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Abstract

Understanding hydrological processes in forested catchments is crucialin the context
of climate change, especially in vulnerable environments such as Mediterranean
mountain catchments. This study aims to investigate how forest stand characteristics,
seasonality in meteorological forcing, and hillslope topography influence precipitation
interception and tree transpiration, as well as to characterise the effects of seasonal
variability in meteorological conditions on the hydrological response of a small
catchment.

The research was conducted in the Re della Pietra experimental catchment, a 2 km?
site located in the Tuscan Apennines, Central Italy. Measurements of throughfall and
sap flow were taken on a steep hillslope in the upper catchment, dominated by
European beech trees (Fagus sylvatica).

Throughfall was monitored monthly from July 2020 to September 2023 using two 7x7
grids, each consisting of 49 samplers—one positioned in the lower part of the hillslope
and the other in the upper part. These measurements were compared to gross
precipitation. The overall throughfall-to-gross precipitation (TF/GP) ratio averaged 70 =
3%, with higher values during the growing season than in the dormant season. The
lower grid exhibited a significantly lower TF/GP ratio compared to the upper grid,
reflecting differences in tree size and density, which were greater downslope. Temporal
stability analysis revealed a strong persistence of the spatial throughfall patterns,
particularly during the dormant season.

Sap flow velocity varied along the hillslope until mid-summer. Upslope trees
experienced a rapid decline in sap flow with increasing temperatures, whereas riparian
trees maintained stable sap flow rates. Midslope trees exhibited intermediate trends.
Sap flow in riparian trees correlated more strongly with vapor pressure deficit (VPD)
and temperature, while upslope and midslope trees’ sap flow was more closely linked
to soil moisture. Time lag analysis indicated a seasonal variability of the sap flow-VPD
relation, with an average lag of -1.1 = 2.7 hours (standard deviation). Higher soil
moisture in the riparian zone buffered trees against temperature and water stress,
resulting in elevated sap flow velocities.

Finally, the catchment hydrological response and its timing were assessed using
hydrometric and electrical conductivity data. Wet and dry periods were defined based
on soil moisture, and hydrographs were analyzed accordingly. The results
demonstrated that seasonality significantly influences soil moisture, groundwater
levels, and streamflow dynamics, with distinct differences between wet and dry
periods. Stream stage and event water fractions varied across spatial scales: wet
conditions produced faster streamflow responses and higher event water fractions in
upper sub-catchments, while dry periods showed increased event water fractions at
the catchment outlet. Time lags in peak flows highlighted complex interactions
governing streamflow timing.

Further research in this and other Mediterranean catchments is necessary to validate
these findings and enhance our understanding of hydrological responses to climate
change in these sensitive environments.



Introduction

Forests cover roughly one-third of the Earth's surface (Bourgoin et al., 2018), making
them amongthe mostimportant ecosystems for delivering a wide range of hydrological
services. These include water production and protection, as most of the world’s
accessible freshwater originates from forested catchments (Keleg, 2018). Forests
ensure both the quantity and quality of water yields and provide critical protective
functions such as flood mitigation, soil conservation, and landslide prevention
(Larsen, 2017). The hydrological response of a catchment across different timescales
is shaped by a complexinterplay of biotic and abiotic factors, often acting concurrently
(Zabaleta and Antigliedad, 2013). These processes dictate how water is mixed, stored,
and released over varying spatial and temporal scales (Pfister et al., 2017). In forested
landscapes, this complexity is heightened by the diversity of tree species, each with
unique canopy structures, root systems, basal areas, and spatial distributions.
Topography further influences the distribution of water resources within catchments.
Understanding these processes is essential for managing both water quantity and
quality during periods of rapid environmental change, particularly those driven by
shifts in land use and climate (e.g., Naef et al., 2002; Negley and Eshleman, 2006), to
sustain and maximize the ecosystem services forests provide.

Tree species composition and their characteristics influence the proportion of
precipitation reaching the soil, either as throughfall—water passing through the
canopy—or as stemflow—water running down tree trunks. Throughfall typically
accounts for 70-80% of water input in forested catchments (Llorens and Domingo,
2007; Siegert et al., 2016). The redistribution of water across the soil surface, mediated
by canopy cover and topography, significantly affects hydrological, biogeochemical,
and ecological processes (Keim et al., 2005; Zhu et al., 2021) favouring groundwater
recharge and flood lamination. Consequently, throughfall plays a pivotal role in
regulating soil moisture patterns (Coenders-Gerrits et al., 2013; Molina et al., 2019;
Fischer-Bedtke et al., 2023), nutrient inputs, root development (Klos et al., 2014; Liu et
al., 2017), forest floor composition (Mottonen et al., 1999), pedogenesis (Baba and
Okazaki, 1999), soil and groundwater chemistry (Manderscheid and Matzner, 1995;
André et al., 2008), nutrient cycling (Chang and Matzner, 2000), and stream water
chemistry (Beier, 1998). Thus, a comprehensive understanding of the spatio-temporal
variability of throughfall and its controlling factors is crucial. Despite the abundant
literature focusing on TF analysis in forested catchments, the effects of topography on
TF ratios, either via differences in stand characteristics or micro-climate, have rarely
been studied.

Soil water redistribution, topography, and atmospheric demand—particularly vapor
pressure deficit (VPD)—also influence tree transpiration dynamics throughout the
seasons. VPD is recognized as the main driver of tree transpiration: as VPD rises,
transpiration increases until a physiological threshold is reached, after which trees
close their stomata to prevent excessive water loss (Cochard et al., 2001). This results
in a nonlinear transpiration response to VPD, with an initial increase followed by a
decline once the threshold is exceeded (Bachofen et al., 2023). Topography affects soil
water availability along hillslopes (Penna et al., 2015; Xiao et al., 2021), with upper
slopes generally drier than lower slopes (Penna et al., 2009). Steep slopes create
microclimatic gradients, with footslopes experiencing lower evaporative demand due
to reduced solar radiation and cooler temperatures (Hoylman et al.,, 2018).
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Additionally, footslope soils are typically deeper and richerin organic matter compared
to those upslope (Li et al., 2022). As a result, trees on upper slopes are more
susceptible to water stress than those in areas with greater soil moisture (Meusburger
et al., 2022). Although many studies have focused on the relation between VPD and
sap flow dynamics no studies have so far analyzed the climatic and topographic
controls on the sap flow-VPD relation in Mediterranean mountain catchments.
Research into water-forest interactions at the catchment scale began nearly a century
ago, with early studies conducted at American sites (Bates and Henry, 1928). Since
then, forest hydrologists have undertaken a wide range of field experiments and
modeling studies worldwide, seeking to unravel the roles of climatic (primarily
precipitation and snhowmelt), hydrological (catchment wetness), pedological,
vegetational, geological, and geomorphological controls on streamflow response
(Bracken and Croke, 2007; Llorens et al., 2018). Experimental catchments are
fundamental to hydrological research. Long-term ecohydrological monitoring in
forested catchments is essential for formulating and testing hypotheses, as well as for
developing or challenging theoretical frameworks. These catchments, often
maintained over decades, provide invaluable data for analyzing and predicting
hydrological trends, extremes, and disturbances. Such data are especially important
in sensitive environments, supporting assessments of climate-vegetation-soil
interactions and informed water resource management. Experimental catchments
serve as sentinels for hydrological metrics, with their value increasing over time
(Penna, 2024). Improved understanding of hydrological processes and catchment
properties leads to more robust models that better represent the interactions between
biotic and abiotic factors (Beven, 2018). The design of new data networks, strategic
field observations, and models that account for spatial and temporal heterogeneity are
key to advancing hydrological science (Penna, 2024). Collecting data on fluxes,
storage, and catchment properties helps reduce epistemic uncertainties (Beven,
2018). In Mediterranean catchments, particular challenges include understanding the
role of antecedent soil moisture in catchment response during dry and wet periods,
and how event water fractions and streamflow timing change across spatial scales.
Only a few studies have been carried out on the role of antecedent moisture conditions
on catchment response during dry and wet periods, and on changes in event water
fractions and timing of stream response across spatial scales. Most importantly, no
studies have been conducted on these aspects in Mediterranean mountain forested
catchments.

To fill these gaps, this thesis aims to investigate the spatio-temporal variability of
hydrological processes and their interactions from the hillslope to the small catchment
scale, focusing on:

I.  Examining how tree stand characteristics, seasonality, and topography
influence the spatio-temporal variability of throughfall along a steep hillslope
(Chapter 1);

Il.  Investigating the combined effects of summer drought and topography on the
physiological response of beech trees on a steep hillslope (Chapter 2);

lll.  Gaining a mechanistic understanding of how seasonal variability in
meteorological forcing affects hydrological responses at the headwater
catchment scale and across different spatial scales (Chapter 3).
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1. Variability and temporal stability of throughfall
along a hillslope

This chapter is taken from: Verdone, M., Van Meerveld, |., Massari, C., & Penna, D.
(2025). Variability and temporal stability of throughfall along a hillslope. Journal of
Hydrology, 647, 132294. https://doi.org/10.1016/j.jhydrol.2024.132294

Abstract

Tree species composition, tree size, and microclimate can vary along hillslopes in
forest ecosystems. This will affect the amount of throughfall (TF) that reaches the
ground. However, few studies have focused on the effects of topography on the spatio-
temporal variability of throughfall. We, therefore, measured throughfall on a steep
roughly 110 m long hillslope covered by European beech trees (Fagus sylvatica) in the
Re della Pietra experimental catchment, Tuscany Apennines, Central Italy. Although
the trees all have a similar age, the basal area, Plant Area Index (PAI), and canopy cover
are higher on the lower part of the hillslope than the upper part of the hillslope. We
installed 49 throughfall collectors in two 144-m? square grids: one on the lower
hillslope and one on the upper hillslope. In addition, we installed 29 collectors on a
transect connecting the lower and upper grid. Throughfall was measured from all
collectors at an approximately monthly interval and compared with gross precipitation
(GP) measured in a nearby open area. The overall TF/GP ratio for the 61 manual
measurements during the July 2020 to September 2023 study period was 70 = 3 %. It
was higher for the growing season (71 + 4 %) characterised by higher rainfall intensities
than the dormant season (69 = 3 %). TF/GP was lower for the lower grid than the upper
grid (61 £5vs 73 £ 6 % of GP, respectively). The differences between the measurements
at the lower and upper grid were significant for almost all measurement days and
reflect the differences in tree size and stand density. Temporal stability analysis
indicated a high persistence of the spatial TF pattern for both grids, especially in the
dormant season. The higher temporal stability for in the upper grid seems to be related
to the lower variability in tree size. Although these results need to be confirmed by
larger-scale studies at different hillslopes, they suggest that topographic differences in
stand characteristics should be taken into account when determining the water
balance for forested catchments.

1.1. Introduction

Throughfall (TF), i.e., the part of the gross precipitation (GP) that passes through the
tree canopy and reaches the soil, can account for up to 70-80 % of GP (Llorens and
Domingo, 2007, Siegert et al., 2016). The amount of TF or the ratio of TF over GP (TF
ratio) depends on precipitation characteristics, such as the amount, intensity, and
duration of GP (Carlyle-Moses et al., 2004, Levia and Frost, 2006, Staelens et al., 2008).
TF amounts typically increase as a function of GP amount and GP intensity, but long
events do not necessarily lead to less TF than shorter ones (Llorens et al., 1997, Blume
et al., 2022). Wind speed and wind direction can negatively or positively affect TF
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amounts, depending on tree species and geographical location or climate (Andre et al.,
2008; Staelens et al., 2008, éraj et al., 2008, Van Stan et al., 2014, Zabret et al., 2018).
The amount of throughfall also depends on tree crown parameters, such as tree
density, Leaf Area Index (LAI), and canopy cover (Crockford and Richardson, 2000,
Llorens and Gallart, 2000, Park and Cameron, 2008, André et al., 2011, Siegert et al.,
2016; Levia et al., 2019, Siegert et al., 2019). Llorens and Domingo (2007), for example,
found a negative relation between LAl and the TF ratio for 13 studies in the north-
eastern Mediterranean basin. However, other stand characteristics were better
correlated to the TF ratio than LAI. Stand density also affects the amount of TF. For
example, André et al. (2011) observed in the Belgian Ardennes (temperate climate) that
TF amounts were slightly lower in denser mixed beech and oak forests than low density
mixed beech and oak forests due to the higher degree of overlap of tree crowns in the
denser forest. They also noticed that during the growing season (leaf-on period), TF
volumes in the low-density forest were higher under crown extremities than near the
stems. Other studies revealed that TF amounts during the growing seasons
significantly decreased with increasing canopy cover above the sampling locations,
although it was more closely correlated with branch cover (Staelens et al., 2006).
However, Llorens and Gallart (2000) showed that canopy cover measured at the point
scale was only weakly and non-linearly related to the measured TF amounts, but the
relation became stronger when the point scale observations were grouped to the plot
scale. Studies on regenerating forests in the tropics highlighted the relation between
TF ratios and tree basal area (e.g., Keller et al., 2023), or the ratio of small to large trees
(Zimmermann et al., 2013).

The spatial pattern of the redistribution of water by the canopy can persist over time
and affect hydrological, biogeochemical, and ecological processes (Keim et al., 2005,
Zhu et al., 2021). The spatial pattern in TF has a critical influence on soil moisture
patterns (Coenders-Gerrits et al.,, 2013, Molina et al., 2019, Fischer-Bedtke et al.,
2023), root growth (Ford and Deans, 1978, Klos et al., 2014, Liu et al., 2017), the
composition of the forest floor (M6tténen et al., 1999), nutrient inputs to the soil,
nutrient cycling (Chang and Matzner, 2000), soil-and groundwater chemistry
(Manderscheid and Matzner, 1995, André et al., 2008), stream water chemistry (Beier,
1998), and pedogenesis (Baba and Okazaki, 1999). Consequently, understanding the
spatio-temporal variability of TF and the factors that affectitis important.

Awidely adopted technique to investigate the persistence of TF patterns over time (i.e.,
the temporal stability of the spatial patterns of TF) is the Index of Temporal Stability
(ITS) (Vachaud et al., 1985). By adopting this approach, Keim et al. (2005) found for a
deciduous forest in the Pacific Northwest (USA) that persistence of TF patterns was
stronger for the growing season than the dormant season. In particular, the dormant
season results were affected by extreme values (i.e., the samplers were empty or full
of water), while during the growing season more TF collectors were completely dry than
full (Keim et al., 2005). Another study in 2006 found that the spatial patternin TF below
a single dominant beech tree was also more persistent during the growing season than
in the dormant season (Staelens et al., 2006). Moreover, as the length of the sampling
period increased, the spatial variability in TF decreased and the temporal stability of
the TF pattern increased (Staelens et al., 2006).

Almost all of these TF studies were conducted at the plot scale; they either measured
TF forone plot(e.g., Murakami 2007) or compared TF measurements for different forest
plots (e.g., Blume et al., 2022, Keller et al., 2023). However, lateral water flow at the
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hillslope scale can affect soil water availability, tree growth, and stand characteristics
(Fabiani et al. 2023; Elliott et al., 2015). Topography also affects the microclimate
(Hawthorne and Miniat, 2018). The air on the lower hillslopes (i.e., near valley areas)
tends to be cooler and more humid (Jencso et al., 2009, Penna et al., 2009). Radiation
and windspeeds tend to be lower there as well (Hoylman et al., 2018). One could thus
expect that TF ratios vary across hillslopes, even if the entire hillslope is covered with
the same tree species. However, the effects of topography on TF ratios, either via
differences in stand characteristics or micro-climate, have rarely been studied.
One exception is the study conducted by Siegert et al. (2016) who measured TF for four
different plots, including a north-facing slope, a flat central area, a west-facing slope,
and a south-facing slope in a 12-ha forested catchment in Maryland, USA. They found
that TF variability was influenced by slope and aspect, which directly impacted the
microclimate, growing conditions, and competition for water and nutrients. The
topography-induced variations in TF were not visible for single events but became
noticeable when the data were aggregated at the seasonal or annual scales (Siegert et
al., 2016). However, their plots were covered by different tree species, which made it
harder to infer the effect of topography via the effects of tree cover and microclimate
on TF ratios.
Therefore, in this study, we use three years of TF data collected on a steep hillslope
covered by European beech trees (Fagus sylvatica) in a densely forested catchment in
central ltaly to assess the spatial and temporal variability in TF across a steep hillslope.
In particular, we address the following three research questions:
I.  How do tree stand characteristics vary along a hillslope?
Il.  Howdo tree stand characteristics affect the amount and spatial variability of TF
at the hillslope scale?
Ill.  How does seasonality affect the temporal variability and stability of TF across
the hillslope?

1.2. Materials and methods
1.2.1. Study area

The study hillslope is located in the Lecciona catchment (coordinates of the outlet:
43.878 N, 11.622 E), a 31-ha subcatchment of the Re della Pietra experimental
catchment (Fig. 1), located in the Tuscan Apennines in central Italy. The main aspect of
the study hillslope is North, the average slope is 30°. The elevation ranges between 910
and 960 m a.s.l.. The catchment and the study hillslope are densely vegetated by
European beech (Fagus sylvatica), with few inclusions of oak trees (Quercus sp.). The
understory is sparse (Fig. 1c). The last thinning in the Lecciona subcatchment took
place in 1990. Although the entire slope is covered by evenly aged beech trees, the
diameter of the trees decreases from the bottom to the top of the hillslope (see section
3.1). Soil depth varies from 1.5 m at bottom of the hillslope to 0.8 m at the ridge, as
assessed by knocking pole measurements. Soils are Humic Dystrudepts (USDA,
1999), with mainly a sandy loam texture (Fabiani et al. 2023) and a high gravel and rock
content. The geology consists of fractured sandstone.

The long-term mean annual precipitation and temperature (1992-2022) measured at a
weather station located at 1005 m a.s.l.,, ~12 km south from the catchment, are
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roughly 1300 mm and 10.5 °C, respectively. Typical for the Mediterranean region,
precipitation is unevenly distributed over the year, with the highest rainfall amounts in
autumn (the wettest month is November, with on average 185 mm of precipitation) and
lowest in summer (the driest month is July, with 40 mm of precipitation on average).
Precipitation intensity is higher during the period from May to October than between
October and May (average intensity: 3.6 mm/h vs 2.1 mm/h for events with > 1 mm of
total precipitation). Snowfall events are rare but can occur, particularly in December
and January.
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Fig. 1. Panels a) and b): Re della Pietra catchment and its location in Italy. c) Picture of the TF plot. d) Map
of the lower zone of the Lecciona subcatchment and position of the experimental hillslope.
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1.2.2. Field measurements
1.2.2.1. Precipitation measurements

The main meteorological parameters were measured at a weather station located in an
open area at 990 m a.s.l., above the experimental hillslope (Fig. 1b and d). Gross
precipitation (GP) was measured at a five-min resolution with a tipping bucket rain
gauge (Davis Instruments) that was dynamically calibrated (Marsalek, 1981, Sypka,
2019) also considering the possible effect of wind undercatch (Rinehart, 1983, Hosking
et al., 1985). The tipping bucket experienced some malfunctioning between 29
Octoberand 23 November 2021. Precipitation data from the precipitation station at the
Re della Pietra outlet (at 635 m a.s.l.; Fig. 1b) were used for that period.

