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Abstract: Forest dieback and mortality events induced by drought stress are widely reported.
However, few studies have jointly examined the role played by drought on growth and mortality in
tree species inhabiting floodplain forests. Here, we focused on mortality events occurring since the
early 2000s on large areas in a floodplain forest located within the Ticino regional park in Northwest
Italy, where affected native (pedunculate oak, Quercus robur L.) and introduced tree species (black
locust, Robinia pseudoacacia L.) coexist. We related growth with climate data and drought severity to
discern if these species were similarly affected by drought. Then, we: (i) evaluated the presence of
pathogens of the genus Phytophthora in recently dead oak trees since this was the most affected species
and pathogens are often associated with oak decline cases; and (ii) compared xylem vessel diameter
and tree-ring C isotope discrimination (δ13C) to highlight differences in water-use strategies between
living and dead trees in both species. The radial growth of living and dead trees started diverging
in the 1970s, although only after warm-drought periods occurred during 1990s did this divergence
become significant. Growth of trees that died responded more negatively to drought than in the
case of living trees. Moreover, trees that died formed smaller xylem vessels in the past than living
trees and also showed more negative δ13C values in both tree species, indicating a higher intrinsic
water-use efficiency in living than in dead trees. The pathogen Phytophthora cinnamomi Rands was
only detected in one recently dead tree, suggesting that it is unlikely that dead oaks were predisposed
to drought damage by the pathogen. We conclude that a climate shift from wet to warm-dry summer
conditions in the early 1990s triggered forest dieback and induced mortality in both tree species.
Temperate floodplain forests are susceptible to drought-induced dieback. The drought-sensitivity of
both species could lead to successional shifts driven by a reduction of N inputs through N-fixing by
black locust and the replacement of oak by drought-tolerant species.
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1. Introduction

One major question is to forecast how forests will respond to Anthropocene conditions, including
how native and tree invasive will coexist [1]. These will include a sustained rise in temperatures, more
severe droughts, more widespread invasive tree species, and extensive incidence of pests and diseases
(e.g., fungal pathogens), which have been identified as major drivers of tree mortality worldwide [2].
Such mortality events are often accompanied by growth decline, canopy dieback, drops in productivity,
and other effects which alter the ecosystem services provided by forests [3].

Drought-induced mortality has been observed in many forest biomes across the world including
temperate floodplain forests [4]. Floodplain forests are among the most threatened ecosystems because
of their extensive conversion into agricultural or urban lands [5]. These forests reflect the human
footprint on hydroecological dynamics including the modification of river dynamics through dam
building [6]. In floodplain forests, dieback and tree mortality episodes have been attributed to sudden
hydrological deteriorations caused by soil water drainages [4]. Nevertheless, studies of growth decline
and mortality in floodplain forests are scarce despite their particular conditions (water-saturated soils
and high air humidity), which may explain why drought is not always considered a major driver of
dieback there (but see [7,8]), as compared with other sites with a lower soil water availability [9–11].

Radial growth is enhanced by warmer conditions during the growing season in floodplain forests,
whereas drought and water shortage may also negatively impact growth [12]. Tree growth in floodplain
forests also decreases when the underground water level is reduced through water pumping [13] or due
to rising groundwater table and waterlogging [14,15]. These growth responses have been extensively
studied in native species such as the pedunculate oak (Quercus robur L.; hereafter oak) [12,16,17],
but retrospective information regarding the responses of introduced species to drought is scarce in
their invaded areas. It could be argued that native species will be less vulnerable to drought-induced
growth decline and mortality than introduced tree species which may not have developed tolerance
strategies to local conditions. To answer that question, we compare the responses to drought of the
native oak and the introduced N-fixing black locust (Robinia pseudoacacia L.) since both tree species
coexist, but the introduced species may show a wider ecological niche and higher phenotypic plasticity,
explaining its invasiveness [18].

Trees stressed by drought are likely to be more susceptible to disease [19]. Stressors such as
fungal pathogens have been described in many cases of oak dieback associated with wet places such
as floodplain forests (e.g., Phytophthora species), but their presence has not always been tested [20–22].
Thus, it remains to be answered if oak mortality is mostly caused by fungal pathogens that successfully
colonize trees previously weakened by drought [23]. Here, we address the role played by drought and
fungal pathogens in oak dieback and mortality, since this is a major native species in floodplain forests,
as has been done in other species showing dieback [24].

