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Abstract. Rock temperature and moisture are critical factors influencing rock weathering. In alpine environments, these
parameters are determined by both macroscale factors, including climate, and microscale factors, including vegetation cover.
We investigate the effects of alpine plant species with distinct architectures — among others Dryas octopetala L., Primula
auricula L. and Carex firma Scop! — on rock temperature and moisture at rocky limestone slopes. The Arnspitze massif
(German/Austrian border) was affected by severe wildfires in the 1940ies so that wide slope areas in the subalpine belt are
still characterised by limestone outcrops free from forest cover.

Rock temperature and electrical resistivity (as a proxy for moisture) were monitored over three months at hourly resolution,
complemented by small-scale electrical resistivity tomography (ERT) and microwave sensing (MW). Bare rock, soil-covered
rock (< 10 cm), and plant-covered rock with different species were compared.

Plant cover was found to reduce the mean daily temperature amplitudes in the rock by 3.2 to 5.2 K compared to uncovered
rock. Soil cover effects vary, influenced by soil thickness and microtopographic exposure. Marying rock temperature
dynamics are attributed to plant architecture, with shading, canopy heating, decoupling from atmospheric conditions and
rock moisture content hypothesized as key factors! Rock moisture increases under soil and plant cover, with reduced
evaporation and altered drainage patterns assumed as driving mechanisms. ERT measurements reveal high spatial
heterogeneity in rock moisture at the microscale, which is influenced by plant cover, and which is providing favourable sites
for vegetation establishment. MW measurements show heightened moisture content under plants at shallow depth (few cm),
while with further increasing depth, rock moisture decreases in plant covered rock, suggesting possible plant water uptake
with different responses depending on species, growth form and root architecture.

Regarding biotic rock weathering we hypothesize that plant cover generally mitigates temperature weathering by reducing
temperature extremes, but enhances chemical weathering and subcritical rock cracking through increased moisture. This

underscores how sparse alpine vegetation potentially influences microscale weathering processes.

Keywords: weathering, rock moisture, extreme habitat, water resource, heterogeneity, alpine plant species
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1 Introduction

Weathering is a critical process in nature, as it serves as the starting point for erosion processes and soil formation. The
intensity of weathering is further determined by factors such as time, climate, topography, and vegetation (Derry, 2009).
Freeze-thaw weathering and temperature weathering are typical processes of physical weathering occurring on steep rock
slopes in alpine environments. In freeze-thaw weathering, the volumetric expansion of ice and ice segregation increase
tensional stress at crack tips in the rock, leading to rock fracture (Hales and Roering, 2007; Deprez et al., 2020; Draebing and
Mayer, 2021). In temperature weathering, warming and cooling of rock is induced by wind and solar radiation, resulting in
thermal stress fatigue over time (Hall, 1999) and the progress of subcritical cracking (Eppes and Keanini, 2017). Almost all
weathering processes are accelerated by abundant rock moisture, be they physical (frost cracking, Mitchell and Sass, 2024;
salt weathering, Godts et al., 2023), chemical (hydration, oxidation; Calabrese and Porporato, 2020) or biological (biofilm;
Gaylarde, 2020). However, information regarding the internal moisture levels of bedrock under soil are limited (McAllister
etal., 2017).

Rock weathering shapes ecosystem properties, thereby driving plant colonization and vegetation dynamics. In turn, it has
been accelerated by plants for the last 400 million years (Porder, 2019). The contribution of plants to weathering is indirect
by mediating energy and water fluxes, and direct by destructive root action (Table 1). Dense vegetation and soil cover
generally protect surfaces by mitigating the erosive forces of wind and water (Dahanayake et al., 2024), while sparse
vegetation provides less protection, increasing vulnerability to these forces (Starke et al., 2020). Furthermore, plant cover
buffers temperature maxima and fluctuations in the rock subsurface (He et al., 2024). In the context of climate resilience of
cities, the body of literature on vertical greening and its micro-climatic effects is steadily growing (see review in De Groeve
et al., 2024). For example, ivy foliage was found to buffer thermal cycles, which considerably reduces the number and
severity of freezing events (Coombes et al., 2018). However, studies from alpine rockwalls and related to biotic weathering
are rare. The shadow of a single plant and the release of litter decrease the solar insolation at the surface, reduce the thermal
radiation of the underground, and inhibit the influence of wind. Since specialized alpine plants'accumulate heat'in the canopy
and topsoil, the temperature on rocks under low growing vegetation is decoupled from the atmosphere (Kérner, 2021).

The influence of plant cover on subsurface moisture and the associated feedback loops are much less straightforward. Ni et
al. (2019) found strong seasonal variations: water contents in vegetated semi-arid soils in summer were up to 50 % lower
than in a bare soil due to higher evapotranspiration, while in autumn, water content in vegetated soil was up to 70 % higher.
In an arctic-alpine setting, volumetric water content was found to vary by more than 50 % over meter-distances due to the
spatial heterogeneity of soil-plant systems (Aalto et al., 2013). On calcareous slopes, different plant functional types exploit
distinct water pools: a shallow-rooted shrub rely on variable, surface-level sources, whereas a deeper-rooted tree can also
access more stable, deeper pools (Nie et al., 2019). Small-scale studies on moisture distribution in rock are very rare (e.g.
Sass, 2004).
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On sparsely vegetated rock slopes, cracks facilitate physical and chemical weathering processes. Plants can access
continuous water supply and avoid drought when they are able to explore the cracks with their root system (Zwieniecki and
Newton, 1995; Rempe and Dietrich, 2018; McCormick et al., 2021). Feedback loops occur as the scattered colonization of
rocks by vascular plants favours the accumulation of soil and organic matter which can capture additional water (Kuntz and
Larson, 2006). Many vascular plant species in alpine environments are adapted to a temporary drought phase with storage
tissues in different plant parts like roots and leaves, yet constant water availability may be a precondition for their
establishment (Korner, 2021). In cracks colonized by plants, the temporal and spatial patterns of water infiltration are altered
compared to bare cracks, and infiltration rate increases. Once roots have entered the rock through a crack, biochemical
weathering may be enhanced by moisture fluxes along the root (Pawlik et al., 2016). On the other hand, interception by the
vegetation layer can temporarily retain water before it reaches the surface, with part of it being lost through evaporation
(Klamerus-lwan et al., 2020).