1.2.2.2. Throughfall measurements

The TF measurements (Fig. 2) were designed to assess possible differences in TF along
a hillslope. In total we used 126 samplers, located in two main plots (upper and lower
grids, 196 m2 each) located to the left and the right of a linear transect along the line of
the maximum slope of the experimental hillslope. The lower boundary of the lower grid
was located roughly 25 m from the Lecciona stream, while the upper boundary of the
upper grid was located approximately 80 m from the ridge. At each of the two grids, we
installed 49 samplers at a 2 m distance (measured on the ground). The experimental
design aimed to maximize the TF measurement area along the hillslope and the ratio
between the number of samplers and the plot area to assess the possible variability in
TF alongthe hillslope. The sampler density (2.9 m?for each grid sampler) is comparable
with that used by Keim et al. (2005) (3.2 m? per sampler in a deciduous tree stand) and
onetotwo orders of magnitude higher thanin the studies of Fischer-Bedtke et al. (2023)
and Siegert et al. (2016) (one sampler per 28 m? and 250 m?, respectively). TF
measurements were also taken every 1 m along a 30 m linear transect connecting the
two grids.

The samplers consisted of high-density polyethylene (HDPE) cylindrical jars with a 60
cm2 opening (total collection area for all samplers: 7560 cm?). Each sampler was
emptied approximately every three weeks between August 2020 to September 2023,
leading to 61 measurement days. To minimize the risk of evaporation from the
samplers, the collectors were emptied directly (i.e., within 2 days) after each major rain
eventin summer (=5 mm/day) based on data recorded by the weather station operated
by the Regional Hydrological Service (Macchioli Grande et al., 2024), located 12 km
from the catchment at 1005 m a.s.l.. On each measurement day, all samplers were
emptied and the total volume of water in each sampler was recorded.

In addition to the manual TF measurements, five TF gutters were installed on the
hillslope in November 2021. Each 200 cm-long and 17 cm wide gutter (3400 cm?) was
connected to a tipping bucket rain gauge that was dynamically calibrated for rainfall
intensity taking into account the much larger collection area than for the rain gauge. A
fine mesh protected the gauges from litter accumulation. In addition, the water inlet
hole of the rain gauge was slightly enlarged to avoid clogging. All TF gutter gauges were
connected to the same data logger and volumes were recorded every five minutes. The
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total surface area of all gutters was 28000 cm?, almost 3.7 time larger than that of all
126 manual samplers.
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Fig. 2. Left: map of the experimental hillslope. Right: the relative position and ID of the samplersin each
grid and on the transect.

1.2.2.3. Forest survey and canopy cover

In March 2022, we conducted a forest survey on the study hillslope. We marked the
position of the 138 trees on the study hillslope and measured their diameter at breast
height (DBH) using a calliper. We measured the height of 30 representative trees,
proportionally distributed over all diameter classes, using a hypsometer. Moreover, we
determined the age of twelve of the 30 representative trees (equally distributed across
the diameter classes) by counting growth rings from wood cores extracted with a
Pressler borer.

The Leaf Area index (LAI) was determined four times during the study period: i) 11 April
2022, before the bud break (which occurred in the second half of April 2022), ii) 19 May
2022 after the bud break, iii) 6 September 2022 (at maximum crown expansion), and iv)
6 April 2023, again before the bud break. We determined the Plant Area Index (PAl)
indirectly using a simplified Norman-Jarvis model (Norman and Jarvis 1975) that
accounts for the relationship between PAl and photosynthetically active radiation
(PAR), assuming a spherical distribution angle for leaves (Campbell, 1986). We
estimated PAR above the canopy by measuring it in an open area close to the TF plot
using a ceptometer (AccuPAR LP-80, Meter Group Inc., Pullman, Washington). Below
canopy measurements were taken directly afterwards above each sampler and each
gutter gauge. All measurements were taken within 30 min, so that the above canopy
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PAR value could be considered representative for all sampling points. The ceptometer
was calibrated before each campaign using the procedure suggested by the
manufacturer. To obtain the LAl from the ceptometer derived PAl values, we subtracted
the Wood Area Index as proposed by Bréda (2003). The Wood Area Index, was
measured by the ceptometer during the leaf-less periods (Dufréne and Bréda 1995).
However, we compared the spatial patterns of PAl (instead of LAl) and TF because both
wood and leaves intercept water.

Forest canopy cover is the proportion of the forest floor covered by the vertical
projection of the tree crowns (Jennings et al., 1999). Forest canopy cover was
determined from non-hemispherical photographs taken above each collector and
gutter (CMOS size: 1/2.8") (Whelan and Anderson, 1996, Llorens and Gallart, 2000) on
three dates: i) 12 April 2022, before the bud break, ii) 5 May 2022, after the bud break,
and iii) 7 September 2022, at the time of maximum crown expansion. Each photo,
appropriately cropped to avoid overlap of the canopy above two adjacent samplers,
was analysed using a MATLAB-based application to distinguish the proportion of sky
(gap fraction) from the canopy cover via colour difference (Llorens and Gallart, 2000).

1.2.3. Data analysis
1.2.3.1. Throughfall amounts and ratios

Samplers

For all measurement days (Table s1), the volume (in liters) of TF in each sampler was
converted to a TF amount (in mm) by dividing the volume by the area of the sampler’s
orifice. The TF ratio was calculated for each sampler by dividing the TF amount by the
total GP between the measurement date and the previous one.

We determined the average and standard error of the TF amount and the TF ratio
(TF/GP) for each measurement date for the entire hillslope, the two grids, and the
transect. To determine the overall TF ratio for the entire 3-year period, we weighted the
average TF ratios for the individual measurement dates by the amount of GP. Again, this
was done for the entire hillslope (all collectors), and for the two grids and the transect
separately. To calculate the average TF ratio, we had to remove some outliers (see Table
s1). Despite our efforts to minimize the possible effects of evaporation during the
summer months, on one occasion (August 2023; GP: 18.4 mm), 23 days passed
between the first rainfall event and the TF measurements. Therefore, these TF data
were excluded from the analyses and the calculation of the average TF ratio. We also
excluded eight measurements that were clearly affected by snow and ice on the
hillslope and two other measurement periods during the growing season for which the
hillslope average TF ratio was > 1 (GP of 176 and 14 mm), likely because of rainfall
undercatch. Values of TF ratios > 1 are common (e.g., Valente et al., 1997, Crockford
and Richardson, 2000, Rodrigo and Avila, 2001) and are generally caused by either an
overestimation of TF due to, forinstance, samplers located below dripping points (Pook
et al.,, 1991, Katayama et al., 2023) or an underestimation of GP. GP could be
underestimated due to clogging of the tipping bucket rain gauge by ice and snow in
winter (Savina et al. 2012) and high wind speeds during high-intensity rainstorms in
summer. Furthermore, the measurements at sampler number eight of the transect (T8)
were affected by direct dripping from the curved trunk. As a result, the sampler was

21



always full (equivalent to 435 mm), which made it impossible to quantify TF for this
sampler correctly. For this reason, data from this sampler were discarded from all
analyses as well.

We used field observations of leaf break (typically around mid-April) and leaf fall
(typically in early October) to divide the measurement period into the growing season
(37 measurement dates) and the dormant season (24 measurements). Again, we
calculated the average TF ratio for each season by weighting the TF ratios for the
individual measurements by the amount of GP for the entire hillslope (all gauges), and
for the two grids and the transect separately. The Mann-Whitney test was used to
determine the statistical significance of the differences in TF ratios for the two
seasons.

We used the Kruskal-Wallis test (Kruskal and Allen Wallis 1952) to determine the
statistical significance of the differences in TF ratios for the two grids and the transect.
We used a non-parametric test to ensure that differences among the two grids and the
transect were not related to outliers caused by stochastic errors in TF measurements
or deterministic errors due to water redistribution (e.g., sampler T8, see discussion
above about outlier removal). We, furthermore, used a jackknife procedure to
corroborate the results of the Kruskal-Wallis test on the differences in TF amounts
between the lower and the upper grid. We focused our attention on the differences in
TF between the two grids for this analysis because the different measurement design
for the transect makes it difficult to compare the results with the grids. For each
measurement day, we calculated the mean TF for the upper and lower grid. Then, we
randomly removed one or more samplers from each grid and recalculated the mean TF
and plotted the mean TF as a function of the number of samplers removed. This
procedure was repeated 10,000 times, leading to what is called a “trumpet plot” that
coincides with the mean value of TF when all gauges are included (the mouthpiece of
the trumpet), and multiple endings (the bell of the trumpet) when many samplers are
removed. In addition, we determined for each of the 10,000 times that a certain
number of samplers were removed if the mean TF for the upper grid was higher than for
the lower grid. We then plotted this fraction as a function of the number of samplers
that were removed. Both analyses were done for all measurement periods.

Gutter data

For the continuous data from the gutters, we divided the precipitation time series into
events. Events were defined as periods with more than 1 mm of precipitation separated
by at least two hours of no precipitation. Based on our field observations, this period is
sufficient for the leaves to dry between two events and dripping to stop. For each event,
we calculated the GP amount, event duration, mean, and maximum intensity (from the
weather station in the open area), and the corresponding TF amount in each gutter
gauge, as well as the TF ratio by dividing the TF amount by the amount of GP.

1.2.3.2. Temporal stability analysis

To investigate the temporal stability of TF, we used two different techniques. To explore
the spatial correlation in TF, we compared the TF amount in each sampler with that of
all other samplers. More specifically, correlograms were used to determine the
correlation between the TF amountin a given sampler and thatin all other samplers on
the grid for either the full time period, the growing season, or the dormant season. This
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was done to assess if the TF amount was related to the distance among samplers and
if it varied seasonally.

We, furthermore, assessed the temporal stability of the TF spatial patterns using the
temporal stability analysis approach (Vachaud et al., 1985, He et al., 2019). We
calculated the Mean Relative Difference (MRD) of TF for each sampler (Eq. (1) and the
corresponding Standard Deviation of the Relative Difference (SDRD) (Vachaud et al.,
1985) (Eq. (2):

m
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where S; is the measured amount of TF at the i'" measurement location during the j*
measurement period, .S:jis the average TF amount for all sampler locations for the j™
measurement period, and misthe number of measurement periods. The mean relative
difference (MRDi) at location i represents the systematic bias in TF at location i relative
to the spatial average. SDRD; represents the persistance of the location in representing
the TF spatial average. To take both the MRD and SDRD metrics into account, we used
the Index of Temporal Stability (ITS) that combines the effect of both the MRD and
SDRD (Penna et al., 2013, Rodrigues et al., 2022):

ITS; = \/MRDf + SDRD;* (3)

The lower the value of ITS, the the better it represents the mean TF for all measurement
periods. This procedure was applied for the entire hillslope and for the two grids and
the transect, separately.

1.3. Results

1.3.1. Forest stand characteristics

The survey revealed that trees on the lower part of the hillslope had a larger DBH (Fig.
3) and a more expanded crown compared to trees on the upper part of the hillslope
(Table 1). However, tree height (mean height: 19.2 m + standard deviation: 2.3 m) for
the 30 representative trees across the hillslope was not related to hillslope position,
nor the basal area. The age of the trees (52 * 6 years) did not vary systematically across
the hillslope either.
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Fig. 3. Box-plot of the basal area of all trees in each grid and on the transect. The bottom and top of each
box represent the 25th and 75th percentiles, respectively, the line in the box is the median, and the
whiskers extend to +/-2.7 times the standard deviation.

Table 1. Characteristics of the forest stand on the study hillslope. SD: standard deviation.

Lower grid Transect Upper grid
Number of trees (-) 19 8 23
Mean DBH = SD (cm) 29+8 26+5 224
Max diameter (cm) 48 39 31
Tree height £ SD (m) 192 195 214
Total basal area (dm?/m?) 0.012 0.011 0.009

The PAl values varied between 1.9 in April (mean value for April 2022 and 2023) and 6.3
in September 2022 for the lower grid, between 1.5 and 6.3 for the transect, and
between 1.6 and 5.9 for the upper grid. PAl values were statistically different among
the three plots in April 2022 (p < 0.01) and almost statistically significant different in
April 2023 (p = 0.051) (Fig. 4). In April 2022, PAl was similar in the lower grid and the
transect (mean 1.61 and 1.58, respectively) and higher for the upper grid (2.04). The
pattern was different in April 2023 (mean 1.77, 1.34 and 1.58 for the lower grid, the
transect, and the upper grid, respectively). At the beginning of the growing season (May
2022), PAl became higher in the lower grid than in the upper grid and remained so
during the growing season (September 2022) (Fig. 4).
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Fig. 4. Box-plot of ground-based measurements of the plant area index (PAl) for four different
measurement dates. PAl was statistically different (Kruskal-Wallis test) for the three plots for all
measurement dates: p < 0.01 for April, May and September 2022, and p <0.05 for April 2023.

Canopy cover varied similarly with hillslope position, especially for the surveys
conducted in April (dormant season) and in May 2023 (beginning of the growing
season). Canopy cover increased from the top of the hillslope to the bottom (Fig. 5).
Interestingly, the top-to-bottom trend observed for the median canopy cover values on
May 5th 2022 was accompanied by an increasing variability in canopy cover towards
the bottom.
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Fig. 5. Box-plot of canopy cover on three different dates. Values of canopy cover for the three plots were
statistically different (Kruskal-Wallis test) only in May 2023 (p < 0.01).
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1.3.2. Average throughfall for the study hillslope and seasonal variation

Overall, 2755 mm of GP and 1932 mm of TF were recorded over the study period (but
see Section 2.3.1 and Table s1 for the events that were excluded). The overall TF ratio
was 70 % (£ a standard error of 3 %; Table 3). If the two measurement periods with TF
> GP and the eight measurements affected by snow and ice would have been included,
the overall TF ratio would have been 76 = 7 %. If sampler T8 with very high TF amounts
was included (assuming that the sampler had just filled), the mean TF ratio would have
been 79 + 7 %. The automatic gutter gauges (Table 3) recorded on average 1280 mm of
TF for the period November 2021-September 2023 during which there was 1748 mm of
GP, leading to an overall TF ratio was 75 + 4 %.

As expected for a Mediterranean climate, GP varied seasonally over the study period,
due to the higher precipitation in winter, spring, and fall, and less frequent and smaller
but more intense events in summer (Fig. 6). The overall TF ratio was 71 + 4 % for the
growing season and 69 = 3 % for the dormant season. The variability was higher for the
growing season than the dormant season (standard deviations of 19 % and 28 %
respectively). A different seasonal variation was observed for the gutters: 71 + 3 % for
the growing season and 79 = 4 % for the dormant season.

G2l
~10
o
.5/ TF/GP - -TF=GP|
o (NN - .| - [ . R 1L || -
o
[T
"l |\ A T
0u| L] | Ll | |
250 — o
£, [ECP T .
E
I150
-
E 100 ﬁ H
©
o 50
¢ .k [iML ILillu b i“ “ — T [I“
10 20 30 40 50 60

Sampling campaign (July 2020 - September 2023)
Fig. 6. Air temperature, TF ratio, and the total amount of TF and GP for each measurement period during
the study period. The numbers on the x-axis indicate the measurement campaigns. Gray background
shading indicates the growing season (and the white background the dormant season).

1.3.3. Differences in throughfall for the two grids and the transect

The average TF amount for the dormant season was lower in the lower grid and higher
for the transect and the upper grid (Table 2). During the growing season, the same
patterns of an increasing average TF amount in the upslope direction was observed
(upper > transect > lower) but the mean values were more similar (Table 3, Fig. 7),
though still statistically significantly different. The average TF amount was higher for
the upper grid than the lower grid for 23 of the 25 individual measurement dates (92 %)
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in the dormant season and for 32 of the 33 measurement dates (97 %) in the growing
season (Table S1). The exceptions were the 9th, 31st, and 58th measurement dates.
On the 9th measurement date, TF was the same in the two grids, whereas on the 31st
and 58th measurement dates TF was slightly higher in the lower grid (mean TF 3.5+ 0.4
mmvs 3.3 03 mmand 26.5 = 1.5 mmvs 24.5 £ 0.8 mm, respectively).

Free TF proportion difference (calculated as differences between canopy cover)
between growing period and dormant period was 38% for upper grid and 31% for lower
grid.

For 47 of the 55 measurement periods for which TF was higher in the upper grid than
the lower grid, the difference between the two grids was statistically significant (p <
0.05). The data from the five gutters did not reveal a clear pattern with topographic
position (data not shown).

Table 2. Plot average total throughfall (TF), coefficient of variation (CV) for TF, TF ratio, LAl, and canopy
cover for the upper and the lower grid (xthe standard deviation (SD) or standard error (SE)), as well as
rainfall characteristics for the two seasons.

Dormant season Growing season

Total TF+SE (mm) Uppergrid 1197 +12 81710
Lower grid 98810 708 +9

CV (-) Uppergrid 0.70 1.13
Lower grid 0.72 1.15

TF Ratio Uppergrid 0.74 0.71
Lower grid 0.61 0.62

LAIxSD (-) Uppergrid 1.8+0.7 6.0+0.7
Lowergrid 1.6+0.6 6.2+1.1

Canopy cover+SD (-) Uppergrid 0.37x0.16 0.75+0.22
Lower grid 0.54+0.19 0.85+0.13

Mean GP event amount+SD Entire plot 5.0+7.3 4.5+8.8

(mm)

Mean GP intensity=SD (mm/h) Entire plot 3.6+3.2 2111

Max GP intensity+SD (mm/h) Entire plot 9.1+13.7 3.1+3.8

GP event durationSD (h) Entireplot 2.2+25 4.0+5.8

27



Table 3. Total gross precipitation (GP) and total throughfall (TF) in mm and the mean TF ratio (TF/GP) for
the entire study period and the dormant and growing seasons, for the manual samplers and the gutter
gauges (*the standard error SE). For comparison, the mean (+standard deviation SD) and median values
of the TF ratios for all events are given as well. The data period for the manual samplers is from August
2020 to September 2023, and for the gutter gauges from November 2021 to September 2023.

Dormant Growing Total
Manual samplers
Total GP (mm) 1621 1145 2766
Total TF£SE (mm) 1119+30 813+33 1932+66
TF ratio (TF/GP)+SE (-) 0.69+0.03 0.71+0.04 0.70+0.03
Mean TF/GP (£SD) (-) 0.69+0.19 0.61+0.28 0.64+0.24
Median TF/GP (-) 0.73 0.66 0.70
Gutter gauges
Total GP (mm) 805 908 1713
Total TF+SE (mm) 636+25 654+22 1290+46
TF ratio (TF/GP)+SE (-) 0.79+0.04 0.71+0.03 0.75+0.04
Mean TF/GP (xSD) (-) 0.65+0.26 0.55+0.23 0.61+0.25
Median TF/GP (-) 0.74 0.60 0.66
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Fig. 7. Relative frequency of the TF ratios for all samplers for all dates for the two grids and transect for
the growing season (left) and the dormant season (right). The vertical lines mark the mean TF ratio. TF
ratios were lower for the lower grid and higher in the upper grid and the transect. Differences in the TF
ratio were statistically significant (based on the Kruskal-Wallis test) between the lower grid and the
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upper grid or transect but not between the transect and the upper grid (p > 0.5). Measurements with TF
higher than GP were excluded (see Section 1.2.3.1).

The jack-knifing procedure confirmed the higher TF ratios for the upper grid than the
lower grid. TF was higher in the upper grid for almost all measurement campaigns (top
row of Fig. 8 is very often white) and the difference persisted even if over half of the
gauges were removed from the calculation of the mean TF ratios. This was the case for
both seasons (Fig. 8). Fig. 9 shows the trumpet plots for four selected measurement
periods. For most cases, the two trumpets partially overlapped but were distinctly
different from each other, with TF being higher in the upper grid than the lower grid (Fig.
9b, c). For the measurements on December 4th, 2020, mean TF was very similar for
both grids (Fig. 8a). The final portion of the trumpet for the upper grid was skewed
downward due to the larger number of measurements below the mean. The opposite
trend was found for the lower grid. For the 58th measurement date, there was a large
amount of TFin the lower grid, and the trumpet representing the lower grid was strongly
skewed upward (Fig. 9d).

