveground are not necessarily exclusive to
the belowground damage. Instead, they could reflect a myriad
of aboveground responses to diverse abiotic and biotic stressors.
For example, atmospheric drought, bark beetles and fire could
also lead to canopy responses similar to those observed here.
However, in cases where aboveground responses are detected,
and no stressor is identified, our approach can provide good
indications of involvement of belowground root damages.

Based on previous studies, we hypothesized that root damage
would induce a fast reduction (hours to a few days) in tree
water uptake (as in Dror et al., 2020), which will be expressed
in leaf warming (Lapidot et al., 2019) and desiccation. While we
confirmed the fast leaf warming responses (Figure 4), we did not
observe a fast response in leaf desiccation, as NDWI changed very
little (Figure 7). It is possible that the hardy leaf response is unique
to our Mediterranean, drought-exposed tree species. However, an
experiment in the dry season might have yielded larger responses
and perhaps even mortality. Other limitations of our setup relate
to the pots: they were too small to allow free root growth (see
Materials and methods), root distribution in the pots was not
entirely homogeneous (although quantified; see Materials and
methods) and hence the treatments did not accurately represent
the portions of root biomass removed. On the other hand, the
fact that roots reached the bottom of pots supported our cutting
approach as induction of root damage (Figure 1). This was true
across the three species, which also had a similar tap root:lateral

678

D
ow

nloaded from
 https://academ

ic.oup.com
/forestry/article/96/5/672/7017407 by W

eizm
ann Institute of Science user on 14 M

arch 2024



Aboveground detection of root damage in trees

Figure 3 Dynamics of leaf greenness following mechanical root damage (three levels: 25, 50 and 75 percent, and control, 0 percent) in three
Mediterranean forest tree species. Grey dots are the samples (n = 5 trees). Boxes indicate the first and third quartiles and the median of the five
samples. Red horizontal lines denote the median value of the control for each species and time-point. Different letters indicate a significant difference
among root damage levels per Tukey’s HSD test at P < 0.05.

roots biomass ratio, avoiding any bias among species. In addition,
our results pertain to saplings and not to mature trees, although
similar responses have been detected among saplings and trees
in a previous experiment with the same species (Lapidot et al.,
2019).

We next hypothesized that feedback on photosynthesis would
follow (several days), eventually leading to a reduction in leaf
greenness (days to weeks). Again, our hypothesis was only partly
confirmed: leaf chlorophyll photosynthesis index and, more so,
PRI showed significant reductions (Figures 5 and 6, respectively),
yet leaf greenness was stable (Figure 3; except for 75 percent root
damage after 30 days in two of the species). Last, we hypothe-
sized that responses would appear at ≥50 percent damage, but
not at 25 percent damage, owing to root redundancy. While this
was true for Pinus in four out of the seven metrics, Quercus and

Ceratonia showed root damage sensitivity even at 25 percent root
damage in PRI and the other metrics (Figure 10).

The fundamental physiological questions posed here concern
root system redundancy and the relative sensitivity of tree pro-
cesses and functions to root damage. Simultaneously, we asked
which non-destructive sensing metrics are the most sensitive to
detect root damage, to what extent of damage and how fast. The
two points of view are essentially two angles of the same object:
the most sensitive measurement is also the one that relates
to the plant function that is most affected by root damage.
Similarly, changes in detection with time are the dynamics of the
cascade of damage and recovery.

Among the seven sensing metrics, �T and PRI were the most
sensitive, with �T responses as early as 2 days following root
damage and PRI responses detectable even at 25 percent root
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Azar et al.

Figure 4 Dynamics of leaf-air temperature difference (�Tleaf-air) following mechanical root damage (three levels: 25, 50 and 75 percent, and control, 0
percent) in three Mediterranean forest tree species. Grey dots are the samples (n = 5 trees). Boxes indicate the first and third quartiles and the median
of the five samples. Red horizontal lines denote the median value of the control for each species and time-point. Different letters indicate a significant
difference among root damage levels per Tukey’s HSD test at P < 0.05.

damage after 14 days (Figure 10). This is in agreement with
previous studies showing the utility of PRI (Suárez et al., 2008;
Panigada et al., 2014; Helman and Mussery, 2020) and �T (Klapp
et al., 2021; Mulero et al., 2022) in plant water stress detec-
tion. Our results align with earlier reports of photoinhibition and
reduced transpiration following root damage (Fini et al., 2013;
Benson et al., 2019). At the other end, NDWI and greenness were

the least sensitive, with responses detectable only at 75 percent
and as late as 14 or 30 days following root damage. Overall, the
�T values measured here were similar to those measured with
seedlings of the same species, showing 1–5◦C, with extremes
at up to 8◦C (Lapidot et al., 2019). Yet, we did not observe that
�T increased from conifer needles to broadleaves and leaf size.
Instead, �T was similar across species and diverged only with
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Aboveground detection of root damage in trees

Figure 5 Dynamics of leaf Photochemical Reflectance Index (PRI) following mechanical root damage (three levels: 25, 50 and 75 percent, and control,
0 percent) in three Mediterranean forest tree species. Grey dots are the samples (n = 5 trees). Boxes indicate the first and third quartiles and the median
of the five samples. Red horizontal lines denote the median value of the control for each species and time-point. Different letters indicate a significant
difference among root damage levels per Tukey’s HSD test at P < 0.05.

damage. This means that it might be possible to detect trees with
root damage using thermal imaging across species.