Table 1: Hypothetical influence of vegetation on weathering processes (enhancing +, attenuating -)

Process of rock decay Potential influence of plants Effect
Frost cracking Constant water availability; attenuation of temperature amplitude +; -
Thermal cracking Attenuation of temperature amplitude -

Salt crystallization / hydration Delaying or preventing salt crystallization by inhibiting desiccation -

Chemical weathering Constant water availability, release of organic acids, lower outflow +, +,
of weathering products -

Solution (karstification) Constant water availability; water loss by transpiration and +; -;
interception; release of organic acids +

Root cracking Root thickness growth, widening of cracks +

Subcritical cracking Constant water availabiliy; root length growth; release of organic +
acids

It is generally agreed that woody roots may split rock masses by physically prying them apart (Porder, 2019). Although the
tensile strength of unweathered rock greatly exceeds the pressure achieved by radial root growth, fissures or chemically
altered joints provide entrance routes (Pawlik et al., 2016) or concentrate roots within fractures (Witty et al., 2003).
Additionally, roots release organic acids and mucilage at the fine root tips (Korner, 2021), which promotes chemical
weathering (Liu et al., 2021; Larsen et al., 2023). In their literature review, Pawlik et al. (2016) state that knowledge on the
process of root cracking is fragmentary. Present-day weathering caused by root action has been documented on two tree

species. Taxus baccata L.. expands its root system on fissures favouring cliff recession, then, once exposed to open air,
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stabilizes the vertical cliff face (Jackson and Sheldon, 1949). Quercus muhlenbergii Engelm. penetrates into the rock,
accelerating dissolution and inducing rock displacement—processes not observed in similar adjacent rock outcrops with
grass vegetation (Phillips, 2016). Studies on biomechanical weathering by vascular plants on alpine environments, that are
not trees by growthform definition, are altogether missing.
Rock weathering, be it purely physical or supported by biochemical processes, provides niches for growth in rocky alpine
environments, with the pioneer plants mediating weathering by modifying micro-climate. This co-evolution is a paradigm of
biogeomorphological interaction (Viles et al., 2008; Marston, 2010; Eichel et al., 2016), on the fringe between the
dominance of physical forcing to biogeomorphologic macroevolution (Corenblit et al., 2011, Fig. 8). In the deep time
perspective, there is a large number of studies on the global consequences of enhanced weathering by the roots of emerging
tree species in the Late Devonian (Algeo et al., 1995). However, there is a lack of local studies with a focus on the direct
plant-rock relationship. It is unknown how strongly the cover of sparse, individual plants affects rock temperature and
moisture, key parameters when evaluating the weathering dynamics of an arear(Hall, 1999). We expect that plants will alter
the residence time and the amount of moisture inside the rock, altering infiltration and evaporation. The latter can increase or
decrease because plant cover can change solar radiation, air pressure, air humidity, and wind influence at the rock surface.
To fill this research gap, we investigated variations in rock temperature and rock moisture beneath seven different vascular
plant species belonging to different life forms on a poorly vegetated subalpine rocky slope in the European Alps.
Specifically, our research questions include:
i Is the daily temperature amplitude in the rock reduced by vegetation and soil cover, potentially reducing direct and
subcritical thermal cracking?
ii. Does rock moisture increase with vegetation and soil cover, potentially enhancing chemical weathering,
karstification and subcritical cracking?
iii.  Are changes in rock moisture dominated by rain events, with vegetation and soil cover defining the water residence
time and reaction strength, and the drying process afterwards?
iv. Is the influence of plants on moisture patterns in the rock - in intensity, depth and extent - highest for dense, ground
covering plant forms, such as mat-forming dwarf-shrubs, and decreases in sparsely covering plant forms, such as
herbaceous rosettes and thin, erect dwarf shrubs?

2 Study site

This study was carried out at the Arnspitze, an isolated mountain range northwest of Innsbruck, between the Karwendel and
the Wetterstein mountains. These mountain ranges are part of the Northern Calcareous Alps, which extend across Germany
(Bavaria) and Austria (Tirol). The highest peak of the Arnspitze range is the Great Arnspitze, with an elevation of 2,196 m
above sea level (a.s.l.) (Sass and Kloss, 2015). The study sites were located on the southern (Tirol) and eastern slope
(Bavaria) of the Arnspitze (Fig. 1).
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The Arnspitze lies between the suboceanic, cool, and humid northern side of the European Alps and the subcontinental,
warm, and dry Inn Valley. The mean yearly precipitation in the nearby valley of Scharnitz (976 m a.s.l.) is 1,734 mm and the
mean temperature is 3.3 °C. Most precipitation falls in summer as rain (May-August > 200 mm per month); the driest month
is February with 88 mm. The mean monthly temperature varies during the year from -7 °C in January to 12.6 °C in July (a
range of 19.6 °C). In Winter and spring, dry foehn winds are typical of the region (Vacik et al., 2011).

The geology of the area is dominated by the light-grey Wetterstein limestone dating to the Middle Triassic, which is mostly
massive or thick-bedded. With a calcium carbonate content of 95-99 % the Wetterstein limestone is very pure and is prone to
intense karstification. As a result, there are no perennial watercourses and overland flow is limited even during heavy rainfall
(Sass et al., 2010), so direct rainfalls are the main source of rock moisture (Sass, 2005).

