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ARTICLE INFO ABSTRACT

Keywords: Drought reduces canopy cover, productivity and tree growth in forests. However, there is still little knowledge on

EVI ) how drought affects coupling between canopy greenness assessed by remote sensing and hydraulic conductivity

Fraxinus ornus detected by wood anatomy. This combination could improve the understanding of forest response to climate

Sé‘:}rlauhc diameter change. Thus, we investigated the impacts of a hot drought, which occurred in summer 2017, on radial growth,

NDWI earlywood hydraulic diameter (Dh), a proxy of conductivity, and several remote-sensing indices in mixed

Quercus pubescens Mediterranean hardwood forests (Quercus pubescens Willd. — Fraxinus ornus L.). In general, growth showed a
higher coherence among trees and a higher responsiveness to climate. Growth decreased during the drought
year, particularly for Q. pubescens, which showed high defoliation and dieback intensity. Both species showed a
decline of Dh in 2018 after the drought and subsequent warm winter conditions. We found positive relationships
between Dh and remote-sensing data for Q. pubescens in some of these vulnerable sites, where (i) growth was
constrained by dry spring-summer conditions and (ii) Dh and growth covaried. These findings indicate a high
variability among sites and tree species in their responses to drought considering earlywood anatomy, growth
canopy cover and water content. However, some common patterns emerge such as links between potential
hydraulic conductivity (Dh), tree cover and Dh-growth covariation in the most impacted sites. Further, F. ornus
seem to perform better in terms of growth under drought conditions, showing less mortality and dieback than
Q. pubescens. Future studies could explore how water transport and changes in canopy cover respond to dry and
warm conditions and if that covariation indicates vulnerability to drought.

1. Introduction

Worldwide climate extremes such as droughts and heat waves are
affecting forest ecosystems by reducing their productivity, cover and
modifying their composition and structure, often triggering dieback
episodes (Allen et al., 2015). Several tree-ring studies have evidenced a
drought-related reduction of radial growth and resilience associated
with a higher mortality risk (Gazol et al., 2018, DeSoto et al., 2020).
Furthermore, droughts can cause changes in the wood anatomy by
reducing the vessel lumen area and the hydraulic conductivity as has
been observed in several ring-porous oak species (Corcuera et al., 2004,
Colangelo et al., 2017). Thus, wood anatomical variables can record
environmental signals including climate extremes (Fonti et al., 2010).
Furthermore, wood anatomical variables such as the number and area

* Corresponding author.

(lumen) of vessels could be more meaningful and functional measures of
post-drought resilience than tree-ring width (Schwarz et al., 2020).
Using wood-anatomical variables such as lumen area or vessel density
can allow overcoming some critical issues encountered when using tree-
ring width to assess drought impacts such as different responses to
spring or summer droughts between co-occurring species due to
different xylem phenology or dynamics of use of stored carbon (Michelot
et al., 2012).

However, several studies have noted that forests responses to climate
events such as droughts depend on local factors such as site latitude,
elevation, aspect, soil type and forest composition (Lloret et al., 2007,
Rita et al., 2020). These studies have often assessed the impacts of
droughts at continental to local scales using satellite-derived vegetation
indices which are proxies of forest health, cover or greenness. Among
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these indices, one of the most widely used is the Normalized Different
Vegetation Index (NDVI) (Rouse et al., 1973), which is very sensitive to
photosynthetic activity and has been widely used to assess the health
and productivity of drought-prone oak forests (e.g., Coluzzi et al., 2020,
Khoury and Coomes, 2020; Vicente-Serrano et al., 2020). The NDVI was
subsequently improved by developing the Enhanced Vegetation Index
(EVID) (Huete et al., 1997), which reduces soil noise, atmospheric aero-
sols and the saturation of the reflectance signal at high levels of green
biomass (Matsushita et al., 2007). The EVI has been widely used for
investigating forest dieback allowing for an improved signal in thinned
areas (Dionisio et al., 2012, Huang and Xia, 2019). It has been observed
that forest growth and dieback are captured by the NDVI and EVI
variability, at least in seasonally dry Mediterranean forests (Ogaya et al.,
2015). To get information about water stress of vegetation the
Normalized Difference Water Index (NDWI) was developed and used to
estimate the water content of canopies and determining drought stress
(Gao, 1996, Cheng et al., 2006, Sturm et al., 2022).

