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Norway spruce shows stronger growth sensitivity and weaker intrinsic
water-use efficiency response than Scots pine under increasing water
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Abstract. Boreal forests, essential for carbon sequestration and multiple ecosystem services,-are-inereasingly-threatened-by
climate-indueed—water—stress_arc increasingly threatened by climate-induced water stress. This study investigates how
increasing water limitation affects growth and intrinsic water-use efficiency (iWUE) in Scots pine (Pinus sylvestris L) and
Norway spruce (Picea abies (L.) Karst) in southern Finland-during1996-2022 during 1990-2022. Tree-ring data on basal area
1ncrement (BAI) and carbon 1sotope d1scr1m1natron (ABC) were collected from three sites per speeies, e e on e

: g : A : wet)_Scots pine on mineral
soils and Noran spruce on organrc soils and under contrastrng sorl morsture condrtrons (drV vs. wet) B e
These were cornbrned with regronal growth 1ndrces (Gls) from the Finnish National Forest Inventory (NFI)_to —which

h a § A nfereneecnable broader inference across soil types. Our results
1ndrcate that water hmrtatron has1ntens1ﬁed over the past decade with pronounced —Site-Jeveland NE-datashew-that growth
growth—dechnes after 2016 pest-2045-was—proneuneced-in Norway spruce;-indicating strongsensitivityto—water limitation,
while Scots pine exhibited smaller and earlier reductions ealy-marginal reduetions-beginning around 200910, A3C analyses
indicated increased stomatal regulation in Scots pine and more limited physiological adjustment inand;—te-atesserextent—in
Norway spruce after 20165, consistent with rising atmospheric moisture demand. Accordingly, iWUE derivedfrom-A=C
increased more s ronglyteepl—y inin Scots plne whereas Norwav spruce showed only modest changes despite a substantial
growth declinesugg i ; A #ee. Interannual variability in growth and iWUE fer
beth-speetes-was related to hydrocllmatlc dr1vers nartlcularlv vapor pressure deficit (VPD), although the strength of these

relationships differed between species and variableswas—stronshy—eorrelated—with—the—standardized—preeipitation-
evapetranspiration-index(SPEDand vaper-pressure-defieit(VPD). In Norway spruce, post-2016 growth became more strongly

constrained, partrcularlv in relatlon to VPD, whereas Scots pine showed comparatrvelv buffered growth responses and stronger
increases in iIWUE.- ° e 5 o h-sen . .

scale but clearer natterns emerged along local moisture gradlents At the site-level, both species tended to show greater-mere
negative post-change growth under drier conditions; however, Scots pine maintained higher mean growth on wetter sites
whereas Norway spruce showed higher mean growth under drier conditions. These contrasting growth—physiology responses
indicate species-specific strategies in coping with increasing water limitation, with Norway spruce showing greater growth

sensrtrvrtv and more lrmlted phvs1ologlcal ad1ustment than Scots pine. Overall b%e%growth—reseonses—als&deeended—on—so#

Nom#av—sameeon—eoorlwdramed—org&m&soﬁs—oreal forest responses to drought appear to be stmctured prrmar1lv bv species-
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specific physiological strategies, while being further modulated by local hydrological conditions. Accounting for both species
differences and fine-scale variation in moisture availability will be critical for sustaining forest productivity and resilience
under increasingly warm-and water-limited climates in northern Europe, emphasizunderscoring the need for site-adapted
management that integrates species selection with local soil and moisture conditions.

1. Introduction

Boreal forests cover approximately one-third of the global forest area and play a crucial role in maintaining ecosystem services
and acting as significant carbon sinks (Bonan, 2008; Bradshaw et al., 2009; Gauthier et al., 2015; Pan et al., 2011; Tagesson
et al., 2020). However, climate change has intensified climate-induced stressors by increasing temperatures and atmospheric
water demand, threatening forest health by reducing tree growth and carbon sink, increasing susceptibility to pests and diseases,
and elevating mortality rates (Allen et al., 2010; Girardin et al., 2016; 2023; Junttila et al., 2024; Linnakoski et al., 2017b, a;
Martinez-Garcia et al., 2024; Seidl et al., 2017; Zhang et al., 2024). Among these stressors, increasing water limitation has
emerged as a fundamental driver of forest growth decline in the boreal region over recent decades (Gao et al., 2016; Gutierrez

Lopez et al., 2021; Treydte et al., 2023). However, the effects of species-specific climate on growth and water-use regulation

Current research highlights a growing trend in the frequency, duration, and intensity of drought events across Europe (Gutierrez
Lopez et al., 2021; Knutzen et al., 2025; Lehtonen and Pirinen, 2019), with pronounced impacts emerging across the boreal
region (Gao et al., 2016; Schér et al., 2004; Schuldt et al., 2020). These droughts, often coinciding with elevated air
temperatures (Ta), increased vapor pressure deficit (VPD), and reduced soil moisture, are likely to become more frequent
under continued warming- (Gao et al., 2016; Swain et al., 2025). In southern Finland, characterized by cool and moist growing
conditions, the recent rise in summer Ta has led to elevated atmospheric water demand, which amplifiesy vegetation water
stress (Grossiord et al., 2020; Novick et al., 2024; Treydte et al., 2023). Although summer precipitation has shown a modest
upward trend during-swmmer-in parts of this boreal zone, these gains en-preeipitation-are minor relative to-the ristngincreasing
evaporative demand (Grossiord et al., 2020; Irannezhad et al., 2014). As a result, the region continues to experience a sequence
of unusual warm and dry years (Knutzen et al., 2025).

In southern Finland, records from the 13 Finnish National Forest Inventory (NFI-13) have documented declines in tree
growth, increased canopy dieback, and elevated mortality over the past decade, consistent with increasing water limitation.
The two dominant tree species, Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst.), which account
for approximately 40% and 38% of the total stem volume, respectively, have both grown below expected trajectories, with
Norway spruce exhibiting larger negative deviations (H. M. Henttonen et al., 2024; Junttila et al., 2024; K. T. Korhonen et al.,
2024; Mikinen et al., 2022). (see Figure S1 for details on stock across the 11% to 13" NFIs in southern Finland). However,
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these large-scale assessments have not directly attributed the growth declines to specific climatic stressors or examined
concurrent changes in species-specific physiological responses. This lack of attribution highlights the need for regionally
focused, integrated physiological analyses to better understand the impacts of water limitation #mpaets-and to support adaptive
forest management under changing climate conditions.

Tree species-specific traits shape forest responses to water limitation and warming, influencing composition and resilience
(Anderegg et al., 2018). In boreal forests, Scots pine and Norway spruce exhibit distinct physiological and water-use strategies
under varying water limitations, reflecting their respective strategies for coping with drought (Levesque et al., 2013; Oren et
al., 1999). Relative to pine, spruce usually has a shallower and less plastic root system, which increases its sensitivity to short-
term fluctuations in water supply (Kalliokoski et al., 2008; Schmid and Kazda, 2002). These species also differ in
photosynthetic capacity and stomatal control. Across comparable conditions, pine generally shows higher photosynthetic
capacity than spruce (Thum et al., 2008). At the canopy level, Scots pine exhibits a steeper stomatal conductance response
with increasing VPD, whereas spruce is less sensitive (Lagergren and Lindroth, 2002). Under frequent high-VPD events,
relatively weaker stomatal down-regulation in spruce can lead to increased water loss, lower leaf water potentials, slower cell
expansion, and heightened hydraulic risk when water supply is limited (Arend et al., 2021). These differences align with
observed patterns of lower drought tolerance in spruce, often seen as more substantial growth reductions under water limitation
(Motte et al., 2023; Ulrich and Grossiord, 2023). As water limitation intensifies in southern Finland, resolving such sensitivities
among species is critical for anticipating shifts in forest composition and for guiding adaptive management.

Intrinsic water-use efficiency (iWUE), defined as the ratio of net photosynthetic rate (A) to stomatal conductance (gs), reflects
a species’ ability to balance carbon gain and water loss (Farquhar et al., 1989a; Seibt et al., 2008). Differences in iWUE among
species> can signal variations in stomatal control, photosynthetic capacity, and water-use strategies, thereby affecting
competitive interactions; and thereby-influencing forest structure and dynamics (Ainsworth and Rogers, 2007; Anderegg et al.,
2018). For instance, increases in iWUE above the expected increase due to increasing atmospheric CO»; generally indicate
stronger stomatal regulation in response to water stress (Farquhar et al., 1982, 1989b; Saurer et al., 2004; Szejner et al., 2018;
Voelker et al., 2016). iWUE is closely related to 5'3C because photosynthetic carbon isotope discrimination (A!*C) primarily
reflects the ratio of internal-to-ambient CO, concentrations (ci/ca). Since A can be expressed as the product of gs and the CO»
gradient (c,-ci), iWUE increases as ci/c, decreases, leading to reduced A'*C values. In some cases, tree species may exhibit
long-term stable iWUE, reflected by a consistent increase in A'3C associated with a proportional increase in (ci/c,) under
increasing c, (Belmecheri et al., 2021; Saurer et al., 2004; Voelker et al., 2016). Forest management such as thinning and
fertilization can influence iWUE by enhancing photosynthetic capacity and resource availability, often resulting in increased
A and higher iWUE (Brooks and Mitchell, 2011; Lehtonen et al., 2023a; Palvi et al., 2025). However, increasing iWUE does
not always correspond to increased tree growth or productivity, particularly in unmanaged forests where other limiting factors
may prevail (Andreu-Hayles et al., 2011; Battipaglia et al., 2013; Walker et al., 2020).

Tree responses to water limitation can differ between organic and mineral soils due to differences in water-holding

capacitysh aeration, and nutrient
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supply. Specifically, in organic peat soils, high water retention but low oxygen in the rooting zone constrains root function.
Drainage—indueed-Llowering of the water table (WT) through drainage can improve aeration and promote growth, but may
increase drought exposure if the WT declines too deeply (Hokka et al., 2025; Sikstrom and Hokkéd, 2016). In peatlands, fine-
root production is concentrated in the upper 20 cm, making trees particularly sensitive to WT declines during dry periods (He
et al., 2023). This effect may be more significant in well-drained peatlands, where lower WT levels can more readily induce
drought stress. In contrast, mineral soils typically drain faster and retain less water than organic soils, causing surface layers
to dry rapidly during warm summers, though deeper rooting is possible where soil structure and oxygen availability permit
(Heiskanen and Mékitalo, 2002; Schenk and Jackson, 2002). Topography further modulates these patterns observed in mineral
soils. In particular, lowlands tend to retain moisture and risk waterlogging, whereas uplands dry more quickly and face higher
evaporative demand, creating microclimatic conditions that influence tree species performance (Kemppinen et al., 2023;
McNichol et al., 2024). Understanding these tree-soil interactions is essential for assessing drought sensitivity and developing
targeted forest management strategies.

