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Abstract: Two comparable sites with uneven-aged mixed forest stands with more than 20% Doug-
las-fir in the growing stock at an altitude of 650 m a.s.l. were selected. The physiological response
of young trees to different light intensities was measured during the main growing season in three
consecutive years, and four different light categories, which were determined from hemispherical
photographs. The four light intensity categories were defined according to Indirect Site Factor
(ISF%): in the open (A-ISF > 35%), at the outer forest edge (B-25% < ISF < 35%), at the inner forest
edge (C-15% < ISF < 25%), and under complete canopy under mature forest stand (D-ISF < 15%).
Climate data were obtained from the Royal Netherlands Meteorological Institute ‘Climate Explorer’
website (http://climexp.knmi.nl). For the intensive micrometeorological observations, four monitor-
ing sites were established along the elevation gradient at each site during summer and late fall to
record relative humidity (RH%) and temperature (°C) with a 30 min recording interval sequence.
Measured assimilation responses (A) and light use efficiency (®) at one site followed the expected
pattern, while humidity combined with microsite conditions proved significant in explaining the
specific response of young Douglas-fir to the different light intensity at the other site. For higher
survival and optimal future development of Douglas-fir in the changing environment, microsites
with higher capacity for storage moisture and favorable microclimate should generally be preferred
to exposed and dry sites.
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1. Introduction

The increasing frequency of extreme weather events and the associated larger
amount of damaged forest areas have led to an impairment of the natural regeneration of
autochthonous tree species. The selection of suitable tree species and planting concepts
which could improve the resilience and resistance of future forest stands after such ex-
treme events is questionable [1]. In discussions on the suitability of tree species, Douglas-
fir (Pseudotsuga menziesii) is often suggested as a tree species that is more resilient to pests,
drought, and weather extremes compared to the Norway spruce. Its role is assumed to be
mainly as a substitute for declining spruce, which is threatened by climatic changes at
lower altitudes [2], leading to a likely decrease in the supply of spruce wood in the near
future [3].

The advantageous properties of Douglas-fir [4,5] are associated with a growth poten-
tial that is significantly higher than that of other resinous species [6], as well as its signif-
icant ecological plasticity. The species is known for its height (up to 75 m), high wood
quality, and rapid growth [7,8]. It needs high humidity, and deep, fresh, and airy soils
that can be acidified [9], but does not do well on limestone, accumulated, shallow, or poor
soils with stagnant water [10-12]. It tolerates moderate shade, especially in juvenile stages,
while its light requirement increases with age and retains its responsiveness longer than
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spruce; its plastic root system makes it better adapted to snowbreak and windthrow [13].
Height growth is slower in the first years and gradually increases to 1.2 m/year, which is
maintained over several years. As a long-lived tree species, it can reach an enviable 1000
years [14] and maintain its regeneration under the mature canopy [15], but is sensitive to
late frost events [16,17].

For Slovenian conditions, planting in mountain forests at altitudes between 500 and
1000 m above sea level has been recommended. The choice of provenance is important—
for Slovenian conditions, the green Douglas-fir (Pseudotsuga menziesii subsp. Viridis) is the
most suitable. It is also susceptible to fungal attack (Armilaria spp., Heterobasidium anno-
sum, Phytopthora spp....). The desirable mechanical properties of the wood, due to its ex-
cellent strength-to-weight ratio and higher density than other conifers, ensure its wide use
[18]. The sustainability and resilience of the wood is much greater than that of spruce or fir,
and does not require additional protection, therefore fetching much higher prices than other
conifers [19]. The additional usefulness of needles, knots, resins, and bark is evident by the
pleasant balsamic fragrance. Douglas-fir wood density, modulus of elasticity, and breaking
and impact bending strength are higher than spruce or Scots pine [18].

