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Abstract: In Northern Europe, an increase in heterogeneity of summer precipitation regime will
subject forests to water deficit and drought. This is particularly topical for Norway spruce (Picea abies
Karst.), which is a drought sensitive, yet economically important species. Nevertheless, local popula-
tions still might be highly plastic and tolerant, supporting their commercial application. Accordingly,
the tolerance of Norway spruce seedlings from an Eastern Baltic provenance (western part of Latvia)
to artificial drought according to soil type was assessed in a shelter experiment. To simulate drought,
seedlings were subjected to reduced amounts (0%, 25%, 50%, 75%, and 100%) of naturally occurring
precipitation (irrigation intensity). Three soil types (oligotrophic mineral, mesotrophic mineral,
and peat) were tested. Seedling height, chlorophyll a concentration, and fluorescence parameters
were measured. Both growth and photochemical reactions were affected by the irrigation intensity,
the effect of which experienced an interacted with soil type, implying complex controls of drought
sensitivity. Seedlings were more sensitive to irrigation intensity on mesotrophic mineral soil, as sug-
gested by growth and photosynthetic activity. However, the responses were nonlinear, as the highest
performance (growth and fluorescence parameters) of seedlings occurred in response to intermediate
drought. On peat soil, which had the highest water-bearing capacity, an inverse response to irrigation
intensity was observed. In general, fluorescence parameters were more sensitive and showed more
immediate reaction to soil water deficit than concentration of chlorophyll on mesotrophic mineral and
peat soils, while the latter was a better indicator of seedling performance on oligotrophic soil. This
indicated considerable plastic acclimation and hence tolerance of seedlings from the local Norway
spruce population to drought, though drought sensitivity is age-dependent.

Keywords: Picea abies; intra-annual height growth; irrigation manipulation; local tree population;
photosynthetic activity

1. Introduction

The projected climate-driven shifts in vegetation zones imply considerable changes
in forest composition in Northern Europe by the end of the 21st century [1], which are
expected to result in substantial economic consequences [2]. The accelerating rate of
climatic changes suggests that natural adaptation of tree populations is lagging behind
and proactive management is necessary to maintain forest sustainability [3]. Nevertheless,
tree populations can still express high adaptability to changing conditions, at least in
terms of growth performance, if smartly managed [3–5]. Therefore, uncertainties about
the utilization of local genetic material for forest regeneration and further application of
conservative management strategies still remain [6].

Warming and an extension of the vegetation period appears advantageous for growth
of boreal and hemiboreal forests [7]; however, increased temperature facilitates evapo-
transpiration [8]. Furthermore, water deficit conditions are projected to intensify due to
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increasing heterogeneity of the precipitation regime [9]. This would cause water deficit
conditions to affect tree growth in ecosystems not considered as water limited, such as
boreal and hemiboreal forests [10,11]. Continuous water deficit also alters allocation of
assimilates, affecting biochemical pathways, growth [12,13], and wood structure [14], thus
calling into question the plasticity of a species/population. Woody biomass accumulation
is lagged relative to increment, hence the periods crucial for the productivity of stands
extend beyond the periods of growth [15]. Still, meristematic tissues in trees can maintain
their properties during drought-induced dormancy, ensuring the potential for growth
recovery [16]. Accordingly, the adaptability of trees to a variable moisture regime and the
application of climate-smart management appear to be key issues for the sustainability of
forests [17,18].

Among the commercially important tree species in Northern Europe, Norway spruce
(Picea abies Karst.) is highly sensitive to water deficit [14,16,19,20], which also increases
biotic risks [21–23]. Recent droughts have caused massive diebacks of weakened Norway
spruce due to pest outbreaks in Central Europe [21]. Young trees are also sensitive to soil
water shortage, which increases their mortality due to limited rooting depth [24,25]; though
(meta) populations can differ in susceptibility to water deficit [26]. In this respect, soil type
modulates the sensitivity of trees to water deficit, thus diversifying the susceptibility of
spruce forests to droughts [27]. Accordingly, information about the responsiveness of local
populations to water stress under diverse growing (soil) conditions aids assessment of
their growth potential under changing climatic conditions [3,17,26].

Under a changing climate, early warning systems that monitor the health condition
of forests can aid decisionmakers in operatively adjusting forest management, thereby
helping to reduce losses due to unfavourable conditions [28–30]. For such a purpose, remote
sensing is a highly effective tool for the census of vast areas [29,31] via extrapolation of the
emission of refracted light from foliage, which represents the concentration of chlorophyll
a (CHL) and other foliage pigments [32]. Such a census exploits the relationships between
the concentration of phytochromes and stress, thus allowing for an assessment of the
physiological state of trees [33,34]; though such relationships might differ among species
and/or populations, as well as according to the edaphic conditions [5,35].