In this study, we characterize the soil features, radial growth, wood anatomy, and tree-ring C isotope
discrimination (δ13C) in living and recently dead trees of a native (oak) and an introduced (black locust)
species coexisting in the same floodplain forest within the Ticino regional park in Northwest Italy. Since
the early 2000s, large areas (ca. 9000 ha) of this area have been affected by dieback and mortality events,
with oak individuals showing a high rate of annual mortality (5 to 10%), especially between 2004 and
2006 [25]. We aim to discern if native and introduced tree species are similarly affected by drought.
We also assess the presence of Phytophthora species in oak individuals (declining or recently dead vs.
asymptomatic trees), because these pathogen species have often been associated with oak decline and
mortality across Europe [20]. We hypothesize that drought caused recent growth decline and mortality in
both tree species, but impacted the introduced species more than the native species, whilst the pathogen
Phytophthora contributed to worsen oak health. We expect that synergistic interactions between drought
stress and Phytophthora would contribute to reducing tree vigor and amplifying dieback. Trees that died
could also be predisposed to drought-induced mortality because they form a xylem prone to cavitation
(large lumen area) and may be poorly adapted for withstanding a water shortage [8]. We hypothesize
that dead trees will show a less conservative use of water characterized by larger vessel diameters and
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lower δ13C (i.e., lower intrinsic water-use efficiency, iWUE hereafter) than living trees. Lastly, we expect
that drought will also negatively affect the ability of black locust to fix N and therefore recently dead trees
of this species will have lower N soil concentrations than living trees.

2. Material and Methods

2.1. Study Area and Tree Species

The study site is a mixed floodplain forest (La Fagiana), occupying an area of ca. 500 ha, situated
in the “Parco Lombardo della Valle del Ticino” (Lonate-Pozzolo basin), in a flat area close to the
Ticino river (8◦49′ E, 45◦26′ N, 115 m a.s.l.) located about 30 km west of Milan city in Northwest Italy.
The main tree species in the study forest are: oak (Quercus robur), ash (Fraxinus excelsior L.), black
alder (Alnus glutinosa (L.) Gaertn.), elm (Ulmus minor Mill.), and hornbeam (Carpinus betulus L.). These
species are replaced, mainly in gaps and open areas created by clear-felling, by introduced tree species
such as black locust (Robinia pseudoacacia), American cherry (Prunus serotina Ehrh.), tree of heaven
(Ailanthus altissima (Mill.) Swingle), and red oak (Quercus rubra L.). In this area, mean oak density and
basal area are 40 individuals ha−1 and 12.0 m2 ha−1, respectively, whereas black locust density and
basal area are 251 individuals ha−1 and 14.3 m2 ha−1, respectively [26].

According to climate data from the nearby Abbiategrasso station (8◦55′ E, 45◦24′ N, 122 m a.s.l.),
climate in the study area is temperate and humid with a mean annual temperature of 12.6 ◦C and
annual total precipitation of 1030 mm. Months with the highest and lowest precipitations are October
(122 mm) and January (59 mm), respectively. Coldest and warmest months are January (0.8 ◦C) and
July (24.6 ◦C), respectively. The study area is characterized by the presence of the highly-permeable
Upper Po Plain shallow aquifer, which is constituted by gravel and sand deposits over discontinuous
clay layers located at least 50 m below the land surface [27]. Substrate is dominated by sandy loam soils.

Oak is a deciduous, flood-tolerant species which can endure high ground-water levels due
to a high density of intercellular spaces, and the capacity to form shallow adventitious roots and
hypertrophied lenticels [28,29], but it also tolerates waterlogging by maintaining relatively constant
soluble carbohydrate concentrations in the roots [30]. Oak is one of the European tree species more
sensitive to drought [31]. According to local reports, annual oak mortality in the study area shifted
from 5 to 10% from 2004 to 2006 [25]. In the most affected stands, 90% of mature specimens (ca. 50 years
old trees) showed decline symptoms (crown dieback and thinning, epicormics shoots, leaf yellowing,
etc.) and at least 30% of them were dead [32]. The black locust is a deciduous, shade-intolerant tree
species native to the eastern USA but naturalized in Europe. It is a pioneer species forming a shallow
root system which is able to fix N, but it does not tolerate compact or water-logged soils [33,34].
Both study species form ring-porous and dense wood and are considered anisohydric [35].