Due to the low amount of solution residue, raw humus carbonate soils and shallow rendzinas with typical Ah-C or O-C
profiles are formed (Sass et al., 2019). On the southern and eastern slopes of the mountain, wildfires burnt the forest and the
organic layers, leaving these areas highly exposed. The erosion and deposition rates of debris caused by avalanches remain
consistently high (Sass et al., 2010), primarily disturbing tall flora and preventing the formation of thick soil layers (Sass and
Sarcletti, 2017). A subalpine and alpine low-statured flora characterized by the shrub Rhododendron hirsutum L. and the
creepy woody plants Dryas octopetala L. has established on the steeper parts of the slopes, growing mostly in rock cracks
and places with minimal soil accumulation (De Giuli et al., 2024). The plant species associated with the microclimatic
measurements are listed in Table 3.
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Figure 1: Location of the study area at the border between Germany and Austria (top left) and the study sites on the slopes of the
135 Arnspitze; Background: Open street maps (top left); hillshade and contourlines processed from digital terrain model of the state of
Tyrol (data.tirol.gv.at). Photos from the south-facing slope by OS.
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Table 2. Plant species at the study sites (H caesp = tufted hemicryptophyte, Ch rept = mat-forming chamaephyte, Ch suff =
subshrubby chamaephyte, H ros = rosette hemicryptophyte, Ph caesp = tufted phanerophyte).

Species Life form  Aboveground architecture* Root architecture*

Carex firma HOST H caesp forming dense cushions/tussocks,  base below surface, one main root and from
upright from the base, periodic there fine roots spreading
reduction of shoots

Dryas octopetala L. Ch rept woody dwarf shrub, shoot axis Base below surface, branched root system of
prostrate, often in large mats stronger and finer roots, clonal growth

organs on oldiest part

Erica carnea L. Ch suff dwarf shrub, prostrate, branched,  base below surface, branched root system of
only woody at the base stronger and finer roots

Globularia cordifolia  Ch rept woody dwarf shrub, forms base at the surface, branched well connected

L. cushions of one individuum, root system of stronger roots and finer
creeping roots spreading from them;

Helianthemum Ch suff dwarf shrub, forms cushions, only  Base at surface, less connected root system

alpestre (JACQ.) woody at the base of main and finer roots, clonal growth

DC. organs on oldiest part

Primula auricula L. H ros base rosette with periodic one large tap root with finer roots spreading

subsp. auricula reduction of shoots from there

Rhododendron Ph caesp evergreen shrub, branched from base below surface, branched root system of

hirsutum L. the base stronger and finer roots

* based on (Kutschera and Lichtenegger, 1982, 1992; Kutschera, Sobotik and Lichtenegger, 1997; Hassler and Muer, 2022;
InfoFlora, 2024; Klimesova and Klimes, 2024)

3 Methodology

In total, six study sites were established on the eastern and southern slopes near the Arnspitze Hut. The sites ranged in
elevation from 1,790 m to 2,005 m a.s.l., with orientations varying between 92° East and 185° South (see Table 2). For each
method applied (see table 2), the aim was to obtain measurements from plant-covered and uncovered rock under as identical
conditions as possible (e.g. exposure, inclination). At each of the four T/RM logger sites (see below), three measurement
points were chosen close to each other. The first (reference) measurement point was always located in rock without plant

cover; the second measurement point was in rock directly under the leaves or roots of one of the target species, or sometimes
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two species occurring in one place; the third measurement point was in rock with a varying cover situation depending on the
150 location (see Table 2).

Table 3: Instrumentation and location parameters of the study sites

Study site Elevation  Orientation  Instrumentation Plants
South Bottom  1790m 97° E T/RM logger, rain, T/RM: Erica carnea, Carex firma
(SB) ERT, MW ERT: C. firma, Primula auricula

MW: E. carnea (2)

South Middle  1940m 147° SE T/RM logger, ERT, T/RM: C. firma, moss (unspecified)
(SM) MW ERT: C. firma, P. auricula, moss (unsp.)

MW: G.cordifolia (SM ERT: 3), P.
auricula (SM ERT: 3), C. firma (SM

logger: 6)
South Top 2005m 185° S T/RM logger, ERT T/RM: Dryas octopetala
(ST) ERT: D. octopetala, C. firma,

Helianthemum alpestre

East Left 1960m 46° NE ERT, MW ERT: moss (unsp.)

(EL) MW: Rhododendron hirsutum (EL: 4,
EL2: 2)

East Middle 1965m 92°E T/RM logger, ERT, T/RM: D. octopetala, C. firma

(EM) MW ERT: D. octopetala

MW: D. octopetala (6)

East Right 1985m 98° E ERT ERT: D. octopetala, C. firma, R.
(ER) hirsutum

3.1 T/RM dataloggers

155 Four dataloggers manufactured at the University of Bayreuth, each equipped with three sensor pairs for measuring rock
moisture (RM) by means of electrical resistivity and three integrated temperature sensors (T) were installed to capture

detailed temporal patterns of rock temperature and moisture. The dataloggers measured electrical resistivity (ER) and T in
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the rock every minute, saving the average of the measurements every 10 minutes. At site SB, precipitation was also
measured at a tipping gauge (one tip = 0.1 mm) connected to the datalogger, with the values summed continuously and the
result saved every 10 minutes. As all sites were within a radius of approx. 500 m, one gauge was deemed sufficient to
capture temporal precipitation patterns.

