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As drought-induced tree defoliation and mortality (i.e. tree decline) in the Mediterranean is expected to worsen
with ongoing climate change, it is of paramount importance to understand how, why, and when tree decline
affects soil respiration (Rs). We carried out a novel study exploring the interacting effects of climatic variability
(i.e. season and year) and tree decline on soil water content (SWC), soil temperature (Ts.i), and Rg temporal
variability in a Mediterranean holm oak woodland. The study further explores the effects of tree decline on the
main controls of Ry at the stand scale (i.e. plant variables, SWC, T, and soil physicochemical variables). We
monitored Rs, Tsoil, and SWC under the canopy of 30 holm oak trees with different defoliation degrees (healthy,
affected, and dead) during two years of contrasting precipitation patterns. We estimated different plant structural
variables (e.g. height, canopy diameter) on those selected trees under whose canopies we also collected soil
samples to analyze different soil physicochemical variables. Our study provides, up to our knowledge, the first
observational (i.e. in situ) evidence that tree decline might decrease the positive response of Rg to increased
precipitation and drying-rewetting cycles. It also suggests that tree decline can significantly increase SWC and
decrease Rg but largely depending on the declining stage, the year, and the season. Finally, tree decline affected
the relative importance of the different drivers of R, with both SWC and T, gaining importance as trees
defoliate and die. Altogether, our results point towards a negative impact of drought-induced tree decline on soil
carbon (C) content and cycling, particularly under forecasted climate change scenarios with dryer and more
intense precipitation regimes.

1. Introduction

Climate models in Mediterranean ecosystems forecast increases in
temperature and more intensive and extensive droughts, with more
frequent and intense extreme temperature and precipitation events
(IPCC, 2021). These changes will affect the structure, composition, and
functioning of forests in still unknown ways, with important implica-
tions for the C balance (Liu et al., 2016; Reichstein et al., 2013; Wang
et al., 2012). Forecasted changes in the frequency, intensity, and dis-
tribution of rainfall events (IPCC, 2021) will likely increase the
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importance of rainfall pulses on the C cycle of Mediterranean environ-
ments (Liu et al., 2016; Rey et al., 2021, 2017; Rousk and C. Brangari,
2022; Wang et al., 2016), largely influenced by the intra-annual varia-
tion in soil water content (Gallardo et al., 2009). Also, the increasingly
dry and hot climatic conditions will exacerbate the drought-induced tree
defoliation and mortality (hereinafter “forest die-off”) observed over the
past two decades (Carnicer et al., 2011; Lloret et al., 2004).
Drought-induced forest die-off impacts forest ecosystems by
reducing tree productivity, reducing the input of litter and root exu-
dates, and modifying soil microclimatic conditions, and in turn, soil
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microbial communities (Schlesinger et al., 2016). Accordingly, Rodri-
guez et al. (2017, 2020) found evidence of a cascade effect of ongoing
drought-induced forest die-off in a Mediterranean holm oak (Quercus
ilex) woodland ultimately decreasing the content and lability of soil C.
Although efforts to understand the effects of forest die-off on important
soil processes related to C cycling have increased lately (Avila et al.,
2019, 2016; Curiel Yuste et al., 2019; Garcia-Angulo et al., 2020), results
are still scarce and contradictory. For instance, some studies have re-
ported decreases in Ry as a result of reduced root activity (Avila et al.,
2016), whereas others have found no changes (Barba et al., 2016) or
even increased rates (Barba et al., 2013; Curiel Yuste et al., 2019;
Edburg et al., 2012) following increases in soil moisture, litter inputs,
and secondary successional processes. Thus, the impacts of forest die-off
on Ry are complex and largely depend on the balance of its effects on
roots (autotrophic) and microbial (heterotrophic) components (Avila
et al., 2016). Moreover, recent studies suggest that forest die-off can
largely modulate the response of microbial respiration to climate change
and that forest die-off effects on different soil biogeochemical conditions
and processes are seasonal due to changes in biotic activity (Avila et al.,
2019, 2016; Rodriguez et al., 2019). Still, the interacting effects of tree
decline and climatic variability (i.e. season and year) on Rg have been
scarcely explored, specifically in the field and considering Mediterra-
nean forests and drought as the main driver of tree decline (Barba et al.,
2016).

Soil respiration is the largest source of CO from terrestrial ecosys-
tems and, therefore, a central piece of the global C balance (Schlesinger
and Andrews, 2000). However, it is also a very complex process
controlled by several physiological, phenological, and environmental
processes that vary both in time and space (Rey et al., 2021, 2011; Tang
and Baldocchi, 2005). At the global scale, its temporal and spatial
variability is mainly controlled by air temperature and precipitation,
whereas at micro and stand scales, other factors related to plant com-
munity and soil organic matter become more important (Barba et al.,
2013; Raich and Schlesinger, 1992). Moreover, whereas autotrophic
respiration (Rp) is mainly controlled by tree physiology and productivity
(Hogberg et al., 2001; Matteucci et al., 2015), heterotrophic respiration
(Rp) is largely controlled by soil water content and temperature and
biogeochemical factors (e.g. organic matter content and quality, mi-
crobial community structure) (Curiel Yuste et al., 2007; Tang and Bal-
docchi, 2005; Zhao et al., 2016). This complexity is at least partially
responsible for the large uncertainties associated with predictions of
global rates of Ry and R responses to climate change (Warner et al.,
2019). Thus, there is an urgent need to continue to study this critical
ecosystem process under different scenarios and at different temporal
and spatial scales.