Physiological responses of plants to water stress have been a sustained subject of
inquiry [36–39], with photosynthesis-related parameters gaining much attention due to
high sensitivity [40,41]. Analysis of photosynthetic gas exchange has considerable lim-
itations regarding drought stress due to stomatal closure [42]. Therefore, chlorophyll a
fluorescence describing the characteristics of captured light energy transfer in a leaf’s
photosystem has emerged as a useful approach for field studies [36,43]. In Norway spruce,
however, CHL has been shown to be a less sensitive proxy for drought stress due to the
plastic adaptation of physiological processes [5,24], hence fluorescence parameters might
be more informative proxies [35,44]. Considering provenance-specific responses of trees to
environmental factors [17,18,26,35], local (provenance region) information is necessary for
a more accurate census of the health and stresses of Norway spruce stands.

The aim of this study was to assess the effect of simulated drought on the growth
and photosynthetic performance of eastern Baltic Norway spruce seedlings on different
soils under hemiboreal conditions. We hypothesised that growth and florescence show a
marked response to water deficit, while the reaction of CHL is delayed and occurs only
under severe water stress conditions.

2. Materials and Methods
2.1. Experimental Setup

An open-field experiment was conducted in the summer of 2015 in the central part
of Latvia (56◦37′ N; 24◦29′ E). The climate of the study site can be described as temperate
and moist continental. The mean annual temperature (±st. dev.) during 1986–2015
was 7.2 ± 0.7 ◦C, with July being the warmest (18.2 ± 1.2 ◦C) and February being the
coldest (−2.6 ± 3.2 ◦C) months, according to data from the gridded datasets (CRU TS) [45].
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The mean annual precipitation was 659 ± 75 mm; the highest monthly precipitation fell
during the summer months (May–September, 70 ± 25 mm). According to the data from a
local meteorological station located <30 m away from the site of the experiment, during
the experiment (June–August), the daily mean temperature was 17.3 ± 2.7 ◦C, which is
comparable with the long-term means (Figure 1). The absolute minimum and maximum
recorded hourly temperatures were 4.3 ◦C and 32.8 ◦C, respectively. The monthly amount
of precipitation was 35 mm, which is approximately half the long-term mean. Most of
precipitation fell during the first part of the experimental period; the precipitation-free
periods were up to 11 days long. Air humidity, as described by the atmospheric vapour
pressure deficit (VPD), was low during most of the period, yet rapidly increased during
the last two weeks.
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Figure 1. Meteorological and soil moisture conditions during the experimental period. In (A), daily
mean (bold black line), minimum and maximum (grey lines) temperature and precipitation (bars)
are shown. In (B), atmospheric vapour pressure deficit (dotted line) and soil water potential (Ψs)
at three soil depths is shown. Panels (C–E) show the soil water potential in the shelter pots filled
with oligotrophic, mesotrophic, and peat forest soil according to the irrigation intensity. The vertical
dotted lines denote the initiation and termination of precipitation manipulation.

To study the effect of drought on the third-year seedlings of Norway spruce, an auto-
mated mobile polycarbonate shelter (transparency≥ 81%) equipped with a rain sensor was
used to intercept natural precipitation (precipitation manipulation). Bare-rooted seedlings
of Norway spruce were acquired from a local nursery. The plantlets were raised from the
seed material obtained from a seed orchard consisting of clones of approximately 60 plus
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trees originating from the local provenance region (western part of Latvia; 56.4–57.6◦ N,
21.0–23.5◦ E). In mid-April 2015, seedlings were planted in 4.5 L free-drained plastic con-
tainers (0.2 m × 0.2 m opening) and placed on an elevated platform to eliminate the effect
of soil moisture. Three types of substrate were employed for the representation of the most
common forest types used for Norway spruce forestry in Latvia.

The substrates were collected in forest stands within the study region, where accord-
ing to forest inventories, land use (forests) has been constant during the last 100 years.
Two types of mineral soil and a peat soil were used. Oligotrophic sandy soil was collected
in a Cladinoso-callunosa forest stand, mesotrophic silt soil was acquired in a Hylocomiosa
stand, and peat soil was collected in a mesotrophic meliorated peatland Myrtillosa turf. mel.
stand (according to local forest classification by Bušs [46]). The top 20 cm of soil were col-
lected. Prior to the planting, soil was homogenised. Detailed information on the chemical
composition of the substrates is shown in Table 1.

Table 1. Detailed characteristics of the studied soil substrates.