Although the differences in the average TF ratios for the grids seem to be related to PAI
and canopy cover (Table 2), there was no consistent statistically significant relation
between the average TF ratio (weighted by the GP) for each gauge and PAI, canopy
cover, or distance to the closest tree stem, neither for the entire period nor the growing
or dormant seasons (Table S2).
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Fig. 8. Jackknife plot showing the fraction of the 10,000 times that the mean TF was higher in the upper
grid than the lower grid after we progressively and randomly removed one (or more) samplers from each
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grid and recalculated the mean values. The more the colour for a measurement period (on the x-axis)
tends towards white, the more frequently the TF was higher for the upper grid than the lower grid,

regardless of the number of samplers removed.
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Fig. 9. Trumpet-plot for four selected measurement periods (the date reported in each panel refers to
the measurement day). Each group of lines (10,000 line for each grid) was constructed by progressively
and randomly removing one or more samplers and recalculating the mean TF. The shape of the trumpet
bell depends on the TF distribution within each grid. Large bells reflect a high sensitivity to the selection
of samplers and thus indicate a large TF variability for a given measurement period. Bell asymmetry is
related to values above (bell skewed upward) or below (bell skewed downward) the mean TF for a given
measurement period. The red horizonal line indicates the GP for that period.

1.3.4. Throughfall spatial variability and temporal stability within the two grids

The spatial variation in TF ratios in the two grids and the transect was high in both the
growing season and the dormant season, but most pronounced in the growing season
(Fig. 7). The correlations between the measured TF amounts were lower for the
dormant season (meanr=0.91 and 0.83 for the upper and the lower grid, respectively)
than the growing season (mean r = 0.94 and 0.96 for the upper and the lower grid,
respectively). All correlations between samplers were significant (p < 0.01). The
correlations between the amount of TF in the different gauges was not related to the
distance between samplers, as revealed by the lack of a color gradient in the
correlogram when moving from the closest samplers to the distant samplers (Fig. 10).
The correlograms indicate that the amount of TF in sampler number 38 in the upper
grid was consistently poorly related to the amount of TF in the other samplers. This was
also the case for sampler number 16 in the upper grid during the growing season (Fig.
10a, b). In the lower grid, sampler number 40 was an outlier, especially during the
dormant season (Fig. 10c).

The ITS values from the temporal stability analysis (Table 4, Fig S1) are very low,
indicating a high persistence of TF patterns over time. For both grids, ITS was lower in
the dormant season than in the growing season. In the growing season, there were
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more samplers with values above the 90th percentile, characterized by high instability.
However, no relation was found between “unstable” samplers and PAI, canopy cover,
or distance to the closest stem. The unstable samplers were different between the
dormant and the growing season for both the lower and the upper grid.
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Fig. 10. Correlograms of TF for samplers in the lower and upper grid for the dormant (left column) and
growing (right column) season. All correlations are highly significant (p < 0.01).
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Table 4. Mean and median values of the ITS of TF for the dormant and growing seasons. Median values
are lower than the mean values, indicating a positive asymmetry resulting from the high temporal
variability (higher values of ITS) for a few samplers in each subplot.

Lower grid Transect Upper grid

Dormant |Growing |Dormant |Growing |Dormant | Growing
MeanITS+*SD |0.25+0.13/0.80+1.44 |0.41+0.22 |1.65%+1.79|0.24+0.39|0.47+1.51
75" percentile | 0.29 0.53 0.24 0.49 0.26 0.50
of ITS
Median ITS 0.21 0.55 0.20 0.42 0.18 0.42

1.4. Discussion
1.4.1. Variation in forest characteristics along a hillslope

Even though the trees along the hillslope had approximately the same age, DBH and
basal area were larger in the lower grid than the upper grid, while tree density (humber
of trees per grid) was smaller in the lower grid than in the upper grid (Table 1, Fig. 3).
Lateral redistribution of water along the hillslope causes the bottom parts of hillslopes
to be wetter. This can lead to higher transpiration rates during the dry season, and
higher overall primary productivity compared to the drier upper part of the hillslope
(Tromp-van Meerveld and McDonnell, 2006, Penna et al., 2009) Indeed, Fabiani et al.
(2023) found that the thick litter layer and high soil moisture in the lower part of the
hillslope led to a different transpiration response to vapour pressure deficit (VPD)
during summer. Trees at the base of the hillslopes maintained a high sap velocity even
when daily mean VPD values were the highest of the season, while transpiration of
trees in the upper part decreased progressively from August to September (Fabiani et
al. 2023). Trees in the upper hillslope were more affected by water stress (cf.
Oberhuber and Kofler, 2000), which could explain their smaller basal area. In addition
to soil water availability, aspect can also affect tree growth (Siegert et al., 2016) and
the microclimate can be different (see also section 4.3). Our field observations did not
highlight any evidence of bad phytosanitary conditions (e.g., disease or fungal
infections) of trees growing in different parts of the Lecciona hillslope, and therefore
we do not think that this caused the variation in stand characteristics. Instead, we think
that the observed variation in tree stand and canopy characteristics along a hillslope
can be expected for other hillslopes as well. As these differences affect the average TF
ratio, we recommend that future studies on TF (and other ecohydrological studies) take
this systematic variability in tree characteristics into account. This could be based on
remote sensing techniques such as laser scanners, drone photogrammetry, and
satellite products (Manfreda et al., 2018).
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The different tree sizes resulted partly in a different PAl and canopy cover fraction (cf.
Landsberg and Waring, 1997, Binkley et al., 2013a). Seasonal variations in PAlI were
different between the upper and lower grid (Fig. 4) but there was not a clear pattern in
PAl as a function of the hillslope position (Fig. 4). We hypothesize that PAl in the growing
season (corresponding to LAl + WAI) was not strictly linked to PAI in the dormant
season (corresponding to WAI) because only small (and living) branches put on leaves
while primary stems do not. So, we can have two sites with equal WAI but different PAI
if, for example the first site is characterized by higher number of small branches than
the second. Vice versa, foryoung shoots, PAl was much greater than WAl in the growing
season. Differences between observations conducted in April 2022 and April 2023 can
be explained by different proportions of sky recorded by the WAI along the hillslope due
to small differences in the ceptometer orientation. However, the values of PAl for the
dormant season were in good agreement with other studies (e.g., 1.52 for a mixed
stand of European beech and Irish oak by Dufréne and Bréda 1995) and PAIl values for
the growing season are consistent with those reported by Cerny et al. (2020) for a
European beech forest in Czech Republic.

Similar to PAI, the canopy cover was higher for the lower grid than the upper grid (Fig.
5). The higher variability in the dormant season for the lower grid was probably caused
by the fact that some samplers were located in canopy gaps (canopy cover = 0) and
some samplers were located near tree stems (canopy cover = 1). During the growing
season, this difference was obliterated by the leaves that filled the gaps. The lack of
any relation between PAl and canopy cover (Table S2) for the individual samplers was
expected because canopy cover is affected only by the absence or presence of aerial
biomass, while LAl (and also PAl) is affected by aerial biomass layers (Jennings et al.,
1999), resulting in locations with equal canopy cover but different values of PAI.

1.4.2. Overall throughfall ratios

The overall TF ratios for the hillslope based on the manual samplers (70 = 3 %) and the
gutter gauges (75 =4 %) are in good agreement with those reported by previous studies
for beech forests (Staelens et al., 2006, Frischbier and Wagner, 2015; Blume et al.,
2022). The higher TF ratio in the growing season for the gutter gauges can be related to
different rainfall event characteristics (Table 2), rather than the effect of leaves in
intercepting the water inputs (cf. Blume et al., 2022). Despite the different climatic
conditions, the different TF ratios for the growing season and the dormant season for
the gutters (Table 3) are consistent with previous results by Blume et al., (2022), who
measured TF using automatic samplers in a beech stand in Germany. Overall, the TF
ratio for the manual samplers is similar between the growing and the dormant season
as differences in rainfall characteristics and in particular the period-based (rather than
event-based) measurements could have masked any seasonal TF differences (Table
3). The different TF ratios between the gutter gauges and the manual samplers can be
explained by the different sampling design, the different study periods, and possibly a
small amount of evaporation for some measurements in summer. On the other hand,
the small number of gutter gauges was not able to capture the spatial variability of TF
(thatthe manual samplers in the grids did show). Thus, measurements at a fortnight or
monthly temporal scale can make it difficult to assess the role of the events
characteristics (rainfallamount and intensity) on TF spatial distribution. However, such
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measurements have the advantage that they can show the spatial differences in TF
between two or more regions or sites.
1.4.3. Topographic variations in throughfall ratios

TF was higher in the upper grid than in the lower grid (difference of 224 mm over the
three dormant seasons and 122 mm over the three and a half growing seasons) and
this difference was confirmed by the jackknife procedure (Fig. 7). This difference can
be explained by the differences in stand characteristics, in particular the smaller trees
size, lower canopy cover, and lower PAI for the upper grid than the lower grid (Fig. 9;
Table 3). This finding agrees with the results by André et al., (2011), who measured
systematically higher TF amounts in a low-density mixed stand of beech and oak trees
than in a denser stand. The findings also agree with studies that found that the TF ratio
increased after damaging storms changed the canopy cover and lowered the LAI
(Zhang et al., 2019, Scatena et al., 1996, Heartsill-Scalley et al., 2007), as well as the
marked sensitivity of a TF model to canopy cover for the highly variable canopy cover
in a hardwood forest (Bryant et al., 2005).

However, our results do not agree with those of Llorens and Gallart (2000), who did not
find a decrease in TF ratios with increasing tree density or basal area. This can be
explained by the different spatial scales considered for TF observations and the
differences in stand characteristics. In agreement with Llorens and Domingo (2007),
we observed a weak negative trend between the TF amount and PAI for the two grids
(Table 3), but when comparing PAl and TF ratios for the individual samplers there was
no clear relation (Table. S2). This highlights the importance of other tree
characteristics, such as branch orientation for the very local variation in TF (Park and
Cameron, 2008). Siegert et al. (2016) found for four experimental plots with different
slope, orientation, and forest composition a positive relation between plant area index
(PAl) and the TF ratio for the growing season, and a weak negative relation for the
dormant season suggesting the important effects of season, individual species
characteristics, such as leaf and branch orientation (Park and Cameron, 2008), and
leaf texture (Holder, 2007) on the TF ratio. Furthermore, it must be noted that the
measurement area of the ceptometer we used was larger than the area above each
sampler. This would also lead to a weak relation between plot-scale PAl and TF but no
relation between PAl and TF for the individual samplers. The lack of a relation between
TF and canopy cover, and TF and distance to stem for each sampler disagrees with the
observations by Jochheim et al. (2022), who found that TF was lower near the stemthan
further away in summer and higher in winter. The absence of relation between TF
samplers and distance to the closest stem confirms previous findings from studies
conducted in other climates (Ford and Deans, 1978, Loescher et al., 2002, Staelens et
al., 2006, Nanko et al., 2011). Perhaps the use of a regular grid affected our ability to
study the spatial correlation between TF samplers. Indeed, there was no spatial
correlation because the 2 m minimum spacing between the samplersis too large (Keim
et al., 2005; Fischer-Bedtke et al., 2023).

Although the topography-induced variations of stand characteristics (Section 4.1)
explained the TF differences between the two grids, the effects of microclimate need
to be considered as well. Higher windspeeds near the ridges can increase evaporation
and thus reduce TF. We cannot exclude that measurements in the growing season are
affected by evaporation in the samplers, but we argue that this is not responsible for
the difference in TF between the two grids because higher evaporation rates on the
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upper part of hillslope would lead to less TF for the upper grid, not more. In other words,
if evaporation affected our results, the differences between the two grids should be
even larger.

The difference in TF between the two grids was statistically significant (p < 0.05) for the
majority of the measurement periods. The analysis of the exceptions suggests that for
large (GP > 15 mm) and intense rainfall events (GP > 10 mm/h) the leaves became less
efficientin intercepting water and TF increased (cf. Blume et al., 2022), and differences
between the plots became smaller. For small events, measurement errors and
evaporation processes could affect TF values in a more pronounced way, obscuring
any differences in TF.

1.4.4. Throughfall temporal stability across the hillslope

The very low values of ITS suggest a high temporal stability of the TF pattern in both
grids (Fig. 10). This is in agreement with Keim et al. (2005), who showed that patterns
of normalized TF persisted among rainfall events, both in the growing and the dormant
season. Different from Keim et al. (2005) and Staelens et al. (2006), there was a higher
temporal stability of TF for the dormant season (characterized by lower intensity
events) (Fig. 10 and Table 3). In our case, the ITS values for the growing season were
affected by extreme high values of TF, probably due to dripping from stems during some
rainfall events (Keim et al., 2005), and it appears that this pattern was not stable. For
the dormant season, there was a similar number of gauges with a lot more TF than the
mean and gauges with a lot less TF than the mean. In addition, the CV of rainfall
intensity was lower in the dormant season than in the growing season (0.52 and 0.89,
respectively), leading to a negative effect of large GP intensity variation on TF temporal
stability. This explanation is corroborated by the correlograms (Fig. 10) that showed
that TF spatial variability was less pronounced in the growing season than in the
dormant season.

The differences in temporal stability between the upper and the lower grid were related
to differences in canopy structure and tree size (assuming no differences in rainfall
characteristics). In particular, the basal area of trees in the lower part of the hillslope
was more variable (Fig. 3, Table 1). However, the differences between the upper and
the lower grid became less marked during the dormant seasons, indicating that tree
size is not the only control on TF temporal stability.

1.5. Conclusions

The aim of this three-year study was to investigate the often-neglected relation
between hillslope position and throughfall (TF). Field observations in a monospecific
forest stand in the Apennine Mountains, Central Italy, revealed that there was a marked
spatial variability in TF amounts and a very high persistence of TF spatial patterns,
especially during the dormant season. Tree stand characteristics (tree density, tree
size, and crown) varied systematically along the hillslope and this, in turn, affected the
amount of TF along the hillslope. Total TF was less for the lower part of the hillslope
where trees are larger but the stand is less dense than for the upper part of the
hillslope. These differences in the volume of water that reaches the soil can have
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important effects on water availability for root water uptake and water redistribution
along the hillslope. Hillslope (or catchment) scale hydrological models should take
topography-related variations in stand or canopy characteristics and their effect on TF
into account. However, there was no clear relation between crown characteristics and
the TF ratio for the individual gauges. At the very local variation in TF, other parameters
than canopy cover, such as branch angles, affect the variation in TF. Future studies on
TF variability along other steep hillslopes should include measurements of
microclimatic variables (VPD, windspeed, solar radiation, temperature) in order to
better capture the spatial variability in the climatic conditions. Future studies should
also use an appropriate combination of manual and automatic samplers. The five
gutter gauges highlighted the difference in the TF ratio between the growing and the
dormant seasons but did not show the variation in TF across the hillslope. We,
therefore, recommend to use both measurement techniques for studying the spatio-
temporal variability in TF.
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Supplementary material 1

Table S1. Gross precipitation (GP) and total throughfall (TF) amount for each sampling period (allin mm).
Gray cells indicate the growing period. The measurements excluded from the analysis due to GP
underestimation are marked with “*”,

Period | Sampling GP TF tot. TF upper TF TF lower grid
number date grid transect

1| 30/07/2020 5 1 1 1 1
2 | 05/08/2020 9 3 4 4 3
31 02/09/2020 44 31 33 32 29
4| 22/09/2020 10 6 6 6 5
5101/10/2020 111 65 68 68 60
6 | 19/10/2020 192 149 161 156 133
7 | 28/10/2020 31 24 25 25 22
8|17/11/2020 47 29 32 30 26
9| 04/12/2020 57 21 20 23 20
10 | 11/12/2020 138 97 105 106 83
11| 19/01/2021 244 137 145 137 129
12* | 02/02/2021 90 117 127 122 105
13 | 04/03/2021 92 76 83 85 63
14 | 09/04/2021 25 8 9 6 7
15 | 23/04/2021 61 39 44 43 €
16 | 14/05/2021 109 102 110 109 90
17 | 28/05/2021 49 47 51 51 41
18 | 11/06/2021 19 12 12 13 11
19 | 23/06/2021 0 0 0 0 0
20 | 27/07/2021 34 22 22 25 21
21 | 09/08/2021 17 12 13 13 9
22 | 25/08/2021 0 0 0 0 0
23 | 21/09/2021 63 44 46 47 40
24 | 06/10/2021 68 58 61 60 54
25| 20/10/2021 73 41 44 45 36
26 | 15/12/2021 239 119 126 127 106
27 | 10/02/2022 140 111 118 117 99
28 | 29/03/2022 82 55 67 55 45
20 | 29/04/2022 145 124 132 134 110
30 | 19/05/2022 43 11 12 15 8
31| 31/05/2022 3 0 0 0 0
32 | 16/06/2022 7 0 0 0 0
33 | 30/06/2022 3 0 0 0 0
34 | 06/07/2022 0 0 0 0 0
35| 14/07/2022 10 0 0 0 0
36 | 26/07/2022 0 0 0 0 0
37 | 03/08/2022 20 3 4 5 1
38 | 18/08/2022 43 8 9 9 5
39 | 24/08/2022 31 26 28 28 23
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40 | 07/09/2022 31 19 18 21 17
41 | 05/10/2022 176 175 179 196 160
41 | 10/10/2022 2 0 0 0 0
43 | 12/10/2022 3 0 0 0 0
44 | 14/11/2022 20 10 11 9 8
45 | 24/11/2022 114 114 121 122 103
46* | 13/12/2022 88 165 132 123 210
47* | 21/12/2022 65 84 92 89 73
48* | 11/01/2023 37 54 57 57 49
49* | 16/02/2023 81 - - - -
50* | 21/02/2023 0 2 2 2 2
51* | 09/03/2023 50 146 151 152 137
52 | 29/03/2023 41 40 39 53 31
53 | 18/04/2023 57 49 48 61 43
54 | 27/04/2023 44 40 41 50 34
55 | 05/05/2023 57 60 57 70 55
56 | 22/05/2023 210 214 219 233 197
57 | 06/06/2023 58 50 47 63 46
58 | 17/07/2023 93 29 25 42 27
50* | 26/07/2023 15 18 15 29 14
60* | 23/08/2023 18 0 0 0 0
61 | 01/09/2023 21 16 16 17 15

Table S2. Spearman rank correlation between the overall TF ratio for each sampler and distance to the
closest tree stem, Plant Area Index (PAI), or canopy cover for the entire study period, the growing,
dormant season, as well as the range in Spearman rank correlation values for the TF ratios for the

individual measurement dates (min-max).

CLOSEST STEM DISTANCE Lower grid Upper grid
Entire study period -0.01 0.03
Growing season 0.06 -0.04
Dormant season -0.16 0.08

Range for individual measurement -0.29-0.27 -0.31-0.28
dates

PAI

Growing season 0.05 -0.10
Dormant season 0.05 -0.20
Range for individual measurement -0.24-0.42 -0.29-0.42
dates

CANOPY COVER

Growing season 0.10 -0.12
Dormant season -0.05 -0.07
Range for individual measurement -0.31-0.20 -0.26-0.36
dates
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Ranked TF samplers Ranked TF samplers

Figure S1. ITS of TF for the dormant (left column) and growing (right column) season in the upper and
lower grid. Note that the TF samplers are ranked by ITS.
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Appendix 1: Geostatistical and deterministic approaches to
throughfall measurements
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Disclaimer

This section will be part of a comparison work between throughfall data collected, with
a comparable sampling design, in the Lecciona catchment (ltaly) and in the Hainich
Critical Zone Exploratory (CZE Hainich, Germany). Preliminary results presented here
are based on data collected in the Lecciona site.