Our main aim is to help advance the mechanistic understanding of
the effects of tree decline on the Rs of Mediterranean forests and its
relationship with SWC, T, and other potential controls. To do so, we
specifically explored i) the interacting effects of season and year and
different stages of tree decline (i.e. healthy, affected, and dead) on SWC,
Tsoil, and Rg in a Quercus ilex Mediterranean woodland and ii) the effects
of tree decline on the main controls of Ry at the stand scale (i.e. plant
variables and soil microclimatic and physicochemical variables). We
hypothesized that i) tree decline modifies soil microclimatic conditions,
particularly SWC, and, in turn, R rates and that ii) these effects would
vary among seasons and years due to contrasting biotic activity and
precipitation conditions (i.e. amount and distribution), respectively.
Moreover, assuming changes in the relative contribution of Ry and Ry
associated with the tree decline (Curiel Yuste et al., 2019), we hypoth-
esized that iii) the relative importance of SWC and T and physico-
chemical variables controlling Ry would increase against that of plant
variables from considering the whole decline gradient (i.e. grouping
healthy, affected and dead trees) to considering each stage separately in
increasing decline.
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2. Material and methods
2.1. Study site

The study was carried out in a holm oak woodland located in the
central part of the Iberian Peninsula, southwest of Madrid (40°23'N,
4°11'W; 630-660 m above sea level). The climate is continental Medi-
terranean with a mean annual temperature of 15 °C (Winter: 8 °C;
Spring: 16 °C; Summer: 23 °C; Autumn: 11 °C) and mean annual pre-
cipitation of 558 mm (Winter: 160 mm; Spring: 131 mm; Summer: 57
mm; Autumn: 214 mm) (Ninyerola et al., 2005). Most rainfall concen-
trates from autumn to spring, while summers are warm and dry. Soil is a
Cambisol, sandy and slightly acid (pH~6.3), with low total C (~1.9%)
and nitrogen (N; ~0.15%) content (Rodriguez et al., 2017; Table S1).
Aboveground vegetation is characterized by a tree density of ~180 trees
ha~!, mostly composed of Quercus ilex L. ssp. ballota [Desf.] Samp (holm
oak) with scarce Juniperus oxycedrus Sibth. & Sm (cedar). The understory
is dominated by Retama sphaerocarpa L., Lavandula stoechas ssp. pedun-
culata (Mill.) Samp. ex Rozeira, and diverse pasture species (Rodriguez
et al., 2017). In 2005, this region suffered a strong event of holm oak
defoliation (around 20-30% of the total population) and mortality
(15%) due to a severe drought. Since then, the holm oaks of this
woodland have shown different decline stages (healthy, affected, and
dead) with contrasting soil physicochemical conditions underneath such
as inorganic N concentrations and labile C (Rodriguez et al., 2020, 2017;
Table S1).

2.2. Experimental design

In spring 2013, we selected 30 holm oak adult trees of similar size
(38 cm and 4 m of diameter at breast height and height on average,
respectively, Table S1) but with different levels of canopy decline (10
healthy, 10 affected, and 10 dead), and consequently with significantly
different canopy diameter (Table S1; Rodriguez et al., 2017), separated
at least 10 m from other trees. The canopy decline status of the different
trees was visually determined — healthy (< 10% defoliated); affected (>
50% defoliated); dead (100% defoliated).

For each tree, we established a sampling point below the influence of
the tree canopy, 0.3 m away from the trunk (Rodriguez et al., 2017). All
sampling points were established at the north face of the trunk to avoid
confounding factors due to orientation. Polyvinylchloride soil collars
(15 cm in diameter and 7 cm in height) were inserted 3.5 cm into the soil
at each sampling point one week before we took the first Ry measure-
ments, where they remained for two consecutive annual periods: from
June 2013 to May 2014 (year 1) and from June 2014 to May 2015 (year
2).

Both annual periods were extremely warm according to the reference
period (1971-2000 and 1981-2010 until and from January 2015,
respectively; AEMET), with similar mean annual air temperatures (15.9
°C and 15.8 °C, respectively) but lower precipitation values in year 1
(288.8 mm) than in year 2 (343.3 mm), particularly in late summer and
fall (Fig. 1).

2.3. Soil microclimate and soil respiration measurements

We monitored R, along with Ty and SWC, in all sampling points
from June 2013 to May 2015 at a frequency of approximately twice a
month during spring and fall and once a month during summer and
winter (30 campaigns in total; Fig. 1). To avoid strong diurnal fluctua-
tions, measurements were done during the midday period (between
10:00 and 14:00 h). Moreover, special care was taken to fully randomize
the sampling sequence across tree decline stages in each measurement
campaign. Small plants, excessive litter, insects, and grasses were
carefully removed from each collar before each R; measurement. A
portable infrared gas analyzer (IRGA) connected to a soil respiration
chamber (EGM-4 and SRC-1; PP Systems, USA) was used to measure Ry
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Fig. 1. Temporal dynamics of soil temperature (Tsoj), soil volumetric water content (SWC), and soil respiration (R;) measured under the canopy of each tree decline
stage (healthy, affected and dead), as well as the precipitation and air temperature (T,;,) spanning the study period (June 2013 — May 2015). Dots and error bars

represent the mean + 1 SE (n = 10). SP = Spring; SU = Summer; AU = Autumn; WI = Winter.