2.2. Climate, Drought, and Hydrology Data

Monthly climate data (mean temperature, precipitation) for the period 1950–2015 were obtained
from the 0.5◦-gridded CRU TS ver. 4.01 climate dataset which has been subjected to previous
quality-check and homogeneity tests [36]. Monthly climate data were converted into seasonal
values (December, January and February, winter; March, April and May, spring; June, July and
August, summer; September, October and November, autumn) either by averaging (temperature)
or summing (precipitation). The changes in drought severity were assessed by downloading the
Standardized Precipitation Evapotranspiration Index (SPEI) from the Global Drought Monitor webpage
(http://spei.csic.es/index.html). The SPEI is a multiscalar drought index which accounts for the effect
of temperature and evapotranspiration on water availability and shows negative and positive values
indicating dry and wet conditions, respectively [37]. We calculated six-month long summer and spring
SPEI values since they overlapped with most of the oak growing season. In both 0.5◦-gridded climate
and SPEI datasets, we used data corresponding to the grid delimited by coordinates 8.0–8.5◦ E and
45.0–45.5◦ N. Shifts in the SPEI were calculated to detect changes in drought severity significant at
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the 0.05 level. These significant shifts were detected using a robust shift detection technique and
considering cut-off segments lengths of 10 years [38].

Since 1980, water table depth has been measured in Abbiategrasso (located at 5 km from the
sampling site) using a piezometer drilled up to a depth of 50 m and these data were provided by the
Ticino Water Consortium.

2.3. Field Sampling and Tree-Ring Data (Growth and Wood Anatomy)

In the field, we randomly sampled 15 pairs of living-dead and dominant trees for both tree
species. Recently dead trees were identified by having stem bark and preserving fine branches and
shoots, but being completely defoliated. We measured the diameter at breast height (Dbh, measured at
1.3 m) and tree height of all trees using tapes and an electronic Vertex hypsometer (Vertex IV/360◦,
Haglöf Sweden AB, Långsele, Västernorrland, Sverige), respectively. We took two cores per tree using
Pressler increment borers.

Radial growth is driven by the carbon use of cambial sinks and reflects the changes in tree vitality
and primary productivity [39]. Therefore, dendroecological analyses allow researchers to link past
stress conditions and growth reductions prior to tree death [40]. To assess changes in radial growth and
wood anatomy, we used dendrochronology [41]. Wood samples were air–dried and the surface of the
cores was transversally cut using a sledge core microtome [42]. Tree rings were visually cross-dated and
measured with a precision of 0.01 mm using a binocular microscope and the semiautomatic LINTAB
software (version 5, Rinntech, Heidelberg, Germany). The COFECHA program [43] was used to
evaluate the visual cross-dating of the tree-ring series. To quantify growth variability, we transformed
the tree-ring widths into annual basal area increment (BAIt) using the following formula:

BAIt = π (Rt
2 − Rt−1

2) (1)

where Rt is the radius of the tree and t is the year of tree–ring formation. Mean BAI values and
mean first-order autocorrelation (AR1) values were calculated at decadal scales (1980–1989, 1990–1999,
2000–2009) to use them as predictive variables in mortality models fitted to oak and black locust data.
It is expected that trees that died show a more serially-correlated growth than surviving trees prior to
the dieback onset [40]. The final period 2010–2015, prior to tree death, was also considered to calculate
mean BAI values for living and dead trees. To estimate tree age at 1.3 m, when a core did not reach the
pith, the number of missing rings was estimated by interpolating the distance to the pith using the
curvature of the innermost rings of the core.

Earlywood hydraulic diameters (Dh) were obtained for living (n = 5) and recently dead (n = 5)
trees of both species which showed the highest correlations with the mean growth series of each
group to maximize their common signal. These wood-anatomy data were obtained for the 2006–2015
period, when we assumed living and recently dead trees would show clearly divergent growth
trends. Semi-thin transversal sections (20-µm thick) were obtained from one core per tree by
dividing it into pieces of approximately 2 cm in length. Sections were cut using a sliding microtome
(Microm HM 400, Thermo Sci., Walldorf, Germany) and stained with safranin (1%) and astrablue
(2%), dehydrated with ethanol (70%, 95% and 100%) and xylol, and mounted on microscope slides
using Eukitt® (Sigma-Aldrich, Saint Louis, MO, USA). Images were captured at 40 ×magnification
using a transmitted light microscope (Zeiss Microscopy, Jena, Germany). Vessels were analyzed in a
tangential window and were defined as those with lumen diameters larger than 50 µm and located
in the first half of the ring. Vessel lumen diameter was measured along the radial direction using the
ImageJ software [44]. Based on a previous study [45], we focused on comparing the earlywood Dh
between living and dead oaks, and Dh was calculated as follows:

Dh = 2 (Σr5/Σr4) (2)

where r is the conduit radius [46].
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2.4. Carbon Isotopes in Wood