Throughfall data analysis

TF was monitored from February 2024 to March 2025 using plastic collectors with an
opening of 60 cm?, manually emptied roughly after each rainfall event since February
2024. The samplers were deployed on the Lecciona hillslope forming 18 squares of
10x10 m, for a total monitoring area of 1800 m? (Fig.1). In each square, two TF collectors
were randomly placed (“kernel” collectors) and in six squares a transect made of four
collectors with increasing distances one for each other (0.1 m, 0.4 m and 0.5 m) was
positioned. Furthermore, nine trees were selected to host a radial transect made of
three collectors with increasing distance from the tree stem (0.2 m, 0.6 m, and 1.1 m).
Gross precipitation was measured by a weather station placed at the top of the
hillslope. We divided the entire observation period into leafed and leafless periods
(Verdone et al., 2025). The samplers on the short transects were used only for
geostatistical analysis.

For each TF sampler, we geolocalized the position within the experimental plot using a
total station, then we calculated the elevation and the distance from the closest stem
for each one. We implemented forest surveys as shown in Section 1.2.2.3 with the
positions of trees not included in previous experimental design.

To assest the effect of tree distance, we normalized TF data for each sampling day
using the approach of Fischer-Bedtke et al.(2023). We divided the datain tree distance
classes. The first class was for distances <0.25m, the other classes were 0.5 m wide
each one and, the last classes aggregated values higher than 3.25 m to avoid classes
with few samples.
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Fig.1. Map of the experimental plot. TF was monitored by 87 collectors distributed in a grid of 18 squares
of 10x10 m. Two TF collectors (“kernel”) were randomly placed in each square. In six squares, a "short
transect" of four collectors with variable spacing was deployed. Nine trees were selected to host a “tree
transect” made of three collectors with increasing distance from the stem. Forest surveys were
conducted to measure the diameter and height of the trees in the plot.

We employed variograms to assess spatial patterns in event throughfall. Variogram
analysis serves as a method for evaluating the continuity of spatial phenomena,
quantifying the spatial variability as the mean squared difference between
measurements taken at various locations (Keim et al., 2005). Variograms are defined
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by the sill, which represents the maximum semivariance determined by the total
variance of the dataset, and the range, which indicates the distance at which the
variogram attains the sill. The range illustrates the scale of length over which TF
quantities exhibit correlation, and is also referred to as the spatial correlation length
(Keimetal., 2005). Variograms often present a “nugget”, which refers to the anticipated
variation between samples when the separation distance approaches zero. This
phenomenon may be due to intrinsic small-scale spatial variability or inaccuracies in
the data, such as sampling and database errors. First, we calculated four empirical TF
variograms using four different variogram estimators. We used non-robust (Matheron,
1962) and robust (Cressie and Hawkins, 1980) models. Then, we fitted three models
(spherical, exponential, and pure nugget) to each empirical variogram and chose the
model with the lowest residual sum of squares (Fischer-Bedtke et al.,2023).

To investigate the temporal stability of TF, we used the temporal stability analysis
approach (Vachaud et al., 1985, He et al., 2019). We calculated the Mean Relative
Difference (MRD) of TF for each sampler and the corresponding Standard Deviation of
the Relative Difference (SDRD) (Vachaud et al., 1985). The MRD represents the
systematic bias in TF at a location relative to the spatial average. SDRD represents the
persistence of the location in representing the TF spatial average. To take both the MRD
and SDRD metrics into account, we used the Index of Temporal Stability (ITS) that
combines the effect of both the MRD and SDRD (Penna et al., 2013, Rodrigues et al.,
2022).
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Fig.2. TF cumulative for each sampler divided by period with leaves and period without leaves. Only
kernel samplers are considered to avoid bias induced by tree proximity.

TF amount increases linearly with elevation (Fig.2) in leafed and leafless periods, with
a slightly higher slope for the leafless period. This confirms our observations with the
previous experimental design Section 1.3.3 of this thesis).
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Value

s for the leafed period appear less sparse than values for the leafless period,

suggesting that without leaves, the TF ratio for each sampler persists across the
events. On the other hand, canopy cover in the leafed period acts like a filter that
randomly redistributes water. The temporal stability analysis confirms this
observation, considering all samplers (Fig.3), or kernels only (Fig. 4), or tree transects
only (Fig. 5). ITS was even lower for the leafless period, as for the previous design
Sections 1.3.4 and 1.4.4).
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The relation between TF and stem distance (Fig. 6) shows that TF is affected by
distance to the closest stem only for the first meter, in which TF increases with
distance. For longer distances, TF variability decreases for each class, and the spatial
trend disappears. This is a combined effect of crown architecture and large branches
in creating dripping points and/or dry points for TF. A similar behaviour is observed in
the leafed and leafless periods, with higher variability in the leafed period. Observing
what happened in the first meter of distance from the stem (Fig.6), samplers in squares
3,5,7,15, and 18 show an increasing trend of TF amount with distance in both periods,
while in square 12 there is an opposite trend. In squares 1 and 17, there is anincreasing
trend in the leafless period, but no trend in the leafed period. In square 8, the trend is
decreasing during the leafless period. Our results are in partial agreement with those
by Jochheim et al. (2022), who found that TF was lower near the stem than further away
in summer and higher in winter, while in our study, the general trend is similar in both
periods. The short and weak spatial correlation between tree distance and TF confirms
previous studies conducted in other climates (Staelens et al., 2006; Nanko et al.,
2011).
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The explorative variogram analysis for the leafless period shows median ranges of 5 m,
while median ranges become around 2 m in the leafed period (Fig.8). This difference is
caused by the effect of canopy cover when leaves are on branches in redistributing rain
water (Keim et al., 2005). Boxplots are skewed upward due to the shape of the grid that
extends along the topographic gradient (Fig.1), which generates a trend in TF values
related to elevation (Fig.2) that increases the range. Short range explained how the
previous experimental design was not able to catch the spatial correlation TF
sampler's distance was indeed higher (and multiplier) than 2 m.

52



25

| Leafless
| |Leafed

201

-
4]
T

Range (m)

-
o
T

Fig.8. Variogram range for the leafless and leafed periods. The bottom and top of each box represent the
25th and 75th percentiles, the horizontal line marks the median. N=14 for the leafless period, and N=17
for the leaved period.

References

Cressie, N., Hawkins, D.M. Robust estimation of the variogram: I. Mathematical
Geology 12, 115-125 (1980). https://doi.org/10.1007/BF01035243

Fischer-Bedtke, C., Metzger, J. C., Demir, G., Wutzler, T., and Hildebrandt, A.:
Throughfall spatial patterns translate into spatial patterns of soil moisture dynamics
—empirical evidence, Hydrol. Earth Syst. Sci., 27, 2899-2918,
https://doi.org/10.5194/hess-27-2899-2023, 2023.

53



He, Z., Zhao, M., Zhu, X., Du, J., Chen, L., Lin, P., & Li, J. (2019). Temporal stability of
soil water storage in multiple soil layers in high-elevation forests. Journal of
Hydrology, 569, 532-545. https://doi.org/10.1016/j.jhydrol.2018.12.024

Keim, R., Skaugset, A., & Weiler, M. (2005). Temporal persistence of spatial patterns
in throughfall. Journal of Hydrology, 314(1-4), 263-274.
https://doi.org/10.1016/j.jhydrol.2005.03.021

Matheron, G.: Traité de géostatistique appliquée, Editions Technip, Paris, 333 pp.,
https://www.sudoc.fr/004651340 (last access: 24 July 2023), 1962.

Nanko, K., Onda, Y., Ito, A., & Moriwaki, H. (2011). Spatial variability of throughfall
under a single tree: Experimental study of rainfall amount, raindrops, and kinetic
energy. Agricultural and Forest Meteorology, 151(9), 1173-1182.
https://doi.org/10.1016/j.agrformet.2011.04.006

Nanko, K., Onda, Y., Ito, A., & Moriwaki, H. (2011). Spatial variability of throughfall
under a single tree: Experimental study of rainfall amount, raindrops, and kinetic
energy. Agricultural and Forest Meteorology, 151(9), 1173-1182.
https://doi.org/10.1016/j.agrformet.2011.04.006

Penna, D., Brocca, L., Borga, M., & Dalla Fontana, G. (2013). Soil moisture temporal
stability at different depths on two alpine hillslopes during wet and dry periods.
Journal of Hydrology, 477, 55-71. https://doi.org/10.1016/j.jhydrol.2012.10.052

Rodrigues, A. F., Terra, M. C., Mantovani, V. A., Cordeiro, N. G., Ribeiro, J. P., Guo, L.,
Nehren, U., Mello, J. M., & Mello, C. R. (2022). Throughfall spatial variability in a
neotropical forest: Have we correctly accounted for time stability? Journal of
Hydrology, 608, 127632. https://doi.org/10.1016/j.jhydrol.2022.127632

Staelens, J., De Schrijver, A., Verheyen, K., & Verhoest, N. E. (2006). Spatial variability
and temporal stability of throughfall water under a dominant beech (Fagus sylvatica
L.) tree in relationship to canopy cover. Journal of Hydrology, 330(3-4), 651-662.
https://doi.org/10.1016/j.jhydrol.2006.04.032

Vachaud, G., De Silans, A. P., Balabanis, P., & Vauclin, M. (1985). Temporal Stability
of Spatially Measured Soil Water Probability Density Function. Soil Science Society of
America Journal, 49(4), 822-828.
https://doi.org/10.2136/sss2aj1985.03615995004900040006x

Verdone, M., Van Meerveld, |., Massari, C., & Penna, D. (2025). Variability and
temporal stability of throughfall along a hillslope. Journal of Hydrology, 647, 132294.
https://doi.org/10.1016/j.jhydrol.2024.132294

54



2. Topography controls the response of beech trees to
atmospheric demand during summer droughts

This chapter is taken from: Verdone, M., Massari, C., Murgia, I., Cocozza, C., Van
Meerveld, & Penna, D. (2025). Topography controls the response of beech trees to
atmospheric demand during summer droughts. Ecohydrology. Under review.

Abstract

Droughts can significant impacting tree responses in Mediterranean forest
ecosystems and will likely increase in frequency and intensity. To better understand
the combined effects of landscape position, (topography and related variation in soil
moisture) and atmospheric demand (vapor pressure deficit; VPD) on tree transpiration
during drought periods, we examined the variations in sap flow velocity as a function
of water availability, VPD and air temperature across a forested hillslope in central Italy.
Our results show that sap flow velocity decreased during the hottest period for upslope
trees but remained stable for the riparian trees. The sap flow velocity of trees on the
midslope and upslope locations was mainly affected by soil moisture, while riparian
trees responded more to variations in VPD and temperature. The analysis of the time
lag between VPD and peak sap flow velocity showed that the trees were not stressed
during low temperatures, but high temperatures caused stress for the mid- and
upslope trees. These results suggest that the wet riparian zone limited tree water
stress, resulting in greater sap flow velocities than for upslope and midslope trees,
which experienced moderate stress during summer droughts. These results highlight
the need to account for small scale topographic and moisture related differences
when analysing the response of trees to droughts and in ecohydrological models that
aim to capture the variability in evapotranspiration fluxes across the landscape.
However, these results need to be validated in different climatic zones and for different
tree species.

2.1 Introduction

Due to climate change, summer droughts are expected to become longer and more
intense (Kukal and Hobbins, 2025; Shuai et al., 2025), causing stress on ecosystems
(Vander Molen et al., 2011) and water resources (Orth et al., 2018; Teuling et al., 2013).
Droughts pose a particular pressure on forests by directly inducing tree mortality or
making trees more vulnerable to biotic stresses (Gazol and Camarero, 2022; Caudullo
and Barredo, 2019; Rebollo et al., 2024).

The response of mountain forested ecosystems in the Mediterranean region to
droughts can be very diverse due to the combined effects of the strong seasonality in
the meteorological forcing (Lopez-Bustins et al., 2013) and complex topography
(Macchioli et al., 2024; Wang et al., 2024). The seasonal variability in precipitation, air
temperature, and vapour pressure deficit (VPD) drives the temporal variability of soil
moisture and evaporation (Zeng et al., 2018), while topography influences water
redistribution in the soil through surface and mainly subsurface flow paths (Han et al.,
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2021). Therefore, a deeper understanding of the interactions between the seasonal
variation in meteorological forcing and topography, and their combined effects on
forest ecosystem responses, is essential for determining the conditions (in terms of
drought severity and landscape position) under which trees are most vulnerable to
summer drought stress. Understanding these interactions is also critical forenhancing
the parametrization of ecohydrological models and forest growth models and the
management of water and forest resources.

Soil moisture in the rooting zone is closely linked to tree transpiration (Hasselquist et
al., 2018; Schaap et al., 1997) because it affects tree water uptake and is also directly
affected by evapotranspiration. Trees can respond in different ways to critically low soil
moisture availability by limiting water losses by closing their stomata(McDowell et al.
2008). Some trees can maintain their stomata open and have high photosynthetic rates
for long periods, even in the presence of decreasing leaf water potentials (i.e.,
anisohydric response). Other trees maintain a constant leaf water potential when
water is abundant, as well as under drought conditions, by reducing stomatal
conductance to limit transpiration (i.e., isohydric response). There are also several
intermediate responses between these two strategies (Ryan, 2011). The isohydric
response results in a time shift between the diurnal variation in sap flow and climatic
variables (e.g., daily temperature, VPD, solar radiation), with sap flow peaking earlier
than temperature and VPD due to early stomata closure (Zhang et al., 2014). This time
shift leads to hysteresis in the relation between sap flow and climatic variables. The
longer the time lag (TL), the stronger the hysteresis. The analysis of hysteresis loops
can thus help to understand the ecohydrological strategies adopted by trees to avoid
excessive water loss and dehydration. If the hysteresis loop is clockwise, trees have an
isohydric strategy; if the loop is anti-clockwise, trees have an anisohydric response or
are not water stressed (Chen et al., 2011; Bai et al., 2015).

TLs between sap flow and VPD in F. sylvatica tree in the central part of Slovakia were
analysed by Sitkova et al. (2014), who observed a progressive decrease in sap flow as
soil moisture decreased. TLs between sap flow and VPD were observed for five
Mediterranean species in Spain, but the water use strategies differed for the five
species. For instance, Q. coccifera was able to maintain a high daily sap flow rate
regardless of soil moisture availability and atmospheric conditions, while the sap flow
rate for P. halepensis reduced during dry periods (Chirino et al., 2011). Looker et al.
(2018) evaluated microtopographic impacts on water use for five conifer species along
a water availability gradient in western Montana (USA) and found hysteresis in the VPD-
sap flow relations. At their sites, the TL increased as the growing season progressed
and the soil dried out. Li et al. (2016) observed early stomatal closure for an arid region
in northwest China, as indicated by the sap flow peak preceding the VPD peak with a
TL of approximately 1.0 to 1.5 hours. They attributed this TL to stomatal closure in
response to the high VPD. Similarly, Zhang et al. (2019) observed that the peak of
diurnal sap flow for a deciduous forest in a subtropical humid karst regions generally
lagged the photosynthetically active radiation but preceded the peak in air
temperature, relative humidity, and VPD. They interpreted these TLs as an active
physiological response of the trees during hot periods.

Thus, studying the timing of sap flow and meteorological parameters can help to detect
and understand the short-term and long-term dynamics of the plant water balance,
and important information on growth patterns and thus the sensitivity of plant
transpiration to the environment (Cocozza et al., 2015).
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A tree’s response to water stress may vary at the small stand/hillslope scale due to
differences in microclimatic conditions and local water availability (Fabiani et al.,
2024). In mountain regions, topography can play an important role in moderating or
enhancing stress conditions for trees (Eberbach and Burrows, 2006; Elliott et al.,
2015). Fabiani et al. (2024) compared sap flow velocities on a gentle hillslope in the
Weierbach catchment in Luxembourg (humid temperate climate) and on a steep
hillslope in the Lecciona catchment in ltaly (Mediterranean climate). They showed that
the growing season was shorter for trees located on the upper part of the Italian
hillslope, due to downslope water redistribution, leading to a different soil moisture
status between the lower and upper part of the hillslope. Similarly, trees growing at the
lower hillslope positions of a mixed forest in the southern Appalachian Mountains
(USA) had a greater sapwood area than those in the upper hillslope (Hawthorne and
Miniat, 2017). This difference was attributed to the drier soils at the top of the hillslope
compared to those at the bottom. The higher daily transpiration rates for trees at the
lower part of the hillslope indicated that local conditions, i.e. the higher water
availability, protected trees against water stress during dry periods. However, Renner
et al. (2016) observed for European beech trees growing on two opposite hillslopes in
Luxembourg that sap flow and transpiration differed significantly between north-facing
and south-facing hillslopes and that differences in stand structure also affected tree
transpiration, hiding the potential effect of topography. Still, they found that
topographic factors caused differences in tree responses during dry periods due to soil
moisture limitation. Other studies have shown the effects of aspect and geology
(Hassler et al. 2018) or soil depth (Tromp-van Meerveld et al., 2006) on sap flow rates.
Although many studies have focused on the relation between VPD and sap flow
dynamics (e.g., Dhungel et al., 2021; Xu et al., 2022; Zhang et al.,2019; Liu et al., 2024;
Wan et al., 2023; Roddy et al., 2013), only a few studies have so far analyzed the TL and
hysteresis between VPD and sap flow for broadleaf trees in Mediterranean mountain
catchments and how they depend on the seasonality in meteorological forcing
(including summer drought episodes) and hillslope topography. Therefore, we
investigated the changes in the VPD-sap flow relation for beech trees growing on
different hillslope positions across a full summer period with periods of different
drought severity for a hillslope in Central Italy. To better understand the response of
forests to summer droughts. More specifically, we asked the following research
questions:

1. How do soil moisture and sap flow vary along the hillslope during the growing

season?
2. How does the VPD-sap flow relation vary during different drought conditions
and with hillslope position?

Answering these questions will lead to a better understanding of the effect of
topography, via its effect on soil water availability, on the response of trees to droughts.
As sap flow is considered a proxy for tree transpiration (Granier and Bréda, 1996),
assessing its spatial variability at the small scale is crucial for the correct
measurement of mass and energy fluxes in densely forested catchments, and to
understand differences in tree growth and drought impacts across the landscape.
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2.2. Materials and methods

2.2.1. Study area

The data were collected on a steep hillslope called “Lecciona” in the Re della Pietra
experimental catchment (43.878 °N, 11.622 °E), Tuscany Apennines, central Italy (Fig.
1a, b). The elevation of the hillslope varies between 910 and 960 m a.s.l., the aspectis
predominantly North, and the average slope is 30° (Verdone et al., 2025). The study
hillslope is densely vegetated by European beech trees (Fagus sylvatica), with a few
inclusions of oak trees (Quercus cerris). The understory is sparse (Fig. 1¢). The last
thinning occurred in 1990 (Fabiani et al., 2024). A forest survey conducted in 2022
showed that trees in the riparian zone had a larger basal area and a more expanded
and denser crown compared to trees on the upper part of the hillslope (26 vs 18 m?/ha;
p<0.01, for both characteristics), while tree height was relatively similar along the
hillslope (19.2 m = standard deviation: 2.3 m; n=138). The age of the trees (52 + 6 years)
did not vary systematically across the hillslope either (Verdone et al., 2025).

Soil depth, assessed by knocking pole measurements, varies from 1.5 m at the bottom
of the hillslope to 0.8 m at the ridge (Verdone et al., 2025). Soils are Humic Dystrudepts
(USDA, 1999), with an A-Bw-C-R profile and sandy loam texture. The soil is
characterised by high organic matter content in the A profile and a high gravel content
(Fabiani et al., 2024). The soils are underlain by fractured sandstone.

Average monthly temperatures vary from 2°C in January to 20°C in August. The average
annual temperature is 10.5 °C (based on five years of data collected on-site; Macchioli
Grande et al., 2024). Average annual precipitation is 1100 mm, but as is typical for the
Mediterranean region, it is unevenly distributed over the year, with higher rainfall in
autumn and less rainfall in summer.

