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Abstract

The aim of this study was to evaluate the effect of experimentally induced drought on the physical
and chemical properties of soils under a mature Norway spruce monoculture on a nutrient-rich site
at lower elevations. Since 2010, a 41-year-old stand has been monitored on two plots: (i) one with the
soil surface covered by PE foil, eliminating 60% of rainfall (treated plot), and (ii) a control plot with
an unaltered rainfall regime. On both plots, soil samples were regularly collected for chemical
analyses, climatic and soil data were recorded, and biometric parameters of the aboveground parts
of spruce trees were measured. The impact of drought differed between the organic O_H horizon
and the upper mineral A horizon. In the O_H horizon, lower concentrations of available magnesium
(Mg) and calcium (Ca) were found under the treated plot compared to the control plot (Mg:
150.53 +6.81 vs. 171.46+12.48 mgkg'; difference -20.93; 95% CI: -40.00 to -1.85; p=0.03; Ca:
571.94 +49.47 vs. 752.92 + 75.04 mg kg; difference —-180.98; 95% CI: -301.80 to -60.10; p <0.001). In the
A horizon, lower concentrations of aluminium and higher concentrations of magnesium were
observed under the treated plot compared to the control plot (Al: 84.76+3.24 vs.
94.08 +1.77 mmol kg™; difference -9.32; 95% CI: -17.51 to -1.13; p=0.02; Mg: 96.18+6.44 vs.
77.99 +5.14 mg kg; difference +18.19; 95% CI: 7.26 to 29.12; p <0.001). The reduction in rainfall did
not affect overall height or diameter growth of spruce trees and did not cause a significant decrease
in nutrient concentrations in spruce needles. Drought induced minor, but statistically significant,
changes in the soil environment, indicating a lower intensity of leaching from the soil sorption
complex.

Keywords: rainfall reduction; growth response; chemical soil properties; leaf nutrient content;
Picea abies

1. Introduction

Drought is among the most acute manifestations of ongoing climate change and has evolved
into a gradually intensifying phenomenon affecting extensive parts of Europe, including the Czech
Republic. Prolonged periods of elevated air temperature coupled with uneven or markedly reduced
rainfall during the growing season are key drivers of severe drought episodes. Such climatic
anomalies disrupt core physiological processes in trees, compromise overall vitality, and heighten
susceptibility to fungal pathogens and insect pests. In conceptual terms, drought can be defined as
an extreme climatic event primarily caused by rainfall deficits or an imbalance in the hydrological
budget over the period of interest [1]. In Central Europe, recurrent rainfall shortfalls and irregular
rainfall patterns have become persistent features of the regional climate regime [2]. Soil water
availability is fundamental to forest ecosystem functioning and resilience, as it regulates biological,
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chemical, and physical processes within and across soil horizons [3]. These processes are closely
coupled to soil moisture—atmosphere interactions and can be substantially altered under sustained
drying [4]. Within this context, artificially established Norway spruce monocultures at lower
elevations on ecologically suboptimal sites are particularly vulnerable. Owing to high canopy
interception—and unlike in mountain environments where horizontal rainfall can partially offset
interception losses —these stands have a limited capacity to redistribute and retain water throughout
the soil profile and tend to deplete winter water reserves rapidly [5]. Consistent with this pattern,
Nihlgard [6] reported that soils beneath spruce stands are generally drier than those beneath beech
forests, largely due to the high interception capacity of spruce crowns and the species’ extended
assimilation activity outside the beech growing season. Seasonal measurements by Schume [7]
further indicate that spruce monocultures reach their lowest soil water content in summer, with
values averaging around ~40% volumetric moisture. Reduced soil moisture can markedly constrain
microbial decomposition of litter, thereby altering humification pathways and nutrient cycling [8].
More broadly, soil properties emerge from dynamic interactions between vegetation and the
environment rather than being determined solely by parent material [9]. Because physical and
biological processes in soil are tightly interconnected, optimal soil functioning depends on the
diversity and activity of soil micro- and macroorganisms [9]. Fungal communities typically tolerate
water stress better than bacteria or soil fauna, and some soil organisms survive drought by forming
resistant cysts or spores [10]. Notably, Borken et al. [11] showed —based on CO; flux measurements —
that microbial communities respond to shifts in water availability within seconds, underscoring the
sensitivity of near-surface soil layers to repeated drying-rewetting cycles. As stand age increases,
nutrients accumulate in living and undecomposed biomass [9], which may progressively constrain
nutrient availability for specific soil organisms. Phosphorus is a key determinant of Norway spruce
growth and vitality, and 30-40-year-old stands can store approximately 70-90 kg ha™ of P [12].
Nevertheless, many European forest ecosystems exhibit declining soil P pools, frequently linked to
enhanced atmospheric N deposition [12]. Plant-available P diminishes primarily because of its
propensity to form poorly soluble compounds and stable complexes with metal cations (e.g., Al, Fe,
or Ca), with the balance governed by soil pH [13]. Base cations are central to buffering soil acidity
and maintaining chemical equilibrium. Under 30-40-year-old spruce stands, typical soil pools are on
the order of ~80 kg ha K, 230-370 kg ha™ Ca, and 80-160 kg ha' Mg [14]. While these cations
neutralize acidic inputs from atmospheric deposition, they are concurrently susceptible to
irreversible leaching to deeper horizons, groundwater, and surface waters [15]. Despite ongoing Ca
depletion in forest soils, Jandl et al. [16] observed no immediate stress responses in trees, suggesting
that spruce can access deeper Ca sources when upper-soil supplies become insufficient. Given these
considerations, this study investigates how experimental rainfall reduction modifies soil chemical
properties and affects basic morphological traits and growth of Norway spruce in a monoculture
established on a nutrient-rich site at lower elevations.