rates (g COy m?2h 1) in situ. Linear increase of CO, concentration
within the chamber was measured for 90 s with measurements every 4 s
ensuring reliable estimations. We further added to the chamber volume
of the commercial chamber (1171 cm3) the extra volume generated
from the collars and expressed Rg both by pmol CO; m™ 257 1(1 mol CO,
= 44.009 g) and on a C basis (ymol CO, kg C ~ ! s~ 1) using the soil bulk
density in each sampling point. At the time of each Rg measurement, two
measurements of Ty and SWC were also carried out on confronted sides
of the collar and close to it at 4 cm depth (the most active) inserting
vertically a soil digital thermometer (Maxtech, Lokhnath Enterprise,
India) and a time-domain reflectometer (Fieldscout TDR 300, Spectrum
Technologies, Inc., Plainfield, IL, USA), respectively. The two mea-
surements of Tso and SWC were averaged to obtain just one value per
sampling point and time.

We estimated seasonal (spring, summer, fall, and winter of year 1 and

year 2), annual (year 1 and year 2), and two-year (the whole study
period) average values of Rg, Tsj, and SWC for each sampling point
considering all the temporal measures carried out within each respective
period. Whereas our experimental design hardly provides accurate
daily, seasonal, or annual R, estimations, it is perfectly valid in terms of
comparison among the different decline stages and correlations with the
different predictor variables.

2.4. Plant and soil physicochemical variables

At the end of May 2013, we measured tree height, diameter at breast
height (DBH), and the canopy diameter of the 30 studied trees by using a
clinometer, a DBH tape, and averaging two perpendicular measure-
ments of canopy diameter, respectively. We also estimated a distance-
dependent competition index between trees for each one of the
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studied trees (Hegyi, 1974), considering all the competing holm oaks
and cedars within a 5.5 m radius, the DBH of the subject tree and that of
its competitors as well as the distance between the subject tree and its
competitors (Table S1; Rodriguez et al., 2017). On the same date, we
also measured soil compaction in all sampling points by using a soil
compaction meter (FieldScout SC 900, USA).

We carried out two different soil samplings in May 2013 (start of the
study) and March 2015 (end of the study) to estimate various physico-
chemical variables (i.e. total C and N, pH, labile C, bulk density) for each
decline stage (healthy, affected, and dead). Soil samples were collected
close to the soil collars and from the first 10 cm of the soil profile by
using a 5 cm (inside diameter) metal corer and then kept at 4 °C until
analysis. Before analysis, soil samples were sieved (2 mm mesh size),
homogenized in field-moist conditions, and analyzed for gravimetric
moisture by oven-drying a subsample at 60 °C to constant mass. Soil
total C and N content, and soil pH, were analyzed in soil samples
collected in May 2013 by dry combustion with an elemental analyzer
(LECO TruSpec CN, St. Joseph, MI, USA) and using a soil-to-water ratio
of 1:2.5 (m/v), respectively. The possible occurrence of inorganic C was
checked by a Dietrich-Fruhling volumetric calcimeter. Given its absence,
total C was considered equal to soil organic C. Labile C was determined
in the 2015 samples by using the High Gradient Magnetic Separation
(HGMS) method as described in Rodriguez et al. (2020). Briefly, 10 gs of
each sample underwent HGMS by a Frantz Isodynamic Separator (Model
-1, SG Frantz Co, Inc., Trenton, New Jersey, USA) that separated each
soil sample in two fractions with different turnover times, a
non-magnetic and a magnetic fraction (Chiti et al., 2019). The magnetic
fraction (MA) has larger contributions from relatively recent C forms
than the non-magnetic fraction and thus, is supposed to be more labile.
We analyzed total C in the MA fraction (Cya) by dry combustion (see
above) and considered it as labile C. Soil bulk density was also estimated
in the soil samples collected in 2015 (Table S1).

2.5. Statistical analyses

Linear models were performed to relate seasonal air temperature and
precipitation values with our estimated T, and SWC seasonal values,
respectively, as indicative of the suitability of our seasonal
measurements.

We used generalized least squares (GLS) models to test the effects of
year, season, and tree decline status, as well as their interactions, on
SWC, Ty, and Rs. Pairwise statistical differences among the means of
the factor levels were tested using simultaneous tests for general linear
hypotheses (multiple comparisons of means: Tukey contrasts). For all
the GLS models, the tree was used as a random factor to account for
temporal dependencies and, when necessary, no-normality and hetero-
scedasticity of the residuals were corrected by log-transforming the
dependent variable and/or using the argument weights, respectively.

We explored the relationship between Ry and Toj for the whole
sampling period and each decline stage separately using averaged values
for each temperature degree. We identified two different periods visu-
ally determined by a temperature threshold from which the relationship
of Rg with Ty changes (Period I — below the temperature threshold,
most of the year except summer; and Period II —from the threshold,
summer) (Figure S1). For Period I, soil respiration was considered
dependent on soil temperature according to an exponential relationship:

Ry = Riygsar % " €]
where R; is the soil respiration (umol CO; m™ 25D, Tis soil temper-
ature ( °C) measured at a depth of 4 cm, and Ry (the basal respiration

rate) and b are fitted parameters. The Q; (the increase in R for a 10 °C
increase in temperature) was calculated as follows:

Q19 = €' 2

For Period II, R was better explained by soil water content through a
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logarithmic function:

R, =a+bxIn(SWC) 3)

where SWC (%) is soil volumetric water content measured at the depth
of 4 cm, and a and b are fitted parameters.