This study focuses on the southernmost region of Finland, which is the most vulnerable to water limitation in the country
(Lehtonen and Pirinen, 2019) (Figure 1). Here, we investigate how increasing water limitations influence growth and iWUE
of Scots pine and Norway Spruce across mineral and organic soils under contrasting water-availability conditions in this region.
To address this, we integrated site-level tree-ring analyses of basal area increment (BAI), A'3C, and iWUE with regional
growth indices (Gls) derived from the Finnish NFI data spanning 1990-2022. We related these growth and physiological
responses to Ta, VPD, and standardized precipitation-evapotranspiration index (SPEI; Vicente-Serrano et al., 2010) using
statistical models. We hypothesize that: i) Rrecent tree growth decline is primarily driven by increasing water limitation, with
stronger effects ebserved-in Norway spruce.; ii) Scots pine and Norway spruce exhibit divergent iWUE responses to increasing
atmospheric demand and water stress, reflecting species-specific strategies for coping with hydrological change.;-an€ iii) Ttree
growth and physiological responses differverge between mineral and organic soils_due to ;refleeting-contrasting eonditions-of
water availability, aeration, and nutrient dynamics.

Our specific research questions were:

1) How has increasing water limitation affected regional growth trends of Scots pine and Norway spruce on mineral and
organic soils in southern Finland over recent decades?

2) What are the species-specific physiological responses of these-speeiesScots pine and Norway Spruce to contrasting soil

water availability conditions in this region?

3) How does Ta, VPD, and SPEI relate to growth (BAI) and physiological traits (A*"*C, iWUE) in these speciesSeots-pine-and
Norway-Spruce in southern Finland?Hew i i HsAPCAWUE)n
{hef‘% f‘p%ei%{‘ “1_]'€q]']q tqif‘ F%gi Eﬂﬂ‘,l
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2. Methods
2.1. Study area

2.1.1. Land and forest cover

This study was conducted in southern Finland (Figure 1). This region includes 9 provinces (Uusimaa, Southwest Finland,
Satakunta, Kanta-Hame, Pirkanmaa, Piijat-Hime, Kymenlaakso, South Karelia, and South Savo) covering an area of 75,222
km?. According to data from the 13" Finnish National Forest Inventory (NFI-13, 2019-2023) (Korhonen et al., 2024), 53,073
km? (71%) of the total region area is forestry land. This land is primarily privately owned and managed, with stands dominated
by Scots pine (49%) and Norway spruce (36%). These tree species play a crucial role in both ecological functions and as a
source of raw material for the forestry sector (Henttonen et al., 2024). Notably, on mineral soils, Scots pine dominated forests
cover a larger area than those dominated by Norway spruce (20,558 versus 16,137 km?) (Korhonen et al., 2024). In contrast,
on organic soils, Norway spruce dominated forests are more prevalent, covering 5,298 km?, compared to 4,694 km? for Scots
pine dominated forests. It is important to note that a significant proportion of the organic soils with Norway spruce and Scots

pine have been drained (47% and 85%, respectively).

2.1.2. Regional climate

The 0.5° gridded Climatic Research Unit (CRU) Time-series (TS) data version 4.08 data (Harris et al., 2020) for air temperature
(Ta, °C), precipitation (P, mm), vapor pressure (VP,, in kPa), and potential evapotranspiration (PET, mm day~) on a daily
basis over the period 1990-2023 was obtained using the Climate Explorer of the Royal Netherlands Meteorological Institute
(KNMI) (Trouet and Oldenborgh, 2013). Vapor pressure deficit (VPD, kPa) was estimated usingFa;—VPand-saturation
smpepEermee D2 e sehie b sene seniedusing Eq. (1),

VPDVPeyr = (0.6108 x ((17:27XT®)/(Ta+237.3)) —yp . Eq. (1)
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Figure 1. Regional climate and multi-decadal trends in southern Finland. Data based on CRU TS data (version 4.08)
for the period 1980-2021. Panels show A) mean summer temperature (Ta) for June—August (JJA), B) mean August
standardized precipitation—evapotranspiration index (SPEI), C) mean JJA vapor pressure deficit (VPD), D-F) Mann-
Kendall trends in JJA Ta (°C yr'), August SPEI (unitless yr '), and JJA VPD (kPa yr'), respectively. Circles in panels A-
C) show the location of the study sites, while the polygon outlines in panels D-F) corresponds to the southern Finland region
as defined by the Finnish NFI. Panels G—I) show the regional averaged time series (1980-2021) of Ta, SPEI, and VPD,
with 30-year spline curves and the shaded area shows two standard deviations around the period mean.

Einally; the VPDwas-estimated by subtracting VP.from-VP..The PET was converted to mm month™! to compute the water
balance needed for the estimation of the SPEI. The water balance was computed as the difference between monthly
precipitation and monthly PET. A 3-month SPEI was then computed from the water balance time series using the R package
SPEI (Vicente-Serrano et al., 2010). The 3-month SPEI was selected because it captures short to medium term moisture
variability relevant to tree physiological processes during the growing season. Data processing was performed in R software

using the ncdf4 package for handling NetCDF data.
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In this study, we selected Ta, VPD, and SPEI as climatic variables based on their potential impact oin tree growth and iWUE
during the study period, as they reflect both water availability and atmospheric demand (Babst et al., 2019; Girardin et al.,
2016). The spatial distribution of Ta, SPEI, and VPD across southern Finland, along with their long-term temporal trends,
reveals temperature increases of up to 0.05 °C yr! in certain areas (Figure 1D, G). Concurrently, the negative trend in SPEI
indicates a decline in water availability (Figure 1E, H). In addition, VPD exhibits a similar upward trend, reflecting increased

atmospheric water demand (Figure 1F, I).

2.2. Finnish National Forest Inventory data

Gls data were estimated-used to provide a broader regional context and validate site-specific observations. The GI describes
the annual variation in tree growth increment that is not driveneaused by time-dependent tree or stand factors-affeeting-growth,
but by the-variatien-efenvironmental variability faetors; such as climate vartabiity-fluctuations (Henttonen, 2000). In practice,
size- and age--related growth trends and other long--term developmental changes are removed bythreush by
standardizingatienine—ef the tree growth time series-befereealetlatingin-estimating the-Gl-se-size-orage-are removed-from
the-index—values. ConsequentlyFhis-means-that, fluctuations in the GI reflect year-to-year ehanges-variation in temperature,
precipitation, soil moisture, and other environmental factors; rather than inherent-age-orsiterelatedintrinsic -growth trends
associated with stand development. An annual GI value is typically expressed as a relative deviation from the_long-term

average of the annual Gls-everaltengperiod, which is set at a value of 100 (Henttonen, 2000).

The NFI-based GI dataset shows a gradual decline in sample size after approximately 2005, which primarily reflects the

structure and temporal design of the Finnish NFI, including the rotating sampling scheme and the availability of historical plot

and tree-core data. Consequently, earlier time periods are represented by a larger cumulative number of observations than more

recent years.

In this study, we estimated GIs separately for Scots pine and Norway spruce growing on mineral and drained organic soils in
Southern Finland. Specifically, the estimation of these GIs was based on sample plot data from five consecutive Finnish NFTIs,
covering the period from the 9% NFI (NFI-9, 1996-2003) to the 13" NFI (NFI-13, 2019-2023). The data selection focused on
southern Finland, comprising the southernmost sampling area in NFI (Korhonen et al., 2021, 2024; Tomppo et al., 2011).
Radial increments, measured from tree ring increment cores from NFI temporary sample plots, were used in the GI estimation.
Tree-ring cores were collected at breast height (diameter-at-the-breastheight{DBH--1.3 m above the ground)j, and the ring
widths from these samples were measured in the laboratory. Data were limited to trees from the dominant crown layer. To
avoid confounding effects of forest management, samples were restricted to sites with no felling in the past five years and no
drainage operations on mineral soils within the past 30 years. GIs were then estimated using mixed linear models (Henttonen,

2000), consistent with methods applied in the Finnish NFI (e.g., Korhonen et. al 2024). A detailed description of the statistical

framework used for GI estimation, including the mixed-effects model formulation, uncertainty propagation, and breakpoint

sensitivity analysis, is provided in Appendix A.
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2.3. Tree-ring study sites

2.3.1. Site selection and plot categorization

Three experimental-study sites per tree species (Scots pine and Norway spruce) were established in southern Finland (Figure
1) within representative forest stands. The Scots pine sites were identified as ‘Solbole’, ‘Vastamiki’, and ‘Ruotsinkyld’, while
the Norway spruce sites were identified as ‘Janakkala’, ‘Rénskéléankorpi’, and ‘Lapinjérvi’. To validate the robustness and
representativeness of our sampling design, we also tested tree growth correlations between the plot-level and regional NFI data
(Figure S2).

At each site, two plots (10-m radius) were established under contrasting water availability conditions, which were classified
as ‘dry’ and ‘wet’, resulting in a total of 12 plots across southern Finland. This moisture categorization was based on a
combination of site-specific observations. Specifically, the Scots pine plots were in different topographical contexts on mineral
soils with varying susceptibility to water limitation. Plots at each site were selected using the cartographic depth-to-water
(DTW) index maps (2 x 2 m resolution) with 0.5 ha threshold (Murphy et al., 2007), where values below 100 indicate wet
conditions and high_-water retention capacity. Thus, the ‘dry’ and ‘wet’ plots were situated on forest stands on upland and
lowland soils, respectively. In the case of Norway spruce plots, they were in organic soils with distinct drainage systems. Plots
at each site were selected according to the ditch spacing, with the narrower the distance between ditches, the deeper the water
table level and the lower the soil moisture availability (Leppa et al., 2020a).

It should be noted that the selection of sites for Scots pine on mineral soil and Norway spruce on drained organic soil was

based on the dominance of the species on these soil types in southern Finland (see subsection 2.1.).