Oligotrophic Mesotrophic Peat

Parent material Sand Silty sand Organic
Reaction, pH 6.64 ± 0.13 6.48 ± 0.09 2.74 ± 0.05

N total., g kg−1 0.07 ± 0.04 0.86 ± 0.09 18.51 ± 1.24
C total., g kg−1 1.16 ± 0.10 8.86 ± 1.3 499.33 ± 15.95

C/N ratio - 8.67 ± 1.36 27.08 ± 2.35
S, mg kg−1 - 12.32 ± 11.18 2510.09 ± 348.31
P, mg kg−1 167.41 ± 4.07 254.13 ± 11.4 4.58 ± 2.65
K, mg kg−1 14.33 ± 2.67 71.6 ± 3.71 71.93 ± 15.83
Mg, g kg−1 0.52 ± 0.02 0.99 ± 0.32 0.55 ± 0.06
Ca, g kg−1 4.15 ± 0.25 6.3 ± 2.32 9.01 ± 0.84
Fe, g kg−1 0.13 ± 0.01 0.64 ± 0.01 0.55 ± 0.04

Mn, mg kg−1 32.06 ± 2.41 121.42 ± 10.25 19.4 ± 3.41
Zn, mg kg−1 1.06 ± 0.28 3.46 ± 1.02 9.06 ± 3.06
Cu, mg kg−1 1.00 ± 0.38 3.71 ± 0.57 4.04 ± 1.11

Until the initiation of the precipitation manipulation, seedlings were irrigated abun-
dantly (avoiding soil water deficit) to ensure the establishment and development of their
root system. Precipitation manipulation was initiated on 22 June 2015, when elongation
(height) growth of the seedlings was culminating. To simulate drought of different in-
tensities, natural precipitation was intercepted by the automated mobile shelter. Once
per four days, seedlings were supplied with local groundwater, providing 0%, 25%, 50%,
70%, and 100% of the natural precipitation occurring during the relevant four-day period
(irrigation intensity treatments; IRIN), using a bucket drip irrigation system. Precipitation
manipulation was terminated on 20 August 2015, and trees were re-watered abundantly
thereafter to evaluate their survival and recovery after the treatment. For the control, next
to the shelter (in an unsheltered area), the top layer (22 cm) of local soil was replaced with
mesotrophic forest soil (typical for commercial spruce stands), which was separated by a
geotextile, thus allowing natural soil moisture to ascend, yet preventing roots to penetrate
deeper soil horizons. Seedlings were planted directly in the soil, maintaining the same
spacing (0.2 m × 0.2 m) as the potted seedlings. Each of the 15 treatments and the control
were represented by 40 seedlings, thus, in total, 640 seedlings were used.

2.2. Measurements

The height of each seedling (stem) was measured weekly using a measuring tape with
the precision of one millimetre from the initiation of the precipitation manipulation until
the cessation of elongation growth at the end of July. For each treatment combination and
the control, five random seedlings were selected for the measurements of chlorophyll a
florescence and soil water potential (Ψs) throughout the experiment. Starting on June 25,
the chlorophyll a fluorescence induction curve, which represents the total photochemical
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activity [36,47], was measured with a Handy PEA (Hansatech Instruments, Norfolk, UK)
continuous fluorometer and CHL was estimated with a CCM-300 chlorophyll meter (Opti-
Sciences, Hudson, NH) at weekly intervals. Height and florescence measurements were
synchronous. Three measurements per tree were performed on the second-year needles
on the same uppermost branches of the seedlings. The measurements were finalized with
the termination of precipitation manipulation. The total performance index (PI), which
aggregates the relative expression of the photochemical performance of electron transfer
from water to NADPH (concentration of reaction centres, light and dark reactions) [36,47],
Fv/F0, and CHL were acquired as the proxies of fluorescence [5].

To control for changes in soil moisture, two random pots per treatment combination
(soil and IRIN) were equipped with T8 tensiometers (UMS GmbH, Frankfurt am Main,
DE). In the control, three tensiometers were installed at the depth of 15 cm. Additionally,
six tensiometers were installed next to the control treatment at the depth of 40 and 60 cm in
order to control for Ψs in the deeper horizons. Meteorological conditions were monitored
using a Davis Wireless Vantage Pro2 (Davis Instruments, Hayward, CA) portable automatic
weather station, which was located at 5 m away from the shelter.

2.3. Data Analysis

Considering that the planted seedlings differed in height, relative growth rate (RGR)
was calculated as a proxy for intra-annual height increment during the studied period (with
respect to the initial height of seedling). To quantify the effects of the studied treatments on
height growth (RGR) patterns, nonlinear mixed logistic regression [48] was fit as follows:

RGR =
α

1 + βe(k ∗A)
+

(
Iα,β,k

)
+

(
Sα,β,k

)
+ ε, (1)

where RGR refers to relative growth rate, α refers to asymptote parameter, β refers to the
displacement (lag) parameter, k refers to the growth cessation rate parameter, A refers
to time since culmination of height growth (in weeks), and

(
Iα,β,k

)
and

(
Sα,β,k

)
are the

random effects of experimental treatments (IRIN and soil, respectively) affecting each of
the model terms.

Treatments were considered as the statistical unit for this analysis. Model parameters
for each treatment combination were extracted from the model and compared using
ANOVA (the interaction of treatments was not assessed due to the limited size of the
dataset). A simple ANOVA was also used to assess the effect of experimental treatments
on the total relative increment. Pearson correlation analysis was used to assess the linear
linkage between the environmental variables.