Since carbon isotopic discrimination (δ13C) is a result of the preferential use of 12CO2 over 13CO2

during photosynthesis in C3 plants as oaks [47], we use its values in tree-ring wood as a proxy of
changes in iWUE. The same five living and five dead oaks used for wood-anatomy analyses were
selected to measure C isotope discrimination. The whole tree-ring latewood was carefully separated
from one core of each selected tree using scalpels and considering again the 2006–2015 period, which
was included in the sapwood. The resulting wood samples were milled to a fine powder using a ball
mill (Retsch ZM1, Haan, Germany). We used intact wood tissue for isotope analyses since it accurately
reflects iWUE in hardwood tree species, as well as α-cellulose [48]. For δ13C, milled wood samples
were weighed into tin foil capsules and combusted using a Flash EA-1112 elemental analyser interfaced
with a Finnigan MAT Delta C isotope ratio mass spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA). For δ13C analyses, precision was better than 1.5%. Isotope ratios were expressed as per mil
deviations using the δ notation. All isotopic analyses were carried out at the Stable Isotope Facility
(Univ. California, Davis, CA, USA).

2.5. Comparing Living and Recently Dead Trees: Features, Mortality, and Growth Models

Tree characteristics of both species were compared using t tests. We used the Wilcoxon rank-sum
test to check if BAI differed between living and trees that died because this non-parametric test is
robust against deviations from normal distributions and the presence of temporal autocorrelation [49].

Logistic regression models were used to study the influence of intrinsic (Dbh, height, age, mean
decadal BAI and AR1—first-order autocorrelation—values) and climate variables on tree death.
In previous studies, we have shown that taller oaks were more prone to survive after drought than
smaller oaks [50]. We applied Firth’s bias-Reduced penalized-likelihood logistic regression [51,52].
Forward selection based on a penalized likelihood ratio test was applied to select the best subset of
predictors. For the final selected model, we calculated the Area Under the Curve (AUC) of the Receiver
Operator Characteristic, a statistic assessing the classification ability of the model, and the McFadden
pseudo-R2, which is a measure of the predictive strength of the model.

Generalized additive Mixed Effect Models (GAMM) [53] were used to describe the variation in
radial growth of the two tree species. Specifically, we modelled how BAI varies with the additive
increase of time. GAMM has been applied in similar studies to test for the differences in growth trends
between healthy and declining or recently dead trees of the same tree species [40]. To test for the
differences in growth between living and trees that died and for the influence of different variables,
we created a GAMMs that contained the following predictors: year, Dbh, summer (June to August)
mean temperature and total precipitation. We included an interaction between year and tree status
(dead vs. living) to detect differences in growth trends between dead and living trees. We did not
consider predictor tree age because it was collinear with Dbh, and radial-growth rates are usually
more dependent on Dbh [40]. We included an AR1 structure to account for the serial dependency of
BAI values. We also included tree identity as a random factor since tree-ring width measurements
represent repeated measures done across time along the same individual. BAI was log-transformed
(log x+1) prior to the analyses.

To quantify climate-growth associations, we focused on summer conditions since drought during
that season has been shown to adversely affect oak growth in floodplain forests (e.g., [12]). We used BAI
and calculated a corrected significance level (Pcorr) to account for the presence of autocorrelation [54].
Water table depth was not considered since it was available since 1980 and it contained many missing
data. All statistical analyses were done using the R statistical software [55].

2.6. Detection of Phytophthora Presence and Soil Features

We focused on the detection of Phytophthora root rot since this aggressive pathogen has often
been associated with decline and mortality problems in oak forests across Europe [56,57]. To evaluate
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whether dieback was associated with soilborne Phytophthora infection, we sampled the rhizosphere
of all symptomatic or recently dead oak trees (n = 10) and of coexisting but asymptomatic oak trees
(n = 10). Approximately 400 g of shallow soil was collected after removing the organic layer from three
points situated below the crown of each oak taken at a mean 25 cm depth in the A horizon. These
samples were pooled for each tree. Soil baiting was carried out following [58] using fresh leaves of
beech (Fagus sylvatica L.), oak, and cork oak (Quercus suber L.) as baits. Baits were inspected regularly
over two weeks, and necrotic spots were plated on CMA-PARPBH medium [59] and then incubated at
20 ◦C in dark conditions. Within two to four days, Phytophthora-like colonies were transferred onto V8
agar media [60], and stored at 20 ◦C.

Soils below dead (n = 10) and asymptomatic (n = 10) black locust trees were sampled as explained
before in the case of oaks. The C and N concentrations, the texture (sand and loam percentages),
the pH, and the electrical conductivity of soil samples were also assessed to test if they differ between
living and dead trees. Soil texture was determined with the laser diffraction method in a Coulter
Mastersizer 2000 and clay content was corrected [61]. Soil C and N concentrations and the C/N ratio
were determined with an elemental analyzer (Elementar VarioMAX N/CM, Hanau, Germany).