In addition to spatial variability, allocation shifts in stressed trees
could lead to decoupled responses of canopy cover, growth and wood
anatomy to climate (Masek et al., 2023). Thus, the potential of remote
sensing information to assess drought impacts on forests is evident, but it
should be complemented by growth and wood anatomy data which may
be more responsive proxies of drought stress (Gazol et al., 2018). Some
studies have used tree ring and remote sensing series to better analyze
the response of forests to extreme climate events such as droughts or
frosts with variable results (Gazol et al., 2018, Moreno-Fernandez et al.,
2022, Tonelli et al., 2023, Vicente-Serrano et al., 2013, Wang et al.,
2021); but few studies have yet compared remote sensing with wood
anatomical variables such as earlywood vessel lumen area which pro-
vide sub-annual information (Fonti et al., 2010, Prendin et al., 2020).

This study aimed to analyze the responses of mixed hardwood forests
to a severe drought by using radial growth, earlywood anatomy and
remote-sensing indices (NDVI, EVI and NDWI). We assessed if these
variables covary as a function of climatic variations in two coexisting
porous-ring species (Quercus pubescens, Fraxinus ornus) vegetating in
four sites characterized by different environmental conditions). By
comparing the responses of these species, we sought to determine which
of the proxies used (anatomical variables, vegetation indices) best
highlight the impact of the drought event and thus which sites or species
were most affected by the drought.

We expect that: (i) cover (e.g., NDVI, EVI) and growth (tree-ring
width and area) variables would be positively related; and (ii) canopy
water content (e.g., NDWI) and wood-anatomical variables related to
hydraulic conductivity (e.g., earlywood hydraulic diameter) would be
also positively related.

Given that Q. pubescens adopts a water-spending (anisohydric)
strategy (Poyatos et al., 2008, Damesin and Rambal, 1995, Rosner,
2012), severe drought events could expose this species more to hy-
draulic collapse and dieback. Fraxinus ornus, on the other hand, seems to
have a relatively isohydric strategy and shows a good control of reserves
useful for rapid post-drought recovery (Tomasella et al., 2019). Indeed,
F. ornus under conditions of reduced soil water availability, manages to
allocate relatively more to leaf biomass and conductive phloem (Kio-
rapostolou and Petit, 2018) trying to counteract the impact of drought.
Therefore, we expect the oak species (Q. pubescens) to be more sensitive
and responsive to climatic stresses and changes in tree cover and
greenery, in terms of growth and wood anatomy, than the ash species
(F. ornus). Further, we expect to find the strongest associations between
climate, cover-greenness variables (e.g., NDVI), growth (ring area) and
wood anatomical variables in the most drought-stressed, least produc-
tive site. However, in colder sites we expect that the 2017 warm con-
ditions would improve growth. Lastly, we also expect that comparing
the response of Q. pubescens and F. ornus may provide useful insights
into future trajectories of the Mediterranean forest community under
climate change, with relevant management implications.
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2. Material and methods
2.1. Study area

The study sites are mixed Mediterranean hardwood forests located in
the Basilicata region, southern Italy (Fig. 1). Sites were selected because
they showed damage after the 2017 extreme summer drought event
(Fig. S1) with symptoms such as: leaf browning, premature leaf shed-
ding, canopy dieback and elevated tree mortality (Coluzzi et al., 2020).
Four sites with different productivity and environmental conditions
where Quercus pubescens and Fraxinus ornus coexisted were selected. The
sites presented different elevations, slopes and aspects (Table 1). They
are located on sandstone substrates and clay soils.

Data from local meteorological stations close to the experimental
sites were used to characterize the climatic conditions and variability
(Table 1 and Table S1). The study area is subjected to Mediterranean
climate conditions with warm and dry summers, cold winters and
rainfall peaks in spring (March) and autumn (November). The Palazzo
site (hereafter AP) located within the Accettura municipality territory is
characterized by an average annual rainfall of 734 mm and an average
annual temperature of 16 °C. The forest is a mixed oak-ash stand. The
Ortosiderio site (hereafter OS), located within the Savoia di Lucania
municipality territory, is also dominated by oak and ash with other
minor hardwood species (Crataegus orientalis M. Bieb., Quercus cerris L.
and Ostrya carpinifolia Scop). Here, the average annual rainfall is
889 mm and the average annual temperature is 13.0 °C. In this site, oak
dieback was very evident with the highest mortality rate (61%)
(Table 2). In the Pietrapertosa site (hereafter PI) O. carpinifolia,
C. orientalis and Pistacia terebinthus L. are also found. The average annual
rainfall is 671 mm and the average annual temperature is 12.7 °C. Lastly,
in the Castelmezzano site (hereinafter CA), oak and ash co-occur with
Acer monspessulanum L., Cornus mas L. and P. terebinthus and the climatic
conditions are similar to those of the PI site. All experimental sites are
generally even aged and high forests, with the exception of the AP site
were high forest and coppice coexist, with this latter is being converted
to high forest thanks to cessation of low coppice cuttings in the last
decades. Indeed all these sites have been little or non exploited in the
recent past because of difficulties to reach these locations.