Linear mixed effects models were used to analyse the effect of the experimental
treatments on the florescence proxies, as well as on the RGR, throughout the experimental
period. The model in the general form was as follows:

yij = µ+ I + S + I× S + ti + VPDi + Ψsj + A +
(
treej

)
+ εij, (2)

where µ refers to the overall mean, I refers to the fixed effect of IRIN (five levels), S refers
to the fixed effect of soil type (three levels), I × S refers to the fixed effect of IRIN by soil
type interaction, ti, VPDi, and Ψsj refer to mean temperature, atmospheric vapour pressure
deficit, and Ψs in the pots for the seven-day period prior to measurements (as covariates),
respectively, A refers to the time since growth peak (in weeks), and (treej) is the random
effect of individual tree.

Time was included in the model to account for trends in the data. Models were fit
using the restricted maximum likelihood approach. The maximum likelihood approach
with the type II Wald χ2 test was used to estimate the strength of the effects of the studied
treatments. The control treatment was not included in the calculations, as it implied
differences in soil temperature, yet was used for illustrative purpose. The explanatory
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variables were checked for collinearity using the variance inflection factor. Data analysis
was conducted in program R v. 4.0.2 [49], using package “lme4” [50].

3. Results
3.1. Soil Moisture

The IRIN had a proportional effect on Ψs, which showed clear differences among
the studied soil types (Figure 1). In the mineral soils, particularly oligotrophic sandy soil,
under the 0% and 25% IRIN, Ψs showed a rapid drop approximately 12 days after the
initiation of precipitation manipulation. Under the 75% IRIN, the decrease in Ψs was slight
(≥−200 hPa). The 100% IRIN was sufficient to maintain high Ψs (≥−120 hPa).

The drying out of peat soil under the 0% IRIN proceeded gradually, reaching the
minimum values of approximately −800 hPa at the end of the experiment (Figure 1).
Under the 25% and 50% irrigation intensities, Ψs showed only a slight decrease (reaching
approximately −280 hPa) until August 6, followed by a rapid drop until the end of the
experiment. Under 75% and 100% IRINs, Ψs practically remained at the initial levels.

Peat soil showed the clearest short-time fluctuations of Ψs, coinciding with irrigation
and variations in VPD. Still, only negligible short-term fluctuations occurred under the
0% IRIN, irrespective of soil type. Slight fluctuation occurred under the control treatment
in the top layer (15 cm), where Ψs reached −335 hPa around mid-August, following the
increase in VPD. In the deeper soil layers (40 and 60 cm), Ψs was mostly high (≥−175 hPa),
indicating sufficient water supply.

3.2. Seedling Growth

Most of the seedlings (87.4%) survived the experiment, while 0% irrigation on the
mineral soils caused most of the mortality (all seedlings in these treatment combinations
died by the end of the experiment). The mean height (±95% confidence interval) of the
studied third-year seedlings of Norway spruce increased from to 47.7± 7.2 to 58.7± 6.9 cm,
resulting in an intermediate relative increment of 23.1%. Soil type, and particularly IRIN,
had a significant (p < 0.001) effect on the total relative increment (Table 2). However,
the significant interaction (p < 0.05) between the treatments implied a varying effect of
irrigation among soil types.

Table 2. The ANOVA (type II tests) table of the total relative increment of the studied third-year
seedlings of Norway spruce according to soil type and irrigation intensity.

Sum of Squares df F-Value p-Value

Soil type 0.177 3 9.7 <0.001
Irrigation intensity 0.109 1 18.0 <0.001

Soil type by irrigation intensity interaction 0.040 2 3.4 0.04
Residuals 4.174 686

In both oligotrophic and, particularly, mesotrophic mineral soils, the highest relative
increment was observed for trees subjected to the intermediate IRINs (75%, 50%, and 25%;
Figure 2). The lowest relative increment formed under the 0% IRIN on mesotrophic soil,
yet, contrastingly, under the highest IRIN on oligotrophic soil. Surprisingly, on peat soil,
relative increment was inversely related to IRIN, with the highest values observed when
receiving 0% and 25% of irrigation. Under the higher IRINs (≥50%), relative increment was
the lowest, ranging 19.5–22.3%. Regarding the individual effect of soil type, the highest
relative increment was observed for seedlings growing on mesotrophic soil, and the lowest
was observed for seedlings growing on peat soil (Figure 2).
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ceeding 150% of the interquartile distance), and circles denote outliers of the datasets.

The intra-annual growth patterns were mainly affected by IRIN, as suggested by the
differences in the parameters of the fitted logistic growth functions (Table 3). A stronger
effect of IRIN was observed for β and, particularly, k parameters. The displacement pa-
rameter (β) was mostly proportional to the IRIN, while the growth rate parameter (k)
showed an inverse relationship (Figure 3), implying that water deficit resulted in a faster
cessation of shoot elongation (Figure 4A–C). Soil type had a marginal effect (p = 0.048)
on the growth rate parameter (Table 3), which decreased with increasing soil fertility
(Figure 3), implying slower growth, which, however, ceased later on more fertile soil
(Figure 4A–C). The maximum weekly RGR (asymptote, α) appeared unaffected by the
studied treatments (Table 3), though it varied among the treatment combinations. Under
the control treatment, seedlings that received ground water and were subjected to a differ-
ent soil temperature regime (not shown) ceased growth approximately two weeks later
(Figure 4A–C) and formed larger relative increments (Figure 2).