Due to the great genetic variability of the Douglas-fir, it is suitable for introduction
or further selection due to the diverse microsites in the local environment [20]. Previously,
it was one of the most frequently planted tree species in Slovenia—until 1953, 17 objects
with a total area of 16 ha were established; later, approximately 30 vital seed stands, well
adapted to the specific Slovenian conditions, were registered. Due to the planned growth,
Douglas-fir was planted in places with different locations and conditions (Josipdol —Rib-
nica na Pohorju, Rde¢i breg—Podvelka, Pocivalnik—Planina, Pe¢ovnik—Celje, Rud-
nica—Podcetrtek, Jablje—Trzin, BreZzice, Breginjski kot, Brkini... etc.) [21].

The most important silvicultural tool to promote natural regeneration is a temporally
and spatially appropriate stand structure and light environment to optimize the relation-
ship between the future stand and site conditions. This is species and site specific, so it is
important to know the response of different tree species to different light regimes, espe-
cially under changing environmental conditions. Light use efficiency (®) proved to be ef-
ficient in determining the competitive strength between silver fir and beech on different
microsites in the high Dinaric karst [22], in comparing different silvicultural systems [23],
as a response trait after large-scale disturbances [24], and in determining the optimal sites
within a larger geographical region [25].

At two selected sites with abundant natural regeneration, where Douglas-fir has been
successfully introduced in the past, we aimed to compare the species’ response in different
light categories (1), and relate the response to influencing environmental parameters (2).

2. Material and Methods
2.1. Study Site and Data Collection

Surveys were conducted in the Celje (Celje local unit, sections 35343C, 35342B) and
Postojna (Planina local unit, sections 01A30B, 01A30C) forest regional units of Slovenia For-
est Service, both between 600 and 685 m a.s.1.,, with at least 20% Douglas-fir in the growing
stock (Slovenia Forest Service). At each site, a contiguous area of established natural regen-
eration was selected under comparable light conditions with respect to the shading of the
mature canopy stand. The predominant soil type in both cases was rendzic leptosol on car-
bonate bedrock. Site and plot characteristics are shown in Figure 1 and Table 1.
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Table 1. Postojna and Celje site characteristics.
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Figure 1. Research site location.

Location Latitude (N) Longitude (E) Elevation (m a.s.l)  Growing Stock (m?3)
Postojna  45°48'29.6" 14°15'33.0" 657 515
Celje 46°11'32.2" 15°15'51.8" 651 540

To obtain the best climate data for selected microsites, data on the mean monthly
temperatures and total monthly precipitation were interpolated for the 0.5° grids that
comprised each sampled stand and corresponded to the CRU TS 4.01 dataset [26]. Climate
data were obtained from the Royal Netherlands Meteorological Institute ‘Climate Ex-
plorer” website (http://climexp.knmi.nl, accessed on 21 March 2021).

For the intensive micrometeorological observations, four measurement plots were
established at each site (Figure 2) during summer and late fall to record relative humidity
(RH%) and temperature (°C) with a 30 min recording interval sequence.

e

Figure 2. Location of micrometeorological stations, arranged from the locally highest (1) to the lowest (4) elevation at the
Postojna (left) and Celje (right) research sites (M = 1:1000; source: Slovenia Forest Service).

Categories of different light intensity were created based on the analysis of hemi-
spherical photographs, taken with the Canon EOS Rebel T3i DSLR digital camera and a
calibrated fisheye lens with the Regent WinScanopy accessory prior to physiological
measurements during the main growing season. Light intensity parameters were pro-
cessed using WinScanopy pro-d software [27]. Five hemispherical photographs were
taken on each plot and light category. Based on the results, four light intensity categories
were defined according to the Indirect Site Factor (ISF%) [22]: in the open (O-ISF > 35%),
at the outer forest edge (Eo-25% < ISF < 35%), at the inner forest edge (Ei-15% < ISF <25%),
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and under complete canopy cover beneath mature forest stand (S-ISF < 15%). Tree height
ranged from 1.8 m under canopy to 3.2 m in the open light conditions.

Needles were collected from the upper canopy position of 8 trees per light category
and site, and then stored in a cool, airtight environment. Nitrogen concentration (Ntot)
[mg/g] was determined to compare macronutrient status (Leco CNS-2000 analyzer, St. Jo-
seph, Michigan, USA) in all light categories. The same trees were used for assimilation
response measurements.