The primary objective was to quantify the extent to which reduced rainfall alters key soil
chemical characteristics. The secondary objective was to evaluate the response of aboveground
biometric parameters in Norway spruce (Picea abies (L.) Karst.). We tested the following hypotheses:
(H1) relative to the control plot, the treated plot exhibits higher concentrations of plant-available P,
base cations (Ca, Mg, K), and higher pH in the upper soil layer; (H2) the treated plot shows lower
concentrations of exchangeable Al in the upper soil layer; and (H3) the treated plot displays reduced
heigh and diameter increment of spruce and lower Ca and K concentrations in current-year needles.

2. Materials and Methods

2.1. Study Site

For the purposes of this study (2010-2020), a 41-year-old Norway spruce monoculture was
selected (GPS 49.6110631N, 16.5248364E, Czech Republic) at an elevation of 440 m a.s.l. The site
conditions are characterized by forest type 4B1 (rich Galium odoratum beech forest on plateaus and
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slopes) and soil type Cambisol [17]. The stand was divided into two treatments: (1) the treated plot,
where 60% of the soil surface was covered with PE foil to simulate a rainfall reduction, and (2) the
control plot, representing a section of the forest with an unaltered rainfall regime.

Figure.1 1. The treated plot where 60% of the soil surface was covered with PE foil.

2.2. Monitoring of Microclimatic Parameters

The meteorological station at Bfezova nad Svitavou located approximately 3.5km north of the
experimental plot provided data on temperatures and precipitation. The meteorological data (Fig. 2)
reveals a pronounced annual cycle, with summer temperature peaks reaching approximately 18—
22 °C. During the investigated period, a total of 505 frost days were recorded, indicating a persistently
cold climate regime with frequent occurrences of minimum daily temperatures falling below 0 °C.
The lowest temperatures occurring during the winters of 2016/2017 and 2017/2018. The warmest and
simultaneously driest periods were observed in the summers of 2015 and particularly 2018-2019,
when high temperatures coincided with low monthly rainfall totals (short bars during May—-August).
In contrast, several months exhibit exceptionally high rainfall, most notably in autumn 2020 (a single
month approaching 160-170 mm), along with sporadic peaks in 2016 and 2019. Overall, the series
illustrates recurring dry summers with heat episodes and episodic, predominantly autumnal rainfall
events, which may temporarily alleviate but do not fully compensate for the summer water deficit.
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Figure 2. Average monthly temperatures and precipitation measured at the Bfezova nad Svitavou

meteorological station during the period 2015-2020 (Brnénské vodarny a kanalizace, a.s., Czech Republic).

Since 2012, volumetric soil water contenthas been monitored on both plots using Virrib sensors
(AMET company, Czech Republic) at three depths: 15 cm, 50 cm, and 80 cm.