The ER of rock is a frequently used proxy for rock moisture (Sass, 2005; Mitchell and Sass, 2024). ER changes by orders of
magnitude with water content, where a high rock water content corresponds to a low ER and vice versa. For the
measurement, an electric current is introduced into the rock. Based on the applied current and generated voltage the
resistivity is given in Ohm (). In our study, positive and negative poles were switched once during the measurement to
counteract polarization effects. Each measurement took about one second.

The measured ER is not only a function of water content but also of the measurement array, which means that the
measurement in each specific array needs to be calibrated in laboratory tests. For measuring ER at the field sites, an
electrode pair was installed in two boreholes (10 mm diameter, 50 mm deep) spaced 50 mm apart. To ensure tight and
reliable electrical contact to the rock, metal, cylindrical expansion bolts (30 mm long) were inserted into the drillholes and
fixed by hammer blows (Weiss and Sass, 2022). The sensor rods were screwed into the fixed bolts. Temperature sensors
were integrated at the tip of one of the sensor rods of each pair, at a depth of approximately 30 mm under the rock surface
(MAXIM DS 18B20 with an accuracy of + 0.5 K). Figure 2 shows the field setup at the South Bottom site.

Fig. 2: Field setup at the Bottom South site showing conductivity sensor pairs and part of the ERT electrode line (highlighted red).

Data quality is influenced by soluble ions in the pore water, temperature and the porosity of the rock. In a humid alpine

setting far from sources of air pollution, soluble ions apart from CaCO3 from the limestone are negligible. For the
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temperature influence, a correction factor of 0.022 K-1 was applied which takes the increase of conductivity in the pore
water into account (Weast et al., 1989). Varying porosity may lead to misinterpretation, as areas of high porosity can hold a
higher absolute amount of water and thus appear to be wetter. Comparison between two sensor pairs should thus be treated
with caution. Because of unknown porosity around the sensors, we refrained from applying a laboratory-derived resistivity-
moisture conversion. ER measurements were transformed into conductivity (C) values using C = ER-1 and corrected to a
standardized temperature of 25° C (Hayashi, 2004).

3.2 2D-Resistivity (ERT)

2D-resistivity is based on the same principle as single resistivity measurements, with the difference that 4-point
measurements at numerous electrodes are combined to form a 2D resistivity profile of the subsurface. The principle is
described in more detail by Dahlin (1996) or Schrott and Sass (2008). Applications on rock or stonework were presented e.g.
by Leucci et al. (2007), Sass and Viles (2010), Suryanto et al. (2017) and Sass and Viles (2022). In our small-scale approach
we used 25 electrodes at a spacing of 5 cm (total profile length: 1.2 m). The electrodes were 4 mm screws inserted into small
metal plugs in 6 mm wide and 10 mm deep drill holes; this array provides stable and reliable electrical contact. In profiles
with deeper soil layers, plugs and screws were embedded in the soil. The electrodes were connected to a Geotom ERT device
using a specially manufactured cable with crocodile clips. The measurements were carried out by means of Wenner array
(Loke, 1999) enabling a maximum penetration depth of approx. 25 cm. Data inversion was done using the Res2D/3DInv
software.

Measurements were conducted in June 2024. Each ERT profile was arranged in a straight line, ideally at a 90° angle to the
main fracture direction, with areas of bare rock and different plant cover situations (see Fig. 2 as an example). For better
inversion results and interpretation, the microtopography of the profiles was recorded using a string and a folding ruler and

implemented in the inversion routine.

3.3 Microwave (MW) sensors

Non-destructive moisture surveying using handheld MW sensors is common in built heritage surveys and is effective for
quick surveys of spatial moisture distribution (Orr et al., 2020; Sass and Heil, 2024). In our study, the MOIST 350B by hf
sensor was used. This sensor produces an electromagnetic wave and measures the proportion of energy that is reflected. The
frequency range is around 2—3 GHz, in which the influence of salinity is negligible (Orr et al., 2020). Two sensor heads were
employed: MOIST R1M, which penetrates up to 2-3 cm, and MOIST PM, which penetrates up to 25-30 cm according to the
manufacturer. The sensor does not measure at a certain defined depth but integrates the volume from the surface down to the

specified penetration depth (Weiss and Sass, 2022).
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The sensor provides a dimensionless value (moisture index, MI) in a range from 0 to 4000. The data can be transformed into
absolute values of volumetric water content in a lab procedure using large samples from the study area (Orr et al., 2020; Sass
and Heil, 2024). However, as the reflectance to moisture conversion is linear (Piuzzi et al., 2018; Orr et al., 2020; Sass,
2022; D'Alvia et al., 2022), correct statements on relatively dry or wet are possible using the unconverted dimensionless Ml
values. The value ranges between the R1M and the PM sensor are completely different, thus, the values cannot be compared
between the sensor heads.

Measurement points were chosen in the field under or around target plant species and in similar places without vegetation.
The selected species (Table 4) are common in this environment (De Giuli et al., 2024) and belong to a diverse spectrum of
Raunkiaer's (1934) growth forms and different architectures of above ground organs. To test whether root depth in our
species pool is linked to Raunkiaer’s growth forms, we queried the TRY database for rooting depth values (Kattge et al.,
2020; accessed on 29 September 2025). Five repeated measurements were made at each measurement point to reduce errors
due to irregular surfaces. For measurements below plant leaves and soil, the cover had to be (temporarily) removed. The
measurements were taken below the plant leaves for all species except Primula auricula L., where the plant leaves did not

cover much space of the rock. There, measurements took place directly below the plant individual.