Assimilation response (A) was measured during the main growing season in June
and July for three consecutive years (2018-2020) from 7-11:30 am during measurement
campaigns. Trees measured were of comparable age (10-15 years) and size; in each light
category at least 8 randomly selected trees were measured in the upper third of the crown
each year using the LI-6400 portable infrared gas analyzer (IRGA) (Lincoln, NE, USA)
with an autonomous light source under constant and computer-controlled environmental
conditions. Net assimilation (A) rate in young trees to different light intensities and under
comparable light conditions was measured at a constant temperature of the measurement
block (20 °C), a CO: concentration of 400 pmol/mol, a flux of 500 umol/s, and different
light intensities: 0, 50, 100, 250, 600, 1200 and 1800 pmol/m?s. All assimilation values were
recorded after being held constant for 2 min or until the coefficient of variation (CV%) fell
below 5%. Light use efficiency (@), defined as the amount of CO:fixed per amount of light
quanta absorbed (slope of the initial linear part of the light response curve) was deter-
mined for each light category (O, Eo, Ei and C) [25].

2.2. Data Analysis

Differences in light parameters (GF%, DSF%, ISF%), Ntot, A, and ® in equal light
categories between two selected sites were tested with factorial analyses of variance
(ANOVA) after normality test and homogeneity of variances using the Statistica software
system (2011). No transformation of the data was required to meet the criteria of normality
in all tested parameters. Probability values of p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***)
were considered significant.

3. Results
3.1. Light Environment

Hemispherical photo analysis confirmed comparable light parameters (GF-gap frac-
tion; DSF-direct site factor; and ISF-indirect site factor) for the same light categories at both
sites (df 1, 18). Light intensity decreases from open area conditions (O) to complete closure
under mature stands (C) (Figure 3).

AL

Celje @ Gap fraction Postojna
: - - DSF = e e
3 ISF

ISF>35%
)
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Figure 3. Light categories and different parameters from the hemispherical photo analysis at both sites. O-open; Eo- outer
forest edge; Ei-inner forest edge and C-complete canopy cover. The bars are standard errors.
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3.2. Nutrient Status

The foliar nitrogen content (Ntot) was highest in the open and lowest under canopy
conditions at both sites, with no confirmed differences (AVAR, df 1, 18) between the same
light categories at the different sites for all light parameters examined. The content was
found within the optimum limits [28] (Table 2).

Table 2. Foliar nitrogen (Ntot; mg/g) for all light categories (O-open; Eo- outer forest edge; Ei-
inner forest edge and C-complete canopy cover) and both sites (N = 8). Mean values with standard
error of the mean are given.

Site/Light Category o Eo Ei C
Postojna 13.2+3.1 13.1+24 13.1+2.9 12.8+4.1
Celje 12.9+4.2 12.9+3.6 12.8+3.9 12.8+3.7

3.3. Climate and Micrometeorological Conditions

The average cumulative precipitation was higher in Postojna, while average air tem-
peratures were higher in Celje for both long-term (1900-2019) and shorter, 10-year periods
(Figure 3). Similar dynamics of changing parameters can be observed at both sites—an
increase in average temperatures in the first four months (January—April) and midsummer
(July—August), and increased precipitation redistribution, during the last three decades
compared to long-term average conditions (Figure 4).