2.3. Soil Sampling and Analysis

For determining chemical properties of the soil environment, soil samples were collected
separately for each plot from five randomly selected (shifting) plots of 60 x 60 cm. Samples from the
plots were collected using the so-called surface preparation method. A clean vertical slice
approximately 2-3 cm thick was cut from the profile wall to remove any disturbed material. From
the freshly exposed surface, soil was collected uniformly across the full width of the horizon.
Approximately 0.5-1.0 kg of air-dry soil was obtained, depending on laboratory requirements. One
composite sample was taken from the O_H horizon and one from the A horizon on each plot, in
quantities quantity sufficient to obtain at least 0.5-0.7 kg of fine earth for analysis.

Soil analyses focused on determining basic chemical properties (Table1). The measured
properties included soil reaction (pH), available phosphorus (P), exchangeable base cations (Ca, Mg,
and K) and aluminium (Al), and the concentrations of major macronutrients such as carbon (C) and
nitrogen (N), together with the C:N ratio. P, Mg, Ca, and K contents were determined from soil
extracts using the Gohler [18] and Mehlich I1[19] methods. Al was determined using the Sokolov
method [20]. Soil organic carbon (C) was analysed using the Walkley—Black method [21]. Total
nitrogen (N) was determined using the Kjeldahl method [22]. Soil pH in water (pH_H20) and in 1 M
KCl (pH_KCI) was measured using a pH meter in a 1:5 (v:v) suspension of soil in water or 1 M KCl,

following ISO 10390.
Table 1. Overview table of soil parameters and analytical methods.
Soil Parameter Symbol Analytical Method
pH in water extract pHuwater 1:5 soil to solute; pH meter
pH in potassium chloride pHxa (ISO 10390)
Total carbon C (%) Walkley-Black [21]
Total nitrogen N Kjeldahl [22]
Phosph tent P k
& 6 NE/%E Mehlich IT [19] (A horizon)
Calcium content Ca (mg/kg)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.1569.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 February 2026

d0i:10.20944/preprints202602.1569.v1

5 of 13

Potassium content K (mg/kg)

Al (mg/kg)

Aluminum content

Sokolov [20]

Chemical parameters were monitored annually from 2010 to 2020, excluding the years 2011,
2018, and 2019. The collected soil samples were analysed in an accredited laboratory (Laboratof
MORAVA, s.r.0., Czech Republic).

2.4. Leaf Analysis and Tree Biometric Parameters

In the years 2010-2012, 2015-2016, and 2020, samples of the spruce assimilation apparatus were
collected for foliar analysis. Needles were sampled from five standing spruce individuals in each
treatment (the treated plot and the control plot). From each tree, all needles were taken from three
branches of the fifth whorl. The samples were transported to the laboratory, dried, and ground. The
prepared samples were analysed for macronutrient content in needles (using ICP-OES for P, K, Ca,
Mg, and S, and an elemental analyser for N).

To assess the impact of rainfall reduction on biometric parameters of the aboveground parts of
Norway spruce, measurements of tree height (m) and diameter at breast height (cm) were conducted
annually at the end of the growing season on the research plots.

1. Statistical Analysis

Statistical evaluation was performed using Statistica™ 12.0. Data normality was verified using
the Shapiro-Wilk test, and homogeneity of variances was assessed with Bartlett's test. For
comparison of normally distributed data sets, a one-way ANOVA was used. When the data were not
of a normal distribution, the non-parametric Kruskal-Walli’s test was used instead. The lowest
significance threshold P<0.05 was applied for all statistical analyses.

1. Results

1.1. Soil Moisture

During the monitored period, changes in soil moisture occurred primarily in the upper soil layer
(15 cm depth; Figure 3). This upper layer exhibited the greatest drying during the growing season
(lowest volumetric soil water content), whereas a pronounced increase in moisture (peaks, i.e.,
highest volumetric soil water content) was observed in the winter months. In deeper soil layers (50
and 80 cm), volumetric soil water content was relatively more stable and decreased with depth. The
treated plot showed lower soil moisture than the control plot. The largest differences were recorded
in the top layer of soil (15 cm), where the volumetric water content ranged between 5 and 15% in the
treated plot and between 10 and 30% in the control plot.
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Figure 3. Volumetric soil water content in the control plot (grey) and in the treated plot (black) during the
monitored period 2011-2020.