Table 3. The ANOVA (type II tests) table of the three parameters of logistic growth function (growth
asymptote, displacement, and growth rate) of height growth cessation (after peak) of the studied
third-year Norway spruce seedlings according to soil type and irrigation intensity. A single function
was fit for each treatment. The interaction terms were not calculated due to limitations of the dataset.

Degree of Freedom Sum of Squares F-Value p-Value

Asymptote parameter (α)
Soil type 2 1.25·10−6 1.88 0.21

Irrigation intensity 4 3.05·10−6 2.29 0.15
Residual 8 2.67·10−6
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Table 3. Cont.

Degree of Freedom Sum of Squares F-Value p-Value

Displacement (lag) parameter (β)
Soil type 2 4.73·10−6 3.48 0.08

Irrigation intensity 4 1.69·10−5 6.21 0.01
Residual 8 5.43·10−6

Growth rate parameter (k)
Soil type 2 4.17·10−7 4.33 0.048

Irrigation intensity 4 1.35·10−6 7.01 <0.01
Residual 8 3.85·10−7
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 Relative Growth Rate Performance Index Fv/F0 Chlorophyll Concentration (Chl) 
Fixed Effects (χ2 Values) 

Soil type (df = 2) 5.31 306.2 *** 189.9 *** 299.1 *** 
Irrigation intensity (df = 4) 1.71 31.6 *** 63.5 *** 65.8 *** 

Temperature (df = 1) - 6.02 * 48.1 *** 20.9 *** 
Vapour pressure deficit (df = 1) 385.4 *** 0.1 11.0 *** 9.1 ** 

Soil water potential (df = 1) 5.7 * 6.3 * 6.7 ** 31.8 *** 

Figure 4. The intra-annual dynamics of relative growth rate (RGR, A–C), photosynthetic performance index (PI, D–F), Fv/F0

ratio (G–I), and chlorophyll concentration (J–L) in the second-year needles of the third-year seedlings of Norway spruce
according to soil type and irrigation intensity (proportion of natural precipitation; indicated by colours). The whiskers
denote 95% confidence intervals. The asterisks above the points indicate significant (p-value < 0.05) differences among the
irrigation intensities (the control was excluded from the calculation).

The tree-level analysis indicated that weekly RGR was affected by VPD, which was
not detected for the growth function parameters, as well as by the interaction of the studied
treatments (Table 4). The interaction highlighted the differences in growth plasticity on
the mineral and organic soils, with the responses being more plastic on mineral soils than
on peat (Figure 4A–C). However, the differences (proportional) in weekly RGR according
to IRIN were significant only for a few weeks, when irrigation was provided after a
precipitation-free period (Figure 1). The variance in weekly RGR associated with the
random effect of individuals was low (Table 4), implying a common response of seedlings.

Table 4. The effect (χ2 values) of soil type, irrigation intensity, air temperature, atmospheric vapour pressure deficit,
and soil water potential on weekly relative growth rate, photosynthetic performance index, Fv/F0 ratio, and chlorophyll
concentration in the second-year needles of the third-year seedlings of Norway spruce. The asterisks denote statistical
significance (p-values) of the effects: * <0.05, ** <0.01, and *** <0.001. df : degree of freedom.

Relative Growth Rate Performance Index Fv/F0
Chlorophyll

Concentration (Chl)

Fixed Effects (χ2 Values)
Soil type (df = 2) 5.31 306.2 *** 189.9 *** 299.1 ***

Irrigation intensity (df = 4) 1.71 31.6 *** 63.5 *** 65.8 ***
Temperature (df = 1) - 6.02 * 48.1 *** 20.9 ***
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Table 4. Cont.

Relative Growth Rate Performance Index Fv/F0
Chlorophyll

Concentration (Chl)

Vapour pressure deficit (df = 1) 385.4 *** 0.1 11.0 *** 9.1 **
Soil water potential (df = 1) 5.7 * 6.3 * 6.7 ** 31.8 ***

Soil type by irrigation intensity
interaction (df = 8) 10.9 ** 50.3 *** 115.4 *** 80.7 ***

Time (week of growth) (df = 1) 289.4 *** 148.6 *** 289.8 *** 226.1 ***
Random effects (variance)