30 o L 30
: Period
~ Postojna
o ) 13.3 —— 1901-2019 17.7 | 5
by 13.9 1990-1999 18.1
520 14.3 —— 2000-2009 |18.5 L 20
. 14.8 —— 20102019 [18.9
a 15 X - 15
5
- 10 \ B IR N SRR I N 110
200 4 - 200
= /\ 1526 ——— 1900-2019 1231 1
£180 - 180
E 1498===11990-1999 1248 1
=160 - 143 4= 2000-2009 - 1168 160
F1e0 | , \573 2010-2019 1201] a0
a : : : : 1
9120 1 0 == . - 120
D_‘100 B e | ~ 100
| ‘ | | | | 1
80 - e e - 80
60 | NS | | 60

Figure 4. Average monthly temperature and precipitation during the long-term period (1900-2019) and the last three dec-
ades (1990-1999/2000-2009/2010-2019). Total annual precipitation and mean annual temperatures are shown near the cor-
responding period. Source: KNMIL

During the observation periods in summer (11.6.-22.6.2020) and late autumn (6.11.—
5.12.2020), more homogeneous parameters were observed and measured at the Postojna
site; higher values and greater dispersion of relative humidity (RH%) within the measured
microsites were observed in Celje (Figure 5, Table 1).

Observed and measured conditions at the Postojna microsites followed the expected
pattern from the highest RH (%) values on the top (1) to the lowest values on the bottom
of the selected microsites (4). Humidity at the micro-sites in Celje was different—it was
measured lowest at the highest point (1) and increased at lower elevations (4) (Figure 5).
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Not only the distribution, but the dispersion of both temperature and humidity between
the four microsites was obviously larger in Celje.

Summer
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Figure 5. Dynamics of temperature (°C) and humidity (RH%) in summer (upper part) and late autumn (lower part) periods
from the highest (1) to the lowest micro site (4).

In summer and late autumn, the average values of temperature and RH (%) were
higher in Celje than in Postojna. The detailed values are presented in Table 3.

Table 3. Average temperature and humidity values for summer and late autumn microsites in
Postojna and Celje. Means and standard errors are shown.

Postojna Celje
Microsite T (O RH (%) T (O RH (%)

DOY: 310-340 1 54+27 90.7 +4.6 55+2.7 96.7 +3.7
2 49+26 91.7+45 6.3+29 99.5+£3.7

3 50+24 91.0+3.8 62+29 95.0+4.3

4 53+23 90.5+4.2 6.2+2.7 94.6 +3.9

mean 52+2.6 91.0+43 6.0+2.8 96.5+3.9
DOY: 162-171 1 162+24 78.7+9.8 152+26 79.0+11.0
2 16.0+28 77.6 +10.0 16.8£2.6 83.3+10.2

3 16.3+27 78.7+10.2 17.8+3.2 82.1+12.7

4 164+26 78.0 +10.1 17.4+3.0 82.1+14.9

mean 16.2+2.6 78.2+10.0 17.0+2.8 81.6+12.2
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3.4. Assimilation

In Postojna, as expected, the assimilation rate (A) was highest in the open (O), fol-
lowed by the outer forest edge (Eo), inner forest edge (Ei), and lowest under the complete
canopy closure (C). In Celje, the response was different: the assimilation rate was highest
in the of outer forest edge category (Eo), followed by the open category (O), the inner
forest edge (Ei), and complete shelter (C). Absolute values in all comparable categories,
except in the open without shelter (O), were highest in all cases in Celje (Figure 6). Re-
sponses between different years were similar, without significant differences.

10
Postojna
8 s 4
6| 1
E
©
Ed |t - -
=
< :
2| OO - open o
@ Eo - outer forest edge
@ Ei- inner forest edge
0 4@ C-complete shelter - -
0 500 1000 1500 0 500 1000 1500

Light intensity (

pmollmzs)

2000

Figure 6. The assimilation rate (A) as a function of light intensity at the Celje (left) and Postojna (right) sites. Values shown
are shifted to avoid overlap and refer to the same light intensity. The bars are standard errors.

For light use efficiency (®), the relative distribution of light intensity categories was
the same as that of the assimilation rate (A). In all comparable light categories, the light
use efficiency was highest in Celje (Figure 7). Differences in A and @ between years, sites
and light categories are presented in Table 4.

Postojna

30x10%

20x10°%

10x103

@ [umol CO,/ umol quanta]

Celje

O - open
Eo - outer forest edge
Ei - inner forest edge
C - complete shelter

® ® @ O

Figure 7.