1.1. Chemical Soil Properties

In the OH horizon, available Ca and Mg contents were significantly lower in the treated plot as
compared to the control (Table 2). In the A horizon, exchangeable Mg contents were higher in treated
plot (96.18 + 6.44) than in the control (77.99 + 5.14). Conversely, exchangeable Al in the A horizon was
lower in treated plot (84.76 + 3.24) than in the control (94.08 + 1.77). No significant differences between
treated and control plot were found for the C and N contents, the C/N ratio, nor for exchangeable K
and available P contents.

Table 2. Comparison of soil reaction (pHwater and pHKCI) and contents of total carbon (C), nitrogen (N), available
nutrients (P, Mg, Ca, K), and exchangeable aluminium (Al) (arithmetic means + standard error “SE”, and the absolute
difference estimate with the 95% confidence interval) in OH and A horizons on the treated plot using PE foil and on
uncovered control plot . Statistically significant P-values are in bold. See Table 1 for analytical methods.

. Treated plot Control plot Difference p
Parameter Horizon
Mean SE Mean SE Mean Lower / Upper
pHune OH 4.00 +0.04 4.07 +0.05 -0.06 -0.15/0.02 0.170
A 3.68 +0.04 3.66 +0.02 0.02 -0.05/0.10 0.500
pHia OH 3.38 +0.04 3.47 +0.06 -0.09 -0.21/0.01 0.090
A 3.10 +0.03 3.08 +0.02 0.02 -0.04/0.08 0.420
C %) OH 3.43 +0.20 3.61 +0.10 -0.18 -0.53/0.17 0.290
A 1.81 +0.18 1.84 +0.18 -0.03 -0.30/0.24 0.810
CN OH 20.26 +0.69 21.58 +0.50 -1.31 -0.10/0.12 0.160
A 21.25 +0.86 21.93 +0.98 -0.68 -3.19/1.83 0.570
OH 13.51 +1.47 16.40 +2.13 -2.88 -6.39 / 0.62 0.100
P (mg/kg)
A 19.42 +0.27 15.20 +0.12 -1.31 -0.10/0.12 0.160
Al OH
(mmol/kg) | A 84.76 +3.24 94.08 *1.77 -9.32 -17.51/-1.13 0.020
Mg OH 150.53 | #6.81 171.46 +12.48 -20.93 -40.00 /-1.85 0.030
(mg/kg) A 96.18 +6.44 77.99 +5.14 18.19 7.26/29.12 0.000
Ca OH 57194 | +49.47 752.92 +75.04 -180.97 -301.80 /-60.10 0.000
(mg/kg) A 408.51 +38.49 353.27 +28.63 55.24 -32.01/142.49 0.200
K OH 181.74 | £19.22 185.25 +20.65 -3.51 -29.84 /22.81 0.780
(mg/kg) A 108.17 | £10.86 94.59 +6.41 13.57 -6.08 /33.23 0.160

3.2. Concentrations of in Norway Spruce Needles

No statistically significant differences were found between the treated plot and the control plot
in the concentrations of individual elements in the assimilation apparatus (Figure 3). Leaf nitrogen
contents ranged between 1-1.5%. The average phosphorus content was 1.44 g-kg™; potassium
contents ranged in between 6.0-6.5 g-kg1. Calcium averaged 7.5 g-kg™' Magnesium was present at an
average of up to 1.3 g-kg™ and sulphur up to 0.9 g-kg™. The values indicate particularly high
variability in the leaf nutrient contents during years 2012, 2015, and 2016.
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Figure 4. Concentrations of essential nutrients in Norway spruce needles in individual measurement years
(20102012, 2015-2016, and 2020), expressed in the International System of Units (SI).

3.3. Tree Biometric Parameters

Tree height on both plots increased continuously, but differences between treatments were not
statistically significant (Table 3). As shown in Figure 5, the height increment in the control plot
increased from 0.5 m to 1.0 m until 2015. In 2015, it dropped to 0.2 m, but in subsequent years it rose
again and stabilized at around 0.6 m. In the treated plot, a higher increment was recorded in 2011
compared to the control plot (0.7 m); however, it remained constant until 2015 and then increased in
2016 to 1.4 m, after which it declined and stabilized at a lower value (0.5 m) than in the control plot.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Annual height increment of Norway spruce in individual measurement years.

Table 3. Average heights of the aboveground parts of Norway spruce in individual measurement years (+ standard

deviation).