2.3.2. Soil characteristics

Soil bulk density (BD, g cm™) was measured in both Scots pine and Norway spruce plots at 0—10 cm and 10-20 cm depths on
three randomly selected locations within the plot. [in Scots pine plots, samples were collected using a stainless-steel cylinder
(5.5 cm diameter, 4.0 cm height). In Norway spruce plots, samples were collected using a stainless-steel box sampler (100 x
6.3 x 3.9 cm; length x width x height). All soil samples were dried to constant mass at 105 °C for 48 h, and BD was then
determined by dividing the oven-dried soil mass by the original sample volume.

Soil samples were collected next to each BD sampling point at the same depths. In Scots pine plots, samples from the organic
and mineral layers ateress the three locations were combined into a singleene composite sample per layer. In Norway spruce
plots, all samples were pooled into a single composite sample per plot. Total carbon (C) and nitrogen (N) concentrations (%)
were measured using a TruMac CN analyser (LECO Corporation, Saint-Joseph, MI, USA).

The volume of stones (Vs, %) was estimated in the 0-30 cm only in mineral soil layer at 32 sampling locations within each
Scots pine plot, following 8 transects radiating from the plot centre along the cardinal directions with 4 points per transect. Vs
was then assessed using a rod penetration method (Viro, 1952). Additionally, the depth of the organic layer (Ogepin, cm) was
measured at each of these sampling locations.

2.3.3. Site-level climate
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For each study site, we obtained the mean daily Ta and VP4 from the observational data interpolated to a 10 km x 10 km grid
covering Finland ebtained-from the Finnish Meteorological Institute (FMI). The mean daily VPD was then estimated using
Eq. (1), where VPD = frem- VP Fa —and VPa-usingEg—1). In addition, the 3-month SPEI was obtained from the 0.5° gridded

regional SPEI dataset (see subsection 2.1.2).

2.3.4. Tree increment core collection

Within each plot, we recorded the coordinates, diameter at breast height (DBH), total tree height (Ht, defined as the vertical

distance from the base of the tree at ground level to the top of the highest living part of the crown), and tree crown base height
(Hcb, defined as the vertical distance from the base of the tree at ground level to the lowest live branch) for every tree. The
canopy composition was categorized by strata, quantifying the proportion of overstory, mid-story, and understory. For tree-
ring analyses, 19—21 dominant and codominant trees per plot with DBH > 20 cm were selected. When the required number of
suitable trees was not available within the plot, additional individuals from a 5-meter buffer zone surrounding the plot were
included, excluding trees near drainage ditches in Norway spruce plots. From each selected tree, one 5-mm diameter increment
core was extracted at DBH using an increment borer. Cores were oriented toward the pith to optimize analysis of annual tree-

ring width and carbon isotope composition (3'*C).

2.3.5. Tree-ring preparation and analysis

Tree cores were prepared and analysed following standard dendrochronological procedures (Stokes and Smiley, 1996). Each
tree core was immersed in water for at least 30 minutes to avoid breaking the cores, when mounted on wooden supports, and
prepared-the core surface was prepared with a microtome (WSL Core Microtome; Swiss Federal Research Institute WSL,
Switzerland) until the ring boundaries and wood cells were clearly visible under a binocular microscope. Then, each tree core
was scanned at a resolution of 800 dpi using a colour -scanner (Epson perfection v700 Photo). Finally, ring widths were
measured with a precision of 0.001 mm using the WinDENDRO™ software (version Reg 2022a; Regent Instruments Inc.,
Quebec, Canada).

Cross-dating was performed to corroborate the calendar year assigned to each tree ring. Using standard techniques ensured the
accurate assignment of calendar years to each growth ring (Stokes and Smiley, 1996). This process involved comparing ring
width patterns among all samples to identify and correct any dating errors, thereby enhancing the reliability of the chronological

series (Figures S3—S14 and Tables S1-S12). All series were retained in the analyses, including those with lower correlations

to the master chronology, as no evidence of cross-dating errors was detected; given the relatively short time series and the

influence of natural forest dynamics, these cases are unlikely to affect the overall results.

After cross-dating, the ring-width time series were standardized and detrended to remove age-related growth trends and
emphasize the environmental and climatic signals influencing growth variability (Cook, 1987). We utilized the R package
dplR (Bunn, 2008, 2010) for data processing and analysis. Specifically, Regional Curve Standardization (RCS) was applied to

the ring width data to construct site-specific chronologies that account for variations in growth related to tree age and size

9
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(Briffa and Melvin, 2011). This method involves creating a regional growth curve by averaging ring widths across all trees of
the same cambial age, allowing us to preserve to some extent the low-frequency variability related to climatic factors and
account for the age trends (Briffa and Melvin, 2011). Additionally, basal area increment (BAI, mm? tree”' yr'') was estimated

using the annual diameter increment per tree, using the R package dp/R (Bunn, 2008, 2010).

2.3.6. Carbon isotope analysis (6°3C)

The 3'3C analysis was performed on whole-ring samples to capture the integrated physiological signal of each annual ring. a-
cellulose was extracted from the tree ring annual samples using standard chemical procedures adapted from Leavitt and Danzer
(1993). From each plot, we selected five trees out of the 20 collected. The annual rings corresponding to each year were
carefully sliced into small particles. To obtain sufficient and balanced masses for isotope analysis and reduce individual tree
variability, the samples from the five trees were pooled for each annual ring, ensuring equal mass contribution from each tree
(Belmecheri et al., 2022).

The pooled wood samples were placed on a Soxhlet with ethanol for 24 h to remove extractives. This step removes resins, oils,
and other soluble substances that could interfere with the cellulose extraction. Following this, the samples underwent
delignification by treatment with a sodium chlorite (NaClO,) solution, buffered with acetic acid (CH3COOH) to maintain a
pH of around 4. This step was performed at 70°C for 6 h to degrade lignin components and other secondary metabolites in the
wood sample (Tarvo et al., 2010).

The delignified samples were then treated with a 17% sodium hydroxide (NaOH) solution at room temperature for one hour
to isolate a-cellulose by removing hemicelluloses (Green, 1963). After each chemical treatment, samples were thoroughly
rinsed with deionized water until neutral pH was achieved. Finally, the purified a-cellulose was stabilized by treating it with a
10% acetic acid solution to neutralize any remaining alkali, and then it was rinsed again with deionized water. The samples
were freeze-dried and homogenized using an ultrasonic device prior to isotope analysis. a-cellulose was used in this study
because it is a structural polymer closely derived from sugars produced during the growing season, and extracting cellulose
allows for more effective homogenization when pooling samples from multiple trees, improving comparability and reliability
(Belmecheri et al., 2022).

The 8'3C of the a-cellulose samples were measured using an isotope ratio mass spectrometer (IRMS) at the Stable Isotope
Laboratory (SILL), -at-the-Natural Resources Institute Finland (Luke). Approximately 0.3 mg of each sample was weighed
into tin capsules and combusted in an elemental analyser (EA) coupled to the IRMS. The results were normalized against
IAEA-CH?7 (-32.15%0) and in-house lactose and sucrose reference materials (-24.66%o0 and —12.22%o., respectively), and are
reported relative to the Vienna Pee Dee Belemnite (VPDB) standard. Repeat measurement of ITAEA-CH3 material, run
concurrently with the samples and normalized with the same scheme returns §'*C value of —24.77+0.03%o (mean + standard

deviation, n = 18) in line with the certified value for this reference (-24.72%o).
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2.3.7. Intrinsic water-use efficiency (iWUE)

The 3"3C can be used to estimate iWUE at a variety of temporal resolution, from season (Tang et al., 2022) to multi-decadal
and at spatial (leaf level to ecosystems) scales (Battipaglia et al., 2013; Gagen et al., 2011; Seibt et al., 2008). At the leaf level,
the variability of 8'3C in plant material represents the balance between net photosynthetic rate (A) and stomatal conductance
to water vapor (gs), which both processes discriminate against '*C. This isotopic effect and coupling is mainly influenced by
environmental factors such as soil water availability, atmospheric water demand, photosynthetically active radiation, and
atmospheric CO; concentrations (Belmecheri et al., 2021; Farquhar et al., 1982; Leavitt et al., 2011; Ma et al., 2023). In this
study, we describe photosynthetic carbon discrimination (A'3C) using a simplified mechanistic model that accounts for the

primary factors affecting the discrimination against '3C during photosynthesis (Egs. (2 and 3)).

813C atmosphere — §13C cellulose E (2)
(1+813C cellulose)/1000 q-

ABC =

Where ‘5'3C atmosphere’ is the isotopic composition from the well mixed atmospheric CO, (Belmecheri and Lavergne, 2020)

and ‘3'3C cellulose’ is the measured isotopic composition in cellulose from the tree rings, then A'*C expression is:
AB3C =a+(b—a)§ Eq. (3)

Where ‘a’ is the isotopic fractionation during CO, diffusion through stomata (~4.4%o), ‘b’ is the tissue-specific isotopic
fractionation associated with net fractionation caused by Rubisco and PEPC (phosphoenolpyruvate carboxylase) and post-
photosynthetic fractionation factors (Cernusak and Ubierna, 2022; Ubierna et al., 2022) integrated as (~25%o), and ‘ci/c.’ is
the ratio of intercellular to ambient CO, concentrations (data from (Belmecheri and Lavergne, 2020). The ci/c, ratio is
indicative of the relation between CO, supply to the leaves (via stomata) and CO, demand by photosynthesis in the chloroplast.

At a given water evaporative demand determined by VPD, the ci/c, ratio is linked to iWUE as follows (Egs. (4 and 5)):

ABC-a

G = ——— X¢C Eq. (4)
. _ A __ gsc*(Ca=Ci) _ Ca=Ci
iWUE = =~ == 85~ =2 Eq. (5)

Where ‘A’ is the assimilation rate, gs.*(ca-ci), and ‘gsc, gsw’ are the stomatal conductance of CO» and water (Ehleringer and
Cerling, 1995; Farquhar et al., 1982). The iWUE represents the efficiency of carbon gain per unit of potential water loss
determined by gs, and often varies with VPD, as higher VPD can lead to reduced stomatal conductance to minimize water loss

(Medlyn et al., 2017).
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2.4. Statistical methods

2.4.1. Post-hoc comparisons of forest stand and soil characteristics

Forest stand and soil characteristics were compared between ‘Dry’ and ‘Wet’ plots for each tree species. Pairwise
comparisons for each variable were performed using Bonferroni-adjusted post-hoc tests to account for multiple
comparisons, with significance set at p <0.05.