Table 4: Measured plant species with the microwave sensor

Plant species life form locations n
Dryas octopetala Ch rept EM 6
Globularia cordifolia Ch rept SM-ERT 3
Erica carnea Ch suff SB 2
Primula auricula H ros SM-ERT 3
Carex firma H caesp SM-logger 6
Rhododendron hirsutum Ph caesp EL 6
4 Results

4.1 Precipitation

From the start of measurements on May 27 to the end on August 27, a total of 468.5 mm of rainfall was recorded. This
period represents the peak local growing season. The majority of the rainfall occurred in June (254.6 mm), followed by July

(159.6 mm), August (31.3 mm), and the few days recorded in May (23 mm). The amounts of rainfall were very similar to the

11
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weather station in the valley (Mittenwald: June: 239.2 mm, July: 177,7 mm, Aug: 71,9 mm; gkd.bayern.de, 2025). The
maximum daily rainfall was observed on June 2, with 42.2 mm, while there was a total of 34 days without any recorded

235 rainfall. Notably, August experienced the least rainfall, with 22 days without precipitation. In Mittenwald, the year 2024
(1384 mm) was slightly wetter than the mean of the preceding 10 years (2014-2023: 1291 mm).

4.2 Rock temperature

During the measurement period, the rock temperatures at approximately 3-5 cm depth fluctuate greatly, both for the absolute
maxima and minima, as well as for the mean daily amplitude (see Fig. 3). The highest mean daily temperature amplitude, the
240 absolute minima, and the absolute maxima in the measurement period occur for uncovered rock (Fig. 3) while plant-covered
rock has the lowest amplitudes. An exception is uncovered rock at ST, where a soil-filled crack has the smallest mean daily
temperature amplitude and the absolute minimum. Considering the maximum temperature gradient in the 10-minute interval

(AT/10 min) no clear trend can be seen for the different types of vegetation cover.

South Bottom South Middle
—_ns frers
30 I khdx — ! 30 I e —

o 1 o
L 20 3 20 T
= =
= a
E 10 g 10
= [

0 + 0 -

rock soll filled crack leaves of Erica- rock shadowed rock Carex fima
Carex and moss
South Top East Middle
ey mxaw
30 I e ! 120

L 20 S 20 =
2 2
= =
§ 10 § 10
: : ==

0 - 0 I

rock sall filled crack (h) Dryas octopetala rock leaves of Dryas Dryas-Carex
and sail (h) octopetala

245 Figure 3: Distribution of the daily temperature amplitude in the rock with different cover at the surface from May 27 to Aug. 27
(significance levels indicated by ns = not significant (p > 0.05),* p <= 0.05, ** p <= 0.01, *** p <= 0.001, **** p <= 0.0001)

At all locations, the highest mean daily temperature amplitudes were consistently measured at uncovered rock. Besides this,

the results differ slightly for each location (see Figure #). At SB there is no significant difference in mean daily temperature
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between uncovered rock and soil covered rock (13.8 = 6.0 °C vs 13.4 + 5.4 °C). With plant cover by the genera Erica carnea
and Carex firma, the mean daily temperature (10.5 + 4.3 °C) is significantly lower. At SM, the mean for uncovered rock
(12.1 £ 5.1 °C) is significantly higher than for shaded rock with moss cover and rock covered by Carex firma while there is
no significant difference between shaded rock and vegetation. At ST, uncovered rock shows the highest amplitude (11.9 =
4.8 °C) followed by rock covered by Dryas octopetala and soil (8.7 £ 3.5 °C), and soil-filled cracks in last place (6.7 + 3.0
°C). At EM, uncovered rock shows the highest amplitude (10.9 £ 5.1 °C). Of the two plant-covered points, the amplitudes in
rock covered by Dryas octopetala leaves (7.2 £ 3.1°C) are significantly greater than under a Dryas-Carex complex (5.7 £ 2.5
°C).

4.3 Rock moisture: progression of electrical conductivity
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Figure 4: Distribution of the conductivity in the rock with different cover at the surface from May 27 to Aug. 27(significance levels
indicated by ns = not significant (p > 0.05), **** p <= 0.0001)

Measuring points on rock without vegetation tends to show the lowest mean electrical conductivity values (Fig. 4), which
means that they are the driest. SB is an exception to this, here the rock under thin Erica carnea — Carex firma leaves is even

drier. The thick carpet of leaves seems to keep off rainfall in this position without greatly inhibiting evaporation. At the three
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other sites, the mean conductivity of rock with vegetation cover is higher than that of uncovered rock. At SM, the mean
conductivity of shaded/mossy rock is similar to the uncovered rock while it is markedly wetter under Carex firma. At ST,
mean conductivity of the rock strongly increases from uncovered rock to rock covered by Dryas octopetala. At EM, the
same pattern can be seen between uncovered rock and Dryas octopetala, albeit to a lesser degree; the Dryas-Carex complex
is slightly wetter. Soil-filled cracks are in an intermediate position at ST and wettest at SB. This finding has to be treated
with caution as the pore volume and structure of the rock in the vicinity of a crack can hardly be assessed. All discussed

differences are statistically significant (Kruskal-Wallis p-value < 2.2 x 107'¢ for each site).