Height of above ground part (m) in

Variant/ year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Control plot 13,97+2,5 14,67+3,5 15,37+2,5 16,07+2,1 16,77+2,3 17,47+2,4 18,91+3,2 19,45+1,2 19,95+3,2  20,45+3,4  20,95+2,7
Treated plot 15,05+2,7 15,53+4,6 16,03+3,2 16,73+2,7 17,73+2,7  17,97+2,7  18,72+2,1 19,14+2,4  19,74+4,1 20,34+2,7  20,94+2,3

Tree diameter increased throughout the monitored period (Table 4), but no statistically
significant differences were found between treatments (p > 0.05). Annual diameter increment (Fig. 6)
showed clear inter-annual variability in both plots, with largely synchronous fluctuations over the
2011-2020 period. Markedly lower diameter increments were recorded in 2012, 2015, and 2018
compared to other years. The control plot generally maintained slightly higher or comparable
increments relative to the treated plot, while the most notable divergence occurred in 2018, when the
treated plot exhibited a pronounced reduction in radial growth. The reduction in diameter increment
gain in the control area only became apparent later (in 2019) and was not as large. By 2020, increments
in both plots converged again, indicating that treatment-related differences were minor compared to
overarching year-to-year environmental variation.

Table 4. Average diameters of Norway spruce in individual measurement years (+ standard deviation).

Diameter (cm) in

Variant/ year 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Control plot 13,63+3,3 13,75+3,4 14,47+3,8 14,89+3,7 15,32+#3,8  15,51+3,9  15,95+4,1 16,29+3,7  16,68+3,2  16,90+3,5  17,70+3,2
Treated plot 14,30+3,6 14,33+3,6 14,78+4,3 15,26+3,9 15,52+4,1 15,62+4,1 16,03+4,3  16,37+4,1 16,30+3,9  16,50+3,7  16,80+4,2

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Annual diameter increment of Norway spruce in individual measurement years.

4. Discussion

The present study set out to evaluate how experimentally reduced rainfall influences both the
chemical properties of soil and growth responses of Norway spruce within a monoculture established
on a nutrient-rich site at lower elevations. In line with these objectives, we examined whether
decreased rainfall would alter key soil parameters, particularly plant-available phosphorus, base
cations (Ca, Mg, K), soil pH, and exchangeable Al concentrations in the upper soil layer. Furthermore,
we assessed the extent to which rainfall reduction affects aboveground tree performance, including
stem increment and needle nutrient status.

Our rainfall-reduction experiment produced clear shifts in several soil chemical properties,
while effects on foliar nutrition and growth were comparatively muted. Despite the lack of treatment
effects on the C/N ratio and plant-available P, the contrasting responses of base cations across
horizons indicate a redistribution of nutrients under reduced soil moisture. Such drought-driven
reorganization of nutrient mobility, surface desorption, and cation retention has been reported in
coniferous systems exposed to prolonged water deficits, where altered soil solution chemistry and
biological cycling reshape cation profiles over time [23].

Magnesium exemplified this vertical decoupling: available Mg declined in the O_H horizon of
the treated plot but increased in the A horizon. Comparable patterns have been observed in
drought-stressed spruce stands, where limited mineral dissolution and reduced plant uptake during
dry spells shift nutrient maxima downward or generate transient accumulations at depth [23].
Calcium responses were similarly layered. Ca was significantly lower in the O_H horizon under
rainfall reduction, consistent with the sensitivity of Ca to drought-enhanced leaching and curtailed
biological recycling in nutrient-demanding spruce ecosystems. By contrast, the non-significant Ca
differences in the A horizon suggest partial buffering from deeper supplies during moisture
limitation—an effect also documented in declining spruce stands that tap sub-surface pools when
topsoil stocks are insufficient [24].

A central outcome supporting H2 is the reduction of exchangeable Al in the upper soil layer of
the treated plot. Although drying-rewetting sequences can momentarily acidify the soil solution and
mobilize Al, multiple observations indicate that sustained drought tends to suppress mineral
dissolution and thereby lowers Al availability in surface horizons. Our results fit this mechanism and
imply that moisture limitation can transiently decrease Al mobility near the surface; however, longer
monitoring is needed to determine whether this attenuation persists across multi-year drought cycles
[25].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In contrast to the soil chemistry, foliar concentrations of N, P, K, Ca, Mg and S showed no
treatment effect and remained within typical ranges for Norway spruce. This apparent stability of the
assimilation apparatus under variable soil moisture is not unusual; the literature [26, 27] shows that
spruce often maintains foliar stoichiometry within species-specific bounds even as climate sensitivity
of growth intensifies on dry sites and during hot summers. The pronounced year-to-year variability
in 2012, 2015 and 2016 aligns with region-wide drought signals in Central Europe, when spruce
growth becomes particularly sensitive to soil moisture deficits and elevated temperatures, suggesting
that uptake and allocation dynamics likely fluctuated even if needle concentrations did not.