2.2. Climate data and drought index

To calculate relationships between climate, growth, wood anatomy
and remote sensing indices, as data from neighboring weather stations
were too short and with heterogeneous time series (from 10 to 20 years),
we used homogeneous, gap-filled climate series from the 0.1°-gridded
EOBS climate dataset (v25.0e; Cornes et al., 2018). We obtained
monthly data from April to September of mean, maximum and minimum
temperatures and total precipitation for the 2001-2021 period.
Although they have coarse spatial resolutions which do not allow for a
detailed site-specific climate distinction, we selected this dataset
because it provides long and homogeneous regional climate records. In
addition, we also calculated the annual averages of temperature (MAT)
and precipitation (MAP) for each site, using data records from local
meteorological stations (Table 1 and Table S1).

Soil moisture was estimated for a 0-10 cm depth from the 0.1°-
gridded NASA Land Data Assimilation Systems (LDAS, https://ldas.gsfc.
nasa.gov/FLDAS/FLDASgoals.php). Lastly, we calculated the 0.1°-grid-
ded Standardized Precipitation Evapotranspiration Index (SPEI), which
is a multi-scalar drought index computed from monthly rainfall, tem-
perature and potential evapotranspiration showing cumulative water
surplus or deficit (Vicente-Serrano et al., 2010). We considered 12-
month long SPEI values from April to September.

2.3. Field sampling

At each of the four study sites, a series of structural surveys were
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Fig. 1. Sites studied (OS, CA, PI and CA) located in the Basilicata region, southern Italy. The images show the impacts of the 2017 summer drought on the studied

forests. See site codes in Table 1.

carried out in 2021. At each site, an area of 5000 m? (circular shape) was
identified that was representative of the entire forest stand in terms of
structure, composition and soil conditions. In each plot, all tree di-
ameters at breast height (1.30 m), heights, plant status (living/dead) and
the percentage of defoliation for each plant (crown transparency > 50%
or < 50%) were measured (Dobbertin, 2005, Camarero et al., 2016).
These measurements allowed to estimate for each stand tree density and
basal area. Two transects of 50 m each were also carried out within each
plot, along which it was possible to assess the projection of the crowns
on the ground and thus the degree of canopy cover of each species. The
assessment of the percentage cover was carried out not only to charac-
terize each stand, but also to observe the canopy cover in the field and
confirm the absence of clearings, rock formations or other types of cover
other than tree crowns, which could have influenced or altered the
remotely sensed vegetation indices.

2.4. Tree-ring width data

At each site, within each plot (5000 m2), 15 dominant trees of each of
the two representative species (oak, ash) were randomly sampled.
Dominant trees have been selected as they form forest cover predomi-
nantly detected by satellite images and also because they are less
affected on growth rings then submissive trees by competition for light,
nutrients and water. Then 30 trees per site were sampled, for each of
which two wood cores were taken at 1.3 m using a Pressler increment
borer. Cores were air-dried, and their surfaces were cut using a sledge
core microtome to clearly distinguish ring boundaries (Gartner and
Nievergelt, 2010). Tree rings were visually cross-dated under the
binocular microscope by assigning characteristic rings (Fritts, 1976).
Then, tree-ring widths were measured to the nearest 0.01 mm using the
LINTAB package (Rinntech, Heidelberg, Germany). The COFECHA
program (Holmes,1983) was used to evaluate the visual cross-dating of
the tree-ring series by calculating moving correlations between indi-
vidual series and the mean series of each species in each site.

2.5. Quantitative earlywood anatomy

We selected six trees per site and one radius per tree to perform
anatomical analyses of ash and oak earlywood (hereafter EW). Selected
trees were those showing the highest correlation between their indexed
ring-width series and the mean site series. Wood anatomy was analyzed
for the common 2001-2021 period.

Following Fonti et al. (2010) the surface of the cores was cleaned
with high-pressure water blasting to remove both tyloses and wood dust
from the vessel lumina. To improve the contrast, the vessel lumens were
filled with white chalk powder. High resolution images of the rings (see
Fig. S2) were captured at 20-40 magnification using a binocular and a
camera (Zeiss Axiocam 208 color). The EW vessels were considered
those with lumen diameters>50 pm and located in the first third section
of the ring along the radial direction (Camarero et al., 2021). The EW
lumen areas were measured in a tangential window of 2.5 mm using the
ImageJ software (Schneider et al., 2012).

We quantified the following wood-anatomical traits following Scholz
et al. (2013): ring area (mmz), EW and latewood (LW) areas (mmz),
absolute and relative (%) areas occupied by vessels in the EW, EW vessel
lumen area (pmz) and vessel density. We also calculated two additional
variables (Dh (um), hydraulic diameter; Kh (kg m!s! MPa_l), po-
tential hydraulic conductivity) by considering the Hagen-Poiseuille
lumen theoretical hydraulic conductivity for a vessel size (Tyree and
Zimmermann, 2002).