We then used a multimodel inference approach based on information
theory and ordinary least-squares (OLS) regressions to evaluate the
relative importance of plant (canopy diameter) and soil microclimatic
(two-year average values of Tg,; and SWC) and physicochemical (Cya,
total N, bulk density) variables on the two-year average values of R for
all decline stages together and separately (Burnham and Anderson,
2010). These variables were selected based on their ecological impor-
tance to the ecosystem functioning (Guerra et al., 2022), their rela-
tionship with Rs, and their independence from each other (Figure S2,
supplementary material). Canopy diameter was shown to be signifi-
cantly affected by tree defoliation degree (Table S1; Rodriguez et al.,
2017) and thus considered as a surrogate of tree decline status (Rfdj =
0.30, P < 0.01).

We used R 3.6.1 (R Core Team, 2017) for GLS models (nlme; Pin-
heiro et al., 2020), multiple comparisons between the means of the
factor levels (multicomp; Bretz et al., 2011) and spearman correlations
between our different variables (corrplot; Taiyun and Simko, 2017).
Also, we used SigmaPlot 14.0 (Systat Software, San Jose, CA) to study
the relationship of Ry with T and SWC, and SAM 4.0 (Rangel et al.,
2010) for the multimodel inference approach.

3. Results

Similar to air temperature and precipitation, T, and SWC showed
large and opposed (p = —0.70, P < 0.001) seasonal dynamics typical of
the Mediterranean climate (Fig. 1; Table S2). Despite the limited and
irregular number of Ty, and SWC measurements per season and year,
our estimated seasonal values for these two soil microclimatic variables
were largely explained by seasonal air temperature (75%) and precipi-
tation (87%), respectively (P < 0.001) (Table S2).

3.1. Interacting effects of year, season, and tree decline on soil
microclimate and rs

Both years showed similar annual means (18 °C and 17.7 °C,
respectively) and seasonal dynamics (Fig. 1; Table 1 and S2) of Tgejj. On
the contrary, annual means of SWC were significantly lower (43%) in
year 1 than in year 2 (Table 1), and whereas the minimum SWC values of
both years occurred in mid-summer (~ 0.1%), maximum values were
found in winter for year 1 (15%) and in autumn for year 2 (22%; Fig. 1,
Table S2). Similarly, Rs was significantly lower in year 1 than in year 2
(2.37 vs. 2.72 pmol COy; m~ 2571 respectively; Table 1) and showed a
significant interaction between year and season tightly linked to the
different seasonal dynamics (intra-annual variability) of SWC for both
years (Table S2). Thus, while in year 1, R picked in spring and showed
the lowest values in fall, in year 2, R peaked in fall and showed the
lowest values in winter (Fig. 1, Table S2). Consequently, seasonal means
of R were 68% lower in fall 1 than in fall 2, but 70% higher in winter 1
than in winter 2 (Table S2). The above-described differences in SWC
between years and among seasons were independent of the defoliation
degree. However, in the case of Rs we found a significant interaction
between decline status and year with annual means significantly higher
(22%) in year 2 than in year 1 under healthy but not under affected (5%)
and dead (16%) trees (Table 1).

Considering the whole studied period, T ranged between 5-34 °C,
4-37 °C, and 5-41 °C under healthy, affected, and dead trees, respec-
tively, with similar average values (~18 °C) under all decline stages.
Thus, although the maximum T, values increased with defoliation
degree, we found neither a significant overall effect of tree decline nor a
significant interaction between decline status and year on T (Table 1).
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Table 1

Annual means of soil water content (SWC), soil temperature (Ts;), and soil
respiration (Ry) for the two studied years, from June 2013 to May 2014 (year 1)
and from June 2014 to May 2015 (year 2) (n = 10 in all cases). Values represent
the mean + 1SE. Bold P values represent statistically significant effects of tree
decline (De) and year (Y), as well as significant interactions of both factors found
through the chi-squared test (). Values with different letters within each year
represent significant differences among decline stages (healthy, affected, and
dead) and underlined values denote a significant year effect for the respective
decline stage (P < 0.05).
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Table 2

Seasonal means of soil water content (SWC), soil temperature (Ts;), and soil
respiration (R;) for the two studied years and all tree decline stages separately (n
= 10 in all cases). Values represent the mean + 1SE. Bold P values represent
statistically significant effects of the season (S), as well as significant tree decline
x season (De x S) interactions found through the chi-squared test (Xz). Values
with different capital letters within each year and season represent significant
differences among tree decline stages. Values with different lowercase letters
within each year and tree decline stage represent significant differences among
seasons (P < 0.05).