2.4.21. Detection of changes in the time series of regional- and site-level parameters

The time series derived from the NFI GI and site-level BAI, A*C, and iWUE chronologies were modelled using segmented

regression models (Muggeo, 2008) (Mugseo2008)

straetural-brealksin-a-segmented regression—medel-This segmented regression framework enables the estimation of distinct
temporal trends within different time series phases, thereby capturing shifts in the underlying dynamics. Starting from an

unsegmented linear trend model, Davies’s test (Davies, 2002){Bavies 2002} was applied iteratively to evaluate the significance

of additional structural breakpoints until no further significant breaks were detected. without statistically significant change

points were not further partitioned

deteeted. This twe-step-approach was applied individually-to each time-serieschronology, resulting in species- and variable-

specific breakpoint estimates.

For Norway spruce, breakpoint estimates for GI, BAI, and iWUE consistently clustered around 2016. In Scots pine, a

breakpoint around 2009 was identified for BAI, whereas no statistically supported breakpoint was detected for GI. To facilitate

consistent comparisons among soils, the 2009 breakpoint was therefore also applied to GI. Similarly, no statistically significant
breakpoint was detected for iWUE in Scots pine; therefore, the 2016 breakpoint identified for Norway spruce was applied to

ensure comparability among soils. These harmonised breakpoints (2009 and 2016) were subsequently used to evaluate whether

temporal slopes and estimated marginal means (EMMs) differed among species and soils during the pre- and post-breakpoint

periods (Tables S13-S18).

We distinguish between breakpoint-defined periods, whieh—were—based on species- and variable-specific change points

estimated from segmented regression, and the common pre-2016/post-2016 periods used in linear mixed-effects models

3

re-change’

LMMs) to facilitate direct comparisons of recent climate sensitivities between species. Accordingly, the terms

and ‘post-change’ refer specifically to breakpoint-defined periods, whereas ‘pre-2016” and ‘post-2016° refer to the common

comparative temporal split.
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2.4.32. Sensitivity of regional- and site-level parameters to environmental stressors

To evaluate the influence of the low and high frequency climate variability on inter-annual tree growth and physiology, we
used both the detrended and non-tdetrended NFI-based GI, tree-ring variables (BAI and A*C), and the monthly climate indices

(Ta, VPD, and SPEI). ). BAI and A"*C were analysed because tree growth and physiological regulation of carbon gain relative

to water loss may respond differently to climate variability and reflect different seasonal windows of sensitivity (Behnecheri

etal2048: Maxwell et al., 2020). Detrending was performed using the super smoother Friedman method implemented in the
dpIR package (Bunn, 2010). For each site and month, we then fitadjusted a simple linear model of the form of:
(variable (detrended and not) ~ Climate index (detrended and not)). We applied this simple linear model for all

combinations of sites, species, and_climate variables—menths including previous fall and extracted the coefficient of

determination (R?), slopes, and p-values from each model run.

Additionally, we used linear mixed-effects models (LMMs) to examine the sensitivity of tree growth and physiological
responses to SPEI and VPD. Ta was excluded from the models due to its high collinearity with VPD. The analysis was
conducted on BAI and A'*C chronologies, with monthly SPEI and VPD averaged across the grewing season-(-e5-May-June-

July (M1J)) period, which was chosen because it best captures the climatic conditions influencing the physiological processes

of the study species. Climate predictors and years were eenteredcentred before modelling to facilitate the interpretation of

changes in intercepts and differences in predictor effects, which correspond to interaction effects across periods. For
comparative analyses, a common breakpoint year (2016), identified from the segmented regression analysis (subsection 2.4.2),
was used to define pre-2016 (1990-2015) and post-2016 (2016-2023) periods for both species. A—eategorical-variable
representingpre-2015—and-pest-204This categorical period variable was included in the LMMs to test whether climate
sensitivity to SPEI and VPD differed between periods, potentially reflecting intensified water limitation after 2016.5-periods

through-changesin-meanvariance-and-trends{(subseetion 241 Models were fitted separately for Scots pine and Norway

spruce using the following structure:

Vi = Aperiod(i) T Bperiod() * SPEL; + Yperiodi) - VPDi + €siteqi) + €~ Eq. (6)

Where y; represents either BAI or A*C of the i’th observation, ey is a site-specific random intercept, and ¢; is a random
residual, which is assumed uncorrelated between observations. Because annual observations within a plot are temporally
dependent, we modelled within-plot residuals with a first-order autoregressive process, AR (1), indexed by year.- Tthis allows

residuals closer in time to be more correlated and improves precision of fixed-effect estimates under temporal dependence.
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Models were fitted using restricted maximum likelihood (REML). Parameters @period > Bperiods @0 Vperiod » fOr period €
{pre-20165,post-20165}, as well as the between-site variances of random effect e and the AR(1) parameters were estimated
using the Ime function of the R package nlme (Pinheiro et al., 1999).

400 To aid ecological interpretation, regression slopes were scaled relative to the observed variability of each response variable.

BAI ranged from 0.14 to 1.28 m? ha™! yr! (range = 1.14), and A3C from 16.5 to 22.3%o (range = 5.8%o). Effect sizes were

classified consistently for both variables as small (<10% of the observed range), moderate (10-50%), and large (>50%),

corresponding to slope thresholds of <0.11, 0.11-0.57, and >0.57 m* ha”! yr! for BAI and <0.58., 0.58-2.90, and >2.90%. for

ABC. These classes were used for interpretive purposes only and do not replace statistical inference.

405 3. Results

3.1 NFI-based tree growth patterns in southern Finland

Our analysis of the-NFI-based GI data for Scots pine and Norway spruce on both mineral and organic soils during—the

periodover 1990-2022 provides a regional overview ofa tree growth variability across
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Figure 2. National Forest Inventory (NFI) based tree growth patterns in southern Finland. Panels show
NFI-based standardized growth index (GI) for Scots pine (A) and Norway spruce (B) from 1990 to 2022 on
mineral (red) and organic (green) soils. The upper panels illustrate the annual variability in GI for each tree
species and soil type, with thin lines depicting the mean annual values, while thick lines showing the 10-year
smoothing splines to illustrate long-term trends. The lower panels show the number of trees used to derive
each annual GI estimate for each tree species and soil type.
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southern Finland (Figure 2). SpeeifieallysFor Scots pine, GI values were broadly similar between soil types -shows-consistent
Glvalues—on-both-settypes-during the-early—years—of-the-studyperiodthe pre-change period (1990-2008), as defined by

breakpoint analysis (see Section 3.3.). There were no significant differences between mineral and organic soils in either

temporal trends (Aslope = 0.61+0.56 yr !, p = 0.285) or mean growth levels (AEMM = —3.0+3.1, p = 0.292) (Tables S13-S14).

During the breakpoint-defined post-change period (2009-2022), GI declined on both soil types, with slightly stronger negative

trends on mineral soils (—1.46+0.62 yr-!) than on organic soils (—1.06+0.62 yr!), although this difference was not statistically
significant (Aslope = —0.40+0.87 yr!, p = 0.654) (Tables S13-S14). Mean GI was slightly higher on mineral soils during this

period, but the difference was weak and not statistically supported (AEMM = 6.0+3.5. p = 0.105), indicating limited divergence

between soil types in both growth trajectories and average growth levels.

Norway spruce showed positive and similar GI trends across soil types during the breakpoint-defined pre-change period (1990—

2015), with no evidence of soil-specific differences in either temporal dynamics (Aslope = —0.17+0.44 yr !, p = 0.704) or mean

growth levels (AEMM = 2.2+3.3, p = 0.502) (Tables S13-S14). In the breakpoint-defined post-change period (2016-2022), GI

declined sharply on both soil types, with more negative slopes on mineral soils (=9.71+2.20 yr~") than on organic soils

—5.87+2.20 yr 1), although this difference was not statistically significant (Aslope = —3.8443.11 yr'!. p = 0.245). Mean GI

following the breakpoint-defined post-change period, whereas soil-specific differences in both temporal trends and mean levels

remained weak and statistically non-significant. Decreasing sample sizes toward the end of the study period (Figure 2) ma

have increased uncertainty in late-period GI estimates, particularly because this reduction overlapped with the observed GI

decline and could affect estimates of recent growth variation. Nevertheless, In-eontrast—Nerwayspruce—exhibited-greater

do ead oro h 11 e e ound 0 Nors
d acky W a aroy oFrway

mineral-soils—the observed post-change trends remained robust and were supported by complementary evidence from site-

level BAI analyses (see section 3.2.)M

3.2. Site-level patterns in tree growth and iWUE

Sample plots in Scots pine sites on mineral soils exhibited contrasting topographical conditions. Us—with-upland dry plots
showeding significantly higher depth-to-water index (257+78 cm) and a greater proportion of rocks (55.3£3.0%) than the
lowland wet plots_(;-whieh-had-values-of-36+4 cm and 10.7+£6.1%, respectively). In contrast, plots in Norway spruce sites on

organic soils were characterized by distinct drainage systems, with wet plots showing significantly wider ditch spacing (65+16
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m) eempared—tothan dry plots (46+4 m). Despite these topographical and hydrological disparitiesdifferences, plot-level
measurements indicated revealedno significant differenees-variation in forest stand and-or soil characteristics between dry and

wet plots within each tree-species (Tables 1 and 2).

Table 1. Forest stand characteristics for Scots pine and Norway spruce sites under ‘Dry’ and ‘Wet’ conditions. Td: tree
density-{trees-ha™), DBH: diameter at breast height-{em), Ht: total tree height-{s), Hbc: tree crown base height-{s), BA: basal
area-(m>ha"), Age: mean stand age-(years). VThevalues arcrepresent-the mean =+ standard deviation. For each tree species
and variable, a Bonferroni-adjusted post hoc test was applied to compare differences in means between plots (p < 0.05). No
significant differences were identified between the ‘Dry’ and ‘Wet’ plots for any variable across tree species. n = 3 sites per
tree species and plot type.