3. Results

3.1. Climate, Drought, and Water Table Depth: Trends and Temporal Variability

In the study area, seasonal temperatures have been increasing since the 1950s, whereas
precipitation did not present any clear trend (Figure 1). According to six-month long summer and
spring SPEI values, the most severe droughts occurred in the 1950s (1953) and 2000s (2003). We
detected positive SPEI shifts in 1977 and 2009 showing transitions to wet periods, but the negative
SPEI shifts detected in 1987 and 1990 emphasized the beginning of the longest dry period since 1950
(1990–2008). Lastly, we detected a major increase in the water table depth in 1999 followed by minor
increases in 2004 and 2005 (Figure 1).
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Figure 1. Climate trends in the study area (mean temperature with corresponding trend lines, seasonal
precipitation) and drought severity for the 1950–2015 period (red and green symbols correspond
to six-month long summer and spring SPEI values—the SPEI is the Standardized Precipitation
Evapotranspiration Index), and monthly water-table depth (1980–2011 period) near the Ticino sampling
site (continuous and dashed lines show the mean and the means± 1.96 SD, respectively, corresponding
to the 95% significance level). In the SPEI plot, continuous and dashed vertical lines show positive and
negative shifts, respectively.
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3.2. Characteristics of Living and Recently Dead Trees

Living oaks were taller than dead oaks (Table 1). The last ring of half dead oaks was formed in
2015, whereas the other half formed it in 2014. In black locust, all trees that died except one formed the
last ring in 2015. The basal area increment (BAI) reached the stable mature phase (Figure 2) earlier
(1960s) in oak (mean age of 82 years) than in black locust (1980s), which were younger (mean age of
53 years) (Table 1). BAI started diverging between living and trees that died of both species in the
mid-1970s, after the 1976 drought, but this divergence became significant in the early 1990s (oak in
1991 and black locust in 1992, Figure 2) when severe droughts occurred from 1990 to 1993. During
1992–2015, mean BAI (±SE) of living oaks was 24.9 ± 1.1 cm2 year−1, whereas BAI of dead oaks was
13.6± 1.0 cm2 year−1. In black locust, mean BAI values of living and recently dead trees were 6.4 ± 0.3
and 2.9 ± 0.2 cm2 year−1, respectively. These recent BAI declines corresponded to an average growth
loss of 45% (oak) to 55% (black locust) (Figure 2).

Table 1. Main features of the sampled living and dead trees. Values are means ± SE. Different letters
indicate significant (p < 0.05) differences based on t tests.

Tree Species Type of Tree Dbh (cm) Height (m) Age at 1.3 m (Years)

Oak (Quercus robur)
Living tree 52.0 ± 2.4 25.9 ± 1.1b 80 ± 4
Dead tree 51.0 ± 3.1 20.7 ± 0.8a 85 ± 4

Black locust (Robinia pseudoacacia) Living tree 25.9 ± 2.0 13.0 ± 0.6 53 ± 2
Dead tree 23.8 ± 1.6 12.2 ± 0.5 56 ± 2

Figure 2. Patterns of basal area increment since 1950 of living (empty symbols) and dead (filled
symbols) trees of (a) oak (Quercus robur) and (b) black locust (Robinia pseudoacacia). Values are means ±
standard errors (SE). The boxes indicate the periods when basal area increment of living and recently
dead trees significantly (p < 0.05) differed.
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3.3. Mortality and Growth Models

The logistic regression model for oak was fitted including age (estimated coefficients ± SE
0.27 ± 0.14; χ2 = 3.67; p = 0.06) and mean BAI for the period 2010–2015 (−0.65 ± 0.28; χ2 = 5.53;
p = 0.02). The AUC of the final model was 0.99 with a McFadden pseudo-R2 of 0.91. The model
for black locust was created using the mean BAI for the period 2010–2015 (−0.80 ± 0.36; χ2 = 10.79;
p < 0.01) and the AR1 for the period 1990–1999 (6.63 ± 3.37; χ2 = 7.98; p < 0.01). The AUC of the model
was 0.99 and the McFadden pseudo-R2 was 0.57. The GAMMs selected as the main driver of recent
BAI variability the status of trees and summer temperature (Table 2). In oak, tree status (living vs.
dead tree) and size (Dbh, height) were the main factors explaining BAI variability, whereas in black
locust, tree status, Dbh, and summer temperature explained BAI variability. The R2 values associated
with these models were 0.49 and 0.43 in the case of oak and black locust, respectively.