Variable Year  Decline stage GLS models Decline stage GLS models
Healthy Affected Dead Ve P Healthy Affected Dead Ve P
SWC (%)  year 29+ 4.3+ 4.8 + De 148  <0.001 SWC (%)
1 0.2b 0.4ab 0.4a year 1
year 5.5+ 6.8 + 7.4 + Y 3628  <0.001 Summer 0.8+ 0.1c 08+0.1c 09+01lc De 0.54 0.763
2 0.3b 0.5ab 0.4a Fall 22+ 3.7 + 4.3 + S 505.3 <
De 058  0.749 0.2Bb 0.5Ab 0.6Ab 0.001
xY Winter 6.7 7.5+ 8.8+ Dex 421 <
Teon (°C)  year  18.0 + 18.3 + 176+ De 127 0529 0.5Ba 0.7ABa 0.5Aa S 0.001
1 0.2 0.5 0.3 Spring 2.9+ 45+ 47 +
year 176 + 18.0 + 176+ Y 352 0.060 0.3Bb 0.3Ab 0.3Ab
2 0.2 0.4 0.3 Yyear 2
De 2.41 0.300 Summer 0.9 +0.1c 0.9 £ 0.1c 0.9 £0.1c De 14.4 <
xY 0.001
Rs (pmol  year  2.66 + 2.09 + 235+ De 248  0.289 Fall 8.2+ 9.7 + 111 + S 22955 <
CO, 1 0.25 0.08 0.22 0.4Ba 0.6ABa 0.7Aa 0.001
m? year  3.24 + 219 + 272+ Y 19.1 <0.001 Winter ~ 9.4+1.0a 113+ 12.9 + Dex 6.36 0.384
sh 2 0.34a 0.09b 0.25ab 1.2a 1.0a S
De 140  <0.001 Spring 3.7+ 53+ 5.0 +
XY 0.4Bb 0.4Ab 0.3Ab
R, year  1.04 + 0.91 + 090+ De 262  0.270 Tsoil (°C)
(pmol 1 0.10 0.09 0.11 year 1
CO, Yyear 1.26 £ 0.94 + 1.07 £ Y 42.5 <0.001 Summer  29.9 + 30.2 + 30.7 + De 7.72 < 0.05
kgCct 2 0.13 0.08 .12 0.5a 1.3a 1.0a
s De 175  <0.001 Fall 17.0 + 17.0 + 16.1 + S 1351.0 <
xY 0.2¢ 0.4c 0.2¢c 0.001
Winter 13.6 + 13.8 + 13.1 + Dex 8.08 0.232
0.3d 0.6d 0.4d S
However, we did find a significant interaction between decline status Spring 18.9 £ 19.8 + 19.3 &
and season on Ty of year 2, with significantly higher values under 5 0.3b 0.6b 0.5b
. X year
heal'thy than un'der. (.1ead trees in fall (Tab}e' 2). In the case o_f S\'N'C, tree Summer  28.0 4+ 297 4+ 29.5 4 De 3.1 0.201
decline had a significant overall and positive effect, with significantly 0.4a 0.8a 0.6a
higher SWC values under dead (6.1% on average) than under healthy Fall 15.9 + 15.6 + 15.3 + S 9630.6 <
(4.3%) trees, and intermediate values under affected (5.6%; Table 1) ) 0.1Ab 0.3ABc 0.2Bc 0.001
trees. These differences were independent of the year but not of the Winter 7.5+ 02¢c  7.34£0.3d  6740.4d SDE x 297 ; 001
seasonality, as neither winter 2 nor any of the summers showed those Spring 16.8 + 175 + 171 + '
differences among decline stages (Table 2). Finally, considering the 0.1b 0.5b 0.3b
whole studied period, Rs ranged between 0.39-9.22, 0.07-6.02, and R, (umol CO; m2571)
0-7.51 pmol COy m™~ 2 s~ ! under healthy, affected, and dead trees, with year 1
lues of 2.96, 2.14, and 2.54 pmol CO, m~ 25~ ! respectivel Summer - 2.80 = 133 + 202 £ De 169 0-429
average values ol 2.50, 2.14, and 2.o% 2 P Y 0.52Aab  0.10Bc 0.38ABb
Although we did not find a significant overall effect of tree decline on Ry, Fall 212 + 1.82 + 211 + S 68.6 <
we did find a significant interaction between decline status and year, 0.24b 0.10bc 0.21b 0.001
with values 48% and 19% higher under healthy than under affected and Winter  2.95+ 217 + 212+ Dex 259 <
dead trees, respectively, in year 2 (P < 0.001; Table 1). These differences Spring g.gi}\ia g;ﬁfh g;zBiE ; o0t
were observed in all seasons, except in spring (Table 2). Moreover, in 0.34a 0.13a 0.28a
year 1 we found a significant interaction between decline status and year 2
season, with Rg values in summer and winter up to 111% higher under Summer  2.38 &+ 118+ 2.06 & De 16.0 <
healthy than under declining trees (Table 2). When expressing R; on a C 0.51Ab 0.098b 0.28ABb 0.001
basis (i it of soil organic C), we also obtained a significant Fall 3.95 + 279 + 3.46 + S 180.6 <
basis (i.e. per unit of soil organic C), we also obtained a sig al 0.33Aa 0.14Ba 0.30ABa 0.001
interaction between decline status and year with a trend to lower values Winter 177 + 115+ 1.98 + Dex 13.8 <0.05
under affected (14% and 33% for years 1 and 2, respectively) and dead 0.18Abc 0.08Bb 0.15Bc S
(15% and 17% for year 1 and 2, respectively) than under healthy trees Spring 3.370.3%9 244+ 2.76 £
0.12a 0.29ab

but without significant differences among decline stages (Table 1).

3.2. Tree decline modulates the relationship between R, and soil
microclimatic variables

Based on the above-discussed differences found among tree decline
stages, Ry was modeled as a function of Tsy; and SWC for each decline
stage separately. Moreover, as explained in the Methods section, we

identified two different periods determined by a Ty threshold (17 °C
for healthy and dead and 18 °C for affected trees), below (Period I) and
above (Period II) which Rg was considered dependent on T, and SWC,
respectively (Fig. S1, Supplementary material). Those temperature
thresholds corresponded to SWC values of 4%, 5%, and 7% for healthy,
affected, and dead trees, respectively. Period I mostly corresponded to
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fall, winter, and spring microclimatic conditions, whereas Period II
mostly corresponded to summer conditions.