The hydraulic diameter (Dh) for all EW vessels measured in each ring
was the average of Y d°/>"d*, where d is the diameter of each EW vessel
assuming a circular shape (Sperry et al., 1994). Lastly, the Kh of the EW
was estimated as.

Kh=(pxmx 2d* /(128 x p x Ar) @

where p is the density of water at 20 °C (998.2 kg m > at 20 °C), d is the
vessel lumen diameter, y is the viscosity of water (1.002 x 10”2 MPa s at
20 °C) and Ar is the EW area imaged. We focused on EW vessels because
they account for most of the ring hydraulic conductivity, particularly in
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Table 1

Characteristics of the four study sites where Q. pubescens and F. ornus coexist and were sampled. MAT and MAP are the annual averages of temperature and precipitation for each site, obtained using data records from

local meteorological stations (Table S1).

Annual rainfall
2017 (mm)

Maximum temperaturehottest

month (July2017) (°C)

Average temperature

Average temperature

Slope Aspect  Substrate MAT MAP

(%)

Elevation (m
a.s.l.)

Latitude

Longitude

Site (code)

coldest month (January)

[§9)

hottest month (July) (°C)

(mm)

(]

548

39,6

16 734 26

Sandstone

15

790

40.516

16.148

Accettura Palazzo

(AP)
Orto Siderio (OS)

Pietrapertosa (PI)
Castellmezzano

628
548
548

35,5
35
35

23
22
22

889
671
671

Clay

N-NwW
N-NW
S-SE

35

600
625
665

40.573
40.533
40.534

15.546
16.058
16.054

12,7
12,7

Sandstone

Sandstone

50

(ca)

Forest Ecology and Management 548 (2023) 121406

the outermost ring in the case of ring-porous species (Ellmore and Ewers,
1985).

2.6. Remote sensing data

Analyses were performed using the Google Earth Engine platform
(Gorelick et al., 2017) (https://earthengine.google.com, accessed 15
January 2023), for the 2001-2021 period, using Landsat scene collec-
tions for Top of the Atmosphere (TOA) reflectivity. A preliminary con-
version from TOA scene reflectivity to surface reflectivity was
performed, followed by atmospheric corrections and a cloudiness
threshold of 40%. In addition, the data obtained from the different
sensors (TM, ETM + and OLI) of the Landsat satellites (L5, L7, L8 and L9)
were harmonised to obtain as much data as possible over the reference
period (i.e. about 2880 spectral indexs values analyzed). The analysis for
each study site was conducted on a representative forest stand area of
5000 m? i.e. the area involved in the field sampling. Using these data,
three indices (NDVI, EVI, NDWI) were obtained (see the formulas in
Table S2) with a spatial resolution of 30 m. The NDVI and EVI indices are
used to characterize the canopy cover and photosynthetic activity, while
the NDWI is used to examine the water content of the canopy. The
indices were calculated at annual resolution or considering the seasons
(prior winter, from December to February; spring, March to May; sum-
mer, June to August; autumn, September to November) or only the
growing season (April to September).

Furthermore, using the Landsat image collections, we obtained the
summer land surface temperature for each site (Ermida et al., 2020). To
achieve this, we considered the wavelength of the thermal infrared
bands (TIRS 1 and TIRS 2) with a spatial resolution of 100 m. In this way,
we assessed the thermal emissivity of the soil to evaluate the impact of
the 2017 drought on vegetation (Fig. S3).

2.7. Statistical analyses

Since the growth (ring area) and EW anatomy variables (Dh) used
did not show any significant trend (Kendall 7 tests, p > 0.05), we did not
detrend their series which were averaged for each site and species.
However, all annual or seasonal remote sensing indices showed signif-
icant positive trends (p < 0.05) due to the growth of tree cover and
greenness over time. We removed these trends by fitting linear regres-
sion to the indices series and then subtracting observed minus fitted
values so as to obtain residuals. To assess the changes in EW Dh between
consecutive years we calculated ratios between the Dh of the current
(year t) and previous (year/t) years in each site. Comparisons between
sites or species were assessed using non-parametric Mann-Whitney tests.

Finally, to assess relationships between variables such climate, the
SPEI drought index, Dh and remote-sensing indices we calculated
Pearson correlations considering seasonal climatic values (mean tem-
peratures and soil moisture; total precipitation) of the prior winter
(December to February) and the growing season (April to September).
Statistical analyses were done using the PAST software (Hammer et al.,
2001).

3. Results
3.1. The 2017 drought and stand structure

Both the local climate data and the satellite-derived summer land
surface temperature showed very dry and warm conditions in 2017,
followed by warm conditions in 2018 (Figs. S1 and S3).