Table 2. Parameters of the Generalized Additive Mixed Models (GAMMs) fitted to basal-area increment
data of living and recently dead trees in oak (Quercus robur) and black locust (Robinia pseudoacacia) as a
function of tree size (Dbh, diameter at breast height), tree status (living vs. dead tree), and summer
climate (Tsum, mean summer temperature; Psum, total summer precipitation). The effective degrees
of freedom (edf) of the smoothing terms are also shown. All statistics (t or F) are significant at the
0.05 level.

Tree Species Variable Coefficient edf Statistic (t or F)

Quercus robur

Dbh 0.02 ± 0.01 4.37
Height 0.03 ± 0.01 2.70

Living tree 7.23 8.15
Dead tree 4.92 32.32

Tsum 8.78 18.42
Psum 5.63 14.84

Robinia pseudoacacia

Dbh 0.05 ± 0.01 4.66
Living tree 3.28 7.19
Dead tree 3.23 11.31

Tsum 8.30 10.59
Psum 6.37 6.25

The correlation between BAI of dead oaks and summer temperatures was negative and significant
(r = −0.58, p < 0.01), whereas it was not in living oaks (r = 0.18, p = 0.14). Regarding precipitation, only
BAI of dead oaks responded positively to wet June conditions (r = 0.36, p < 0.01). In black locust, both
living (r = 0.48, p < 0.001) and trees that died (r = 0.25, p = 0.05) showed positive BAI responses to
August temperatures. The predicted BAI values for living and trees that died of both species started
diverging significantly in the early 1990s, and slightly in the 1980s in the case of black locust (Figure 3),
in agreement with the observed differences in BAI (Figure 2).
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Figure 3. Predicted basal-area increment (log x+1 transformed data) for living (blue lines and areas) and
recently dead trees (red lines and areas) of (a) oak (Quercus robur) and (b) black locust (Robinia pseudoacacia).
Predictions are based on Generalized Additive Mixed Models (see Table 2). Lines and areas represent
the predicted means and their standard errors, respectively.

3.4. Wood Anatomy and Isotope Discrimination in Living and Dead Oaks

Regarding the hydraulic diameter (Dh) of earlywood vessels measured for the 2006–2015 period,
it was significantly (p < 0.05) smaller in dead than in living trees of both species (Table 3). Living trees
also showed significantly higher δ13C values than dead trees in both species.

Table 3. Earlywood hydraulic diameters (Dh) and values of tree-ring carbon isotope discrimination
(δ13C) obtained for living (n = 5) and recently dead (n = 5) trees in both study species. Data correspond to
the 2006–2015 period. Values are means ± SE. Different letters indicate significant (p < 0.05) differences
between the two tree types based on t tests.

Tree Species Type of Tree Earlywood Dh (µm) δ13C (‰)

Quercus robur Living tree 400 ± 5 b −25.3 ± 0.3 b

Dead tree 320 ± 6 a −26.5 ± 0.1 a

Robinia
pseudoacacia

Living tree 375 ± 8 b −25.4 ± 0.4 b

Dead tree 337 ± 7 a −27.6 ± 0.5 a

3.5. Phytophthora Presence and Soil Characteristics

We found Phytophthora-like isolates in one dead oak, which were identified as P. cinnamomi
based on distinct morphology (clusters of globoid hyphal swellings, thin walled chlamydospores,
and faint stellate pattern of growth on V8 agar). Soils of living and dead trees were similar regarding
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their physical and chemical characteristics (Table 4), except in the case of black locust dead trees,
which showed a lower soil N concentration than living trees of the same species. Oak soils showed
a significantly higher electrical conductivity than black-locust soils (t = 3.20, p = 0.03).

Table 4. Features of soil samples taken below living and recently dead trees of both study species.
Dead oak (Quercus robur) trees were those used for detecting Phytophthora root rot. Different letters
indicate significant (p < 0.05) differences between the two tree types based on t tests.