During Period I, Ry related to Tyj through an exponential relation-
ship that explained the 72%, 91%, and 75% of the variance for healthy,
affected, and dead trees, respectively, and with values of estimated basal
respiration of 1.053 (SE 0.221), 0.662 (SE 0.089) and 0.832 (SE 0.177)
pmol COoam™ 2571 and Q¢ values of 2.16, 2.48 and 2.32 (Fig 2a, b, and
c). During Period II, Ry was related to SWC through a logarithmic
function, explaining 18%, 69%, and 56% of the variance for healthy,
affected, and dead trees, respectively (Fig 2d, e, and f). These results
point out tree decline status as a modulator of the relationship of Rs with
soil microclimatic variables, particularly with SWC, suggesting a higher
control of Rg by SWC under affected and dead trees than under healthy
trees. Accordingly, we also found a significant relationship between the
seasonal means of Rs and those of precipitation under affected (p = 0.81,
P < 0.05) and dead (p = 0.83, P < 0.05) trees but not under healthy trees
(p=0.69, P = 0.07).

3.3. Tree decline changes the relative importance of the main drivers of
soil respiration

The multimodel inference approach revealed that canopy diameter
(surrogate of tree decline status) and soil total N were the most
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important predictors for the two-year average values of R considering
all decline stages together (Fig. 3, Table S3). Total N was also the most
important predictor of Ry considering healthy trees separately (Fig. 3,
Table S3), but it was not a good predictor for the Rs under affected and
dead trees, which shared labile C as one of their most important pre-
dictors. Bulk density and Tsoj were the second and third most important
predictors of Rg under affected trees, whereas, under dead trees, Ts,; and
SWC occupied the first and the third position, respectively, explaining,
along with labile C, up to 93% of the variance of Rs (Table S3).

4. Discussion

4.1. Interacting effects of year, season, and tree decline on soil
microclimate and R;

The 16% higher annual precipitation in year 2 compared to that in
year 1 led to higher SWC and Rg (14%) annual means (Table 1). These
differences in Rs between years were likely driven by not only the dif-
ferences in the amount but also in the timing of precipitation between
years (Maier et al., 2011). The rainfall events at the end of the summer
and the beginning of the fall of 2014 (Fig. 1) are typical of these eco-
systems and coincide with optimal temperature and nutrient availability
conditions after an extensive drought period. These conditions trigger an
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Fig. 2. Relationship between soil respiration (Rs) and soil temperature (top figures, Period I) and SWC (bottom figures, Period II) for healthy (a, d), affected (b, e),
and dead (c, f) trees, respectively, using averaged values for each temperature degree. The black solid line and the dashed gray lines represent the fitted regression
and the 95% confidence interval, respectively. The adjusted R? (dej) values were used as a measure of the goodness-of-fit of the models. Significant relationships are
denoted by *** (P < 0.001) and * (P < 0.05). T = soil temperature; SWC= soil water content.
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Fig. 3. Relative importance of tree (i.e. Canopy) and soil microclimatic (i.e. soil
water content and soil temperature) and physicochemical (i.e. Labile C, total N,
bulk density) variables as predictors of two-year average values of Rs under
healthy, affected, and dead trees separately and together in a Mediterranean
holm oak forest from the central part of the Iberian Peninsula. Canopy, canopy
diameter; SWC, soil water content; Ty, soil temperature; Labile C, total carbon
in the magnetic fraction; TN, total N; BD, bulk density.

intense peak in microbial activity, a phenomenon known as the ‘Birch
effect” (Birch, 1958), as well as high plant activity (Rousk and C.
Brangari, 2022). Contrary, Year 1 showed the highest soil moisture
conditions in winter, after a long period of chained rainfall events that
do not have a comparable effect, and when biotic (plant and microbial)
activity is normally stable and low due to the cold temperature (Maier
et al., 2011). Further, the higher differences in R, between years
observed under healthy (22%) than under affected (5%) and dead (16%)
trees (Table 1) suggest that tree decline decreases the positive response
of Rs to increases in annual precipitation and drying-rewetting cycles.
These field observations, based on only two years, are supported by the
highest positive response of Ry to induced drying-rewetting cycles in
soils collected under healthy trees at the same site and incubated in the
laboratory in a previous study (Rodriguez et al., 2019). Investigating the
microbial responses to drying-rewetting cycles has been a fundamental
challenge in soil science for nearly a century (Rousk and C. Brangari,
2022). Microbial ecologists have reached a consensus that
drying-rewetting cycles play a crucial role in the soil-atmosphere C ex-
change process (Rey et al., 2021; Rousk and C. Brangari, 2022). How-
ever, this consensus is based on limited experimental units and
laboratory settings that often exclude plants, while the impact of
rewetting dry soil on C cycling at the ecosystem level and its interaction
with other environmental changes remains largely understudied (Rousk
and C. Brangari, 2022). Our findings contribute new perspectives to this
important topic and underscore the necessity for regular monitoring
during drying-rewetting episodes to capture field soil COy emission
spikes and for taking into account tree health and precipitation distri-
bution in ecosystem C balances and climate-change models.