Responses varied vastly among species, with Ceratonia being
the most sensitive and Pinus being the least (Figure 10). The
higher sensitivity of Ceratonia was expressed mainly in the

response of PRI and CIRed-edge to root damage, which was
detectable at 50 percent damage after just 4 days, and ARI1,
which showed a clear response at 25 percent, only after 4 days.
PRI and CIRed-edge responded even at 25 percent damage. Pinus
was remarkably resistant to root damage, with PRI responses
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Figure 6 Dynamics of leaf chlorophyll photosynthesis index (CIRed-edge) following mechanical root damage (three levels: 25, 50 and 75 percent, and
control, 0 percent) in three Mediterranean forest tree species. Grey dots are the samples (n = 5 trees). Boxes indicate the first and third quartiles and
the median of the five samples. Red horizontal lines denote the median value of the control for each species and time-point. Different letters indicate
a significant difference among root damage levels per Tukey’s HSD test at P < 0.05.

steadily shown only at 75 percent damage. Yet, even Pinus
showed a clear response at 25 percent in �T at 25 days following
damage. The responses of Quercus were typically higher than
the responses of Pinus (and smaller than those of Ceratonia)
and were usually delayed. An example of that was PRI of which
no response was detected until 14 days following the damage.
Here, Ceratonia had smaller root biomass than Quercus and Pinus

(see Materials and methods). Among the three species, rooting
depth in the field is greater in Ceratonia > Quercus > Pinus (Rog
et al., 2021). Our damage was applied from bottom to top,
so higher sensitivity may relate to the lower root biomass or
a potentially higher root fraction at depth. Another potential
advantage for Pinus over the broadleaf species is in its xylem
architecture: water is transported in Pinus through short tracheids
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Aboveground detection of root damage in trees

Figure 7 Dynamics of leaf Normalized Difference Water Index (NDWI) following mechanical root damage (three levels: 25, 50 and 75 percent, and
control, 0 percent) in three Mediterranean forest tree species. Grey dots are the samples (n = 5 trees). Boxes indicate the first and third quartiles and
the median of the five samples. Red horizontal lines denote the median value of the control for each species and time-point. Different letters indicate
a significant difference among root damage levels per Tukey’s HSD test at P < 0.05.

(David-Schwartz et al., 2016), whereas in Ceratonia and Quercus,
water is transported through long vessels (Cochard et al., 2010).
As a result, it is potentially easier for water to move both vertically
and horizontally in Pinus, while in the broadleaf species, a single
vessel might connect from root to leaf (a phenomenon termed
hydraulic segmentation or sectorial flow). Hence, it is possible
that water supply could be maintained despite root damage in

Pinus but less so in the other species. Other drought resistance
traits could also play a role, yet the three species co-habitat the
semi-arid fringes of the Mediterranean.

The aboveground response of �T to belowground damage
was straightforward compared with NDWI. �T is strongly related
to the transpiration and water use (Lapidot et al., 2019; Mulero
et al., 2022), whereby higher �T is associated with lower
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Figure 8 Dynamics of leaf Anthocyanin Reflectance Index 1 (ARI1) following mechanical root damage (three levels: 25, 50 and 75 percent, and control,
0 percent) in three Mediterranean forest tree species. Red horizontal lines denote the median value of the control for each species and time-point
(n = 5 trees). Different letters indicate a significant difference among damage levels per Tukey’s HSD test at P < 0.05.

transpiration rates. The lower transpiration of the damaged
saplings even under watered conditions indicates functional
stress; yet, it might also serve as an adaptive mechanism to
prevent excessive water loss and a following leaf desiccation
(Wuenscher and Kozlowski, 1971). This was likely the reason
for the less noticeable, late increase in NDWI, pointing to some
degree of leaf desiccation, mostly in Quercus and Ceratonia.

The combination of �T and NDWI could serve to detect short-
term water stress and, at the same time, long-term leaf
desiccation.