The lowest growing-season NDVI (0.67) and NDWI (0.20) values
were found in site CA, whilst site AP showed the highest EVI (0.48) value
(Table 2). Overall, the mortality rate was higher (p = 0.03) in oak (24%),
particularly in site OS, than in ash (1%), but the basal area was also
higher in the case of oak (19.2 vs 3.9 mz/ha; p = 0.03).
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Table 2
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Structural and vegetation characteristics of the four stands analysed. Breast diameter values (dbh) are the mean + SD of each species. Remote sensing indices are
calculated for the growing season (April to September) and for the period 2001-2021.

Site  Sampled Stem density Ind ~ Dbh(cm) Basal area (m?>  Dead trees in each Crown defoliation Canopy cover ~ NDVI  EVI NDWI
species ha 1) ha™1) species(%) 51-100% (%) (%)
AP F. ornus 220 160 £3.8  4.87 0 0 25 073 048 0.25
Q. pubescens 580 19.0 + 6.6 18.06 0 45 72
0S  F. ornus 560 9.0 +3.2 3.96 0 7 60 074 045 0.29
Q. pubescens 720 18.0 £ 6.8 20.88 61 89 35
PI F. ornus 300 7.0 £0.7 0.82 0 0 40 0.74 045 0.26
Q. pubescens 1300 140 £5.1 23.39 11 45 62
CA  F ornus 1260 8.0 +2.4 5.97 3 10 66 0.67 045 0.20
Q. pubescens 640 16.0 + 6.5 14.56 19 84 45
3.2. Growth and EW anatomy responses to the 2017 drought 5 .
1(a) AP ]
The annual ring area was similar between Q. pubescens (2.4 mrnz) 4 @
and F. ornus (2.2 mm?) (Table 3). A similar result was found for the EW 3
(1.1 vs. 0.8 mm?) and LW areas (1.3 vs. 1.4 mm?2). Both the EW Dh and H
Kh were higher (p = 0.02) in Q. pubescens (286 ym, 12.210°Kgm ! s7? 24 '
MPa 1) than in F. ornus (146 ym, 1.9 10° Kg m~! s~! MPa™!). The 11 e Q pubescens '
highest Dh and Kh values were found for Q. pubescens in sites AP and OS, & F. ornus '
and the lowest Dh and Kh values for F. ornus from OS site (Table 3). o (b‘) os H 0
The mean Dh series of Q. pubescens and F. ornus were positively 4 :
correlated in three out of the four study sites (AP, r = 0.60, p = 0.004; P, 3] :
r = 0.65, p = 0.001; CA, r = 0.56, p = 0.008), whereas the ring-area :
series were not significantly correlated in any study site. nTE“ 24
In 2017, the ring area of both tree species dropped in OS and PI sites g 44
(Fig. 2). In OS, both species recovered ring area values in 2018. § !
Regarding the EW Dh, it decreases in 2018 in all sites, particularly in the 5° ( (‘:) Pl H 0
case of Q. pubescens (Fig. 3). The Dh reduction in 2018 was the strongest 2 44 :
in site PI and the weakest in site CA (Fig. S4). There were positive and x 5 :
significant relations between ring area and EW Dh in the case of !
Q. pubescens in sites AP, OS and CA and in the case of F. ornus in site OS 2 1
(Fig. 4). 1] |
Lastly, the within-site coherence (Pearson correlations) among in- |
dividual series of ring-area was higher than that among individual series 0 (d) CA ! 0
of EW Dh in the case of Q. pubescens (0.61 mm? vs. 0.27 um, p = 0.02) 4
and also in the case of F. ornus (0.45 mm? vs. 0.15 pm, p = 0.03)
(Table S3). The mean coherence of Dh series was high (0.41) only in site 4
PI and in the case of Q. pubescens, whereas in the case of ring area it 2
peaked in site AP and also for Q. pubescens (0.74). 1] :
|
3.3. Relationships between growth, wood anatomy and remote-sensing 07— 1 b — 0
2000 2005 2010 2015 2020

indices

We detected drops of the prior-winter and the growing-season NDVI
in 2017-2018 in site OS, but the growing-season NDWI increased in site
AP (Fig. 5). In site AP, the growing-season NDWI and the Q. pubescens
ring area were positively related (Fig. 5a). In site OS, the Q. pubescens
EW Dh was positively correlated with the prior-winter NDVI (Fig. 5b)
and the growing-season EVI (Fig. 5c).

Table 3

Year

Fig. 2. Ring area values measured for Q. pubescens and F. ornus in the four
study sites (AP, OS, PI and CA). The dashed vertical line shows the 2017
drought. Values are means =+ SE.