As hypothesized, our study showed that tree decline influences soil
microclimatic conditions, particularly SWC, and Rg, but the magnitude
of these effects would vary among seasons and years due to contrasting
biotic activity and precipitation conditions (i.e. amount and distribu-
tion), respectively. The trend toward increased maximums of Ts; during
the whole studied period and the decrease in the values for fall 2014
with defoliation degree (Table 2) reflects the important role of healthy
canopies in protecting the soil from large changes in air temperature
(Lozano-Parra et al., 2018). Supporting the higher SWC values under
dead than under living trees observed by Curiel Yuste et al. (2019) in
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mountain temperate conifer forests from Eastern Romanian Carpa-
thians, we found overall higher values of SWC under dead than under
healthy trees, and intermediate values under affected trees (Table 1).
This positive effect could be the result of enhanced accumulation of soil
organic matter (i.e. litterfall inputs from both above- and belowground)
but also reduced absorption and capture of water from roots and can-
opies, respectively (Anderegg et al., 2012; Wang et al., 2012). Although
we did not find a similar overall effect of tree decline on R, we did find
significant interactions between tree decline and climatic variability
(annual and seasonal), with higher values of Ry under healthy than
under affected trees, particularly in year 2 (i.e. the most humid year) and
in all seasons except in spring, and intermediate values under dead trees.
Besides altering soil abiotic conditions, drought-induced tree decline
might limit the supply of photosynthates to the radical organs and ex-
udates and dead organic matter to soil microbial communities (e.g.
Hogberg et al., 2001; Barba et al., 2016). This disruption of the below-
ground C allocation is known to decrease Ry and Ry (Hogberg et al.,
2001; Nave et al., 2011), thus explaining the decrease in Ry under
affected trees. However, in the case of dead trees, increases in litterfall,
resource (e.g., carbon, nutrients, and light) availability, and other pro-
cesses as a result of canopy losses (e.g., photodegradation and exposure
to small rainfall pulses and dew; Rey et al., 2011; Gilkman et al., 2018;
Wang et al., 2012) might have enhanced Ry and compensated, at least
partially, the assumed decrease in Rp (e.g., Curiel Yuste et al., 2019).
Indeed, Moore et al. (2013) found a tree mortality-driven initial decline
in soil respiration of subalpine forest sandy soils with a thin organic
horizon from the Western United States, a partial recovery after about
5-6 years associated with increased incorporation of leaf litter C into soil
organic matter, and a further decline in years 8-10. Although we do not
know exactly when our holm oak trees died, the fact that most of the
dead trees were still standing when we performed the study indicates
that it occurred a short time before our sampling (< 10 years). There-
fore, it is likely that our results might correspond to the temporary re-
covery of soil respiration under dead trees observed by Moore et al.
(2013). Also, expressing Rs on a C basis (i.e. per unit of soil organic C)
allowed us to account for the influence of different amounts of soil
organic C determining the observed differences among decline stages
and, thus, somehow understand how mineralizable (i.e. labile) that C is
and/or how important the autotrophic component is for the R. The fact
that we found the same pattern but without statistically significant
differences among decline stages for any of the two years when
expressing R on a soil C basis (Table 1) stresses the important role of soil
C content and Ry, and to a lesser extent of soil C lability and/or Ry, as
drivers of that response. In a previous study on the same site, Rodriguez
et al. (2017) found that while potential Ry was up to 66% lower under
affected than under healthy trees, dead trees showed similar values of Ry
to those of healthy trees. Thus, although these previous results do not
support the hypothesis of higher Ry under dead than under healthy
trees, they do suggest a potential recovery of Ry after tree death.
Although we did not analyze the different components of R, separately,
and the Ry values from Rodriguez et al. (2017) do not take into account
all the climatic variability of our two-year study, all above suggest that
the heterotrophic component could have a key role in the observed
response of R to tree decline in this Mediterranean woodland.

The apparent lack of effect of forest die-off on soil C and nutrient
cycling during spring could be largely explained by the herbaceous
colonization under declining trees (Rodriguez et al., 2017) and the peak
activity of herbaceous roots during this season, which may have helped
offset the negative effect of tree decline over the tree and soil microbial
activity (Avila et al., 2016; Rodriguez et al., 2019; Tang and Baldocchi,
2005). On the other hand, whereas we did not find differences in winter
Tsoil and summer SWC among decline stages, we did find them in R in
both winters and summers (Table 2), suggesting a high resilience of the
Ra component to unfavorable climatic conditions in healthy but not in
declining trees. In any case, our study shows that the soil effects of tree
decline are detectable before tree death. Further, our results suggest
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that, as mortality increases in this type of woodlands, and provided that
conditions for microbial functioning are met, they could still emit a
significant amount of CO, while likely fixing much less C from the at-
mosphere than healthy woodlands. This situation could lead, at least in
the short- (i.e. years) to medium-term (i.e. decades), to a swift in the role
of these forests from sinks to sources of C (Baldocchi et al., 2004; Nave
et al., 2011; Xiong et al., 2011). The strong negative effects of forest
die-off on both soil C content and lability observed in this system by
Rodriguez et al. (2020) support this hypothesis. All these results high-
light the need to consider both the spatial (i.e. different declining stages)
and climatic (seasonal and annual) variability, two components still
scarcely explored together, when trying to fully understand the complex
effects of tree decline on soil biogeochemical conditions and functioning
(Avila et al., 2016).