South Bottom South Middle
’\E\ ! E Iy
M I VA A Uats o™ A A ™ M ¥ A i b "
g 107! —WHEN— ‘K;;“‘i” "-“‘“-l' 'S ,“' N\ 3“‘_ M g 10715 Al ™ 'w‘"\ﬂ““‘,»k‘, Wil T W M "
1) ' N \ N ! !
2 408 =4 [ \
8 g 10?
£ I A £
s | * | M i) "‘ ‘ f jﬁ 2
g 10%° — "L‘ \M p“ﬂ{ ‘-‘M | M\W\{h ln“ l g 1025
B ind i "W ilr-,J § 2
(3 10 W § 8
Jun Jul Aug Jun Jul Aug
ica- h K
== rock == S0l filled crack — Igz\r/s; of Erica = [OCK — :nzdrg\gsesd roc == Carex firma
South Top East Middle
E 10° E
(2} n
E 10 | I E
o o
oo bk :
o ACNAY A kel
; ] ,AM\J "\\M '\Jw\.\.\y W) W \. ‘ \ JI\"\ \ ’ P \ A =3
g 10" ; A ot — &
5 10 ‘ 3
5 3 5
&) 10 O
Jun Jul Aug Sep Jun Jul Aug
s Dryas octopetala leaves of Dryas
= [OCK == soil filled crack (h) ==, o) (h) == r0Ck = octopetala == Dryas-Carex

Figure 5: Development of the conductivity in the rock with different cover at the surface from May 27 to Aug. 27

Electrical conductivity exhibits substantial temporal variability and displays distinct patterns for uncovered, soil covered, and
vegetation covered rock (Fig. 5). At all sites, the conductivity of bare rock slightly decreases over the summer months which
is in line with decreasing precipitation from June to August. The succession of phases of decreasing moisture (correlating
with periods of dry weather) and sharply increasing moisture (correlating with rainfall events) can be found in a similar
pattern at all sites. Notably, in a pronounced period of dry weather in the first half of August, a marked decrease in

conductivity is evident across all sites.

At SB, conductivity fluctuations are almost identical between bare rock and vegetation cover (thin Erica carnea — Carex

firma), as it was already found for the mean conductivity (Fig. 5). At SM, conductivity beneath shaded rock and moss cover
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displays the greatest range, surprisingly with higher maxima and deeper minima than at the bare rock site. Carex firma -
covered rock exhibits similar maxima as the two rock sites but decreases much less in dry phases. At ST, uncovered rock has
the lowest conductivity and the lowest fluctuations of all rock sites. In contrast, conductivity under Dryas octopetala remains
higher than beneath rock or soil, except for a brief decline in mid-August. Temporal fluctuations are pronounced, but minor
wetting peaks (e.g. mid of July) observed at other sites appear to be buffered by the vegetation cover. The soil-filled crack
maintains a consistent baseline with minimal fluctuations, presenting the most stable pattern among all measurement points.
At EM, the temporal conductivity patterns below uncovered rock, Dryas octopetala and Dryas-Carex are almost identical in
range and pattern. A remarkable difference between the two vegetation sites is the more pronounced drying under Dryas

octopetala leaves (similar to bare rock) compared to Dryas-Carex cover.
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Figure 6: Response of conductivity in the rock on five rainfall events (19-22 July 2024) with different cover at the surface. At EM
there is a time shift between rainfall and conductivity measurements due to logger malfunction which is why rainfall events are not
shown.

The reaction on five exemplary distinct rain events (defined by a rainfall of > 0.1 mm following dry periods of at least 24
hours) in July 2024 are shown in Fig. 6. Events no. 1 and 3 were preceded by > 24-hour dry periods. The results show that
the majority of sensor locations respond strongly to most rainfall events. However, the response varies in intensity at

different locations and some rainfall events result in little or no response. While there was probably no sufficient drying time
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before the (weak) event 5, event 2 may have been very local. Due to recurring battery problems at EM there is a time lag

between conductivity and rain events, which is why rainfall events and dates are not shown here.

Uncovered rock usually responds most quickly to rainfall, seen at all sites. The decline in conductivity is typically slow. For
rock that is only covered by Erica and Carex leaves (SB) or by Dryas leaves (EM), conductivity also shows an immediate
response to rainfall events. Conversely, measurement points with thick vegetation cover show a subdued and slightly delayed
response (particularly Carex firma (SM) and Dryas-Carex complex (EM)); the drying between the events is also weaker
here. At ST below Dryas and soil, the response to the first and second rain event is weak, but surprisingly fast and strong for
events 3 and 4 which points to limited interception capacity during longer rainfall events. Soil-filled cracks (SB and ST)
show a subdued reaction only to events 1 and 3; there is almost no reaction to events 2, 4 and 5 as the moisture decline in the
shorter pre-rainfall periods is very weak. A remarkable detail is that at SM, shaded rock shows a considerably stronger
reaction on the third and, particularly, fourth event. We attribute this to the observed occurrence of seepage water coming

from a cleft at this point even after moderate rainfall.

4.4 Rock moisture: Small-scale distribution

The 2D-geoelectrical profiles were measured on June 27. The weather was generally unstable in the preceding weeks, and
during the day and night before there was occasional rainfall and high air humidity. The root mean square (RMS) error of the
inverted 2D-resistivity sections was < 10 % for the profiles ST, EL, and ER, 10-20 % at SB and SM and 29.5 % at EM. RMS
<10 % means a good fit considering the very heterogeneous conditions at small-scale rock sites and 10-30 % means still
acceptable quality. Plant species, soil and cracks were added at the specific, measured locations on the profile.

The rock at SB is generally compact but showing deep cracks, which are often soil filled. The rock surface in between is not
strongly fissured or weathered. The microrelief of the profile is relatively smooth. The most prominent feature in the ERT
profile (Fig. 7) is the high conductivity near the surface at about 47-60 cm profile length with Carex firma and thin soil
cover, and at about 67-80 cm with partly Carex firma, Primula auricula and soil cover. The depth of the moist "pockets" jis
about 5-10 c¢cm at the first and about 10-15 cm at the second position. At 92-100 cm also with Carex firma, Primula auricula
and soil cover, the conductivity is heightened but to a lesser degree and max. 5 cm deep, although P. auricula is an even
larger individual there (Fig. #). The sections with higher conductivity at 9 ¢cm, 21 cm and 31 cm profile length are
remarkable, each corresponding to a soil-filled crack at the surface. Conversely, cracks with less soil cover around 45 cm and

65 cm profile length appear as low conductivity zones.
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At East Middle, blueish colours (high moisture) are found at two prominent cracks in the middle of the profile (Fig. 8). Apart
from these narrow zones, most of the surface is very dry, particularly under vegetation. The difference to ERT South Bottom
(Fig. 7) is that the leave curtain of Dryas octopetala only covers the rock, keeping out direct rainfall without offering pits or
rooting zones in which water could be stored. Due to high RMS error (29.5 %) resistivity distribution at greater depth is not
interpreted.