Tree Species Type of Tree Soil pH Soil C (%) Soil N (%) Sand (%) Loam (%) Soil Electrical
Conductivity (µS cm−1)

Quercus robur Living tree 3.9 ± 0.1 7.77 ± 1.91 0.37 ± 0.11 78.0 ± 1.8 21.8 ± 1.8 88.7 ± 5.3
Dead tree 4.0 ± 0.1 7.81 ± 1.19 0.36 ± 0.06 80.8 ± 1.6 19.1 ± 1.5 85.9 ± 4.0

Robinia pseudoacacia Living tree 4.1 ± 0.1 5.37 ± 0.67 0.36 ± 0.04b 81.6 ± 1.1 19.8 ± 0.8 72.2 ± 3.6
Dead tree 4.2 ± 0.1 4.19 ± 0.42 0.25 ± 0.02a 81.6 ± 2.3 19.9 ± 1.7 65.6 ± 5.3

4. Discussion

The climate shift from wet to dry conditions in the early 1990s triggered the oak dieback
and mortality event here characterized as we hypothesized. The elevation in the late 1990s of the
groundwater table depth did not affect tree growth (Figure 1), and drought seems to be the most
plausible trigger of the dieback. The 1990s drying was linked to warmer conditions and a decrease
in precipitation during the growing season. The radial growth of living and trees that died started
diverging in the mid-1970s and the divergence amplified and become significant in the early 1990s
in response to this severe drought (Figure 2). This growth divergence was driven by tree vigour and
summer temperatures since warmer conditions enhanced evapotranspiration rates and amplified
drought stress (Table 2, Figures 1 and 3). This was further confirmed by the climate-BAI correlations
since recently dead trees, particularly oaks, were very sensitive to warmer summer conditions. Summer
temperature and drought have been shown to constrain the radial growth of several ring-porous oak
species [62,63], albeit in wet sites summer temperature may favor growth [64]. Oak trees prone to
death have also been characterized to be particularly sensitive to drought stress on shallow soils [65].
The higher sensitivity of dead oaks to summer warm and dry conditions as compared with living
oaks may be explained by the fact that the former developed a shallower or less efficient root system
or had a lower sapwood hydraulic capacitance than surviving trees. Black locust is also sensitive to
successive droughts which trigger growth cessation and reduce carbon uptake [66]. This species may
also grow less and be more drought-stressed, showing higher iWUE values in mixed than in pure
stands [35], which could explain its current decline in the study floodplain forest. We acknowledge
that the growth divergence between living and trees that died was a long process and trees that died in
the early 21st century may have been already weakened by competition for water or nutrients, making
them less competitive to withstand water shortage. However, we expect this complex response was
partially solved by our effort to only sample dominant trees.

Our findings do not support the idea that the pathogen Phytophthora cinnamomi contributed
to worsening tree health, since we only found it in one recently dead oak and soil features were
similar between dead and living trees (Table 4). In other studies on drought-induced oak dieback [8],
the presence of Phytophthora was discarded albeit no explicit analysis was performed as we conducted
here. Nevertheless, it is also possible that Phytophthora spp. infected some trees previously and it could
not be detected later because it was displaced by other microorganisms.

Soilborne Phytophthora species are water mold fungi abundant in wet and moist sites or where
soil water infiltration is low, such as the study floodplain site [57]. However, we were only able
to detect P. cinnamomi in one of the twenty studied trees and this infected tree corresponded to the
symptomatic or declining class. Thus, the role played by pathogens in this mortality process differs
from other oak canker diseases caused by Phytophthora ramorum and reaching epidemic proportions in
California [67]. Phytophthora species may remain undetected [56] or only be associated with some trees
causing their growth decline, whilst other declining trees are only affected by drought stress. Infection
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by Phytophthora leading to epidemic and widespread mortality rates such as those characterizing
the Californian sudden oak death seems to be associated with exotic pathogens such as P. ramorum
affecting cool and moist areas [67].

We found a lower N concentration in soils below dead than below living black locust trees,
indicating that the dieback negatively affected the ability of this tree species to fix N [68]. In black
locust, reductions in soil water availability decrease growth and photosynthate availability, promote
leaf shedding, and negatively affect N-fixing bacteria by reducing nodule biomass, leading to tree death
in some cases [69–71]. Nevertheless, greenhouse experiments based on seedlings have showed that
moderate droughts exacerbate soil N deficiency but increase the biomass of nodules, thus benefitting
the black locust over non-fixing tree species [72]. Therefore, it remains an open question to know
the effects of recurrent and severe drought on the N-fixing ability of black locust and its persistence,
given that this species often improves soil N availability in diverse temperate forest types even several
decades after the removal of black locust [73]. The similar N soil concentrations found below oak
and living black locust suggest they shared comparable soil nutrient availability. The high electrical
conductivity of soils below oaks which could indicate mobility of N compounds as nitrate due to
flooding events is also remarkable, explaining the similar N soil data observed in both tree species,
or increased salinity and reduced availability for some important nutrients such as P (Table 4). In sites
with nutrient-poor or shallow soils, oaks with canopy dieback (defoliation above 60%) show low
growth rates and reach a threshold in their ability to recover after drought [65,74–76].