Td DBH Ht Hbc BA Age
(trees ha™) (cm) (m) (m) (m?>ha!)  (years)
Dry 74381 19.1£3.8 16.14£3 9.4+2.8 25.1+44.6 81+12

Wet 860+139 21.344.6 19.243.5 12.2+3.4  36.348.2 74+31
Dry 785+296 21.744.3 19.3+£2.8 8.3+2.5 30.3+0.3 83436
Wet 8594292 22.5¢3.9  20.5£2.5 9.3£1.5 36.6+5.1 77+4

Tree species Plot

Scots pine

Norway spruce

Table 2. Soil characteristics at Scots pine and Norway spruce sites under ‘Dry’ and ‘Wet’ conditions. BD: soil bulk
density-{gem), C: carbon concentration{%), N: nitrogen concentration{%), C/N: carbon/nitrogen ratio, Ogeptn: topsoil organic
layer depth-tess), Vs: volume of stones up to 30 cm depth-(%>). Values are mean =+ standard deviation. Layer references: BD
C. N, C/N correspond to topsoil or mineral layers as appropriate. Odemh and Vs are reported for Scots pme only: soils are

orgamc w1th zero stones for Norway spruce

A Aten e h esentth 2 2 ation—For each tree spe01es and Varlable a Bonferrom-
adjusted post hoc test was apphed to compare dlfferences in means between plots (p <0.05). Vs differed significantly for Scots
pme whlle other variables showed no significant dlfferencesNeﬁgHéeaﬂtéﬁﬁePeneeH%denﬂﬁed—beN%en—ﬂ%Dﬁ;aﬂd
pm%,&s—md-}eated—byuérffefent—}ettees n = 3 sites per tree spec1es and plot type.

BD C N C/N Odepth Vs
(gem™) (%) (%) (cm) (%o):
Dry 0.73+0.07 4.65+2.39 0.16+£0.07  27.2+4.9 5.4+0.5 55.3£3.0°

Wet 0.74+0.04 2.53+0.92 0.11£0.04  23.6+1.0 7.4x1.7 10.7+6.1*
Norway spruce Dry 0.13+0.03 49.10+0.81 1.73+0.29  29.1£5.5 - -

Tree species Plot

Scots pine
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Wet  0.12+£0.03  49.30+1.23  1.79+0.14  27.7£2.2 - -

From the breakpoint-defined post-change period onward (2009-2023 for Scots pine; 2016-2023 for Norway spruce), BAI

showed contrasting trajectories between species and soil moisture conditions (Figure 3A-B). In Scots pine, BAI exhibited a

modest decline under dry conditions (—0.0082+0.0034 yr~!) and near-stable dynamics under wet conditions (—0.0003+0.0034

yr ! Table S15), with consistently lower mean growth in dry compared to wet conditions (AEMM = —0.24 m*>ha' yr'l. p <

0.001; Table S16). In contrast, Norway spruce showed a pronounced breakpoint-defined post-change reduction in BAI under

both moisture regimes (dry: —0.069+0.015 yr~!: wet: —0.061+0.015 yr'; Table S15), accompanied by a significant shift in

mean growth patterns, with higher BAI in dry than wet conditions (AEMM = 0.2114+0.047, p = 0.0007; Table S16). indicating

a decoupling between temporal decline and average growth levels.

Responses of iWUE contrasted between species responses over the same breakpoint-defined post-change periods (Figure 3C-

D). Specifically, Scots pine exhibited a stronger increase in iWUE under dry conditions (2.160+1.510 yr!), exceeding that

under wet conditions (1.400+1.510 yr'; Table S17). with consistently higher mean iWUE in dry relative to wet conditions

AEMM = 11.3+.9 umol mol!, p = 0.039; Table S18). This pattern suggests enhanced physiological regulation of water use

under increasing atmospheric demand and moisture limitation. In contrast, Norway spruce showed more moderate and less

consistent iIWUE responses, with non-significant differences in temporal trends between dry and wet conditions (0.889+0.509

and 1.28640.509 yr !, respectively; Table S17). Mean iWUE values were slightly lower under dry conditions (69.6+1.2 umol

mol!) than under wet conditions (72.6+1.2 umol mol "), although this difference was not statistically significant (AEMM =
—3.0 = 1.7 umol mol !, p = 0.090; Table S18).

Overall, these results indicate contrasting post-change growth—physiology relationships between species. Norway spruce

experienced a pronounced reduction in BAI under both moisture conditions, while showing only weak and variable changes
in iWUE. In contrast, Scots pine maintained relatively stable growth under wet conditions but exhibited increased iWUE under
dry conditions, suggesting a stronger physiological adjustment despite comparatively limited changes in growth. Temporal

variability among individual sites is reflected in the spread of site-level trends (Figures S15-S16)., but the overall patterns

remained consistent across the dataset.
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Figure 3. Trends in basal area increment (BAI) and intrinsic water use efficiency (iWUE) for Scots pine and
Norway spruce under ‘Dry’ and ‘Wet’ conditions during 1990-2022. Panels A-B) show values for BAI, while
panels C-D) show values for iWUE. Solid and orange lines display dry conditions, while dashed and blue lines
represent wet conditions. Shaded areas indicate the 90% confidence intervals around the smoothed lines using a 30-
year smoothing spline.
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3.3. Change-points in tree growth and iWUE over the study period

Segmented regression analysis-(Figure-4) revealed clear species-specific differences in both the presence and timing of change-
points (Figure 4; Table S19). that-mest-change-points—in-GLBAL-APC and iWUE occurred between2010-and 2015 In

Norway spruce, statistically significant breakpoints were detected for all examined variables (GI, BAI, A*C, and iWUE).

Although the exact timing varied slightly among variables and site conditions, most breakpoints clustered within a narrow
window between 2015 and 2017 (Table S19), indicating a coherent shift in both growth and physiological processes during

this period. In contrast,

mestnotable-in BAT butalsereflected-in NEl-based-Gldata—Scots pine alse-exhibitedshewed- significant breakpoints only for

BAI, which occurred earlier (primarily between 2007 and 2011) and varied among plots (Figure 4; Table S19). No consistent

or statistically supported change-points were detected for GI, A'*C, or iWUE, highlighting the absence of a coordinated shift

across variables in this species. For GI in both species, however, reduced sample size in recent years may increase uncertainty

in the precise timing and magnitude of detected breakpoints.

In Norway spruce, breakpoints were consistently associated with a shift from positive or stable pre-breakpoint trends to

negative post-breakpoint trends in GI, BAI and AC (Figure 4B, D, F; Table S19). The strongest and most consistent response

was observed in BAI indicating a substantial reduction in growth after 2016. Concurrent declines in GI and A3C further

suggest that growth reductions were accompanied by shifts in physiological functioning.

In Scots pine, the detected BAI breakpoints were associated with more moderate changes in slope, typically reflecting reduced

growth rates rather than abrupt declines (Figure 4C; Table S19). Other variables showed no significant change-points and were

characterized instead by gradual trends and interannual variability.

Despite these differences, both species exhibited similar temporal patterns inA-censistentpatterain A°C and iWUE was-the

synchronous-detection-of chanse-peints-around 20165, although statistically significant change-points were only identified in
Norway spruce. This suggests the influence of a common climatic signal affecting physiological processes, even where no
formal breakpoint was detected. However, the expression of this signal differed markedly between species-aeress-beth-speeies:

sponses—diverged: Scots pine showed increasing iWUE with only modest growth

ar tha magn
er—the—Mmagr

reductions, whereas Norway spruce exhibited only modest iWUE adjustments despite pronounced post-2016 growth

reductionsS

Breakpoint analysis indicated a consistent clustering of change points around 2016 across multiple variables in Norway spruce

(Table S19). This year was therefore used as a common reference point in subsequent LMMs to characterise post-change

dynamics (2016-2023) and facilitate comparisons between species. In Scots pine, an earlier breakpoint (2009) was identified

for BAIL whereas no consistent change points were detected across GI, A*C, or iWUE. Consequently, this earlier signal was
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540 not used to define a common temporal partition for interspecific comparisons within the LMM framework. Instead, the 2016

reference point was retained for both species to ensure comparability in assessing post-change temporal responses.
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Figure 4. Change--points in tree growth and water use over the study period 1990-20232. Panels show the
time series for A-B) standardized Growth Index (GI) from the Finnish National Forest Inventory (NFI), C-D) basal
area increment (BAI), E-F), carbon isotope discrimination (A'*C), and G-H) intrinsic water-use efficiency (iWUE)
for Scots pine (left panels) and Norway spruce (right panels). Within each panel, the grey lines represent time
series in which with-no statistically significant detected change points were detected. In contrast, the-coloured lines
and-dashed-ines-highlightindicate time series with one or more detected change pointsin-whieh-the, while dashed
lines show the corresponding -segmented regression model fitsmethod-detected-one-ormorechange points. Below
each time-series panel, density -is-a-density-plots illustrateing the temporal distribution of estimated change points
across all time-series asever-the probability density function (PDFs). The y-axis differs between-among plots
because the-PDFs areis normalized, whereas peak density values reflect the clustering of butthe-maximum-density
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3.4. Environmental influence on tree growth and carbon isotope discrimination

Linear regression analysis (Figure 5) illustrates how 3-month seasonal means of key climate variables,-inelading Ta, SPEI,
and VPD, relate to tree-ring characteristics and NFI-based Gls. Among these, water availability (SPEI) and atmospheric
demand (VPD) emerged as the strongest influential drivers. Ta showed similar temporal patterns to VPD, suggesting its effects
are mediated through increased evaporative demand.