The other four profiles can be characterized as follows (figures in Supplementary Materials):

- South Middle: heightened conductivity under moss and under Carex firma, while no effect of a single Primula
auricula

- South Top: high conductivity in the more shallow parts of the stepped profile, particularly under Carex firma+soil
and under Dryas octopetala+soil; further wet spot under a patch of Carex firma and Helianthemum alpestre

- East left: heghtened conductivity around cracks and under rock areas shaded by Rhododendron hirsutum, as well as
in mossy parts of the profile

- East right: heightened conductivity under vegetation filled fissures (Carex firma, Rhododendron hirsutum+soil),
particularly under a combined patch of Rhododendron hirsutum and Dryas octopetala
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Figure 9: Dimensionless MW moisture index with cover of different plant species; 0-3 cm rock depth (life forms according to
Ellenberg and Mueller-Dombois (1967): Ch rept = mat-forming chamaephyte, Ch suff = subshrubby chamaephyte, H caesp =
tufted hemicryptophyte, H ros = rosette hemicryptophyte, Ph caesp = tufted phanerophyte).
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For head R1M (depth range 0-3 cm), the average dimensionless moisture index (MI) varies from 524.2 (rock, SB) to 648.3
(Carex firma) and 648.5 (Dryas octopetala). The standard deviation ranges from 1.7 (Rhododendron hirsutum, EL2) to
103.0 (C. firma, SM-Logger). The MI value for 0-3 cm is generally lower for the uncovered rock than for the plant-covered
rock (Fig. 9a). The difference at each study site from the respective uncovered rock reference value is greatest for C. firma
with 86.5 MI units, followed by D. octopetela (79.8). The difference then decreases in the order of Erica carnea (60.7),
Globularia cordifolia and Rhododendron hirsutum at EL2 (42.3), Primula auricula (35.3) and Rhododendron hirsutum at EL
(31.4). Different species belonging to the same life form (e.g. mat-forming chamaephytes) can have different responses, as
seen for D. octopetala and G. cordifolia which do not share the same trend.
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Figure 10: Dimensionless MW moisture index with cover of different plant species; 0-25 cm rock depth (life forms see Fig. 9).

With head PM (0-25 cm), the average moisture index varies from 1926.7 (Globularia cordifolia) to 2210.0 (rock, EL)
(Figure 9b). The standard deviation is highest for Rhododendron hirsutum (EL) (147.4) and lowest for Erica carnea (30.3).
The moisture index for 0-25 cm shows the reverse pattern for uncovered and covered rock, with uncovered rock mostly
having higher values. Just below Primula auricula, the average Ml is similar to rock. The largest difference in moisture
index between plant-covered and uncovered rock occurs for R. hirsutum at EL (188.1 M), followed by G. cordifolia (136.3),

E. carnea (100.0), R. hirsutum (EL2) (52.7), Carex firma (43.2), Dryas octopetala (39.7) and finally P. auricula (5.3).
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Again, no shared trend can be seen for D. octopetala and G. cordifolia within the life form of mat-forming chamaephytes.

No data on rooting depth were available in TRY for our species pool.

5 Discussion

The novel combination of three different techniques of small-scale rock temperature and rock moisture measurement proved
to be a promising approach for characterising the potential impact of different plant species on rock microclimate and
weathering. The dataset is consistent, with the three techniques (T/ER logger, ERT, MW) vyielding different types of
information. For all three techniques, absolute calibration (to e.g volumetric moisture content) is difficult as samples used in
the laboratory differ from the complex conditions (especially joints) encountered in the field. Empiric calibration in the field
(by observing minima in long dry periods and maxima after long wet periods) is a more promising approach than calibration
using samples in the lab; with longer measurement periods, we will be able to determine the possible value range. For the
moment, higher / lower conductivity and microwave values are interpreted as "wetter" and drier", respectively.

The daily rock temperature amplitude is consistently reduced with vegetation across all sites. The attenuation is 3.2 — 5.2 K
compared to uncovered rock. The difference tends to be greater under plant/soil complexes (D. octopetala or C. firma)
compared to the effects of just leaves. However, pronounced individual differences between micro-sites have to be
considered. Similar attenuation of rate and amplitude of daily temperature cycles by vegetation in the growing season was
also observed by Gage et al. (2024) at the Niagara escarpment. As the amplitude of daily temperature fluctuations is a key
factor in thermal stresses (Hall and Thorn, 2014; Ravaji et al., 2019; Ito et al., 2021) there is no doubt that the thermal effect
of vegetation in our study area reduces the intensity of critical and subcritical cracking. Although there were no subzero
temperatures in our measurement period as we did not measure in winter, it is likely that the number of freeze-thaw cycles
will be reduced by vegetation and soil. Even if most of the investigated species are evergreen, their attenuating effect will be
smaller in winter and we cannot estimate if annual minima during long-lasting freezing periods or the time spent in the frost-
cracking window (Hallett et al., 1991; Murton et al. 2006; Mayer et al., 2023) will also be affected. Continuing
measurements will clarify this point in the future.