2.2.2. Sap flow measurements

Sap flow velocity was measured from April to October 2021 in nine beech trees at
three distinct topographic positions: riparian (Rip), midslope (Mid), and upslope (Up)
(Fig. 1b). The trees are typical for the forest stand and crown structure and were
chosen to have a similar phytosociological position and diameter (30 to 32 cm), to
exclude the possible influence of tree size on the results.

Sap flow velocity was measured at 12.5 and 27.5 mm from the bark using heat pulse
sap flow sensors (SFM1, ICT International Pty Ltd., Australia). In essence, a heater
and two temperature sensors were inserted horizontally in the sapwood, with the
sensors positioned at a fixed distance of 5 mm above and below the heated needle
(Burgess et al. 2001). The heat pulse method employs heat as a tracer to determine
sap velocity (Eq 1).

Pp (Cw + me X Cs)
(ps % Cs)

VSAP = thB

(1)

Where Vi, is the heat pulse velocity (cm h™), B is the wound correction factor, p, the
basic density of wood, c,, the specific heat capacity of the wood matrix, cs the
specific heat capacity of water, ps the density of sap water, and m. the water content
of sapwood (Brugess et al., 2001). To correct the mechanical disturbance caused by
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sensor installation (B), we applied a correction factor of 0.13 cm to Vsap values (Green
et al., 2003). To prevent installation in tension wood, with lower lignification and
eccentric growth in hardwood species on steep slopes (Fabiani et al., 2024), the
sensors were installed on the west side of the trees. Data were taken at a 30-min time
step and aggregated at a 1 h time step.

2.2.3. Soil moisture and weather data

Air temperature, relative humidity, precipitation, and solar radiation data were
recorded at a 10-minute time step by a weather station located in an open area at 990
m a.s.l., upslope from the experimental hillslope (Macchioli Grande et al.,2024). We
computed the daily mean VPD (kPa) from the relative humidity (RH) and temperature
(T) as follows (Eq. 2):

VPD = 0.61375 X e17-502

RH ) @)

— x(1-=
24097 xT) ( 100

Soil moisture was measured at a 10-min interval using six frequency domain
reflectometry sensors (Teros 10, Meter Group, Pullman, USA) (Fig. 1b). The sensors
were installed at 15 and 35 cm below the soil surface at three locations on a transect
alongthe hillslope close to the monitored trees (5-10 m from each other): in the riparian
area, the lower part of the hillslope, and in the middle part of the hillslope (Fig. 1b). The
raw values were converted into volumetric water content (m®m?3) by applying the
standard calibration for mineral soils suggested by the manufacturer (reported
precision: 0.03 m3/m?®). The soil moisture data for the two depths were fairly similar
(mean absolute difference of 0.01-0.07 m®/m?®) and therefore we averaged them to
obtain one soil moisture value for each of the three hillslope positions.

We used the Soil Water Deficit Index (SWDI) proposed by Martinez-Fernandez et al.
(2015) to divide the study period into different periods. The SWDI is based on soil
moisture and can also be used for relatively short time series of soil moisture data
(Eq.3):

-0
SWDI = (—F") % 10 (3)
AWC

where 0 is the volumetric water content, 8¢ denotes the moisture content at field
capacity, and Bawc is the available water content, which is based on the difference
between the moisture content at field capacity (8rc) and moisture content at wilting
point (Bwp). Nine soil samples were taken at three depths (0-20, 20-40 and 40-60 cm
below the surface) across the experimental hillslope to determine the soil texture
based on sieving. The texture data (sand 71%, loam 22%, and clay 7%) were used to
estimate Bwr and B¢ according to Saxton et al. (1986). Based on this method, 6wr and
Brc were estimated to be 0.074 m®/m3and 0.176 m3/m?, respectively.

When the SWDI is positive, the moisture contentis above field capacity, when it equals
zero, the soil is at the field capacity, and when it is negative it indicates drought
conditions. Values of SWDI ranging between 0 and -2 define a mild drought severity,
values between -2 and -5 a moderate drought severity, values from -5 to -10 a severe
drought severity, and values below -10 an extreme drought severity (-10 is the value at
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which the soil moisture reaches the estimated WP). To define position-specific drought
conditions, we determined the SWDI values separately for each soil moisture
measurement location based on the average values for the two depths. For the period
from April to October 2021, the maximum SWDI values was 11.22 and the minimum -
8.25.
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Figure 1. Overview of the experimental hillslope: location in Tuscany, Italy (a), map showing the location
of the measurement equipment (b), and a picture of the study hillslope (c). The white jars are throughfall
collectors used by Verdone et al. (2025).
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2.2.4. Data analysis

For each monitored tree, we calculated the mean daily sap flow velocity as a proxy of
the tree transpiration rate (Smith and Allen, 1996). Due to the non-normal distribution
of sap flow velocity data, we used the non-parametric Kruskal-Wallis test (Kruskal and
Allen Wallis 1952) to determine the statistical significance of the differences in the
daily mean sap flow velocities among the nine trees for the different drought severity
periods. Moreover, we related the daily mean sap flow to the daily mean values of the
climatic variables and soil moisture using scatter plots and the Spearman rank
correlation. In addition, we determined the relative importance of these factors for the
daily mean sap flow velocity for each tree using the “relaimpo” package in R
(Groemping, 2006). To avoid the influence of precipitation events on sapflow and
rapidly changing soil moisture conditions, we did not consider days with rainfall in any
of these analyses (cf. Renner et al., 2016). Finally, we used hourly data to determine
the TL between the peak sap flow velocity and the time of the maximum i) VPD; ii) air
temperature, andiii) solar radiation. This was done for each day for each tree. Negative
values indicate that sap flow velocity peaked after the climatic variables, while positive
values indicate that sap flow velocity peaked first. To analyse the effects of the
temperature on the TL between sap flow velocity and VPD, we compared the TLs for
days days with different daily mean temperatures. For this we divided the daily mean
temperature into four quartiles.

2.3. Results

2.3.1. Seasonal variation in atmospheric conditions, soil moisture and sap flow
across the hillslope

The variation in air temperature (29 - -5 °C) was typical for the Mediterranean climate,
with peak values during the summer months. Rainfall events led to a temporary
decrease in airtemperature, after which temperatures rose again. This was particularly
notable during the first ten days of August and in early September. VPD varied between
11 and 0 kPa and followed the temperature trend (and was highly correlated to the
temperature; Figure S1a). It was highest at the end of June, in early and late July, and
particularly in mid-August (Fig. 2).

Average soil moisture (over the two depths) varied across the hillslope: from 0.14t0 0.3
m®/m?in the riparian zone, 0.09 to 0.26 m*/m?® on the lower hillslope, and 0.11 to 0.29
m®m® on the midslope. Soil moisture in the riparian zone responded less to
precipitation compared to the other locations (Fig. 2c-e). Although soil moisture values
were overall higher in the riparian zone, they decreased more abruptly between mid-
May and early June. The riparian zone was at field capacity by the end of May, then dried
out to what would be considered a moderate drought by early August, which persisted
until late September, when soil moisture gradually increased again. The changes in soil
moisture at the lower hillslope and midslope positions were similar, but soil moisture
increased more rapidly in response to rainfall (e.g., in mid-July). Soil moisture at the
hillslope positions dropped to what would be considered a severe drought by mid-
August for the lower hillslope and by late August for the midslope, ending abruptly in
mid-September after rainfall events. Although soil moisture did not drop to the
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estimated wilting point at any of the locations, we noticed evidence of drought stress,
such as yellowing leaves at the top of the trees growing on the upper part of the
hillslope. This suggests that although the beech trees at our site did not reach a critical
desiccation point and did not shed the leaves (as observed for other sites in Tuscany
during the 2017 droughts; Pollastrini et al., 2019), they did experience periods of water
stress.
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Figure 2. Time series of hourly precipitation, air temperature, vapor pressure deficit (VPD), and depth-
averaged soil moisture (SM) for the three hillslope positions during the monitoring period (April-October
2021). The colours in the soil moisture time series indicate the drought severity according to the Soil
Water Deficit Index (see Section 2.3).
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Figure 3. Time series of hourly precipitation and air temperature (a), vapor pressure deficit (VPD) (b),
and sap flow velocity of three trees (1, 2, and 3) for each of the three hillslope positions (riparian (c),
midslope (d), and upslope (e)) during the monitoring period.

Sap flow velocity dynamics also differed by location (Fig. 3). Sap flow increased at all
locations at the beginning of May, as temperatures rose following rainy days in late April
(Fig. 2; Fig S1b). They continued to increase during the early summer with rising
temperatures and increasing VPD, which led to a decrease in soil moisture (that was
exacerbated by the lack of rainfall) (Fig. 3).

In the riparian zone, sap flow increased with VPD until July, remained stable until mid-
August, and then decreased (Figs.5 and S3). Notably, sap flow values in the Rip2 and
Rip3 trees remained relatively high at the end of the observation period. In contrast,
there was a significant drop in sap flow in the upslope trees from early August, in
response to the marked increases in VPD and temperature(Fig. 2). From late August,
sap flow increased again as VPD decreased, but more gradually for midslope trees
than for upslope trees (Figs.5 and S3). Despite lower temperatures and increases in
soil moisture in September (Fig. S2), sap flow for the trees on the upslope and the
midslope continued to decrease (sharply for trees in the upslope).

The daily average sap flow velocities on days without precipitation were correlated with
the climatic variables and soil moisture (Table 1). For the trees in the riparian zone, the
correlation with VPD and temperature was higher (rs= 48 - 69) than for trees on the
midslope and upper slope (although tree Up2 was an outlier) (rs= 21 - 30). Contrary, the
correlations with radiation and soil moisture were higher for the trees on the midslope
and upper slope (rs= 46 — 56 and 11 — 53 respectively) than for the trees in the riparian
zone (rs= 0.37 - -0.28). The relative importance analysis (Fig. 4) indicated that the
combination of these variables could explain half (riparian zone) to two-thirds
(midslope and upper slope, except tree Mid3) of the observed variation in the daily
average sap flow velocity. Similar to the results of the Spearman rank correlation (Table
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1), the importance of soil moisture varied along the hillslope and was higher for the
trees on the mid and upper part of the hillslope (Fig. 4).
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Table 1. Spearman rank correlation between the daily average sap flow and daily average VPD,
temperature, radiation and average soil moisture (at either the riparian zone (Rip1-3), lower hillslope
(Mid1-3) and middle hillslope (Up1-3) positions) for days without any precipitation.

Tree VPD Temperature Radiation Soil moisture
Rip1 0.63 0.67 0.38 -0.06

Rip2 0.48 0.59 0.43 0.20

Rip3 0.58 0.69 0.37 -0.28

Mid1 0.50 0.56 0.49 0.11

Mid2 0.22 0.29 0.50 0.57

Mid3 0.31 0.34 0.46 0.25

Up1 0.22 0.30 0.50 0.41

Up2 0.36 0.42 0.51 0.29

Up3 0.21 0.25 0.56 0.53

2.3.2. Temperature and topography affect the time lag between VPD and sap flow

The TL between peak VPD and peak sap flow varied considerably throughout the
growing season ranging with a mean (+ standard deviation) of -1.1 = 2.7 hours,
indicating that, on average, sap flow peaked earlier than VPD. Typically, relatively cold
days led to sap flow and VPD peaks almost at the same time, resulting in very small
TLs, or sap flow peaked after VPD, whereas during warmer days sap flow peaked earlier
than VPD. This behaviour was consistent across all the hillslope positions (Fig. 6; Table
2).

Overall, the mean TL was positive (Fig. 7) at the beginning and end of the growing
season, when mean temperatures (and VPD) were relatively low, indicating that VPD
generally preceded sap flow. The differences in TLs for the different trees were not
statistically significant during these periods (Table 2). During these days, sap flow
continued to increase after VPD started to decline (leading to anti-clockwise
hysteresis patterns), implying that trees did not need to restrict stomatal conductance.
The TL between VPD and sap flow also depended on the moisture conditions. In the
riparian zone, the mean TL was positive under no drought conditions (0.7 = 2.9 hours)
and most negative during moderate drought conditions (-0.7 £ 1.7 hours, Fig. 8). In the
midslope zone, the mean TL was negative during all drought conditions and ranged
between-1.2 + 2.6 hours under no drought conditions and -3.0 = 1.9 hours during
severe drought conditions to. Lastly, in the upslope zone, the mean TL was more
negative during mild and moderate drought (-2.0 = 1.8 hours in both cases) than under
no drought (-1.0 = 3.4 hours) and moderate drought (-2.0 + 1.8 hours, Fig. 8).
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Table 2. Mean time lag = standard deviation for each hillslope positions in relation to temperature and
drought classes. Bold indicate significative differences among trees.

Time lag (h)

Riparian Mid hillslope Upper hillslope
% <12.2°C 2.4+3.3 0.5+3.5 26+34
§ 12.2-20.2°C 0.6%+1.9 -2.2%x2.0 -1.7+2.9
g 20.2-24.0°C 0.2*+1.6 -1.6+1.7 -1.6+25
E’ >24.0°C -0.4+x1.5 -2.0%2 -2.3%+2.2
" No drought 0.7+2.9 -1.2+2.6 -1+3.4
% Mild drought 0.1+1.7 -2.0+1.6 -2.0+1.8
%D Moderate drought -0.7 1.7 -2.0+1.8 -2.0+1.8
a

Severe drought - -3£1.9 -1.0+3.6

2.4. Discussion
2.4.1. Topographic effects on the seasonal variation in soil moisture and sap flow

The consistently wetter conditions in the riparian zone, compared to the mid and upper
hillslope zones (Fig. 2), were likely due to the contribution of lateral flow from the
upslope areas, the relatively flat area that limits drainage and facilitates water
retention, the higher groundwater levels near the stream that keep soil moisture high,
and the presence of a thick litter layer composed of beech tree leaves that reduce soil
water evaporation during dry periods (Macchioli Grande et al., 2024; Zhu et al., 2020;
Sato et al., 2004). In addition, there is more shading below the larger trees on the
riparian zone due to the larger crowns reduces soil evaporation. However, the larger
trees also cause higher interception losses (Verdone et al., 2025), which reduces the
amount and intensity of rainfall reaching the riparian zone and thus the soil moisture
response to precipitation (Penna et al., 2009). In mature beech stands, approximately
70% of fine roots are concentrated within the upper 30 cm of soil, while 95% are
located within the first 60 cm (Bakker et al., 2008). In other words, the 15-35 cm depth
where we measured soil moisture, effectively captures more than 75% of the root-
accessible area (Bakker et al., 2008). Thus, the higher soil moisture measured soil
moisture in the riparian zone indicates that more water is available for uptake by fine
roots, and as the results show lead to more constant sap flow velocities over the
season in the riparian zone, and sustained sapflow during dry periods (Fig. 3).

Although differences in soil moisture responses across the topographic gradient do not
have to be directly related to the hillslope geometry (Lu et al., 2024), the transition from
dry to wet periods occurred more rapidly on the hillslope than in the riparian zone, due
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to the steeper gradient and lower water table that facilitate drainage and the lack of
litter that increases soil evaporation (Dymond et al., 2021). Soil moisture explained
more of the variation in sap flow for the trees on the mid and upper hillslope than for
the trees on the riparian zone (Table 1 and Fig. 4). The role of topography on sap flow
velocity became especially evident during mid-August (Fig. 3). The reduced soil
moisture availability at the upslope and midslope locations during this period (with a
SWDI of 0.10-0.11 for the mid slope and 0.14-0.15 for the lower slope) led to a marked
decrease in sap velocity on the hillslope. Sap flow velocities in the riparian zone were
higher than at upslope and midslope positions during this period. This is consistent
with the results of Fabiani et al. (2024) and Renner et al. (2016), who noted that
topographic factors amplify the transpiration response during droughts. More
specifically, Renner et al. (2018), showed that for the first part of the season, sap flow
velocities for eight trees on a north-facing hillslope in Attert catchment (Luxembourg)
were not related to hillslope position. In the second part of the season, however,
declines in soil moisture led to different tree responses, with less sap flow for trees on
the upper hillslope positions declining.

Despite the improved soil moisture conditions, the lower VPD and temperature in
September, sap flow velocities on the upper and midslope did not recover to pre-
drought levels. This suggests a persistent water stress in the upper hillslope and lagged
physiological recovery. Thus, the low soil moisture at upslope sites resulted in a shorter
growth season (cf. Fabiani et al., 2024; Chen et al., 2014), which may explain the overall
lower basal area for the upslope (cf. Tromp-van Meerveld and McDonnell, 2006).

2.4.2. Topographic effects on the diurnal variation in VPD and sap flow

Trees can avoid excessive water loss by closing their stomata, which leads to a
reduction in sap flow (Chen et al., 2011). VPD strongly influences sap flow dynamics,
but hydraulic limitations constrain the extent to which sap flow can respond to
increasing VPD. Trees risk excessive desiccation beyond a VPD and soil moisture
threshold, necessitating stomatal closure to prevent xylem cavitation (Link et al.,
2014). On the mid and upper hillslope, sap flow velocity decreased soon after reaching
peak values during periods of high VPD and limited water availability (Fig. 5). Contrary,
for trees in the riparian zone of the Lecciona hillslope, with sufficient soil moisture
availability for most of the time (although SM dropped to a minimum value of 0.14,
indicating moderate drought in August-September), there was an asymptotic trend in
the relation between sap flow velocity and VPD. The plateau for the trees in the riparian
zone indicates that sap flow reached a maximum physiological limit and did not
decrease further when VPD increased. This behaviour may correspond with the
isohydric stomatal regulation strategy seen in beech trees, as isohydric trees maintain
a fairly stable leaf water potential by closely regulating stomatal openings in reaction
to environmental factors, thus preventing significant dehydration even in conditions of
high VPD (Gessler, 2021; Magh et al., 2020; Grossiord et al., 2016).

The TLs for the trees in the riparian zone fluctuated around zero, even during periods
with higher temperatures (Table 2) and there was limited hysteresis between sap flow
and VPD (the relation was similar to a line), indicating that trees experienced only mild
water stress (Chen et al., 2011). Contrary, for the trees on the midslope and upslope,
TLs became more negative as temperatures and VPD increased (Table 2), which
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suggests that trees proactively closed their stomata to avoid excessive water loss. For
the trees on the midslope and upslope , the VPD-sap flow relation (Fig. 9) was
characterised by clockwise hysteresis, consistent with trees closing their stomata
early to mitigate dehydrationrisk (Chen et al., 2011; Bai et al., 2015). The slightly higher
TLs for the days with the highest air temperatures may be caused by the higher soil
moisture during months of June and July (Fig. 2). However, Renner et al. (2018), showed
that TLs between sap flow and VPD were more related to temperature than soil
moisture (Renner et al., 2018).

Trees in the upslope position appeared less stressed than the trees on the midslope
early in the growing season (lower temperature ranges). However, upslope trees
exhibited a rapid stress response as temperatures increased, likely due to rapid soil
moisture depletion or distinct microclimatic conditions (e.g., increased solar radiation
or temperature). However, contrary to other positions, the TL for the upslope trees was
similar for no drought and severe drought conditions, and were more negative for mild
and moderate drought conditions. During the severe drought conditions (especially
during the second week of August), the temperatures were not as extreme, but sap flow
values remained substantially reduced due to cumulative climatic stress. Under these
circumstances, soil moisture may limit sap flow velocities more than the atmospheric
conditions. This may lead to reduced tree transpiration later in the growing season, as
supported by observations of yellowish leaves in the upper canopy.