Tree 0.20 14.61 0.47 27.14
Residual 5.72 18.55 0.13 15.18

Model performance
Conditional pseudo-R2 0.63 0.59 0.86 0.77

Marginal pseudo-R2 0.62 0.34 0.53 0.47
Model significance (likelihood ratio,

p-value) <0.001 <0.001 <0.001 <0.001

3.3. Photosynthetic Activity

The studied fluorescence proxies varied in sensitivity to the experimental treatments
and environmental factors, as indicated by the strength (χ2 value) of their effects (Table 4).
The studied proxies were highly sensitive to availability of nutrients (Table 1), as indicated
by the highest χ2 values of the individual effect of soil type. The individual effect of IRIN
was weaker compared to soil type. The significant interaction between the treatments
implied the soil-specific sensitivity of the studied proxies to drought. In contrast to weekly
RGR, fluorescence proxies were little affected by VPD, which even lacked an effect on PI.
Still, considering that IRIN determined the baseline of Ψs (Figure 1), the significant effect of
Ψs implied the responsiveness of the proxies, particularly CHL, to short-term fluctuation
in soil moisture caused by irrigation and VPD (0.17 ≤ r ≤ 0.36). The marked effect of the
time term indicated intra-annual trends in the responses of the proxies (Table 4), as the
influence of precipitation interception accumulated (Figure 1). Nevertheless, the studied
proxies exhibited subject-specific variation, as indicted by the relatively high variance
related to tree.

The fertility of soil (e.g., C and N; Table 1) had a positive linear effect on the mean
values of the studied proxies, concomitantly affecting their intra-annual dynamics and
responses to irrigation intensities (Figure 4). On the mineral soils under 0% IRIN, PI and
Fv/F0 showed a rapid drop three weeks after the start of the experiment, while the reaction
of CHL was delayed, indicating a lower sensitivity of the proxy (Figure 4). Such a reaction,
however, was not observed on peat. On oligotrophic mineral soil, PI and Fv/F0 showed
limited sensitivity to the non-zero irrigation intensities (Figure 4D,G), yet CHL was more
sensitive, showing consistent differences throughout the analysed period (Figure 4J). Higher
CHL was observed under 25% and 50%, and the lowest CHL was observed under 75% and
100% irrigation intensities, suggesting compensatory effects.

On mesotrophic soil (Figure 4K), CHL showed a similar pattern, yet the differences
were weaker, suggesting lower sensitivity to soil moisture. The PI and particularly Fv/F0
appeared more sensitive to the non-zero irrigation intensities during most of the period
(Figure 4E,H), showing the highest values under 50% and 75%, yet the lowest values under
25% and 100% irrigation intensities. Still, on mesotrophic soil, the studied proxies showed
increases with time, though the opposite was observed on oligotrophic soil. Higher values
of all proxies occurred under the control treatment, particularly in the later part of the
experiment (Figure 4E,H,K).

On peat soil, the mean values of the studied proxies where the highest, yet their
sensitivity to IRIN was lower than on mesotrophic mineral soil (Table 4). The temporal
trends of the photosynthetic proxies were affected by IRIN (Figure 4F,I,L). Under the
highest irrigation (75% and 100%), Fv/F0 and particularly PI showed an increase, while
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under low irrigation (0% and 25%), a decrease was observed. This led to a gradual shift in
the proportionality between the proxies and irrigation intensities, indicating a magnitude-
dependent reaction of photosynthetic activity to soil water deficit on peat as the season
advanced. Accordingly, the differences in PI and Fv/F0 among the irrigation intensities
were significant during most of the period. Still, CHL showed only slight differences at
the beginning and end of the experiment, indicating low sensitivity to soil water deficit on
organic soil.

4. Discussion
4.1. Sensitivity of Height Growth

The studied Norway spruce seedlings from the eastern Baltic provenance region
(western Latvia) were tolerant and highly plastic to water deficit in terms of growth and
photosynthesis (Figures 3 and 4), confirming the adaptability of the local (meta)populations
to harsh conditions [26]. However, seedlings were not able to survive an extended period
of extreme drought, as in the case of 0% IRIN on mineral soils (Figure 1 C,D), when
the permanent wilting point was approached [11]. Furthermore, soil type modulated the
responses of the total relative increment and fluorescence proxies of saplings to water deficit
(Tables 2 and 4). Accordingly, soil appeared to be a key factor determining the sensitivity of
the seedlings to water deficit (Table 4). The effect of soil type can be explained both by the
differences in water-bearing capacity and fertility [51], and hence the overall vigour of trees
and their ability to deal with carbon starvation and dehydration [11,23,24]. This highlights
the importance of edaphic conditions on tree sensitivity to weather fluctuations under
changing climatic conditions [27,52].

Growth of the studied seedlings showed a plastic response to soil fertility and IRIN
(Figures 2 and 4A–C), implying phenotypical and ecological plasticity, and hence the
high adaptability of the trees [17,26]. Atmospheric VPD, and hence water deficit, had the
strongest effect on weekly RGR on mesotrophic soil (Figure 4A–C; Table 4), indicating
increased sensitivity of the trees to water deficit under productive conditions due to highly
plastic, and therefore sustainable, growth [52], thus supporting the hypothesis of the study.
However, considering that precipitation manipulation subjected seedlings to soil water
deficit (compared to the control) (Figure 1), the bell-shaped responses of the total relative
increment, which were also modulated by soil type (Figure 2; Table 2), were somewhat
surprising. Such responses might be explained by the trade-offs in biomass allocation
under water deficit [12,13].