Recent growth (mean BAI for the period 2010–2015, i.e., five years prior to tree death) was the
main predictor of the probability of tree death, whilst age also influenced tree mortality in oak and
height differed between living and dead oaks (Table 2). Such growth patterns are within the temporal
range of years showing a growth reduction prior to tree death (5–25 years) observed in other temperate
Quercus species [77]. Oak dieback and death can be a long-lasting process and tree mortality has
been shown to lag behind the timing of the growth-decline onset [17,75,78]. For instance, it has been
observed that the pre-mortem growth reduction of dead oaks occurred about ten years before most
trees died [76]. Despite previous BAI trends or AR1 not being selected by the logistic models, except
for the AR1 for the period 1990–1999 in black locust, the GAMMs clearly illustrated that the growth of
dead and living trees diverged up to 25 years prior to their death in both tree species.

We found that dead oaks were characterized as smaller than surviving oaks, as previously
reported [17,50]. This suggests that a smaller size predisposes to drought-induced dieback and death
through a lower capacity to buffer the negative effects of soil water deficit by increasing hydraulic
capacitance [79]. The higher vulnerability of anisohydric oak species may be explained because they
rely on hydraulic capacitance to mitigate the risk of hydraulic failure associated with maintaining high
transpiration rates during drought [80]. However, we did not detect such a difference in black locust,
despite it also being considered anisohydric [35], which suggests other factors may be involved (root
depth, different size, and hydraulic architecture).

In contrast with other studies based on oak [8] and pine species [81,82], trees that died neither
produced xylem vessels with a larger diameter nor showed higher iWUE. Recently, dead trees formed
smaller earlywood vessels than living trees and this reduction in lumen area was paralleled by more
negative δ13C values in both species (Table 3). This seems contradictory since a reduction in vessel
area should decrease the hydraulic conductivity and lead to higher δ13C values (improved iWUE) in
species with a stomatal conductance very sensitive to drought such as oak. However, we found a lower
iWUE in dead trees, as hypothesized, indicating a lower water use and suggesting either a reduction
in photosynthesis rates or a poor regulation of stomatal conductance, as found in drought-prone
Mediterranean oak forests experiencing dieback [45]. Determining if the iWUE decline of dead trees
was due to a lower photosynthesis rate or to a higher stomatal conductance rate, or to the combined
effects of both, would require analyses of tree-ring oxygen (δ18O) data [83]. The higher iWUE of
surviving trees suggests they displayed higher photosynthesis rates or adopted a more conservative
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strategy of water use during drought, in agreement with what was found in other species such as
Pinus nigra [84].

The hypothesis on vessel diameter was refuted. Similar wood-anatomical differences were
observed between declining and non-declining Quercus frainetto Ten. trees after a severe drought,
with healthy trees forming wider vessels [45]. Others have reported declines in vessel diameter of
other ring-porous oak species in response to severe droughts [85], which can be caused by a reduced
turgor during vessel enlargement. In floodplain forests, altered hydrology leading to a reduction in
water supply also causing a reduction in radial growth and vessel area has been shown in poplar [86].
In general, water shortage during the growing season might increase oak susceptibility to further
water deficit if some earlywood vessels lose functionality through xylem cavitation and the formation
of tyloses [87]. Overall, wood anatomy and C isotope discrimination indicate that dead trees were
prone to die because they were less efficient in their water use than surviving trees, but not because
they produced wider vessels with a greater vulnerability to implosion.

Finally, the regeneration of light-demanding species like oak and black locust is favored by
disturbances creating large openings, but drought-induced dieback mainly generates small gaps due
to the death of single trees or small patches of trees, thus favoring hornbeam or elm and resulting
in forests with mixed broadleaved species but a lower abundance of oak [26]. If climate continues
warming and drying we expect higher mortality rates in black locust and oak based on previous
studies carried out in mixed hardwood forests [69] and according to the findings reported here. This
should be tested in future studies to ascertain if such changes would diminish N inputs via N2 fixation
in similar floodplains or wet forests.

5. Conclusions

Drought was the main triggering factor of the dieback and mortality episodes we detected in
two species, the native oak and the introduced black locust, inhabiting a temperate floodplain forest.
Drought and warmer summer conditions in the early 1990s preceded tree death, which peaked about
25 years later. Phytophthora was only found in one dead oak, so its role as a mortality driver is uncertain.
Trees that died formed smaller vessels and showed lower tree-ring δ13C than living trees. This indicates
that dead trees were not hydraulically predisposed to drought-induced xylem cavitation but were
characterized by a less efficient use of water than surviving trees.
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