Although previous studies described the controls on VPD-sap flow TL and analysed sap
flow responses at the hillslope scale, we think that this is (one of) the first to show the
difference in the VPD-sap flow velocity relation across a small (roughly 60 m) steep
hillslope. These TLs between peak VPD and sap flowin midslope and upslope positions
at Lecciona are consistent with those reported by Li et al. (2016) for nine trees in
northwest China. The greater variability observed in our study may be attributed to the
weather conditions, characterised by fluctuating cloud cover and some wetter periods.
Although these variations may influence the daily VPD trends, we did not exclude
cloudy days from the analysis to avoid reducing the number of observations.

Based on these observations, we propose a conceptual model to explain VPD-sap flow
variability across topographic gradients (Fig. 10). When temperature and VPD increase,
but soil moisture is not a limiting factor, beech trees reach their physiological
transpiration limit, leading to a negative TL between VPD and sap flow (Fig. 9a). When
soil moisture becomes a limiting factor, sap flow decreases because stomata are
closed (anisohydric behaviour, Fig. 10b). Topography causes a redistribution of water
in the soil (Fig. 10c) andmore water available for trees in the riparian zone, even under
drought conditions. This leads to zero or negative TLs for trees in the riparian zone and
high sap flow velocities (Fig. 3c). Contrary, on the hillslope position (Fig. 3d, €), sap flow
velocity decreases in response to the higher moisture stress. The analysis of TLs
across drought severity classes (Fig. 8) revealed that decreasing soil moisture resulted
in decreasing TLs between peak VPD and peak sap flow, which is indicative of
increasing water stress as soil moisture becomes depleted (Fabiani et al., 2024; Zhang
et al., 2019; Bai et al., 2015). This model should be validated in future studies with
observations from other hillslopes across different climatic zones and tree species

In addition to this general, across hillslope pattern, there was also considerable
variation in the response of individual trees to temperature, VPD, and drought
conditions (Fig. 3). The time lags between peak sap flow velocity and peak VPD varied
considerably for the individual trees as well (see Table 2). This highlights the need to
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analyse the response of multiple trees, and the necessity to interpret the results in this
study with care as there were only three monitored trees in each hillslope zone.
Differences in TLs for the Rip3 tree compared to the other two riparian trees (Fig. 7) for
the low temperature class (Table 2) may largely stem from missing sap flow data for the
Rip3 tree between mid-May and mid-July (Fig. 3). During the remainder of the
observation period, sap flow velocities for the Rip3 tree were similar to those for the
Rip2 tree (Fig. 3). However, TLs for the Rip3 tree were comparable to those for trees at
the midslope and upslope trees, suggesting that, potentially due to variability in soil
moisture availability (Yang and Tong, 2024), the Rip3 tree responded more similar to
trees at higher hillslope positions. Tree traits could affect daily sap flow seasonal
behaviour as well (Hassler et al., 2018). Thuse high variability in the explained variance
in daily average sap flow for the individual trees (Fig. 3) suggests that other tree and site
characteristics, such as contributing area and root status, which were omitted in the
relative importance analysis for this study, are important factors for the variability in
sap flow velocities as well (cf. Hassler et al., 2018).
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Figure 9. Time series of the vapor pressure deficit (VPD) and sap flow velocity for four selected days:
during no drought, mild, moderate, and severe drought conditions (according to the SWDI), as well as
the correlation between VPD and sap flow, colour-coded by the time of the day.
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Figure 10. Conceptual model of the effect of VPD, temperature, soil moisture, and topography on sap
flow velocity. The direction of the blue arrows indicates an increase (upward) or decrease (downward) of
VPD, temperature (Temp), and soil moisture (SM), while the direction of the orange arrows indicates a
decrease (downward) or a temporal shift (pointing left) of sap flow compared to VPD. Panel a) highlights
the effect of increasing temperature and VPD on the sap flow. Panel b) indicates the effect of decreasing
soil moisture on sap flow. In panel c), due to topography-induced redistribution of water in the soil, sap
flow anticipates VPD and remains high in the riparian (and wetter) zone, but decreases markedly on the
hillslope.

2.5. Conclusions

We investigated the combined effects of seasonality and topography on tree responses
to atmospheric demand using a dataset of sap flow velocities collected across a
monospecific forested hillslope in the Apennine Mountains, Central Italy. Time lags
between VPD and sap flow responses decreased with increasing temperatures and
VPD, indicating an anisohydric response of the beech trees. However, the relationship
between VPD and sap flow is modulated by both climatic variables and soil moisture
alongthe hillslope. For trees on the hillslope, soil moisture became a limiting factor, as
indicated by limited sap flow velocities during periods with high temperatures and VPD
and the presence of yellowish leaves. In contrast, trees in riparian zones experienced
less water stress due to the overall higher soil moisture in the riparian zone. The
proposed conceptual model explains the combined effects of temperature, VPD, soil
moisture, and topography on sap flow responses and the VPD-sap flow relation (Fig.
10) and can be used to inform ecohydrological models that aim to capture fine-scale
variability in evapotranspiration fluxes across the landscape. However, it should be
validated in future studies with observations from hillslopes across different climatic
zones and tree species.
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Figure S1. Scatterplot between mean daily temperature and mean daily vapour pressure deficit (VPD),
highlighting that VPD is highly correlated to the air temperature (a), and between mean daily soil
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Figure S2. Box plots of the hourly soil moisture (SM), vapour pressure deficit (VPD), sap flow, and air
temperature during six key 5-day periods during the growing season. Each variable is normalised
between 0 and 1, based on the minimum and maximum value during the 5-day monitoring period to
better visualize the differences. The boxes represent the interquartile range, the lines the median and
the whiskers extend to 25th percentile and 75th percentile.
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riparian zone (Rip3; left column), and an upslope tree (Up2; right column).
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3. Seasonal meteorological forcing controls runoff
generation at multiple scales in a Mediterranean
forested mountain catchment

This chapter is taken from: Macchioli Grande, M., Kaffas, K., Verdone, M., Borga, M.,
Cocozza, C., Dani, A., Errico, A., Fabiani, G., Gourdol, L., Klaus, J.,, Manca di
Villahermosa, F., Massari, C., Murgia, |., Pfister, L., Preti, F., Segura, C., Tailliez, C.,
Trucchi, P., Zuecco, G., Penna, D. (2024). Seasonal meteorological forcing controls
runoff generation at multiple scales in a Mediterranean forested mountain catchment.
Journal of Hydrology, 639, 131642. https://doi.org/10.1016/j.jhydrol.2024.131642

Abstract

Understanding hydrological processes during dry periods in Mediterranean mountain
catchments is critical due to the increasing frequency of drought episodes. In this
work, we aimed at characterizing the effect of the seasonal variability of
meteorological forcing on the hydrological response of a small mountain forested
catchmentin the Mediterranean region. We analyzed the hydrological response and its
timing based on hydrometric and electrical conductivity (EC) data for a year in the
nested (0.31-2 km2) Re della Pietra catchment, in Central Italy. We used a soil
moisture-based metric to distinguish between wet and dry periods and performed EC-
based hydrograph separations during these two periods. The results revealed the
important role of seasonality as a meteorological forcing affecting soil moisture,
groundwater, streamflow response, and stream event water fractions. Wet and dry
periods were distinctly characterized by different streamflow, soil moisture, and
groundwater responses. Event water fractions in streamflow also highlight the
relevance of the seasonality in the meteorological forcing on runoff generation.
Particularly, at the rainfall-runoff event scale, the combination of antecedent soil
moisture and precipitation depth controlled the non-linear response of streamflow,
groundwater, and different event water fractions in the wet and dry periods.

Stream stages and event water fractions also varied across nested spatial scales.
Antecedent moisture conditions triggered a faster streamflow response due to higher
connectivity along the hillslope in the wet period, with higher event water fractions in
the upper sub-catchments (25 %) compared to the lower sub-catchments (15 %).
Conversely, in the dry period, higher event water fractions were registered at the outlet
(11 %) than at the headwaters (7 %). Time lags between peak flows observed across
the nested catchment showed a complex pattern, suggesting the interaction of
multiple factors controlling the timing of streamflow peaks in the study area. These
findings contributed to improve our mechanistic insights into the elusive seasonal
hydrological patterns observed in Mediterranean mountain forested catchments.
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3.1. Introduction

The hydrological functioning of catchments is influenced by complex interactions
between meteorological forcing, geomorphological features, soil properties, geology,
vegetation cover, and land use (Bracken and Croke, 2007; Llorens et al., 2018; Wei et
al., 2020; Birch et al., 2021; Massari et al.,, 2023). Despite the body of literature
investigating the main controls on catchment hydrological response, our
understanding of how runoff generation changes between dry and wet periods and
across multiple spatial scales is still limited. Particularly, two processes that are
related to the mechanistic fundamentals of runoff generation in mountain catchments
are (i) the role of antecedent moisture conditions in controlling streamflow and
groundwater response under dry and wet conditions, and (ii) the change in event water
fractions in streamflow (the proportion of water input to the catchment, i.e., rainfall or
snowmelt) compared to pre-event water fractions (i.e., water stored in the catchment
prior to the rainfall or snowmelt event) across nested catchments. Although these
processes can be case-sensitive depending on factors like climate and physiographic
properties of the study area, their characterization is essential for a detailed
understanding of rainfall-runoff dynamics at the catchment scale (Ries et al., 2017,
Wei et al., 2020).

Previous studies have addressed the influence of antecedent soil moisture and storm
characteristics on streamflow, shallow groundwater response, and event water
contributions in mountain forested catchments. Llorens et al. (2018) reported
extensive monitoring for 30 years at the Vallcebre experimental catchment, a small
partly forested mountain catchment in the Catalan Pre-Pyrenees, northeastern Spain.
The authors stressed the combined effect of antecedent moisture conditions,
precipitation depth and intensity, and forest cover on the catchment hydrological
response. Detty and McGuire (2010) identified hydrologic connectivity as a key control
for catchment runoff response in a small, forested catchmentin New Hampshire, USA.
They showed that seasonal variations of hydrologic connectivity were related to
dynamics in evapotranspiration, soil moisture storage, and groundwater recharge.
Scaife and Band (2017) reported stormflow threshold behavior influenced by
antecedent soil moisture and gross precipitation at forested mountain catchments of
the Coweeta Hydrologic Laboratory, North Carolina, USA, finding differences between
the dormant and the growing season. Thresholds in stormflow generation were also
identified in a humid forested catchment in China, revealing the importance of
antecedent conditions on the swift changes from slow to rapid runoff response (Zhang
et al., 2021).

Hydrological processes in Mediterranean catchments, in particular, are affected by the
strong seasonality in the meteorological forcing (i.e., alternance between a wet period
in fall/winter and a dry period in spring/summer) and are thus extremely sensitive to
drought episodes which are increasing both in frequency and severity (Giorgi and
Lionello, 2008; Vasiliades and Loukas, 2009; Sellami et al., 2016; Massari et al., 2022).
Nanda and Safeeq (2023) analyzed 129 rainfall-runoff events in Mediterranean
headwater catchments in California (USA) and showed that runoff was eventually
triggered when the total wetness (storage plus precipitation) exceeded specific
thresholds. Their analysis also indicated that storage was higher at the downslope than
at the upslope position, yielding higher runoff values. Dymond et al. (2021) studied
water movement and storage on a forested Mediterranean slope. They observed that
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near-stream locations (riparian and footslope) were the wettest during the wet period,
as well asridges, with similar contents at 15, 35, and 100 cm of depth. However, during
the dry period, soil moisture exhibited high variability among all depths and
topographic positions, with higher influence of local factors, plant water use, soil
texture, and climatic forcing.

The analysis of event water contribution provides insight into runoff response to
precipitation in catchments (Buttle, 1994, Pellerin et al., 2008), and allows process
identification when studying the seasonal differences in the contributions of various
sources to streamflow (e.g., Penna et al., 2015). Event and pre-event water fractions at
the rainfall-runoff event scale or at seasonal, annual, or multiannual time scales are
typically computed through tracer-based (e.g., stable isotopes of hydrogen and
oxygen, or electrical conductivity) hydrograph separation techniques (Klaus and
McDonnell, 2013). Hydrograph separation analysis in a partially forested mountain
headwater catchment in Switzerland revealed that pre-event water fractions were
mainly controlled by rainfall amount with a limited influence of antecedent moisture
conditions (Fischer et al., 2017). On the contrary, von Freyberg et al. (2018) found
unclear relationships between antecedent moisture and storm characteristics and
event or pre-event water contributions in another steep mountain forested catchment
in Switzerland. Two- and three-component hydrograph separation was also performed
in a small, forested catchment in the Italian Pre-Alps, revealing a strong seasonality in
runoff generation (Penna et al., 2015). Summer streamflow was mainly generated
through direct channel precipitation and saturation overland flow from the riparian
zone. In contrast, fall and winter streamflow was predominantly fed by groundwater
and hillslope soil water contributions. Mosquera et al. (2018) compared the use of
different tracers in hydrograph separation in the catchments of the Mediterranean H)J
Andrews Experimental Forest (Oregon, USA), but did not address specific seasonal
hydrological responses.

In addition to quantifying the role of antecedent soil moisture and threshold behaviors
on runoff generation, and event fraction contributions to streamflow, the analysis of
stream response timing across nested spatial scales can provide valuable insights into
possible changes in hydrological processes controlling discharge with increasing
catchment size. However, studies focusing on this aspect performed in forested
mountain catchments with Mediterranean climates remain scarce. McGlynn et al.
(2004) studied the streamflow response in micro- and small-scale mountain forested
catchments at Maimai (<1-280 ha) in New Zealand. These authors did not observe any
consistent pattern of new water contribution with increasing catchment area, but their
findings revealed an increment of time lag responses with increasing catchment size.
For small (7-147 ha) forested catchments in Québec, Canada, event water
contributions were found to be unrelated to catchment size but dependent on rainfall
intensity and storm size, with higher event water transit time with increasing areas
(Segura et al., 2012). Contrarily, Guastini et al. (2019) observed an overall decreasing
trend of specific streamflow and runoff coefficients moving from a small grassland
catchment to larger forested catchments (0.14-109 km?) in the Dolomites, in northern
Italy. However, they did not find any distinct relationship between lag times and
catchment scales, suggesting interactions of multiple factors on response times.

The literature inspection reported above clearly reveals that only few studies have been
carried out on the role of antecedent moisture conditions on catchment response
during dry and wet periods, and on changes in event water fractions and timing of
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stream response across spatial scales. Most importantly, no studies have been
conducted on these aspects in Mediterranean mountain forested catchments. To fill
these knowledge gaps on the role of antecedent conditions on hydrological processes
in meteorological contrasting periods, and on runoff volume timing across multiple
spatial scales, we conducted a study based on hydrometeorological and tracer data
collected in the small forested and nested Re della Pietra catchment, in the Apennine
mountains, Central ltaly. This catchment can be considered representative of
Mediterranean mountain forested catchments due to its physiographic and climatic
characteristics, thus making it an ideal setting for investigating seasonal patterns in
hydrological responses. We aim to achieve a better mechanistic understanding of how
the seasonalvariability of the meteorological forcing affects the hydrological response
at the headwater catchment scale, and between different spatial scales. In particular,
we addressed the following questions:

l. How do antecedent moisture conditions control streamflow and shallow
groundwater response during dry and wet periods?

Il. How do event water fractions and timing of stream response change with
increasing spatial scales?

3.2. Study area

The Re della Pietra is a 2 km? experimental forested catchment located in the Tuscan
Apennines, Central Italy (Fig. 1a). The area is part of the International Model Forest
network (https://imfn.net/) and is managed by the local Forest Service. The climate is
temperate Mediterranean with wet (approximately October-May) and dry
(approximately June-September) periods. The average annual precipitation depth is
1316 mm (1992-2022) based on data available from a weather station located at 1005
m a.s.l. (12 km south from the catchment) and operated by the Regional Hydrological
Service. The year 2021, which covers most of the data collected for this study, was
characterized by an annual precipitation of 1212 mm, i.e., slightly less than the long-
term average. Therefore, the study period can be considered representative of the long-
term hydrometeorological conditions in the study area. Average monthly temperatures
vary from 2°CinJanuaryto 20 °Cin August, and the average annual temperature is 10.5
°C, according to data from the aforementioned weather station. Elevations range from
634 to 1320 m a.s.l., the average slope (from headwater to outlet) is 27.5°, and the
stream channel is approximately 3000 m long. The catchment geology consists of
sandstones corresponding to the Late Oligocene — Early Miocene Macigno Formation
(Amendola et al., 2016). The soil is well drained and typically deeper than 50-80 cm,
as assessed by spatially distributed knocking pole measurements. Soil texture in the
upper headwater portion of the catchment was determined through the analysis of 11
soil samples collected in March 2021 at 0-20 cm (four samples), 20-40 cm (four
samples), and 40-60 cm (three samples) close to the soil moisture sensors (see
Section 3.1). Sand content in the 11 samples ranged between 57 and 76 %, and clay
content between 4 and 11 %. Soil texture in all samples resulted in sandy loam,
according to the USDA (1999) classification. The catchment area is predominantly
covered by forests (>95 %), dominated by beech trees (Fagus sylvatica), oaks (Quercus
cerris), and conifers (Pseudotsuga menziesii and Pinus nigra).
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Figure 1. a) Study area in the Tuscan Apennines (ltaly). b) Map of the Re della Pietra experimental
catchment, showing the position of the monitoring instruments (stream and rain gauges, groundwater
wells, weather stations, and soil moisture probes. c) Field picture of the Lecciona sub-catchment. d)
Detailed map of the Lecciona sub-catchment, showing the location of the instruments, including the
weather station, the soil moisture probes, the three groundwater wells (GW1, GW2, and GW3), and the
stream gauge.

3.3. Materials and methods

3.3.1. Hydrometeorological measurements
Hydrometeorological data were collected during one calendar year, from 19 January
2021 to 20 January 2022. Four sub-catchments, from the headwater to the outlet, were
selected to investigate the hydrological response across nested scales (Fig. 1b). The

sub-catchments drain 0.31-2 km?, with average slopes varying between 23.2 and
27.5°, and stream lengths ranging from 1357 to 3001 m (Table 1). Most of the
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instruments were installed in the Lecciona sub-catchment, in the headwater portion
of the Re della Pietra. A representative field picture of the Lecciona stream is shown in
Fig. 1c. A weather station installed in a forest clearing near the boundary of the
Lecciona sub-catchment at 991 m a.s.l. (Fig. 1d) records precipitation depth, air
temperature, air humidity, solar radiation, wind speed, and wind direction at a 10-
minute time step (reported precision for precipitation of 0.2 mm). Precipitation depth
and air temperature were also recorded in another tree-free area at the outlet (C4) of
the Re della Pietra catchment, at 634 m a.s.L. (Fig. 1b). Given their different elevations
and the small size of the Re della Pietra catchment, the two rain gauges were deemed
representative of the precipitation amount in the study area. Because of a two-week
technical malfunction of the weather station at Lecciona, data from the rain gauge at
C4 were used tofill in the gaps.

Table 1. General characteristics of the Re della Pietra (RdP) catchment at different spatial scales.

Sub- Size Elevation Average Main Main tree

catchment (km?) range (masl) slope (°) stream species

name length (m)*

Lecciona 0.31 913-1313 23.2 1357 F. sylvatica

RdP at C1 0.99 873-1320 23.6 1554 F. sylvatica

RdP at C3 1.34 815-1320 24.9 1994 F. sylvatica -
Mixed deciduous
forest

RdP at C4 2.00 634-1320 27.5 3001 F. sylvatica -
Mixed deciduous
forest

*stream length was defined as the length of the channel measured in GIS environment from a digital
elevation model (1x1 m, except in the upper part of the catchment where only 10x10 m2 resolution was
available).