At the site-level, A'*C showed the strongest relationships with climatic variables during July-August, when low SPEI and high
VPD coincided with reduced carbon isotope discrimination (Figure 5 A-C). These patterns suggest that intensified summer
water stress induces greater stomatal closure, particularly in Scots pine, leading to lower A!*C values. Ta exerted a weaker but
occasionally notable influence on A3C, due to its indirect role in increasing VPD. This indicates that high summer Ta can
further exacerbate water stress, most noticeably in Scots pine sites. In contrast, BAI but especially NFI-based GI exhibited

weaker correlations with moisture and temperature variables compared to A'3C (Figure 5 D-I).
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Figure 5. Heatmaps showing the strength and significance of relationships between climate variables and tree
growth and physiological indicators across different sites and seasonal windows (3-month periods). Panels
illustrate the relationships between Ta, SPEI, and VPD with A*C (A-C), BAI (D-F), and regionally NFI-based GI (G-
I). In all panels, the x-axes represent the 3-month periods from September of previous year to November to the current
growth year, while the y-axes show site-level chronologies for Scots pine and Norway spruce (panels A-F), as well as
regional chronologies (panels G-I). Colour shading represents the coefficient of determination (R?) from simple linear
regressions, ranging from white (low R?) to red (high R?). Positive (+) and negative (-) signs indicate the direction and
statistical significance of the relationship (p < 0.05). All analyses shown in this figure were conducted on non-detrended

data.
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BAI in Scots pine shows minimal changes in intercepts across periods (Table 3). Growth sensitivities-te-SPE} remain close to
zero for SPEI (small effects) and are negative for VPD (moderate effects; Figure 6Aa, Table 4). In contrast, A'*C shows clearer
and more consistent climate signals, with positive responses to SPEI and negative responses to VPD with-pesitive SPELslepes;
and-negative slopesrelated-to-VPD-effect-on-AC(Figure 6Bb), with -shewingno significant differences between periods

(Table 3). In terms of effect size, VPD exerts large negative effects on A’C, while SPEI effects remain small (Table 4).

Together, these results indicate that althoughwhile growth responses in Scots pine remain limited-by—water, the isotopic
sensitivity to moisture stress has persisted in the post-20162645 period.

In Norway spruce, significant changes in intercepts across-periodssupports-theindicate different baselines in BAI and A*C
between periods (Figure 4, -and-Table 3). VPD emerges as a clear constraint on BAI after 20165 (Figure 6Ce), with moderate

negative effects, whereas although-during-the-pre-2045-2016 slope the-VPDB-slepe-is not significantly different from zero and
the difference between periods shews-te-beis marginally significant (Table 3. Table 4). SPEI effects on BAI are small, despite
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a is—statistically significantly negative slope before in—pre-20165 that weakens thereafterand-deereases
significantly-after 2015 (Figure 6Ce,and Table 3, Table 4). For A*C, sensitivities to both VPD and SPEI show no significant

differences between periods; in effect-size terms, VPD responses shift from moderate pre-2016 to small post-2016, while SPEI

effects remain small (Table 4)Additionally, Nerway-spruee AC, sensitivity to VPD and SPEL show-ne-signifieant differences
Babreropponeds,

Under the May-July climate window, climate sensitivity of Norway spruce BAI becomes more pronounced after 2016.

indicating enhanced growth limitation.S

- In contrast, Scots pine A'3C shows more prominent
and consistent climate sensitivity than Norway spruce-AC;, with large responses to VPD and small responses to SPEIwith

pesitiveresponses-to-SPEland negative responsesto-VPD-, while Scots pine BAl-hewewver; remains comparatively buffered
from climatic trendsvariability (Table 4).

Table 3. Pre- and post-2015-2016 changes in the sensitivity of the basal area increment (BAI) and carbon isotope
discrimination (A3C) to climate variables for Scots pine and Norway spruce. Changes in model-estimated parameters for
the Standardized Precipitation-Evapotranspiration Index (SPEI, ) and vapor pressure deficit (VPD, v) for the period May-
July (M1J) based on model runs described in Eq. (6) (p < 0.001 "***"_0.01 "**" 0.05,"*", 0.1 ".").

BAI ABC
Species Parameter estimate p estimate p
Xpre 0.446 Hh 19.357 ok
p Apost — Lpre 0.020 0.489 0.194 0.140
& Bore 0.004 0.645 0.262 ok
g Boos = Bwe 0032 0.144 0.289 .
2 Vore -0.447 kil -4.527 ok
Vpost — Yore 0.086 0.594 -0.363 0.753
. Upre 0.586 o 20.225 ok
S Tpost — Apre 0.033 0.520 0.455 **
7 Bore -0.035 o 0.134 o
g Booss = Bore  -0.052 . 0.094 0.401
5 Yore 0227  0.166 -1.922 ok
“ Vpost — Yore -0.232 0.310 1.356 0.105

Table 4. Climate sensitivity of basal area increment (BAI) and carbon isotope discrimination (A'3C) for Scots pine and
Norway spruce before and after 2016. Slopes are derived from linear mixed-effects models for atmospheric vapor pressure
deficit (VPD) and the Standardized Precipitation—Evapotranspiration Index (SPEI). Effect-size classes (small, moderate, large)
are defined relative to observed variability (BAI: 0.14—1.28 m? ha ! yr!; A3C: 16.5-22.3%0) and represent the proportional
contribution of each slope to the total observed range of variability per unit climate forcing. BAI slope = m? ha™! yr! per unit
and AC slope = %o per unit.

25



. . Climatic BAI APC
Species Period driver BAI slope effectsize A13C slope effectsize
Scots pine Pre-2016 VPD -0.447 Moderate -4.527 Large
Scots pine Post- 2016 VPD -0.361 Moderate -4.890 Large
Scots pine Pre-2016 SPEI 0.004 Small 0.262 Small
Scots pine Post-2016 SPEI -0.028 Small 0.551 Small
Norway Pre-2016 VPD -0.227 Moderate -1.922 Moderate
Norway Post-2016 VPD -0.459 Moderate -0.566 Small
Norway Pre-2016 SPEI -0.035 Small 0.134 Small
Norway Post-2016 SPEI -0.087 Small 0.228 Small
BAI BAI ABC ABC
Species Parameter estimate p estimate p
e 0.435 ool 19.391 ool
g apos[ - apre 0.055 B ‘0.016 0.8 7
'8 Bore 0.002 0.787 0.266 e
g Brost = Bore -0.018 0.363 0.109 0.479
2 Yore -0.456 il -4.956 el
Vpost — Ypre 0.127 0.434 0.521 0.659
o Apre 0.518 ool 20.167 ool
§ Qpost — Apye 0.162 olulol 0.594 ool
2 Bore -0.034 *k 0.135 ok
: Boost = Bore -0.058 o 0.060 0.562
S Vpre -0.100 0.529 -1.438 wE
- Vpost — Vpre -0.385 . 0.795 0.340
Spesie Parameter estimate P estimate Ja
o 0435 Ek% 19391 Xk
Yore 0456 Ek% 4956 Xk
o 0518 Ek% 20167 Xk

605
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4. Discussion

In this study, we used-combined regional GI estimates from the NFI and-with site-level tree-ring analyses en-of BAI and A'*C
to evaluate how Scots pine and Norway spruce respond to intensifying water stress across mineral and organic soils under

contrasting water-availability conditions in southern Finland. Both species showed growth reductions during their breakpoint-

defined post-change periods, but the magnitude and physiological context differed-Aeross-the-breakpeint-defined post-change

Norway spruce showed particularly strong post-change declines in GI and BAI across both soil types, whereas Scots pine

exhibited comparatively smaller growth reductions and maintained relatively stable growth under wet conditions. In contrast,

Scots pine displayed a stronger increase in iWUE under dry conditions, while Norway spruce showed weaker and less

consistent iWUE responses despite substantial growth decline. »

~These contrasting growth-physiology relationships respenses

suggest species-specific differences in adjustment to between-these-two-speeies—te-ongoing shifts in increasing atmospheric
moisture demand (Figure 1), with -have-signifieantimportant implications for future boreal forest dynamics, particularly in

drought-prone environments such as southern Finland-(Figure1). -Rising atmospheric dryness can induce considerable stress
on boreal trees by s-primariy-threugh-increasinged evaporative demand and- reducing water availability, thereby constraining
carbon uptake and growththe-potential-for-greater—waterloss (Adams et al., 2017; Frank et al., 2015). FhusConsequently,
species-specific differences in physiological regulation and growth sensitivity are likely to influencethe-ability-of different

speeies-to-cope-with-water limitations-will-likely-determine-their future forest dynamicsgrowth, survival-competitive sueeess
interactions, and adaptive forest management strategies under ongoing climate change (Levesque et al., 2013).

-Soil-related differences in post-change responses were generally modest at the regional scale, with mineral and organic soils
showing similar temporal trends and mean levels in GI (Figure 2). Nevertheless, directional differences were apparent, with

Scots pine tending to maintain higher GI on mineral soils, whereas Norway spruce showed slightly higher GI on organic soils

during the breakpoint-defined post-change period. Site-level analyses revealed additional contrasts associated with local

moisture conditions, particularly in mean BAI and iWUE (Figure 3), although these patterns were not always statistically

strong. Scots pine tended to exhibit stronger growth reductions on dry upland sites, while also showing increased iWUE,

suggesting enhanced physiological adjustment under increasing water limitation. In contrast, Norway spruce showed consistent

but non-significant tendencies toward stronger growth reductions on dry sites and generally higher mean BAI on dry rather

than wet poorly drained sites, indicating reduced growth under wetter conditions. Its iWUE responses were weaker and not

statistically significant across moisture conditions, suggesting limited or inconsistent physiological adjustment. These patterns

indicate that local hydrological conditions may exert a stronger control on growth and physiological responses than broad

mineral-versus-organic soil classifications alone.
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640 i i i i i —FTogether, the results highlight hese-divergentpatterns-indicate-that
future forest vulnerability under climate change will likely depend on the interaction between species-specific drought
sensitivity and spatial heterogeneity in soil water availabilitybe-shaped-not-only-by-species—speeifie physiological sensitivities
butalse-by-the-spatialheterogeneity-ofsoil- types-across the boreal landscape in southern Finland.

4.1. Environmental drivers on recent growth declines

645 The NFI data show a clear decline in GIs for both Scots pine and Norway spruce over the most recent decade (Henttonen et
al., 2024) (Figure 2). These records are consistent with our independent records from plot-based growth measurements (Figure
S2). The fact that both species show growth declines across mineral and organic soils suggests that broader environmental
factors are driving these observed growth patterns.
According to our observations, increased VPD is a significant driver of the recent growth decline observed in Norway spruce

650 in southern Finland. Based on site-level data, Scots pine showed a slight decrease in growth in dry conditions during the last
decade. However, in both dry and wet conditions, growth variability was accompanied by a steep increase in iWUE (Figure
3). The large AC-VPD slopes observed for Scots pine (= —4.5 to —4.9%o per unit VPD) further indicate that atmospheric

drought exerts a dominant control on stomatal regulation. Given the observed A'3C range (16.5-22.3%o). variability in VPD

can account for a substantial fraction of total isotopic variation, highlighting strong physiological sensitivity to evaporative

655 demand. Despite this pronounced isotopic response, growth reductions in Scots pine remained moderate, suggesting a partial

decoupling between stomatal regulation and carbon accumulation.