Soil moisture profiles corroborate that drought impacts were concentrated in the shallow layer
(15cm), where the treated plot frequently fell below 10% volumetric water content. Similar
depth-dependent drying has been reported for spruce-fir forests, with strong depletions in
near-surface horizons and comparatively stable moisture at 50-80 cm [28]. Species-specific canopy
interception can further aggravate topsoil drying in evergreen stands by limiting winter recharge and
accelerating spring depletion, a mechanism highlighted for Central European sites dominated by
spruce [29]. These hydrologic constraints likely contributed to the cation shifts observed in the upper
horizons [30].

Growth responses (height and diameter) did not differ statistically between treatments, although
2012, 2015 and 2018 showed clear reductions in increment. Such troughs coincide with
well-documented drought intensification in Europe and with evidence that spruce growth responds
strongly to warm, dry summers, particularly on drier soils [31]. Long-term manipulation studies also
indicate that structural and physiological acclimation (e.g., stomatal regulation, photosynthetic
adjustment) can buffer short-term growth penalties but may not fully offset repeated moisture stress,
especially after cessation or reduction of watering [31]. Consequently, the absence of a simple
treatment signal in our growth series likely reflects (i) the dominance of inter-annual climatic
variability relative to the experimental reduction, and (ii) compensatory strategies such as deeper
water extraction or root system plasticity.

Taken together, our results show that reduced rainfall measurably altered soil nutrient
dynamics—most notably Mg, Ca, and exchangeable Al—while leaving foliar chemistry and growth
largely unchanged at the time scale observed. This divergence underscores the need to integrate soil
chemical indicators with tree-level physiological metrics when diagnosing drought effects in spruce
monocultures, as drought responses emerge from coupled hydrological, chemical, and biological
processes within the soil-plant continuum [32]. Moreover, the demonstrated role of site fertility —
particularly base-cation status and vertical nutrient stratification —in modulating drought sensitivity
supports calls to jointly evaluate climate and soil properties when projecting species performance
under continued aridification. Sustained monitoring will be crucial to determine whether the
observed reductions in exchangeable Al and the horizon-specific patterns of Ca and Mg persist,
amplify, or reverse under recurrent moisture deficits.

5. Conclusions

Our experiment indicates that reduced rainfall primarily reorganizes near-surface soil chemistry
in Norway spruce monocultures, while short-term effects on foliar nutrition and stand-level growth
remain limited. The points below synthesize the main implications for ecosystem functioning and
management under recurrent drought:

* Soil chemistry responded, trees less so: Reduced rainfall produced clear shifts in soil chemistry
(Mg, Ca, exchangeable Al), whereas needle chemistry and growth showed only modest short-term
responses.

¢ Vertical nutrient reshuffling: A horizon-specific redistribution of base cations was evident
(declining Ca in the O_H horizon; contrasting Mg trends in O_H vs. A), highlighting the sensitivity
of near-surface layers to drying.

* Lower exchangeable Al (H2 supported): Exchangeable Al decreased in the upper soil layer,
suggesting a temporary reduction in Al mobility under moisture limitation.
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¢ Foliar stoichiometry buffered: Needle nutrient concentrations did not differ significantly
between treatments; interannual growth variability tracked regional dry years rather than the
manipulation itself.

¢ Hydrologic driver near surface: The strongest drying occurred at 0-15 cm, with deeper layers
more stable; surface desiccation is exacerbated by high spruce canopy interception.

* Management implications: Prioritize routine monitoring of Ca and Mg in the O_H and A
horizons; combine soil chemical indicators with tree-level physiological metrics when diagnosing
drought impacts.

¢ Future work: Extend monitoring of exchangeable Al and vertical Ca/Mg stratification, couple
soil-solution chemistry with root distribution and hydraulics, and test responses across site fertilities
and species mixtures.
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