Stream stage, water temperature, and water electrical conductivity (EC) data were
recorded at a 10-min interval by a CTD (conductivity, temperature, depth, with
precisions of £ 0.5 % uS/cm, * 0.3 °C, and = 0.05 % mm, respectively, SEBA
Hydrometrie GmbH) probe at Lecciona, C1, and C4, whereas at C3 only the stream
stage was registered (reported precision of + 0.05 % mm). At the Lecciona sub-
catchment, a sharp crested weir with a composite triangular-rectangular shape was
built to convert stream stage data into streamflow. The equations for the sharp crested
weir were validated through multiple discharge measurements carried out using the
salt dilution method under different hydrological conditions.

Soil moisture was measured as volumetric water content by six probes (Teros 10, Meter
Group) installed in the Lecciona sub-catchment and recorded ata 10-min interval (Fig.
1d). The probes were installed in a transect along the hillslope, in three positions
separated by 5 m each: the riparian area at the bottom of the hillslope, the lower part
of the hillslope, where a gentle break in slope was evident, and in the middle part of the
hillslope. In each position, two probes were installed, one at 15 cm and another at 35
cm depth. The raw values of the probes were converted into volumetric water content
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(m3/m3) by applying a standard calibration for mineral soils suggested by the
manufacturer (reported precision: 0.03 m3/m3). Soil moisture data among the three
hillslope positions (riparian, low-slope, and mid-slope) were averaged by depth (15 and
35 cm) to assess the effect of soil moisture at the hillslope scale on the catchment
hydrological response.

The influence of antecedent soil moisture conditions on the hydrological response was
evaluated by computing the antecedent soil moisture index (ASI, Haga et al., 2005)
givenin Eq. (1):

ASI =0 xD (1)

where 0 is the volumetric soil moisture content at a given depth (m3/m3), and D is the
installation depth (m). ASI was calculated based on soil moisture values recorded over
one hour before the beginning of a precipitation event and averaged between the two
depths and hillslope positions.

Pressure transducers measured groundwater levels in the Lecciona sub-catchment at
a 15-min interval in three wells (reported precision is = 0.05 mm). Two wells (GW1 and
GWS3) were located in the riparian zone, and a third one (GW2) was located at the foot
of the hillslope (Fig. 1d).

3.3.2. Separation between wet and dry periods

We used the soil moisture-based metric proposed by Segura et al. (2023) to distinguish
between wet and dry periods. First, we computed the hillslope spatial average soil
moisture, i.e., among the three hillslope positions. Next, we determined the difference
between the hillslope-average soil moisture at 35 and 15 cm depths. Upward positive
peaks indicate that soil moisture at 35 cm is higher and responds earlier to
precipitation than soil moisture at 15 cm, and were assigned to the wet period, while
downward negative peaks indicate that soil moisture at 35 cm is lower and responds
later than at 15 cm, and were assigned to the dry period (Fig. 2).

3.3.3. EC-based hydrograph separation

We used a tracer-based hydrograph separation approach to estimate the contribution
of water originated from precipitation events (“event water”) and the contribution of
water already stored in the catchment (“pre-event water”) to total streamflow. The
latter is assumed to be a mixture of soil water and groundwater (Sklash and Farvolden,
1979, Laudon and Slaymaker, 1997, Penna et al., 2015). We used EC as a tracer in the
hydrograph separations due to its simplicity in data acquisition and the high-resolution
recording (e.g. Pellerin et al., 2008, Mosquera et al.,, 2018, Lazo et al., 2023).
Hydrograph separation was performed i) at the yearly time scale at the stream gauges
in Lecciona, C1, and C4; and ii) at the rainfall-runoff time scale during selected events
in Lecciona only (see Section 3.4). At the yearly time scale, EC might behave as a non-
conservative tracer due to dilution (during high flow) and concentration (during low
flow) effects, resulting in non-stationary values of the pre-event water end-member
signature over time, which is one of the prerequisites of the two-component
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hydrograph separation technique (Buttle, 1994). In our case, we found a slight
differences in the EC signature during baseflow conditions, between the wet and the
dry periods, being 1, <1, and 13 uS/cm for Lecciona, C1, and C4 respectively (Fig. S1).
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Figure 2. Time series of hydrometeorological variables in the Lecciona sub-catchment. The grey shaded
area shows the dry period as defined by the soil moisture-based metric (described in Section 3.2). a)
Precipitation and hourly air temperature registered by the weather station. b) Spatial average (among the
three hillslope positions) soil moisture at 15 cm and 35 cm. c¢) Soil moisture difference between 35 cm
and 15 cm. d) Groundwater level in the three wells. €) Event and pre-event water for the studied period.

Streamflow (mm/10min)

Therefore, we applied EC-based hydrograph separation for wet and dry periods
separately, identifying the pre-event water EC signature as the highest EC values
measured in each stream section during base flow conditions. Because of its short
duration, the seasonal dilution/concentration effect becomes negligible at the time
scale of rainfall and runoff events, and EC can be considered a conservative tracer
(Birch et al., 2021). In this case, the EC signature of pre-event water was identified as
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the highest EC value one hour before the event onset or during the initial phase of the
event (Penna et al., 2016, Buttle, 1994). For both approaches (annual and event scale
hydrograph separation), the EC of event water was represented by the average EC from
precipitation water monthly collected by an evaporation-free sampler installed close
to the weather station.

The hydrograph separation was carried out employing the following equation:

Cs—C,

fe:Ce_Cp

(2)

where f. is the event water fraction, Cs is the electrical conductivity of stream water, C.
is the electrical conductivity of precipitation, and C, is the electrical conductivity of
pre-event water.

3.3.4. Identification of precipitation-runoff events and time-lag analysis

Precipitation-runoff events were defined as events with a precipitation depth > 1 mm,
which yielded a streamflow response > 0.01 mm/10 min. Based on these criteria, 34
events were identified during the study period in the Lecciona sub-catchment (Table
S1). At the event scale, the distinction between baseflow and stormflow was
performed using the constant-k method (Blume et al., 2007). The recession constant k
was calculated at the time t of the event, and the time when this value remains
constant marks the end of the event (Eq. (3)):

dQ 1

S TRANTeS)

(3)

where Q is the streamflow, and t is the time.

A time-lag analysis was conducted to assess the hydrological response time at each
spatial scale (i.e., the time of the peak streamflow) from the Lecciona stream gauge to
the outlet at C4. Stream stages at a 10-min time step were normalized to the highest
value for comparability purposes. The time difference between the start of the event
(Qo) and the time at peak flow (Q,) was computed at each stream section. Additionally,
time lag differences in the peak streamflow (Q,) occurrence between stream sections
at different locations of the Re della Pietra catchment were also calculated.

To address the possible influence of the catchment shape on the timing of peak
streamflow response, the Gravelius index (Gravelius, 1914, Bendjoudi and Hubert,
2002) was calculated for each sub-catchment (Bendjoudi and Hubert, 2002, Zemzami
et al.,, 2013). The Gravelius index is the ratio of the catchment perimeter to the
circumference of a circle with an area equal to that of the given catchment. The higher
the index, the more elongated the catchment shape, while conversely, the closer the
index to 1, the more rounded the catchment shape.

3.4. Results

3.4.1. Seasonal hydrological responses in the Lecciona sub-catchment
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The strong seasonality characterizing the meteorological forcing in the study area was
eventually reflected in the hydrological response of the Lecciona sub-catchment (Fig.
2). The soil moisture-based metric (Section 3.2) clearly identifies two distinct periods
characterized by different precipitation depths and hydrological conditions (Table 2).
Dominating positive values with upward peaks in the time series of the soil moisture
difference are associated to periods with high precipitation depth, high and coupled
soil moisture at both depths, and large streamflow, typical of winter, early spring, and
late fall conditions. On the contrary, dominating downward peaks mainly reaching
negative values of soil moisture difference coincide with spells characterized by low
precipitation, low and decoupled soil moisture between the two soil depths, and low
streamflow, typical of late spring and summer conditions (Fig. 2). This clear pattern
allowed us to use the soil moisture difference between the two depths to distinguish
between wet periods (i.e., periods with mainly upward peaks) and dry periods (i.e.,
periods with mainly downward peaks) in the time series. During the wet period, event
precipitation depth ranged between 1.5 and 72 mm with low to moderate intensity
(from 1.9 to 10.8 mm/h), while during the dry period, there were fewer events but with
higher precipitation intensity (from 5.4 to 28.0 mm/h) (Table S1).

Reflecting the seasonal intermittency of precipitation, soil moisture varied
considerably during the wet than during the dry period, with a significant decreasing
trend during rainless periods and fewer responses (Fig. 2a). Soil moisture probes
recorded comparable moisture content at 15 cm and 35 cm during the first part of the
wet period, namely from January until the first week of June. They displayed different
water content for the entire duration of the dry period (Fig. 2b), resulting in a coupling
(matching) and decoupling (separation) behavior during the wet and dry periods,
respectively. After the dry period (late September), there was again a converging trend
which lasted until mid-late December, when soil moisture at the two depths exhibited
similar values again.

Table 2. Average and standard deviation (SD) of the measured hydrometeorological variables in the wet
(254 days, from 19 January 2021 to 7 June 2021 and from 27 September 2021 to 20 January 2022) and
the dry period (111 days, from 8 June 2021 to 26 September 2021) in the Lecciona sub-catchment.

Wet period Dry period
Cumulative precipitation depth (mm) 1128.1 152.4

Average SD Average SD

Air temperature (°C) 6.9 5.6 19.9 5.2
Soil moisture at 15 cm (m3/m3) 0.238 0.045 0.151 0.036
Soil moisture at 35 cm (m*/m?) 0.245 0.042 0.173 0.031
Streamflow at Lecciona (mm/10 min) 0.026 0.023 0.006 0.003
Groundwater level - GW1 (m) -2.22 0.27 -2.51 0.03
Groundwater level - GW2 (m) -4.11 0.09 -4.25 0.12
Groundwater level - GW3 (m) -2.84 0.12 -2.71 0.14
Event water fraction (dimensionless) 0.25 0.12 0.07 0.05
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The water table also showed a certain degree of seasonal variability (Fig. 2d). Even
though GW3 and GW1 wells are both located on a relatively flat area (14°) in the riparian
zone, 1 and 3 m away from the Lecciona stream, respectively, they displayed
noticeably different patterns. The groundwater level was mostresponsive at GW3, with
a flashy response to precipitation with high peaks throughout the study period. The
frequency and the magnitude of the peaks were consistent with the frequency and the
magnitude of the major storm events. While showing a similar pattern during rainy
periods, GW1 was almost unresponsive to even the largest precipitation events when
these were preceded by periods with very little or no precipitation. This behavior was
evident for the entire dry period, where the groundwater level was relatively stable with
a slightly declining rate, but also during wet periods with long inter-storm times. It is
worth noticing, however, that GW1 was highly responsive in the second part of the wet
period (October 2021 onwards), resulting in higher peaks than GW3. GW2 is located at
the footslope at a slightly higher altitude, 12 m from the stream, with a local slope of
26°. It had the deepest water table (1-2 m deeper than the other two wells) and
displayed peaks of very low magnitude compared to GW1.

A clear seasonality in the Lecciona streamflow was evident as well (Fig. 2e), with
streamflow being highly responsive to precipitation in the wet period and with very few
but extreme responses in the dry period. This seasonal behavior was further
characterized by longer recession times in the wet period in contrast with the dry
period, which exhibited quick responses with very steep recessions. The highest peak
inthe dry period (13 July 2021) occurred after a prolonged period of dry conditions and
was accompanied by a sharp peak in soil moisture (Fig. 2). Interestingly, the three
following events —not preceded by a prolonged rainless spell— with higher
precipitation depths in the dry period (1 and 28 August 2021, and 18-19 September
2021) resulted in lower streamflow. Pre-event water was dominant in the hydrograph
throughout the year. However, proportionally larger fractions of event water were
observed during the wet period (Fig. 2e and Table 3).

Table 3. Average and standard deviation (SD) of event water fraction (dimensionless) at Lecciona, C1,
and C4 for the wet and dry period.

Wet period Dry period
Stream gauge Average SD Average SD
Lecciona 0.25 0.12 0.07 0.05
C1 0.23 0.10 0.10 0.04
C4 0.15 0.11 0.1 0.07

3.4.2. Soil moisture and precipitation controls on seasonal hydrological response

The effect of 15 and 35 cm soil moisture on streamflow revealed contrasting behaviors
in the wet and dry periods (Fig. 3). During the wet period, streamflow increased at soil
moisture approximately at 0.25 m®m?® for both depths, resulting in a non-linear
behavior (Fig. 3a, b). An earlier —but lower in magnitude— rise of streamflow with
instant peaks occurred at soil moisture values between 0.20 and 0.25 m3/m3, likely due
to a large storm event in the wet period between the end of April and the beginning of
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May (28 April 2021, Event 7, Table S1). Conversely, during the dry period, there was little
effect of soil moisture on streamflow generation, with an abrupt peaking of streamflow
for soil moisture values around 0.20 m3/m? for both depths, corresponding to the
intense storm events in mid-July and late September (Fig. 3a, b; events 14 (13 July
2021) and 21 (26 September 2021), Table S1). The relation between soil moisture at the
two depths and event water fraction was characterized by a marked non-linearity,
especially in the dry period (Fig. 3c and 3d). Event water fractions varied greatly during
the wet period but showed an overall increasing trend with instant peaks between soil
moisture values of 0.17 and 0.25 m3*/m? at 15 cm depth (Fig. 3c), while a more rapid
increase was observed for soil moisture values between 0.23 and 0.24 m®/m?®at 35 cm
depth (Fig. 3d). A higher increment in event water fractions was observed for soil
moisture values ranging between 0.26 and 0.28 m3/m3 at 15 cm depth, and between
0.27 and 0.29 m*/m? at 35 cm depth.

A clear non-linear behavior was observed in the relation between ASI and stormflow,
with high stormflow values recorded only during wet conditions with ASI > 60 mm.
However, some events had ASI > 60 mm but low stormflow values (Fig. 4a). The addition
of precipitation depth to ASI led to a threshold behaviour with a linear increase of
stormflow with ASI + P above 80 mm (Fig. 4b). ASI + P also showed a linear relation with
stormflow for the dry period events (inset in Fig. 4b). Antecedent soil moisture
conditions at 15 and 35 cm, especially with the addition of precipitation depth, also
influenced the maximum event water fraction during both dry and wet periods (Fig. 4c
and 4d). Events in the dry and wet periods were quite well grouped in two different
clusters in both cases, but it is interesting to notice that the maximum event water
fraction increased with increasing ASI + P at an overall higher rate in the dry season

compared to the wet season.
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Water table peaks in GW1 were unrelated to ASI during the dry period (Fig. 5a). During
the wet period, GW1 peaks showed a threshold response with marked increases above
60 mm in ASI (Fig. 5a). For the dry period, this behavior was in perfect agreement with
the GW time series (Fig. 2d), i.e., the water level at GW1 remained stable even during
large rainwater inputs. The only exception to this pattern was observed for two events
indicated by red and blue arrows, which correspond to the highest precipitation events
in the dry and wet periods. Specifically, a precipitation event of 36.3 mm and ASI
slightly above 40 mm in the dry period (19 September 2021, event 21, Table S1) was
responsible for a water table rise up to ~ 1.8 m from the soil surface, while 72 mm
(highest precipitation event of the entire study period; 6 October 2021, event 24, Table
S1) with ~ 53 mm ASl resulted in a rise of water table up to ~ 2 m from the soil surface.
Excluding these two events, the vertical rise of GW1 peaks for ASl values in the 62-67
mm range indicates a threshold behavior of GW1 peaks’ response to ASI during the wet
period. Adding precipitation to ASI (Fig. 5b) eliminated this threshold behavior in the
wet period, generating a linear relation between ASI + P and GW1 peaks, with a slight
dispersion for ASI + P above 100 mm. The situation in the dry period was almost
identical. A linear relationship was also observed between the maximum event water
fraction and the water table peaks at GW1 in the dry period (Fig. 5c). Interestingly,
during the dry period, a streamflow response was not coupled with a groundwater
response, and a corresponding increase of GW1 peaks did not accompany the rise of
the maximum event water fraction in streamflow.
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Figure 4. Relations between a) the 15-35 cm-averaged antecedent soil moisture index (ASl) and
stormflow; b) the sum of the 15-35 cm-averaged ASI and precipitation depth and stormflow; c) the 15-
35 cm-averaged ASI and maximum event water fraction; d) the sum of the 15-35 cm-averaged ASI and
precipitation depth and maximum event water fraction. The insets in panel a) and b) refer to the red
points shown in the same panel and plotted on an expanded y scale.
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3.4.3. Streamflow response across multiple spatial scales

Stream stages at C1, C3, and C4, and streamflow at Lecciona displayed seasonal
patterns, with moderate to high peaks and long recessions in the wet period and
smaller and flashy responses in the dry period (Fig. 6a). Event water fractions at
Lecciona and C1 were very similar (Fig. 6b). However, the event water fraction was
often higher at Lecciona during the wet period, while the event water fraction was
regularly higher at C1 during the dry period (Table 3). The event water fraction at C4
varied more widely than in C1 and Lecciona, being noticeably lower during the wet
season (before May) and noticeably higher from mid-May onwards and for most of the
dry season. Between October 2021 and January 2022, the event water fractions in C4
fluctuated differently than in Lecciona and C1, remaining generally lower (Fig. 6b).
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The timing of stream response was variable across the catchment (Fig. 7). Positive
values indicate that the upstream stream gauge peaked earlier than the downstream
one, and negative values indicate the opposite. From Lecciona to C1, C3, and C4, the
time lags consistently increase with greater differences in each sub-catchment's
drainage area and stream length. Conversely, the small catchment area between C1
and C3is counterbalanced by the long stream segment, which shifts the median value
higher despite the high variability (long lower whisker). However, the relationships
between stream length and catchment size with time lags are disrupted when
considering C3-C4 and C1-C4 (Fig. 7).
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below each boxplot. The boxplots represent the first and third quartiles, the horizontal lines depict the
median value of each dataset and the whiskers the 5-95% confidence interval.

3.5. Discussion

3.5.1. Effect of antecedent conditions on streamflow and groundwater response
in wet and dry periods

The Lecciona sub-catchment showed a clear seasonal response to antecedent
conditions during the studied period. The soil moisture difference between the
measured depths allowed us to define temporal boundaries for dry and wet periods.
Soil moisture responded quickly and had similar content at the two depths during the
wet period (Fig. 2b). By contrast, soil moisture was decoupled between the two depths
during the dry period, with higher values in the deeper soil, although with a responsive
topsoil. The lower soil moisture content at 15 cm depth compared to the 35 cm depth
observed during the dry period (Fig. 2b) could be due to the high evaporative demand
on the soil surface and preferential tree water use in the shallower soil compared to
the deeper layer (Fabiani et al., 2023). Although no soil-specific calibration was applied
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to our soil moisture probes, and therefore the results should be interpreted with some
caution, the decoupling of soil moisture at 15 and 35 cm depths in the Lecciona sub-
catchment was similar to the decoupling observed in the forested Weierbach
catchment for soil moisture measured at 10 and 40 cm depths (Segura et al., 2023).
On the contrary, our results differ with the opposite decoupling dynamics observed for
the Mediterranean mountain Can Vila catchment, where soil moisture was often higher
in the shallow soil layer than in the deep layer (Segura et al., 2023). The disagreement
between ourresults and those found for the Can Vila catchment suggests that different
soil characteristics and water uptake by vegetation (that may lead to a marked vertical
hydraulic redistribution of soil water) can affect soil moisture dynamics at different
depths together with climatic characteristics.