Mean growth and anatomical variables calculated for each species and study site. The dbh values are means + SD of the six trees sampled per site of each species. Values
of ring area, earlywood (EW) and latewood (LW) area, hydraulic diameter (Dh) and hydraulic conductivity (Ks) are also means + SD calculated for the common period

2001-2021.
Site Species Dbh Ring area (mmz) EW area (mm?) LW area (mm?) Dh Kh * 10
(cm) (pm) (Kg m TsTMPa ™)

AP F. ornus 17.0 + 3.3 2.54 +0.71 0.96 + 0.14 1.58 + 0.59 167.0 + 8.8 2.81 +0.41
Q. pubescens 19.0 + 4.2 2.30 £ 0.70 1.30 + 0.25 1.01 £ 0.52 307.5 £16.2 16.74 + 4.97

oS F. ornus 8.0 +23 1.61 + 0.40 0.63 +0.10 0.98 +0.32 128.9 + 5.9 1.15 £ 0.31
Q. pubescens 26.0 + 8.2 2.88 + 0.67 1.22 + 0.16 1.46 + 0.50 306.4 + 20.0 16.28 + 3.90

PI F. ornus 10.0 £ 1.6 2.72 £ 1.00 0.91 + 0.19 1.80 £ 0.83 138.7 +7.3 1.76 + 0.34
Q. pubescens 17.0 + 4.4 1.76 + 0.65 0.80 + 0.15 0.96 + 0.53 249.1 £17.0 5.92 + 1.88

CA F. ornus 11.0 £ 2.5 2.06 + 0.39 0.85 + 0.07 1.21 + 0.34 149.4 + 7.3 1.75 + 0.33
Q. pubescens 21.0 + 4.9 2.66 + 0.93 1.01 +0.17 1.65 + 0.77 281.1 £+ 14.0 9.78 + 2.68
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Fig. 3. Earlywood hydraulic diameters (Dh) for Q. pubescens and F. ornus in the
four study sites. The dashed vertical line shows the 2017 drought. Values
are means + SE.

3.4. Relationships between climate, growth, earlywood anatomy and
remote-sensing indices

Radial growth was enhanced by wet-cool conditions in spring and
summer in Q. pubescens from sites OS and CA and F. ornus from site PI
(Table 4). Warm prior autumn to winter conditions also improved
Q. pubescens growth. In sites OS and PI, a high spring-summer SPEI was
positively related to F. ornus growth. The EW Dh of both species was
enhanced by cool prior December conditions (Table 4). In sites CA, PI
and OS, the EW Dh of F. ornus increased in response to wet conditions
from February to May.

Few significant correlations, and only in some sites, were found
when relating climate variables, including the SPEI, and the remote-
sensing indices. In site OS, the NDVI and the EVI showed positive rela-
tionship with the April-September precipitation (r = 0.52, p = 0.02 and
r = 0.55, p = 0.009, respectively). Only in this site we found a positive
association between prior-winter precipitation and the NDVI (r = 0.42,
p = 0.04). In the same site, the May and June soil moisture were posi-
tively related to the NDWI (r = 0.46, p = 0.05) and NDVI (r = 0.52,
p = 0.02) series, respectively. Again in site OS, the June maximum
temperature negatively correlated with the NDVI (r = -0.54, p = 0.01)
and the NDWI (r = -0.66, p = 0.002). In site AP, the growing season
NDVI (r = -0.46, p = 0.05) and the EVI (r = -0.69, p = 0.001) were
negatively related to the 12-month SPEI, whereas in site PI the April
NVWI was negatively correlated with the SPEI (r = -0.50, p = 0.04).

4. Discussion

Overall, the associations observed between climate, growth,

Forest Ecology and Management 548 (2023) 121406

earlywood anatomy and remote-sensing indices were contingent on site
conditions and species’ characteristics. Similar results have been found
in a previous paper at larger scale in Mediterranean environment (Rita
etal., 2020). Indeed, the impact of summer drought greatly depended on
site conditions since elevation, exposure and vegetation type influence
this response. These diverse relationships indicate that the impact of the
2017 drought on forest growth and productivity was heterogeneous. For
instance, the growth drop due to the 2017 drought was evident in some
sites (e.g., site OS) but not in others (e.g., site AP). The fact that in AP
growth declined in 2018 could be likely related to a delated response to
the summer 2017 drought. Furthermore, in this site, wet winter-spring
conditions improved Q. pubescens growth, allowing trees to grow
abundantly before the summer drought arrives. This was also shown by
the positive relationship to the growing-season NDWI, that can be
explained by the high oak cover of this site, which was dominated by
Q. pubescens. This finding emphasizes the need of a reliable description
of stand structure and composition when analyzing mixed forests using
remote-sensing information.