4.2. Effect of tree decline on the relationship of R; with soil microclimatic
conditions

As expected (e.g., Rey et al., 2011; Barba et al., 2016), Rs was better
explained by T up to a determined threshold (Period I), which cor-
responded with still optimal Tso; (~17 °C) but low SWC (< 7%) con-
ditions (Figs. 2 and S1). Thus, once SWC reached limiting values, Rs was
no longer better explained by Ty but by SWC (Period II) (Fig. 2),
highlighting the key role of water availability in the functioning of
Mediterranean ecosystems (Reichstein et al., 2002; Rey et al., 2011,
2002). The basal respiration values obtained from the exponential re-
lationships between Rg and Ty followed the pattern of potential mi-
crobial respiration found by Rodriguez et al. (2017) and supported the
lower respiration activity found under affected than under healthy trees
in our study. Interestingly, the higher Qo values and variances of Rg
explained by Tso; and SWC under declining than under healthy trees,
along with the significant correlations found between the seasonal
means of Ry and those of precipitation only under declining trees might
suggest that the control of Rs by T and SWC increases with tree
decline. As autotrophic and heterotrophic respirations at the stand level
are mainly controlled by plants and soil microclimate, respectively
(Chen et al., 2019; Hogberg et al., 2001; Matteucci et al., 2015), our
results might indicate an increase in the relative contribution of the
heterotrophic respiration under tree decline. In any case, these results
stress the capacity of tree decline to sharply modulate the relationship of
Rs with soil microclimatic variables.

4.3. Main drivers of R at the stand scale

Our results confirmed our third hypothesis about tree decline
changing the relative importance of the different drivers of Rs. The
relative importance of SWC and T, increased against that of plant
variables from considering the whole decline gradient to considering
each stage separately in increasing decline (from healthy to dead trees).
Canopy diameter (a good proxy of tree decline; see methods section) was
the most important predictor of R (Fig. 3, Table S3), indicating that, at
the stand level, healthier trees with larger canopies support higher Ry
rates. These results highlight both the important role of tree decline (i.e.
health status) as a driver of the ecosystem functioning and the important
contribution of the autotrophic component to R in our ecosystem. Along
with canopy diameter, total N was also a very important predictor of R,
and the most important predictor under healthy trees, supporting the
notion of N as a key nutrient for these ecosystems’ functioning (Hogberg
et al., 2001). Furthermore, the observed negative correlation between
canopy diameter and the C:N ratio (Figure S2) supports the previously
observed negative effect of forest die-off on soil organic matter quality
and N availability (Rodriguez et al., 2020, 2017). Altogether, these re-
sults warn about likely positive feedback between forest die-off and N
limitation (Gessler et al., 2016), with important implications for the
ecosystem C and N balance.

Tree defoliation triggers a cascade effect on plant understory and soil
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microbial communities with important implications for ecosystem C and
N budgets, including a decrease in soil organic matter lability (Rodri-
guez et al., 2020, 2017), which could largely affect Ry (Rodriguez et al.,
2019; Rui et al., 2016). As discussed above, C:N ratio increased as
canopy diameter decreased, supporting the negative effect of tree
defoliation and mortality on soil organic matter quality. Accordingly,
the best models for both affected and dead trees included labile C as one
of the most important Rg predictors (Fig. 3, Table S3). Bulk density and
Tsoil Were the second and third most important predictors for Rg under
affected trees, whereas the best model of Rs under dead trees included
Tsoil and SWC as the most important predictors. Bulk density is widely
recognized to be negatively related to soil organic matter content (Périé
and Ouimet, 2008) and roots mass (Daddow and Warrington, 1983),
which are among the main controls of Ry and R, respectively. These
results would agree with the above-discussed parallel decrease in Ry and
Ry under affected trees and almost complete substitution of Rg for Ry
under dead trees. Finally, whereas the best models for healthy and
affected trees never surpassed 50% of the variance explained, the best
model for dead trees reached 93% of the variance explained with just
bulk density and both soil microclimatic variables as predictors. This
result might suggest a simplification of the control of the soil respiration
process under tree decline, going from depending on many physiolog-
ical, phenological, and environmental factors to largely depending on
just a few of them, which could jeopardize its resilience to global change
drivers, including climate change (Hong et al., 2022).

5. Conclusions

Our study adds robust and novel in situ evidence of interacting ef-
fects between climatic variability and drought-induced tree decline on
the spatial-temporal variability of Ry in Mediterranean holm-oak forests.
Our findings indicate that the response of soil respiration to variations in
precipitation is higher under healthy trees than under declining trees,
emphasizing the crucial role of tree health as a modulator of soil
respiration in response to soil moisture conditions. Our study also
demonstrates that tree decline significantly impacts soil moisture and Ry
in these Mediterranean forests, with the magnitude of this effect varying
based on factors such as the stage of decline (i.e. affected or dead), the
year, and the season. Further, our study demonstrates that tree decline
alters the relative importance of different drivers of soil respiration, with
soil water content and temperature becoming increasingly important as
the degree of defoliation increases. Finally, our research suggests a po-
tential positive feedback between forest die-off and N limitation, as well
as a simplification of the soil respiration process with tree decline.
Altogether, our results point towards still understudied negative impacts
of drought-induced tree decline on soil C content and cycling, particu-
larly under anticipated climate change scenarios with dryer and more
intense precipitation regimes. Therefore, further studies investigating
the joint effects of drought-induced forest die-off and climatic variability
on soil respiration and its main components at various temporal and
spatial scales are needed to fully understand the fate of this important
ecosystem process.
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