Similar findings were presented by Dymond et al. (2021) for a Mediterranean forested
catchment in Northern California, where soil moisture manifested a clear seasonality.
During the wet period soil moisture was more similar between 15, 30, and 100 cm
depths at all topographic positions, while the soil layer at 30 cm maintained a uniform
higher water content than the layer at 15 cm in most hillslope positions throughout the
dry period, thus evidencing a higher variability among depths. Studying the
dependence of soil respiration’s temperature on soil moisture in a Mediterranean
riparian forest Northeast in Spain, Chang et al. (2014) found that during dry conditions,
the soil at 5 cm depth suffered a 45-63 % reduction of water content when the soil at
30 cm depth only 14-35 %. Penna et al. (2015) documented a seasonal variability in
the mountain forested Ressi catchment in Northern Italy, with higher precipitation
depth, soil moisture, and streamflow in wet periods characterized by slow recessions
and moderately high peak flows, compared to dry periods, which showed a flashy
response, with quick recessions, and high peak flows. Other forested catchments
showed a similar seasonal response (Fenicia et al., 2014, Douinot et al., 2022).

The non-linear relation between antecedent soil moisture and streamflow at Lecciona
was more evident in the wet than in the dry period, likely due to the upper soil moisture
limit that bounded further soil moisture increase (Fig. 3a, b). Previous work reported
non-linear threshold effects in the relation between antecedent soil moisture and
streamflow in forested catchments as a result of the activation of gravity-driven
subsurface flow that connects hillslope to the streams (Penna et al., 2015, Zhang et
al., 2021). In particular, Zhang et al. (2021) reported two distinct thresholds in a
forested humid catchment in China, documenting a shift from a slow response with
unsaturated soil water storage to a fast response with gravity-driven water movement
through the soil along the hillslope reaching the stream. This behaviour is also in
agreement with the “fill-and-spill” conceptual model (McDonnell et al., 2021), which
proposes that only when storage reaches its critical level (fill), interconnection occurs,
and outflow pathways activate (spill). However, as far as we know, our study is the first
to document the distinct behavior of the antecedent soil moisture-streamflow relation
in seasonally different dry and wet periods.

The effect of seasonality on streamflow generation was also evident in the relation
between antecedent conditions, obtained by combining antecedent soil moisture and
event precipitation (ASI + P), and stormflow (Fig. 4). During the dry period, when soil
moisture was low, and during short events, the amount of stormflow in relation to
precipitation depth was low, and relations between stormflow and ASI were weak (Fig.
4a). However, the linear response of stormflow to ASI + P for the events in the dry period
suggests that the effect of precipitation depth became critical in producing stormflow
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when antecedent moisture conditions were low (Fig. 4b). This basically stresses the
important role of intense summer thunderstorms in generating runoff in this small
catchment. Nevertheless, high stormflow values were always reached when wet soil
and storm events were long (Fig. 4b). This observation agrees with the study of von
Freyberg et al. (2018), which stresses the importance of controlling antecedent
moisture conditions on streamflow and storm characteristics (precipitation depth and
duration) in forested mountain catchments. The key role of wet antecedent conditions
on streamflow generation was observed in other forested and not forested mountain
catchments (e.g., Penna et al., 2011, Farrick and Branfireum, 2014, Wei et al., 2020).
However, the distinct effect of seasonality on this behavior is shown here for the first
time.

Antecedent soil moisture (ASI), and especially the combination of soil moisture and
precipitation depth (ASI + P), had a clear effect on maximum event water fraction (Fig.
4c, d). This agrees with the findings by Fischer et al. (2017), who observed that event
water contribution correlated positively to precipitation depth in a wet mountain and
partially forested catchment in Switzerland, and with McGlynn et al. (2004), who
showed increasing event water fractions with increasing antecedent moisture
conditions in a forested catchment in New Zealand. In the Lecciona sub-catchment,
non-linear behavior seemed to be controlled by antecedent soil moisture conditions
combined with precipitation depth, suggesting the important role of hillslope-stream
connectivity in delivering event water to the stream and in generating runoff (Fig. 4).
Interestingly, the linear relation between ASI + P and maximum event water fractions
was valid for events in both dry and wet periods. This new outcome can be valuable in
understanding seasonal hydrological response in small catchments.

Groundwater in the Lecciona sub-catchment showed a different behavior in the
riparian area, where the groundwater level was more responsive at GW3, closer to the
stream (approximately 1 m distance) than GW1 (Fig. 2d). Additionally, a vertical
increase of GW1 peaks above 62 mm of ASI (Fig. 5a) revealed a threshold behavior of
GW1 response to antecedent moisture conditions during the wet period, while below
that range of values, a considerable amount of rainfall would be necessary to elevate
the water table. Noticeably, the groundwater level at the footslope was lower
compared to the other two wells and not very responsive to precipitation (Fig. 2d).
Despite the relatively small number of wells, which require some caution in the data
interpretation, the observed response could imply less infiltration and more lateral
flow at the hillslope, conducting water downwards and recharging the riparian zone.
This process could be more effective in the wet period, when shorter transit times and
larger connectivity between the riparian zone and the stream may control the event
water fraction, particularly at the headwaters (Blume and van Meerveld, 2015, Nanda
and Safeeq, 2023, Zuecco et al., 2019).

3.5.2. Event water fractions and streamflow timing at different spatial scales

A seasonal response was observed across all studied spatial scales in the Re della
Pietra catchment. Stream stages were higher during the wet period than in the dry
period, except at the outlet (C4), where the opposite was observed. Moreover, stream
stages increased across spatial scales, from the Lecciona sub-catchmentto the outlet
of the Re della Pietra. Streamflow was dominated by pre-event water at all spatial
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scales (85 % on a yearly average), and event water contributions were smaller than pre-
event water contributions (Fig. 2e and 6, and Table 3). Similar event water fractions
were reported by Laudon et al. (2007) for a forested catchment in Sweden, while Dusek
and Vogel (2018) reported pre-event water contribution comprising hillslope
preferential flow of 52-84 % (i.e., event water fractions of 16-48 %) in a mountain
forested catchment.

In our study area, event water fractions varied seasonally and within spatial scales,
with decreasing event water contribution with increasing drainage area in the wet
period (being Lecciona and C1 more similar). Conversely, during the dry period the
opposite behavior was observed (in which C1 and C4 were more similar). Wetter
antecedent conditions could help to mobilize pre-event water rather than the fast
transmission of event water (von Freyberg et al., 2018), and thus could explain the
overall prevalence of pre-event water on streamflow. Nevertheless, event water
contribution showed both seasonal and spatial variations (Fig. 6b). The average event
water fractions calculated for Lecciona and C1 sub-catchments were higherin the wet
period (24 and 23 %, respectively) than in the dry period (8 and 10 %), whereas event
water fractions at C4 were lower in the wet period (10 %) than in the dry period (28 %).
Blume et al., 2007, James and Roulet, 2009, and Penna et al. (2015) reported for small
forested catchments a similar behavior to that observed at C4, with higher event water
fractions occurring during the dry period and with dry antecedent conditions. This
could result from shallow-subsurface stormflow (which drives a fast delivery of event
water as quick flow) and catchment geomorphology (James and Roulet, 2009). Direct
channel precipitation and overland flow could be favored at the outlet by its lower
topographic position, increasing event water fraction, as Munoz-Villers and McDonnell
(2012) suggested. Although we have no evidence, litter cover (pretty thick in the lower
hillslope position of the Lecciona sub-catchment) may also play arole in overland flow
paths, as in other steep mountain catchments (Douinot et al., 2022).

Considering that a large drainage area favors lateral connectivity between the stream
and upper hillslopes (Zhang et al., 2021), a wetter and highly connected hillslope to the
stream during the wet period can explain the greater pre-event water fraction at C4,
compared to Lecciona and C1. Thus, large areas integrate more lateral flow (McGlynn
etal., 2004), which controls higher pre-event water fraction and higher stream stage at
the outlet. In wetter conditions, there might be a larger contribution of the hillslope and
riparian zones (i.e., greater pre-event water contribution, Fig. 6), meaning higher
hydrological hillslope-riparian-stream connectivity (Zuecco et al., 2019). Therefore,
the different seasonal response at multiple spatial scales in the Re della Pietra
catchment seems to be controlled by catchment size, topography, and differences in
soil transmissivity and antecedent conditions, as also observed by Shanley et al.
(2002) for steep, partly forested catchments in the North-Eastern USA.

Other forested catchments also exhibited a seasonal pattern in hillslope-stream
hydrological connectivity. For instance, Detty and McGuire (2010) and Bonanno et al.
(2021) described hillslopes hydrologically disconnected from the main channel during
the dry period, and connected during the wet period in mountain forested catchments.
Similarly, at the Re della Pietra catchment, the response of shallow groundwater and
soil moisture drives these seasonal variations, controlled by antecedent conditions
and soil/bedrock characteristics. The underlying bedrock consists of fractured
sandstones below the soil, which promotes both vertical percolation and lateral
subsurface flow within the hillslope at the soil-bedrock interface. Moreover, soil
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moisture response in the riparian area could control the higher event water fraction at
Lecciona in the wet period, characterized by longer events and greater precipitation
depths. By contrast, with increasing catchment size, higher connectivity during the wet
period, which integrates lateral flow from a larger area, could lead to the decreasing
event water contribution in the wet period. During the dry period, dry antecedent
conditions, coupled with the presence of a hydrophobic litter cover and a bedrock of
fractured sandstone draining a larger area, could lead to quick flows (Douinot et al.,
2022), thus augmenting both the event water fraction and the stream stage with
increasing catchment size.

Table 4. Gravelius index calculated for the four sub-catchments of the Re della Pietra catchment.

Size (km?) Perimeter (km) Gravelius index (<)
Lecciona 0.31 3.89 1.95
C1 0.99 6.10 1.72
C3 1.34 7.06 1.71
C4 2.00 9.22 1.83

The analysis of time lags of peak flow between multiple scales reveals a relatively
complex pattern. On the one hand, the median time lag of peaks between Lecciona
and C1, C3, and C4 increased with decreasing average catchment slope (Table 1),
contrary to what was expected (Overton, 1971, Amiri et al., 2019). On the other hand,
poor relations between time lags and catchment slope were found in other nested
catchments with fractured geological settings (Penna et al., 2017). Further, the median
time lag of peaks between all the stream gauges showed a consistent pattern of
increasing lag times with increasing drainage area only in the upper part of the
catchment, as observed elsewhere (McGlynn et al.,, 2004, Penna et al., 2017).
Conversely, the relation between size and stream network and time lags weakened for
the lower part of the catchment. The more elongated shape of the Lecciona sub-
catchment, with a higher Gravelius index (Table 4), suggests that in the headwaters of
the Re della Pietra, travel times are mainly a function of the stream length. The more
rounded shape and more developed dendritic stream patterns of the other sub-
catchments, in addition to catchment size and longer hillslopes, might lead to longer
travel times (Bergstrom et al., 2016, van Meerveld et al., 2019).

Considering these results, the time lags between spatial scales appear to be
controlled by time-variant hillslope hydrological connectivity, antecedent conditions,
catchment size and shape, likely overlapping with soil properties and geology (Shanley
etal., 2002, Haga et al., 2005, McGlynn et al., 2004). This combination of factors results
in the large variability in streamflow peak time lags from upper headwater catchments
to the outlet. Guastini et al. (2019) also reported a complex pattern in Alpine nested
catchments, with an overall decrease in runoff coefficients and specific streamflow
with increasing catchment area. In their case, however, a change in spring time was
associated with a high snowmelt contribution to streamflow, which is missing in our
case. The presented results thus suggest that more detailed studies are necessary to
understand the interplay of different factors in the resulting time lags of peak response
at different spatial scales.
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3.6. Conclusions

Analyzing the dataset collected in the Re della Pietra experimental catchment
improved the mechanistic fundamentals of seasonal hydrological patterns observed
during dry and wet conditions across multiple spatial scales. These patterns revealed
new findings on the effect of the seasonal meteorological forcings on streamflow
generation and the event water contributions during both wet and dry periods, which
are still missing in Mediterranean mountain forested catchments. This is a first attempt
to understand how runoff response propagates across multiple spatial scales in small,
forested catchments — therefore integrating both temporal and spatial variability in
hydrological processes.

Our findings highlighted different soil moisture behaviors in shallow and deeper layers
as a function of the overall catchment wetness. Antecedent soil moisture and its
seasonality, often in combination with precipitation depth, controlin a non-linear way
streamflow generation and the fraction of event water delivered to the stream, ensuring
groundwaterresponse and subsurface hydrological connectivity under wet conditions.
Streamflow peaks propagate downstream following a consistent spatial pattern onlyin
the upper part of the catchment, mainly reflecting the catchment structure, indicating
that more complex and interacting processes govern the timing of the hydrological
response across multiple spatial scales, even in such a small catchment. Further
investigations over a longer period in this and other mountain forested catchments are
required to corroborate our conclusions and better understand the hydrology of
climate change-sensitive Mediterranean catchments.
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Supplementary material 3

Table S1. Main characteristics of the selected rainfall-runoff events at the Lecciona sub-catchment.
Q./P index = event water fraction multiplied by total stormflow divided by precipitation depth; ASI =
Antecedent soil moisture index; ASI + P = Antecedent soil moisture index plus Precipitation depth

ID Date Period Cumulative | Precipitation |  Average Peak Total ASI ASI+P Maximum Total
Precipitation | Duration (h) Rainfall streamflow stormflow (mm) (mm) Event streamflow
(mm) Intensity (mm/10 min) (mm) Water (mm)
(mm/h) Fraction (-)
1 20 January 2021 Wet 36.1 180 0.2 0.105 26.530 66.0 102.1 0.49 39.135
2 28 January 2021 Wet 24.7 121 0.2 0.073 15.520 66.5 91.2 0.54 27.517
3 7 February 2021 Wet 51.6 126 0.4 0.113 24.750 62.1 113.7 0.56 37.253
4 14 March 2021 Wet 8.5 15 0.6 0.017 0.082 623 70.8 0.20 1.018
5 12 April 2021 Wet 443 94 0.5 0.077 13.740 62.6 106.8 0.43 17.774
6 26 April 2021 Wet 6.7 9 0.8 0.013 0.038 63.5 70.2 0.20 0.516
7 28 April 2021 Wet 60.6 135 0.4 0.366 36.457 65.1 125.6 0.62 44.342
8 11 May 2021 Wet 5.6 4 1.4 0.028 0.045 63.3 69.0 0.24 0.565
9 13 May 2021 Wet 5.6 3 1.7 0.040 0.080 65.7 714 0.26 0.595
10 14 May 2021 Wet 4.8 2 24 0.047 0.033 66.9 71.6 0.31 0.439
11 19 May 2021 Wet 255 55 0.5 0.083 4.873 66.2 91.7 0.44 13.471
12 24 May 2021 Wet 52 7 0.7 0.026 0.020 65.8 70.9 0.30 0.897
13 8 June 2021 Dry 17.5 13 1.3 0.033 0.262 579 75.4 0.27 0.950
14 13 July 2021 Dry 273 4 6.5 0.240 0.595 41.9 69.2 0.23 0.689
15 1 August 2021 Dry 8.9 3 3.0 0.033 0.099 39.1 48.0 0.11 0.177
16 4 August 2021 Dry 74 15 0.5 0.010 0.113 39.0 46.3 0.09 0.538
17 28 August 2021 Dry 11.6 8 1.4 0.009 0.081 322 43.7 0.03 0.283
18 16 September 2021 Dry 15.4 32 0.5 0.012 0.201 29.6 45.0 0.07 0.843
19 18 September 2021 Dry 10.8 14 0.8 0.021 0.156 325 433 0.15 0.462
20 19 September 2021 Dry 17.3 12 15 0.087 0.310 42.1 59.4 0.24 0.579
21 26 September 2021 Dry 36.3 20 1.8 0.114 0.940 42.0 78.3 0.44 1.276
22 4 October 2021 Wet 11.7 9 1.3 0.012 0.106 45.1 56.8 0.07 0.283
23 5 October 2021 Wet 13.2 21 0.6 0.016 0.450 45.7 58.9 0.19 0.921
24 6 October 2021 Wet 72.0 99 0.7 0.040 8.198 52.7 124.7 0.32 10.615
25 1 November 2021 Wet 19.7 12 1.6 0.078 1.012 47.4 67.1 0.23 1.417
26 3 November 2021 Wet 229 25 0.9 0.081 3.878 53.6 76.5 0.13 6.257
27 7 November 2021 Wet 10.2 4 25 0.057 0.242 57.1 67.2 0.16 0.953
28 13 November 2021 Wet 1.5 4 0.3 0.091 0.383 573 58.8 0.17 1.048
29 27 November 2021 Wet 11.2 55 0.2 0.049 3.491 63.4 74.7 0.28 9.990
30 2 December 2021 Wet 44.8 54 0.8 0.124 12.509 64.5 109.3 0.39 20.415
31 4 December 2021 Wet 13.6 31 0.4 0.114 4.060 63.8 77.4 0.45 12.890
32 8 December 2021 Wet 135 25 0.6 0.043 1.437 62.9 76.4 0.31 4.479
33 23 December 2021 Wet 60.4 221 0.3 0.228 46.777 62.0 1224 0.50 62.206
34 5 January 2021 Wet 192 57 0.3 0.048 3.506 64.3 835 0.33 11272
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Figure S1. Time series of electrical conductivity at Lecciona, C1, and C4 stream gauges.
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4. Conclusions

Hydrological processes in Mediterranean forested catchments are challenging to
reproduce and model due to their complex interactions and highly variable drivers,
even at small spatial scales. As a result, precise observation and monitoring of water-
vegetation-soil interactions at experimental sites are essential for advancing our
understanding of these systems. This PhD thesis largely relies on field data collected
in the Re della Pietra experimental catchment in the Apennine Mountains (Central
Italy), representative of mountain forested catchments of the Mediterranean region.
The experimental results underline the pivotal roles of vegetation cover, hillslope
topography, and antecedent soil moisture in shaping the hydrological response of
catchments that are strongly influenced by a strong seasonality in the meteorological
forcing.These works highlighted how topography (and seasonality) controls tree
physiological responses, such as sap flow velocity, to rising temperatures and
declining soil moisture. The relationship between vapor pressure deficit (VPD) and sap
flow is shaped by both soil moisture and topographic position: for trees on the upper
hillslope, soil moisture becomes a limiting factor, resulting in reduced sap flow during
periods of high temperature and VPD, often accompanied by visible signs of water
stress such as yellowing leaves. In contrast, trees in riparian zones maintain higher sap
flow rates and do not exhibit water stress, owing to greater soil moisture availability.
This has led to the growth of larger trees with more developed crowns in the lower part
of the hillslope than in the upper part. Larger trees and canopy proved to be more
effective in intercepting rainfall along the hillslope giving lower throughfall amounts in
the lower hillslope, compared to the upper hillslope. Higher quantity of rainfall that
reach soil in upper part of the catchment could slightly mitigate effect of summer
drought on trees physiology.

Atthe catchment scale those effects, regulating water balance, contributes to governs
the timing and propagation of streamflow peaks across multiple spatial scales. In
particular soil moisture and its variability, often in combination with precipitation
depth, are key controls on streamflow generation and the proportion of event water
delivered to the stream. These factors affect groundwater response and the formation
of subsurface hydrological connectivity under wet conditions.

This thesis provided new findings and novel results on the role of how forest stand
characteristics, seasonality in the meteorological forcing, and hillslope topography
controlinterception, tree response to atmospheric demand, especially during drought
conditions, and the hydrological response of a forested mountain catchment in the
Mediterranean region. Given the complexity and variability of these processes, further
studies in this and other Mediterranean catchments are needed to validate current
findings and improve our understanding of catchment responses to climate change.
Such research will also support the development of models that adequately represent
small-scale variability in hydrological and ecohydrological processes.

Future studies should explore the complex interrelationships between individual
hydrometeorological variables from the single tree scale to the forest stand and up to
the entire catchment scale, considering the stand variability enanched by topography.
This will lead to the development of accurate hydrological models for better use of
water resources in a period of change such as the current one.
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