Interestingly, the most impacted site OS also presented: (i) the
highest percentage of dead Q. pubescens trees, (ii) a strong covariation
between growth and earlywood hydraulic diameter (EW Dh) of both
species, and (iii) positive associations between the EW Dh of Q. pubescens
and remote-sensing indices (EVI, NDVI). Indeed, this site with relatively
high slope and clay soils was probably the most vulnerable to the
negative impacts of the 2017 summer hot drought. Nevertheless,
although more sensitive, site OS was not the least productive site, as
expected, according to remote-sensing data. This is most likely due to
the fact that the remotely sensed data returns an average value of the
entire mixed stand. Thus, the ash tree, which was already present with a
developed canopy in the dominated strip of the forest, as a result of the
death or desiccation of the oak tree canopies, still maintained the green
cover (as an underlying green layer) by exploiting the available light
gaps. This could be the reason why the remote sensing indices did not
perceive significant reductions in greenness compared to the other sites.

We found a reduction of the 2018 EW Dh in three out of the four
study sites (AP, OS and PI). In the most vulnerable site OS, this post-
drought reduction was also observed in the NDVI and EVI. Such carry-
over could have been caused by the warm conditions during the
2017-2018 winter leading to smaller earlywood vessels in 2018. In
previous studies on Mediterranean oaks, both a low coherence among
trees and a negative association between winter temperatures and EW
Dh were also found (Alla and Camarero, 2012). Such decrease in Dh led
to a reduced potential hydraulic conductivity in 2018 which was not
translated into reduced radial growth, therefore confirming a high re-
covery capacity of the study stands.

This recovery capacity has been observed in other drought-prone
Mediterranean stands (Gazol et al., 2018) and could be due to post-
drought thinning to alterations in stand structure and composition due
to the death or defoliation of the canopy of the most affected sites (e.g.
the OS site) (Coluzzi et al., 2020).

The results presented suggest a probable reorganisation and
improved response of F. ornus at sites such as OS and CA, where
Q. pubescens showed greater defoliation, but surviving oak trees also
showed a high resumption of growth after drought. At these more
affected sites, the increased dieback and death of Q. pubescens may have
reduced competition for water and soil nutrients in favour of surviving
conspecifics and F. ornus. Furthermore, the reduction in competitors
may not only favour the availability of resources for the individuals that
have tolerated the disturbance, but also allow for an increase in the
drought resistance of forest stands.

These responses depend not only on site characteristics (Rita et al.,
2020), but also on forest structure and stand composition (Lloret et al.,
2007). As expected, Q. pubescens was more responsive to climate and
changes in tree cover and greenness (higher growth-Dh covariation,
higher correlations with NDVI, EVI and NDWI than F. ornus, excepting
the high growth-SPEI correlations found in site PI). A similar growth-Dh
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covariation has also been observed in other ring-porous tree species
(Camarero et al., 2021), and it has been hypothesised that significant
deviations of the growth-anatomy covariation could indicate stress
conditions.

In less impacted sites such as AP, Q. pubescens could have formed
most of their ring before the 2017 drought onset or it may have relied
more on stored non-structural carbohydrates than F. ornus to grow
(Colangelo et al.,, 2017). The temporal mismatch between growth
phenology (xylogenesis) and drought timing influences growth legacies
and could explain these different responses (Camarero et al., 2015,
Camarero et al., 2018, Huang et al., 2018). Such carry-over effects and/
or the occurrence of compound climate events (in our case, drought
followed by a warm winter) would also explain the reduction in the
2018 vessel lumen area. In addition, different carbon allocation patterns
could explain differences between coexisting species. For example,

F. ornus allocates more carbon to leaf biomass and phloem to compen-
sate for the negative impacts of reduced soil water availability on sto-
matal conductance (Kiorapostolou and Petit, 2018). In addition,
embolism phenomena leading to tree desiccation and dieback should
also be investigated. Not only drought but also the increase in CO5
would seem to influence xylem embolism phenomena in different forest
species (Tognetti et al. 1999), e.g. significant effects of high CO2 con-
centrations on the loss of hydraulic conductivity were observed in
Q. pubescens, while the response was less pronounced in F. ornus.

4.1. Management implications

Adaptive forest management could be used for managing dieback
stands through targeted and flexible interventions on the stand struc-
ture, composition and regeneration (Gentilesca et al., 2017). By
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Fig. 5. Main relationships found between remote-sensing variables and ring area (a) or hydraulic diameter (Dh) (b and c). The dashed vertical line indicates the

2017 drought.

reducing competition and structural homogeneity and by promoting
biodiversity, forests could be less vulnerable to drought (Borghetti,
2012). Useful actions, at the early stages of dieback with widespread
defoliation, would be interventions on understory vegetation to increase
the available soil moisture. This attempts to retain water in the soil and
promote the degradation of organic matter and nutrient availability.
Selective thinning could be performed to increase resilience by reducing
intra- and inter-specific competition (Gentilesca et al., 2017), favouring
selected trees which better recover after drought. Thus, in our case,
action should be taken to reduce stand density but also to favour
Q. pubescens (with greater defoliation and mortality rates than F. ornus)
in order to maintain the composition of the mixed forest and to improve
forest resilience. Furthermore, for highly degraded sites, regeneration
should be encouraged, and the production of viable seed should be

enhanced. Therefore, regeneration cuts should be anticipated in order to
replace declining trees with young trees that are more resistant to stress
events and with higher viable seed production.