On the mineral soils, which have lower water-bearing capacity compared to peat,
higher relative increment formed in response to intermediate IRIN (Figure 2), suggest-
ing that moderate water deficit facilitated growth, and hence competitiveness for light,
probably compensating the limited plasticity of root growth [13]. Likewise, the lower
increment under the 100% irrigation might be related to a lack of stimulus for growth,
as also evidenced by the intermediate photosynthetic activity (Figure 4G,H). The decreased
increment under the 0% IRIN (Figure 2), however, can be explained by an earlier cessation
of growth under severe water deficit (Figures 3B and 4A–C). On peat soil, water deficit
progressed considerably slower than on mineral soil (Figure 1C–E), hence the inverse
reaction of increment to IRIN (Figure 2) might be explained by the stimulating effect of an
intermediate water deficit, which was reached under the 0% and 25% treatments. Alterna-
tively, the modulating effect of soil on sensitivity to water deficit (Figures 2 and 4) might be
related to changes in soil acidity and mycorrhizal communities [53,54].

The intra-annual growth dynamics (Figures 3 and 4A–C) suggested diverse pathways
of growth adjustments in response to water deficit according to soil type, highlighting the
genotype-by-environment interactions and hence phenotypical plasticity of the studied
(meta)population [26], supporting the hypothesis of the study. This was particularly evident
for the k (i.e., growth cessation rate) parameter of the fitted logistic function (Figure 3C),
which appeared soil-specifically affected by irrigation (Table 3). On oligotrophic mineral
soils, water deficit caused a rapid drop in weekly RGR, as indicated by the inverse rela-
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tionships between k and IRIN (Figure 3C), following the differences in Ψs (Figure 1C),
thus implying the rapid reaction of growth. In contrast, on peat, k was the lowest, yet little
affected by IRIN; additionally, the fastest drop in RGR occurred under intermediate irriga-
tion (Figure 3C), implying a drought-buffering effect of the substrate [51]. On mesotrophic
mineral soil, the drop in weekly RGR was the fastest, and it followed IRIN, confirming the
plasticity of the trees to drought on fertile soils [52].

Irrespective of soil type, IRIN had a consistent effect on the β parameter (Figure 3B,
Table 3), indicating that water deficit caused an earlier cessation of growth, thus optimizing
the usage of the intrinsic reserves of trees [5,12,23]. The α parameter (Figure 3A), which
represents the maximum RGR, however, was not affected by the treatments (Table 3),
as it was related to growth in the beginning of the experiment (Figure 4A–C), when Ψs
was still high (Figure 1C–E). Such growth patterns suggest that a shorter period of faster
growth is an adaptation for minimizing the long-term effect of a short-term summer water
deficit [23,52].

4.2. Photosynthetic Performance

Mean values and temporal changes of the florescence proxies PI and Fv/F0 suggested
the photosynthetic plasticity of Norway spruce seedlings to water deficit across the soil
fertility gradient. Although Fv/F0 and, particularly, PI are limited to comparisons of
different states of the same plant [36], the application of mixed effects models (accounting
for the random effect of trees) allowed for the generalization of the effects of treatments on
the photosynthetic performance of the seedlings. The individuality of responses evidenced
by the random effect (Table 4) was likely due to open-pollinated seed material [26,35,55].

In contrast to growth, the studied fluorescence proxies were mainly affected by
soil type (Table 4, Figure 4), thus being indicative of the productivity and vigour of the
seedlings [11,23,24]. Nevertheless, soil modulated the sensitivity of the photosynthetic
activity of the seedlings to IRIN (Table 4), thus highlighting complex controls of photo-
synthesis by water deficit across the soil fertility gradient [27,42,51]. Still, the strength of
the individual effect of IRIN differed by proxies, indicating differences in their sensitivity
to water deficit for Norway spruce [5,36,43]. This also illustrated the phenotypic plas-
ticity of the photosynthetic apparatus of the studied Norway spruce [5], implying their
adaptability to changing environmental conditions [17,35,56]. The plasticity of the studied
(meta)population of Norway spruce to water deficit might be explained by its location in
the southern part of the North European population [55], and hence a potential genetic
adaptation to soil water deficit [17,44,56].