PRI, SIPI and CIRed-edge are indicative of photosynthetic activity
(Peñuelas et al., 2011; Peng and Gitelson, 2012). Yet, there are
specific differences between the response of these metrics to
abiotic and biotic stresses (Nestola et al., 2018). For example,
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Figure 9 Dynamics of leaf Structure Insensitive Pigment Index (SIPI) following mechanical root damage (three levels: 25, 50 and 75 percent, and
control, 0 percent) in three Mediterranean forest tree species. Red horizontal lines denote the median value of the control for each species and time-
point (n = 5 trees). Different letters indicate a significant difference among damage levels per Tukey’s HSD test at P < 0.05.

CIRed-edge has been shown to be a good proxy for chlorophyll
content in chestnut, wild vine, beech trees and crops such as
maize and wheat (Gitelson et al., 2003; Peng and Gitelson, 2011;
Walsh and Shafian, 2018). The ability of CIRed-edge to detect
changes in the chlorophyll content is based on its dependence
on the red-edge band, which is responsive to the chlorophyll
pigment. However, because changes in the chlorophyll content
in response to short-term stress may be slow (up to several
days), CIRed-edge will often not detect such changes immediately

(Nestola et al., 2018). CIRed-edge tracks mainly canopy biochemical
and structural attributes rather than directly photosynthesis
rate. In that sense, PRI is more directly linked to photosynthesis
through the xanthophyll cycle and can detect immediate
damage to the photosynthetic apparatus (Merlier et al., 2015).
This was likely the reason for the early response in PRI and the
late response in CIRed-edge observed in the treated saplings.

While PRI is specifically sensitive to xanthophyll changes, a
series of molecules framed within the carotenoids group, SIPI
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Figure 10 Visibility of aboveground responses as a function of belowground damage level in three Mediterranean forest tree species (rows) and across
seven parameters at three time-points each (columns).

is more reflective of changes in the ratio of the bulk carotenoid
to chlorophyll concentration. As such, SIPI is less sensitive to
reactions occurring in response to light stress compared with PRI.
This was manifested in our results through SIPI changes mostly
at the extreme root damage (75 percent) and much less at low
and moderate damage levels. ARI1, formulated primarily based
on the reflectance of anthocyanins, is sensitive to anthocyanin
accumulation in leaves via new growth and senescing leaves
(Gitelson et al., 2001; Oren-Shamir, 2009). In response to stress,
anthocyanin is usually accumulated to help with photoinhibi-
tion following disease, drought and damage in plants (Yu et al.,
2021). The early response of ARI1 in all treated Quercus saplings
suggests a fast anthocyanin accumulation in response to the
root damage (fourth day for 25, 50 and 75 percent, as shown in
Figure 8). Surprisingly, this was much less obvious in the Ceratonia
and Pinus saplings. Moreover, the early increase in ARI1 was
no longer apparent after 3 days (7 days after root damage)
even in Quercus, suggesting a fast, yet, inconsistent anthocyanin
response to root-damage stress.

The ability to track changes in the chlorophyll content in plants
by remote sensing is also highly dependent on leaf characteristics
such as leaf size, shape and age (Wilson and Cooper, 1969; Croft
and Chen, 2018). For example, pines have been shown to have a
much lower chlorophyll concentration than broadleaf trees, such
as oaks, due to the long needle shape of their leaves (Li et al.,
2018). This difference in chlorophyll content is often expressed
in spectral-based metrics, such as CIRed-edge, which showed lower
values in Pinus than in the broadleaves Quercus and Ceratonia
species (Figure 6). Thus, changes in CIRed-edge due to stress (e.g.
root damage, in our case) would be less detectable in Pinus than
in Quercus and Ceratonia, possibly due to higher signal-to-noise
ratio in the broadleaf species. By contrast, PRI, which is indicative
of assimilation efficiency, would be more responsive to stress
even in needleleaf species because of its higher sensitivity to
small changes. Finally, since PRI is also indicative of photosynthe-
sis (Garbulsky et al., 2011), this gives it an advantage over other
metrics, such as CIRed-edge and SIPI, in detecting aboveground
responses to belowground damage.

Conclusions
This study demonstrates that root damage events in the pedo-
sphere, which are not initially directly visible, can be visualized

through indirect physiological responses with remote sensing.
Tracking root damage from remote sensing platforms may con-
tribute to our understanding of the physiological response related
to root damage and also open avenues for mapping root damage
events in time and space. Future research should, therefore,
assess to what extent such remotely sensed metrics (e.g. vegeta-
tion indices) are sensitive to root damage in the presence of other
stress events (e.g. droughts). Moreover, further experiments are
necessary to test the sensitivity of optical remote sensing in real
forest stands. We conclude that (1) although roots are redundant,
mechanical damage will eventually decrease transpiration and
photosynthesis across tree species. (2) In accordance with these
physiological processes, leaf temperature and leaf PRI proved
to be the most sensitive indices. (3) Abnormal leaf warming or
reduced PRI might hence indicate root damage, e.g. following
windstorm, drought, chemical or biotic attack or mechanical
damage by the forest management activities.
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