5. Conclusions

We analyzed the impacts of a hot summer drought on growth,
earlywood anatomy (hydraulic diameter) and remote-sensing indices
(NDVI, EVI and NDWI) in mixed hardwood forests. We found disparate
responses depending on site conditions and the considered species. At all
sites, the species analysed showed a reduction in ring area as a conse-
quence of the 2017 drought extreme event. This reduction in growth was
less evident at the AP site, which is located at a higher altitude and
therefore probably experienced the heat wave later than the other



Table 4

Pearson correlations between ring area or hydraulic diameter (Dh) and climate variables (period 2001-2021). Months abbreviated by lower- and upper-case letters correspond to the prior and current years, respectively.
Only significant (p < 0.05) coefficients are presented.

Site AP, Ring area

Site OS, Ring area

Maximum o n d A Maximum o n d J F M A M J J A S
temperature temperature

Q. pubescens 0.50 Q. pubescens 0.46

F. ornus F. ornus

Minimum Minimum
temperature temperature

Q. pubescens 0.46 Q. pubescens 0.66 0.62

F. ornus F. ornus

Precipitation Precipitation

Q. pubescens 0.49 0.47 Q. pubescens 0.55 0.46

F. ornus 0.58 F. ornus

Soil moisture Soil moisture

Q. pubescens Q. pubescens 0.50 0.49 0.55

F. ornus F. ornus

SPEI6 SPEI6

Q. pubescens Q. pubescens 0.47 0.57

F. ornus 0.57 F. ornus 0.52 0.51

Site AP, Dh Site OS, Dh

Maximum o n d A Maximum o n d J F M A M J J A S
temperature temperature

Q. pubescens —0.58 Q. pubescens -0.48

F. ornus 0.68 F. ornus —0.46

Minimum Minimum
temperature temperature

Q. pubescens —0.51 Q. pubescens

F. ornus —0.56 F. ornus

Precipitation Precipitation

Q. pubescens Q. pubescens

F. ornus F. ornus 0.47

Soil moisture Soil moisture

Q. pubescens Q. pubescens

F. ornus 0.52 F. ornus 0.48

SPEI6 SPEI6

Q. pubescens Q. pubescens

F. ornus F. ornus

Site CA, Ring area Site PI, Ring area

Maximum o n d A Maximum o n d J F M A M J J A S
temperature temperature

Q. pubescens 0.60 Q. pubescens 0.46 0.62

F. ornus F. ornus

Minimum Minimum
temperature temperature

Q. pubescens 0.50 Q. pubescens 0.49

F. ornus F. ornus 0.51 —0.55

Precipitation Precipitation

Q. pubescens Q. pubescens

F. ornus F. ornus

Soil moisture Soil moisture

Q. pubescens Q. pubescens

(continued on next page)
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stands. At this site, the trees probably took advantage of the non-
" structural carbohydrates for radial growth during the drought and
then suffered the disturbance in the following year, unlike all the other
sites.

< Furthermore, looking at the local climatic data (Table 1), we see that
the AP site, despite being located at a higher altitude, is the warmest site,
with higher average temperatures than the other sites and higher
maximum temperatures reached in 2017. It is probably also for this
reason that in 2017 the plants at the AP site did not show sharp drops in
performance (reduction in ring area) as at other sites, because the stand
may have already adapted over time to warmer thermal conditions.

= While a year after the drought a general decline in Dh was observed,
probably as a consequence of dry summer conditions followed by a
< warm winter more evident for Q. pubescens. Overall, the data obtained
seem to indicate a better condition of F. ornus than Q. pubescens even in
the most impacted sites. Indeed drought resistant ash species may pro-
gressively outcompete more mesic oak species in the mixed Mediterra-
nean forest under a drought-prone climate, with relevant effects for
forest management and ecosystem services at the landscape scale. The
- information obtained from our study will be useful in improving our
understanding of the relationships between growth, wood anatomy and
remote sensing and will allow us to supplement our knowledge of the
understudied F. ornus. Further research could consider investigating
how changes in stand composition or structural diversity influence tree
o growth, wood anatomy and forest productivity and how these changes
determine forest vulnerability to drought.
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