In contrast, Norway spruce exhibited a substantial decline in growth in both dry and wet conditions, ——eur—study—sites;
especially after 20165, alongside with-a—ratherrelatively lensterm-stable iIWUE. This likely reflects related-te—the-lower

stomatal sensitivity; characteristic to-of the-this species (Ewers et al., 2001; Oren et al., 1999). Importantly, correlation analyses

660 indicate that No

rway spruce growth is not only sensitive to current-year VPD, but also shows stronger lagged and seasonal responses to VPD,

particularly in previous-year autumn conditions. This sensitivity is consistent with documented carryover effects in spruce

growth (Bouriaud and Popa, 2009){Refs), whereby structural carbohydrate dynamics and storage of assimilates link current

growth to climatic conditions in previous years. In particular, autumn carbon allocation and subsequent spring depletion of

665 stored reserves can mediate delayed responses to climatic stress such as elevated VPD. Consistently, growth responses in this

species became more strongly constrained after 2016, while A'>*C—climate relationships did not show comparably strong shifts

between periods, indicating a divergence between physiological response and growth limitation. This pattern points to an

increasing role of cumulative stress effects or non-stomatal limitations (e.g., carbon allocation or hydraulic constraints) in

controlling growth.

670 Declining SPEI values-and increasing VPD intensify physiological stress by exerting additional pressure from drier soils and

a heightened atmospheric moisture demand (Allen et al., 2010, 2015; Williams et al., 2013). This process accelerates soil
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moisture depletion and increases drought severity (Novick et al., 2016). However, across both species, SPEI exerted

consistently negligible effects relative to VPD. underscoring the dominant role of atmospheric dryness over soil moisture

variability in shaping both growth and physiological responses. The impact of these processes is evident in the responses

documented in Scots pine and Norway spruce (Figure 6). Norway spruce showed a notable decline in growth, particularly after
20165, and was more severely impacted by rising VPD, likely due to -—Fthisrespense-istikelyattributed-to-its physiological

characteristics and adaptation to colder, more humid conditions;+esultingin-asharp-deeline-ingrowth-dueto-inereasing water
stress (Lagergren and Lindroth, 2002; Levesque et al., 2013; Pichler and Oberhuber, 2007; Thum et al., 2008).

Overall, our results align with broader trends observed not only in boreal forests across Fennoscandia (Henttonen et al., 2024;
Junttila et al., 2024; Laudon et al., 2024), but also throughout Europe (Knutzen et al., 2025; Romer et al., 2025), where soil
water limitation and increasing VPD have been linked to increased tree mortality and growth declines (Adams et al., 2017;

Grossiord et al., 2020). Recent studies further indicate that the current degree of atmospheric drying is unprecedented compared

to the last 400 years E

unprecedented-(Treydte et al., 2023), making these observations a regional, emerging problem that is largely driven by ongoing
climate change. This intensification of water stress not only heightens the vulnerability of these forest ecosystems but also

poses a severe threat to tree species with limited adaptability to arid conditions (IPCC, 2023).

4.2. AB3C reveals tree responses to environmental stress

AThe-analysis of A3C in tree rings has beea-shown that ite offers valuable insights into the physiological adjustments of trees
in response to environmental stress (Brooks et al., 1998; McDowell et al., 2003). A*C reflects the ratio of intercellular to
atmospheric CO; concentrations, which in turn is influenced by stomatal conductance and photosynthetic rate (Farquhar et al.,
1982). Under water-limited conditions, trees close their stomata to conserve water, but stomatal regulation can vary among
species, resulting in interspecies discrepancies in reduced stomatal conductance and limited CO; uptake. This water-carbon
balance, in turn, leads to changes in the A'3C values fixed within the tree ring (Barbour and Farquhar, 2000; Francey and
Farquhar, 1982).

Moreover, the observed changes in A'*C values are indicative of adjustments in iWUE-(Ehleringeret-al51993) and carbon

assimilation under variable water availability (Ehleringer et al., 1993). [An-increases in iWUE suggests that trees optimize

water use by regulating stomatal aperture to balance water loss with carbon gain (Walker et al., 2020). The strong linear
relationship found between A'3C and moisture-related climate variables, even when using detrended time series, suggests that
trees respond physiologically to the interannual variations in water availability and not only to the long-term trends (Figure 5
and S17-S18).

Although detrended BAI and GI data may not show strong correlations with climate variables due to different limiting factors
affecting growth (Cabon et al., 2020; Cuny et al., 2015), the physiological responses captured by A'3C provide evidence of
water stress impacting the long-term growth trends (Figures 4, 5, and 6). This observation highlights an apparent contradiction,

where growth data alone may under detect the impacts of water--related physiological stress, emphasizing the importance of
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integrating physiological indicators (such as A'*C) with growth measurements to achieve a more comprehensive understanding
of tree responses.

Moreover, our findings align with those of McDowell et al. (2010), who demonstrated that drought-induced mortality was
related to a significant decline in growth alongside low iWUE sensitivity to water limitation. Here, ‘iWUE sensitivity’ refers
to the magnitude of the temporal trend or slope in iWUE, where a significant sensitivity indicates a steep trend, and a low
sensitivity indicates a nearly flat slope (Figure 3D). McDowell et al. (2010) observed that surviving trees experiencing water
stress exhibited increased stomatal closure, leading to reduced carbon assimilation and growth, and predisposing them to higher
mortality risk. However, trees that died showed a larger growth decline but lower sensitivity in iWUE. Consequently, a sharp
decline in growth coupled with relatively constant iWUE, as observed in Norway spruce relative to Scots pine, suggests that
Norway spruce has lower stomatal regulation (i.e., a low water regulation buffer) during periods of increasing water demand.
The corresponding abrupt decline in growth is consistent with the dual pattern of growth and A'*C observed elsewhere
(McDowell et al., 2010; Wang et al., 2021), suggesting that Norway spruce may be experiencing similar physiological stress
that could increase its vulnerability to mortality under continued water-limiting conditions.

Norway spruce showed more stable A'*C values over time than Scots pine, with the latter showing declining values in dry
conditions, indicating consistent stomatal regulation to buffer water loss. Moreover, the observed stability in Scots pine growth
suggests an effective water-use strategy, enabling it to sustain growth under a long trend of declining water availability, thus
avoiding abrupt changes in secondary growth. The findings indicate that Scots pine shows resilience to water limitations,
maintaining growth and carbon assimilation (as seen in BAI and GI) while regulating water loss through increased iWUE.
The variations in both A*C and iWUE of the two species underscore their divergent strategies for coping with increasing water
limitations. The use of A*C as a physiological indicator helps-te our understanding of how trees respond to climatic variability
from a mechanistic angle. The value of A'3C in interpreting tree responses to environmental stress has been demonstrated in

previous studies (Brooks et al., 1998; Saurer et al., 2014), reinforcing its applicability in the present research.

4.3. Species and soil influences on tree water stress and forest management implications

Norway spruce showed stronger growth sensitivity and weaker iWUE response than Scots pine under increasing water
limitation in southern Finland, highlighting important considerations for the management of these tree species in this boreal

region. However, species responses also varied with site conditions, indicating that soil-water interactions modulate drought

impacts_at finer spatial scalesH

At the regional scale, both species showed weak and non-significant tendencies toward stronger breakpoint-defined post-

change growth declines on mineral soils compared with organic soils, likely reflecting lower soil water availability and reduced

water retention capacity during dry periods (Launiainen et al., 2022)Refs}. Despite this, mean GI patterns differed between

species, with Scots pine tending to maintain slightly higher values on mineral soils and Norway spruce on organic soils.
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Together, these results suggest that broad mineral-versus-organic soil classifications exert only a limited influence on recent

growth dynamics relative to species identity and local hydrological conditions.

For -Speeifieally-Scots pine, -the tendency toward slightly lower Gl experienced-greatergrowth-reduetions-on organic soils

may reflect hydrological constraints despite their generally high water-holding capacity. During dry periods, organic soils can

experience reduced hydraulic connectivity due to surface drying and the formation of hydrophobic layers, which limit

infiltration and root water uptake

water-(Doerr et al., 2000; Hokka et al., 2025). These processes may constrain access to near-surface water and potentially

contribute to reduced growth under drought conditions. In contrast, Norway spruce exhibited slightly higher mean GI on

organic soils, whereas mineral soils may expose the species to more frequent short-term water deficits due to lower water

storage capacity. This vulnerability may be further exacerbated by the relatively shallow rooting system of spruce under

stressful conditions, limiting access to deeper soil moisture m

sites;inereasingits-vilnerabilityto-summer-drought-(Kalliokoski et al., 2008; Puhe, 2003). Overall, these findings suggest that

soil type alone does not exert a dominant control on post-change growth dynamiessbutdynamics but instead may interact with

species-specific traits and local hydrological conditions to modulate drought sensitivity. Thisese—findings highlights the
importance of integrating need—forforest—management—strategies—that—ceonsider—both species-specific physielogical
traitscharacteristics and edaphie—fine-scale site conditions when assessing drought risk and planning-developing adaptive
sitvienltaral-interventionsforest management strategies.