The hypothesis of the study, however, was not confirmed completely, as sensitivity
of the fluorescence proxies to water deficit (IRIN) differed according to soil type (Table 4;
Figure 4D–L). On mineral soils, PI and Fv/F0 were particularly sensitive to severe water
deficit (0% IRIN), which eventually led to the collapse of photochemical reactions [25,33,41],
and death of the seedlings. Decreases in CHL, however, were delayed and occurred when
PI and Fv/F0 reached their minimum (Figure 4D–L), likely indicating severe structural
damage [43], thus implying highly plastic regulation of photosynthesis to avoid fatal
failure [5,24,41,57]. The differences in timing also implied potential for early warning of
upcoming irreversible damage based on easily measurable variables [30,36,43]. On peat soil,
however, explicit reaction was not apparent to 0% IRIN, as severe soil water deficit occurred
only for a short period at the end of the experiment (Figure 1E), when growth had ceased
(Figure 4C), likely allowing seedlings to compensate for damages [24,37,40]. Considering
that precipitation manipulation was initiated when the growth peaked (Figure 4A–C),
earlier drought and hence a longer period of water deficit would likely cause harsher
consequences on photosynthesis and growth [33,38].

The PI, which has been shown as being a highly sensitive indicator of suboptimal
conditions [43], showed limited sensitivity to the non-zero IRIN on oligotrophic mineral
soil (Figure 4), likely due to stronger constraints of photosynthesis [5,24]. The CHL was
more sensitive to IRIN than PI and Fv/F0 (Figure 4D,G,J), suggesting that under harsher
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conditions the CHL was constrained for optimization of the photosynthetic performance
in the long term [38,41,58]. Still, on mesotrophic mineral soil, PI and Fv/F0 were more sen-
sitive to IRIN than CHL (Figure 4), indicating the plasticity of the regulatory mechanisms
under more productive conditions [36,41,43,59].

Similarly to relative height increment (Figure 2), the highest photosynthetic activity,
as shown by PI and Fv/F0, occurred under intermediate IRIN on mineral soil and un-
der the lowest IRIN on peat (Figure 4D–I), implying that under moderate water deficit
photosynthesis is optimized to avoid oxidative stress, as well as carbon starvation [24].
Such optimization was particularly evident on oligotrophic mineral soil, where CHL was
increased, likely to counteract increasing water deficit [35,58]. On peat soil, a similar effect
was observed at the beginning of the experiment, yet IRIN had a positive influence on
photosynthetic performance (Figure 4) towards the end of the experiment as water deficit
increased (Figure 1), implying that the slowed drying out of peat soil apparently provided
more time for seedings to adjust to water deficit [37].

Irrespective of soil and IRIN, PI and Fv/F0 showed rapid and successful recovery of
photosynthetic activity, which ultimately reached initial levels (Figure 4), implying the
high plasticity and sustainability of the studied Norway spruce to water deficit [18,25,59].
This, apparently, was gained at the cost of growth [12,16] and adjusted physiological
performance [5,24,57]. Accordingly, this enabled the seedlings to restore lignification of
xylem and nutrient reserves, likely minimizing the impact of drought on the following
growth [14,15]. The recovery of seedlings after the rewatering in August 20, however, was
best evidenced by Fv/F0, and PI (Figure 4D–I), suggesting immediacy, and hence relevance
of the first. In contrast, the reaction of CHL in response to rewatering was not observed, as a
longer time and additional nutrients are necessary for plants to adjust their photosynthetic
apparatus [58].

The complexity of the responses of fluorescence proxies to IRIN and soil, however,
imply reduced efficiency for remote sensing purposes, as additional site factors have to be
accounted for [29,31,34]. Still, the physiology of trees is influenced by their size/age [13],
implying that changes in such reactions of trees are expected. Also, the mortality of
Norway spruce following droughts is often caused by secondary biotic agents (e.g., pests),
which take advantage of weakened trees [21,22], implying age/size-related changes in the
susceptibility of trees. A wider provenance-wise comparison might also provide better
insight in the genetic specialization of tree populations within the region.

5. Conclusions

Norway spruce seedlings from the eastern Baltic provenance region showed high
adaptability to drought in the second part of the growing period, as evidenced by highly
plastic responses regarding growth and photosynthetic activity, thus suggesting fitness to
projected climatic conditions. Nevertheless, the plasticity of the responses was modulated
by soil, implying the importance of the edaphic conditions for the sustainability of the early
growth of Norway spruce under acceleratingly changing climate. Accordingly, considering
the projected intensification of soil water deficit in summer, peat soils, which have the
highest water-bearing capacity, appear advantageous for Norway spruce, while on mineral
soils, trees are susceptible to water deficit. Such relationships, however, might shift as
trees age due to size-dependant changes in physiological processes. The efficiency of the
chlorophyll fluorescence proxies for early warming of drought-related damages of young
Norway spruce appears limited due to the complexity of responses to water deficit across
the fertility gradient and plastic regulation of photosynthesis. Nevertheless, Fv/F0, and PI
can provide early warming of severe damage. Although growth reduction appeared more
sensitive, it is relative, and hence difficult to assess in field conditions.
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ware: O.K., and T.K.; Validation: G.I. and D.E.; Formal Analysis: D.E.; Investigation: R.M., O.K., T.K.,
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