1000

1500 0

Light intensity (pmol/mzs)

1000 1500 2000

Light use efficiency (®) for light categories in Postojna and Celje.
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Table 4. Differences in A and ® between years, sites and light categories. Probability values of p <
0.05 (*), p<0.01 (**) and p < 0.001 (***) were considered significant; NS — non-significant.

A 0]
df F p F p

Year 2 0.2 0.84 Ns 0.9 0.41Ns
Site 1 753.5 0.000 ***  164.4  0.000 ***
Light category 3 37814  0.000** 1371.1  0.000 ***

Year x Site 2 0.0 0.96 Ns 0.9 0.42 Ns

Year x Light category 6 0.1 0.99 Ns 0.3 0.94 Ns
Site x Light category 3 306.0 0.000 ***  153.1 0.000 ***

Year x Site x Light category 6 0.2 0.84 Ns 0.2 0.97 Ns

4. Discussion

The impact of Douglas-fir on native systems is still not fully understood. As the old-
est Douglas-fir stands currently growing in Europe have only reached approximately a
fifth of the species” maximum lifespan in its natural habitat, growth and interaction dy-
namics of mature, old-growth stands in Europe are still unknown [29].

Several studies have been conducted worldwide to evaluate the productivity of
Douglas-fir sites as a function of environmental variables [6,30-36], and climatic condi-
tions in particular. The high potential of Douglas-fir in mountainous regions has been
recognized due to its growth rate, its ability to grow under a wide range of conditions,
and its ability to regenerate naturally [37]. The site factors that most influence Douglas-fir
growth are precipitation, soil depth, and elevation. The best production was found in re-
gions with an average rainfall of more than 700 mm [38].

The average values of climatic parameters for the last three decades show a signifi-
cant increase in temperature and a redistribution of precipitation, especially during the
growing season (April-September). For both studied sites, there is a significant decrease
in cumulative precipitation during 2000-2009, and an increased oscillation of precipitation
compared to the long-term average distribution (1900-2019); the number of oscillations
during the last three decades is increasing (Figure 3). In our study, absolute responses in
all categories were highest in Celje, with slightly lower cumulative precipitation and
higher average temperatures (according to KNMI Meteo database), compared to Postojna.

Foliar nitrogen in Douglas-fir is mainly influenced by soil water availability, and less
so by other environmental factors [39]. In our case, nitrogen levels in needles (Ntot) con-
firmed no differences between the two sites and were found within the lower reported
optimal range [39], indicating adequate water supply at both sites studied. Relatively
modest values of Ntot at the rich sites studied could be related to the increase in temper-
ature over the last three decades [28].

It appears that relative humidity affects young Douglas-fir performance much more
than the absolute rainfall, at least at the sites studied. Together with somewhat lower Ntot
values in all comparable light categories, one would expect higher absolute values from
A and @ at the Postojna site, but the results were just the opposite.

The measured assimilation responses in Postojna followed the expected pattern of
light intensity categories from the most exposed in the open (O) to the lowest responses
under shelter (C). The response in Celje was different—the assimilation response was
highest in the outer forest edge category (Eo) and similar in the other categories. Despite
the lower average temperature and higher precipitation in Postojna and optimal Ntot at
both sites, the different response could be due to the slightly higher humidity in Celje in
both midsummer and late autumn, and to the higher air temperatures in both periods
(Table 2).

Douglas-fir is often considered to be a moderately shade-tolerant tree species, more
light-requiring than the Norway spruce and silver fir [40]. Our study confirms such light-
adapted character of young trees, as the maximum ® was measured at the outer forest
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edge (Eo), in contrast to fir, where the maximum @ values from other studies were meas-
ured under shelter, and decreased with increasing light [22].