Focusing on contrasting soil moisture conditions—upland ;speeifieally;towland-versus lowland upland-positions on mineral
soils for Scots pine; and poorly versus well-drained organic soils for Norway spruce——we—found-that-botheach species
exhibited showed weak and non-significant tendencies toward stronger growth declines under drier site conditionsed-site-

dependentresponses-to-waterlimitation, likely due to lower soil water availability. However, clearer differences emerged in

mean responses (EMMs), particularly for Scots pine. ~Scots pine growing oin dry upland mineral soils exhibited lowerredueed

BAI but a-notablye-inerease-in higher iWUE during the breakpoint-defined post-change period, indicating a physiological shift

toward tighter stomatal control under greater water stress. Conversely, Scots pine on wetter lowland mineral soils displayed
higher BAI and but-lower ess-pronouneed-inereases—n-1WUE, consistent with refleeting-more favourable water-availability
that-suppertsproduetivitygrowing conditions and reduced need for physiological water conservation-but—-with-lessstomatal
regulationunder-drought-stress. These divergent patterns underscore the critical role of soil moisture regimes in mediating

species responses to water limitation (Bose et al., 2020; Green et al., 2019). From a forest management perspective, upland

Scots pine forest-stands may benefit from interventions such as reducing stand density, enhancing structural diversity through

varied tree ages, -and-sizes, and rooting depths, or promoting mixed-species composition to alleviate water stress and enhance

resilience (Aldea et al., 2024; Hanby et al., 2025; Pardos et al., 2021). In contrast, lowland ferest-stands could be managed to
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optimize growth while closely monitoring soil moisture conditions for emerging drought risks. Integrating these spatially
explicit strategies will be essential for sustaining Scots pine ferest-productivity and stability under intensifying climate change
in southern Finland.-

Norway spruce growing erewing—on beth-wel—and-poorly--drained organic soils showed lower BAI during the breakpoint-

defined post-change period compared with well-drained conditions, indicating reduced growth under saturated soil conditions.

Prolonged waterlogging in these soils, where roots tend to remain shallow to avoid anoxic layers, likely limited oxygen

availability and impaired root functioning, nutrient uptake, and access to deeper water reserves, thereby increasing

vulnerability to subsequent dry periods (Lampela et al., 2023)(Refs).. Consistently, trees on both soil-moisture types showed

marked-deehines-in-growth-coupled-with-only modest increases in iWUE, highlighting a limited physiological capacity ability

to cope with intensified water stress. Consequently, current forest management approaches in drained organic soils of southern

Finland, where spruce-dominated stands are widely favoured,

prone-peatland-areas-of southern Finland-may need-require to-bereconsiderationed. Promoting eeniferens-mixed _coniferous -
speetes-stands could enhance ecosystem resilience, while management strategies that aimed-atreduceing drainage intensity

and promote greater #ereasing-water retention in peat soils may help buffer trees against mitigate-drought impacts (Hokké et
al., 2025; Pardos et al., 2021). Further, t—is—also—imperative—te—explore—practical adjustments to silvicultural regimes

managementpraetices—in drained erganieseHspeatlands, such as modifying ineluding—adjusting-thinning regimes and/or
adopting premeting-alternative final--harvesting methods_including ;sueh-as-continuous-cover forestry, could te-reduce intra-

stand competition for water by maintaining heterogeneous stand structures and lower peak resource demand compared to even-

aged systems (A. Lehtonen, Eyvindson et al., 2023; Leppa, Hokka, et al., 2020; Leppa, Korkiakoski, et al., 2020; Tikkasalo et
al., 2023). Additionally;mModifying drainage systems through measures like block ditching and/or partial rewetting may also
improve ean-enhaneesoil water storage (Laine et al., 2011), while continuous monitoring of soil conditions is critical to inform

adaptive silvicultural decisions_under variable hydrological regimes (Mékipéa et al., 2024). Collectively, tFhese strategies

approaches-coHeetively-offer promising pathways to improve tree performance and long-term ecosystem stability in drained
organic soils as climate-induced water stress intensifiesunder-changing hydrological-conditions.

5. Conclusions

Our findings demonstrate that forests in southern Finland are increasingly affected by water limitations, particularly during

ever-the most recentpast decade. Norway spruce showed a more pronounced reduction in growth following the post-2016

perioda-marked-post-2015-deecline-ingrowth, while Scots pine exhibited smaller and more gradual enly-minergrowth declines
reduetions—beginning around 200948. In parallel, iWUE increased more steeply in Scots pine than in Norway spruce,

suggesting a weaker physiological adjustment in spruce and reinforcing its greater vulnerability to rising water limitation and

prolonged drought stress.
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-Interannual variability in both growth and iWUE was generally consistent with eloselyfolewed-changes in SPEI and VPD,

highlighting the pivotal role of water limitation in driving-shaping recent growth and physiological responses-and-growth

declines. Linear mixed-effects models further confirmed that species-specific sensitivity to these hydroclimatic drivers

differed, with Norway spruce showing stronger growth reductions particularly under increasing atmospheric water demand

(VPD), while Scots pine appeared more buffered in growth and exhibited stronger increases in iWUE.

Tree responses to increasing water limitation were primarily structured by species, with weaker modulation by soil type and

site-level moisture conditions. Across variables, soil-related differences were generally more apparent in mean values than in

temporal trends. Breakpoint-defined post-change period declines in GI tended to be stronger on mineral soils for both species,

although not significantly, while mean GI showed weak contrasting patterns, with Scots pine somewhat higher on mineral

soils and Norway spruce on organic soils. At the site level, moisture effects were more pronounced: both species tended toward

stronger growth declines under dry conditions, but Scots pine maintained higher mean BAI on wet plots, whereas Norway

spruce showed higher mean BAI on dry plots, indicating reduced growth under poorly drained conditions. Patterns in iWUE

further emphasized species contrasts, with Scots pine showing higher iWUE under dry conditions and Norway spruce

displaying weak and non-significant responses across moisture regimes.Einearmixed-effects-modelsfurther confirmapest-

Taken together, our findings highlight that boreal forest responses to increasing water limitation are primarily structured by
species-specific physiological strategies, while being modulated by local hydrological conditions.have-impeortantimplications
fer—befeai—fefest—maﬂagemem-lméer—ehﬁka{%ehaﬂg% Accountlng for {ﬁ%egfaﬂﬂg—both species_differences and fine-scale

variation in soil moisture conditions

adaptive forest management strategies will be essential for maintaining te—suppert—thetong—termforest productivity and

resilience and-productivity-in-berealforestsfacing-under increasingly warm-and water-limited climatic conditions in northern
Europee.

33



835

840

845

850

855

Appendix A: Uncertainty of regional growth indices and its implications on results

Growth indices (GI) were estimated based on tree-ring increment cores collected on Finnish NFI sample plots using linear

mixed-effects models (Eq. Al).

10g(gpic) = @ + v + -+ @y + by + €y Eq. (Al)

where g, is the basal area increment measured in the year t from the core of tree i on NFI sample plot p, a is the intercept

term of the model, a,, and b; are random plot and tree effects, respectively, and the residuals €, are assume to follow an

AR(1) temporal autocorrelation structure. The dots (:--) represent model terms that are expected to explain within-year growth

variability, including the impact of age, basal area and relative position of tree i, as well as site fertility class and average

temperature sum at the location of plot p. Thus, terms y, are expected to capture the annual variation in log-transformed

increments attributable to environmental factors such as climate variability.

The annual GI for year t was defined as:

I, =100 exp(y’,) Eq. (A2)

where y'; = y, — y.and y is the average of all y,’s.

In linear models with categorical predictors, such as year t (treated as a categorical rather than continuous variable) in this

case, all parameters are not identifiable. This is conventionally handled by fixing the effect associated to one of the classes to

zero. In this case, ¥, was fixed to zero for the reference year 2022. Selection of reference year has no impact on the estimated

GI values, but it must be taken into account when estimating its sampling variance, as explained below.

For simplicity, let us denote the years included in the model by t = 1,2, ..., T. As a result of fitting the linear mixed model, we

obtained the estimates ¥ = [#1 72 + Pr-1]" (7 = 0.not included) and their covariance matrix X.
Since
y=01 72 VT]T = Ay,
where
’1 1 1 17
T T
1 1
i 1-=
T T
Argar-n =| )
1 1
i 1-=
T
1 1 1
LT T |

the variance-covariance matrix of ¥’ is

¥ = AXAT.

The non-linear transformation (Eq. A2) was handled with a Monte Carlo approach:
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e 1000 realizations of parameter vector y' were simulated from the multivariate normal distribution with mean vector

860 ¥'_and covariance matrix ¥,

o the transformation was applied to each simulated y;: I{ = 100 exp(y{), and

®  95% confidence interval was constructed from the 0.025- and 0.975-quantiles of the 1000 simulated values of /.

The GIs and their 95% confidence intervals were estimated by tree species (Scots pine and Norway spruce) and soil type

(mineral and organic; Figure Al). Although the standard errors of GIs are relatively large on organic soils, especially for

865 Norway spruce, and increase towards the end of the series due to the decreasing sample size (Figure 2), interannual variability

in them is estimated with relatively high precision (Fig. A2 left). This is explained by the strong positive error correlations of

the estimate for subsequent years (Table Al) resulting from the tree-level random effects (the core from one tree contributes

to several years’ GIs).
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870 Figure Al. NFI-based standardized growth index (GI) for Scots pine and Norway spruce from 1999 to 2022 on mineral and
organic soils (cf. Figure 2). Error bars represent the 95% confidence intervals depicting the uncertainty due to NFI sampling.
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Figure A2. Left: Ten realisations of GI series for Norway spruce on organic soils, simulated from the distribution determined
by the NFI sampling variance and correlations of the GI estimates. Right: Relative frequencies of all break points of segmented
regression models fitted to the 1000 simulations from the uncertainty distribution of GIs for spruce on organic soils.

Table Al. Correlation matrix of sampling errors of the GI estimates for Norway spruce on organic soils for the period 2015—
2022.

YEAR 2015 2016 2017 2018 2019 2020 2021 2022
2015 10 07 06 04 03 01 01 00
2016 07 10 07 05 04 03 02 0l
2017 06 07 10 07 05 03 02 0l
2018 04 05 07 10 07 04 03 02
2019 03 04 05 07 10 07 04 03
2020 01 03 03 04 07 10 07 04
2021 01 02 02 03 04 07 10 06
2022 00 01 01 02 03 04 06 10

The effects of GI uncertainty on breakpoint detection (Figure 4A-B) were assessed by fitting the segmented regression models

to each simulated GI series in the same way as to the estimated GIs (section 2.4.2). For Scots pine, a significant breakpoint

was detected in only 9 out of 1000 simulations on mineral soils and in 30% of simulations on organic soils. For Norway spruce

all simulations showed at least one significant breakpoint on mineral soils, whereas on organic soils one or two breakpoints

were identified in 45% of simulations, and none in 10% (Fig. A2 right).

Confidence intervals for segmented regression predictions (Figure A3) were constructed from the 0.025- and 0.975-quantiles

of the pointwise predictions over the 1000 models based on the 1000 simulated GI series. For spruce on organic soils, the slope

was positive in 98% of simulations in 2015, 66% in 2016, and 18% in 2017.
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