Moisture in the rock increases with vegetation and soil cover, with a predominant effect induced by the presence of soil. The
results suggest that in general plants and soil increase the humidity in the rock. The presence of soil, with or without the
presence of plants, seems to be a necessary condition to create situations with a conductivity at least one order of magnitude
higher than bare rock. The presence of leaf canopy alone does not have a clear effect. Results obtained with the microwave
measurements suggest that plants in their integrity as overall organisms help retain moisture near the rock surface (0—3 cm)
by shading the surface and by producing and trapping litter and organic matter, while causing drying at greater depths (0—25
cm) by their interception at leaves and branches and by their evapotranspiration. Moisture in the ERT profiles confirms this
interpretation as it is heightened in the plant's rooting zone but lower under leaf cover (e.g., ERT profile EM under Dryas

octopetala). Increases in humidity and the presence of liquid water lead to exponential acceleration of subcritical cracking
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(Eppes and Keanini, 2017; Eppes et al., 2020). Thus, a potentially enhancing effect on rock decay along soil- or root-filled
clefts is very probable. Furthermore, laboratory investigation of rocks using acoustic emission sensors show that samples
with high saturation subjected to freeze-thaw cycles produce many more acoustic signals (indicating crack formation) than
dry samples (Mitchell and Sass, 2024), which means that water retention by plants potentially intensifies frost weathering. At
present, it is uncertain whether the dampening effect of temperature or the intensifying effect of humidity has a greater
overall impact.

Results show that changes in rock moisture are in fact dominated by rain events. The impact of melting snow will be
evaluated in a follow-up study. Uncovered rock usually responds most quickly to rainfall, while measurement points with
soil or vegetation cover show a subdued and slightly delayed response, which we mainly assign to leaf interception. On the
other hand, moisture from rainfall events is retained longer at vegetation- and soil-covered sites. The consequences for
weathering are equivocal. Quick moisture fluctuations on bare rock might contribute to rock decay (e.g. Yang et al., 2018;
Dong et al., 2023) while longer dry periods might reduce weathering. Prolonged deep wetting of stone may facilitate the
movement of salts or organic acids deep into micro cracks, thus promoting chemical weathering (McAllister et al., 2017).
The detected variations between life forms and species suggest that these play distinct roles. Tufted and mat-forming species
retain moisture near the rock surface (0—3 cm) more effectively than subshrubby or rosette species, suggesting that this effect
is driven by the architecture of aboveground organs and leaf density, as we hypothesized. Unique species-specific impacts
also emerge. The reduced moisture retention observed near the rock surface (0-3 cm) in Primula auricula may be due to the
fact that this rosette species has leaves that are not pressed against the ground. Furthermore, this species exhibits an almost
negligible effect on moisture at greater depths (0-25 cm), suggesting a relatively shallow root system, which is consistent
with observations that its taproot is partially exposed in cracks (Murray, 1934; pers. obs.). At greater depths in the rock (0—
25 cm), distinctions between growth forms become apparent, in agreement with Nie et al. (2019). In our study,
chamaephytes and phanerophytes tend to exploit water deeper in the rock than hemicryptophytes. This observed pattern
partially aligns with the correspondence between above- and belowground plant sizes (Beccari and Carmona, 2024), with
larger species (Rhododendron hirsutum and Erica carnea) able to access water resources at greater depths compared to
smaller species (Carex firma and Primula auricula). In addition, non-clonal species with a single main root axis, such as
Primula auricula, are more likely to encounter impenetrable rock that hinders root expansion, thereby forcing them to rely
on superficial water sources. In contrast, branched root systems enhance the ability to access water stored in fissures through
coarse roots (Poot et al., 2012), and to forage at greater depths. The lack of available rooting depth data for our species pool
prevented us from directly testing these patterns.

The process of biological weathering induced by vascular plants does not occur homogeneously on the rock surface. At the
steep slopes of our study site, vascular plants primarily establish themselves in microtopographic features such as pockets,
ledges, and cracks in the rock (Kuntz and Larson, 2006). Just with their lateral growth, the roots do not exert sufficient
pressure on the surrounding rock to cause dense and massive rock to crack (Gebhardt et al., 2012). However, through their

presence, vascular plants contribute to the physical alteration of these microenvironments and the immediately surrounding
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space by accumulating organic matter and litter, locally modifying hydrology through evapotranspiration, intercepting part
of the precipitation, and shielding the underlying rock from short-wave radiation with their aboveground organs. The
magnitude of these effects depends on species identity, growth form, and root architecture. These physical alterations are
expected to influence weathering rates, increasing them due to higher moisture within the root system while simultaneously
reducing them due to a decreased amplitude of surface temperature and moisture under the leaves. Vascular plant
communities could therefore have both a stabilizing function for the substrate in which they persist or a destabilizing one for
the rocks. This has interesting implications not only for defining weathering rates but also for understanding the dynamics of

these plant communities.

6 Conclusions

Temperature measurements, 1D- and 2D-resistivity and microwave techniques offer promising opportunities to assess how
alpine plants mediate microclimate and rock weathering. The results provide insights into how species explore water
resources in rocky substrates, providing a potential tool to estimate root depth in environments that are particularly difficult
to sample.

The results show that diurnal temperature cycles are attenuated under plant roots and leaves, potentially reducing the efficacy
of thermal and frost cracking. Water is retained and stored by plants, causing pockets of wet substrate under plant roots and
soil (particularly under Carex firma and Dryas octopetala) while a pure leaf curtain on the rock has a much lower or reverse
effect. Microwave measurements indicate that plants increase moisture in the uppermost centimetres of rock while at greater
depth, rock beneath plants is drier (probably due to interception loss and transpiration). Higher and deeper-seated moisture
has the potential to promote subcritical cracking. There are variations between different species and life forms, an effect that
is driven by the architecture of aboveground organs and leaf density.

The results underline a biogeomorphological co-evolution at alpine rocky sites, with weathering providing micro-sites for

plants and plants mediating rock weathering.
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