Several authors report that the Douglas-fir’s resistance to transient drought is physi-
ologically attributed to a more effective control mechanism of the stomata than in other
conifers [41,42]. In a nearly 600 km area along its natural distribution adjacent to Pacific
Ocean, the coastal fog belt mitigates the repetitive pattern of several-month summer
droughts, indicating a climate-induced drought adaptation of the species [43,44]. The con-
figuration of the Celje site in the highlands, with a chain of ridges at elevations between
700 and 800 m, and a catchment with numerous tributaries [45], may contribute signifi-
cantly to the site-specific response, causing pronounced retention of humidity/moisture
and fog up to the level of the inversion layer, where naturally regenerated Douglas-fir is
found. In contrast, the pronounced karst terrain at the Postojna site, which is located on
the southern edge of Planinsko polje, and has sufficient moisture and water, leads to a
different response in young trees with a more open and wind-exposed terrain than at the
Celje site.

Soil analysis in the study conducted on acidic sites with natural hardwood, spruce
monocultures and Douglas-fir stands showed favorable effects of this tree species on soil
chemistry, organic matter, and nutrient dynamics. Compared to native conifer species,
Douglas-fir had a lower acidifying effect on the upper soil layers, and contributed to better
humus formation by recycling nutrients more effectively and producing litter that could
be easily decomposed [46]. A significant difference was found in the allometric ratios of
spruce from the nutrient-poor and nutrient-rich sites. In contrast to spruce, site fertility
did not confirm a significant effect on allometric ratios in Douglas-fir, suggesting that their
allocation patterns are less sensitive to site nutrients [47]. Douglas-fir stands influence
their habitats, as shown by changes in species composition in the ground vegetation, and
the abundance and dominance of certain species on forest sites in Central Europe [48].
Despite the favorable results, we do not have similar long-term comparisons in Slovenia
that would confirm or refute the stated benefits. Another challenge is the large proportion
of Natura 2000 sites, which cover more than 45% of forests (Slovenia Forest Service 2019).
Management in these areas is subject to stricter criteria where the introduction of non-
native tree species, including Douglas-fir, is prohibited.

According to Sauter [19], Douglas-fir can achieve an average annual growth of 19.3
m3/ha and heights of up to 75 m [49], which is more than any of the dominant tree species
in Europe. Air temperatures, last year’s precipitation deficit, and their interactions are the
main factors affecting growth in all habitats. Winter temperatures are more important at
higher and colder altitudes, just as summer temperatures are in warm and dry habitats.
Due to climate change, growth has been increasing at higher elevations, and decreasing
at temperate ones, since 1900 [50]. Radial growth is influenced by the local microclimate—
it is positively correlated with drought index and summer and autumn precipitation of
the previous growing season, confirming the influence of soil water supply. Annual pre-
cipitation has a pronounced seasonal effect, and drought stress due to lower soil water
supply is the predominant climatic factor affecting radial growth [51]. Positive correla-
tions of growth with monthly temperatures reflect the positive effect of warmer periods
on photosynthesis and radial growth during periods of sufficient soil water supply [51],
which is also confirmed by our results, and the fact that at the same site in Celje, groups
of mature Douglas-fir were measured in the category of the tallest trees in Slovenia (67 m)
[52]. Unfortunately, comparison with the Postojna site was not possible, as there were no
trees at this site of the same age as those in Celje.

Humidity associated with microsite conditions proved to be significant in explaining
the specific response of young Douglas-fir with the highest values under lightly shaded
conditions (Celje), compared to other sites where the response followed the expected light
intensity categories. In the future, a more substantial impact of the specific microsite effect
can be expected if the increase in temperatures during the growing season follows the
reported pace of the last decades. The possibility of replacing spruce at lower altitudes
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below 700 m a.s.l. and the admixture of Douglas-fir with other tree species may represent
a realistic and cost-effective alternative, which would reduce the risk for better drought
tolerance and better mechanical properties on suitable sites [53,54]. However, the recom-
mendation as an alternative tree species for declining spruce at lower altitudes should be
regarded with caution, as Douglas-fir was also revealed to have increased sensitivity to
increased temperatures and drought stress in Central Europe [55]. For a higher survival
rate and optimal future development of Douglas-fir in the changing environment, micro-
sites with higher capacity for retention moisture and favorable microclimates should gen-
erally be preferred over exposed and dry sites.
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