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Abstract

The influence of Forest Structural Complexity (FSC) on evapotranspiration (ET) was
investigated in a mixed forest of Southern Sweden where micrometeorological Eddy
Covariance (EC) measurements were conducted for the years 2015 to 2022. For each year, the
top 25% of Vapour Pressure Deficit (VPD) were selected to emphasize the response of ET to
the driest atmospheric conditions. FSC was quantified using three indices. First, the Gini index
represents the variation in basal area. Second, the Rumperdd Index (RI), specifically created
for this study, considers the difference in tree height weighed by basal area, and includes stand
density. The third index, named [, quantifies the proportion of coniferous species. These indices
were calculated for eight transects around the EC tower. To investigate the influence of FSC on
ET, fluxes were sorted by wind direction and compared to the indices per transect. To verify
that the residuals of ET to VPD were dependent on the transects, a generalised linear model
using a Wald Chi-Square test was performed.

Species composition had a great influence on ET under increasing dry conditions: coniferous
transects usually kept photosynthesizing at a higher VPD than deciduous. Species composition
associated with high variation in basal area (Gini index) could explain higher annual ET. The
ET response to a high complexity in Rl resembled that of the Gini index, but high stand density
and poor species diversity enhanced competition for water resources, hence a lower annual ET.
The FSC indices together explain patterns of ET and show its dependence on FSC, which is
supported by the statistical tests. This study shows the importance of structural complexity to
sustain hydraulic functioning of forest stands under dry conditions.

Keywords: Forest structural complexity; evapotranspiration; vapour pressure deficit; eddy
covariance.

List of abbreviations:

BA: Basal Area

CCF: Continuous Cover Forestry
DBH: Diameter at Breast Height
ET: Evapotranspiration

FSC: Forest Structural Complexity
GLM: Generalised Linear Model
RI: Rumperdd Index

VVPD: Vapour Pressure Deficit
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1 Introduction

Since the late 19" century, forests of Fennoscandia, that is Scandinavia, Finland and the
Russian regions of Kola and Karelia (Seppélé, 2005), have been increasingly managed with a
technique called rotation forestry (Lundmark et al., 2013). This practice creates a strong
competition for light between trees to accelerate growth, increase the frequency of cuttings and
maximise profitability. Typical rotation forests consist of rows of even-aged trees, usually the
same species. This type of forest management is being increasingly criticised. The generated
poor structural complexity is a barrier to biodiversity, and single-species stands are more
vulnerable to invasive pests as well as pathogens (Macpherson et al., 2017; Spiecker, 2003).
Besides, rotation forestry involves clearcuts, well-known for inducing nutrient leakage
(Gundersen et al., 2011; Saarsalmi et al., 2010; Vitousek et al., 1979) and releasing greenhouse
gases (Vestin, 2017; Vestin et al., 2020, 2022).

In light of these drawbacks and climate change, alternative practices such as Continuous
Cover Forestry (CCF) are reintroduced. CCF encourages selective cutting instead of clear
cutting, and mimics natural disturbances of untouched ecosystems, thereby contributing to
forest structural complexity (FSC) (Ekholm et al., 2023). McElhinny et al. (2005) define FSC
as “the measure of the number of different attributes present and the relative abundance of each
of these attributes” in a forest stand. Examples of such attributes are tree height, tree diameter,
basal area, species composition, spacing in-between trees or canopy cover. Recent studies
(Bachofen et al., 2023; Leonard et al., 2022) have shown that FSC has a beneficial influence on
biosphere-atmosphere water exchanges, which makes CCF a key component in forest resilience
to climate change and the increased frequency of droughts and heat waves induced (Bednar-
Friedl et al., 2022).

FSC influences evapotranspiration (ET) (Leonard et al., 2022) and transpiration sensitivity
to Vapour Pressure Deficit (VPD) (Bachofen et al., 2023). ET is the combination of evaporation
and transpiration, i.e., the sum of water vapour emitted from the biosphere as latent heat (Chapin
etal., 2011b). VPD is the difference between the actual air water vapour pressure and saturation
vapour pressure (Grossiord et al., 2020). It is a measure of how dry the air is and how much
more water it can still hold. As warm air can contain more water (Ahrens & Henson, 2018), a
rise in VPD draws out moisture from the surface, thereby increasing ET. This vertical
movement of water from the surface to the atmosphere makes VPD a dynamic and useful
measure of drought (Gamelin et al., 2022). Hydraulic stress induced by persistently high VPD
leads plants to close their stomata, which impedes gaseous exchanges between the leaves and
the atmosphere (Bachofen et al., 2023; Grossiord et al., 2020; Johnson & Ferrell, 2006).
Photosynthesis no longer occurs, eventually leading to defoliation and plants death. This
phenomenon leads the relationship between transpiration and VPD to be non-linear,
transpiration increasing with increasing VPD until it decreases when the stomata close. ET is
one of the main components of the water and energy cycle and to include FSC into hydrological
and climate models can potentially enhance our understanding of fluxes and improve our
predictions of forests’ response to droughts.

Modelled estimations of daily ET were improved by 26% by including FSC and associated
canopy openness and radiation variability (Leonard et al., 2022). Canopy openness influences
how much radiation that can reach the ground, thus how much evaporation occurs. Bachofen et
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al. (2023) found that FSC in Central Europe is the main driver of transpiration sensitivity to
VPD. More specifically, they found that stand Basal Area (BA), defined as the sum of the cross-
sectional area of all trees at breast height per unit area (Bettinger et al., 2017), was “the main
driver of maximum tree transpiration and the sensitivity of tree transpiration to VPD”. Bachofen
et al. (2023) concluded that stands with high BA are less sensitive to transpiration in response
to increasing VPD compared to low BA-stands. One discussed explanation is that
microclimates within the canopy are created by high BA-stands. Paul-Limoges et al. (2017),
who studied below-canopy contributions to ecosystem carbon dioxide fluxes in a mixed forest,
argue that leaves in the below-canopy are not as well coupled to the atmosphere as leaves at the
top of the canopy. In other words, the water exchange from the leaf to the atmosphere is not as
efficient for below-canopy leaves compared to leaves exposed above the canopy. Thus, multi-
layered canopies create microclimates that influence transpiration. A multitude of methods exist
to quantify FSC (McElhinny et al., 2005), and the amount of factors included or the type of
index chosen is, in the end, subjective. Nevertheless, McElhinny et al. (2005) conveyed in a
literature review that a reductionist approach could provide a more objective dataset, i.e., a
minimum of attributes and a simple mathematical system are preferrable.

The findings of Bachofen et al. (2023) and Leonard et al. (2022) represents valuable
information for our understanding of forests’ vulnerability to global warming. Bachofen et al.
(2023) compared 25 forests across Europe, implying a large difference in climatic and edaphic
conditions, which they had to include as separate effects in their study. To analyse the sole
effect of FSC on ET, it is relevant to investigate it at a smaller scale and at a single site. The
influence of FSC on ET in a mixed coniferous and deciduous forest remains unexplored. If the
outcome of such an experiment would show that FSC does have a significant impact on ET at
a stand scale, this would demonstrate the importance of mixed coniferous and deciduous stands
being structurally diverse.

The aim of this study was to answer the following questions:
o Does forest structural complexity influence evapotranspiration fluxes at a stand
scale?
o If yes, how does evapotranspiration respond to increasingly dry conditions
depending on forest structural complexity?

I hypothesize that a high FSC will influence ET by sustaining water exchange under dry
conditions.

2 Material and Methods

2.1 Study site

Forests of Southern Sweden benefit from an oceanic climate —Cfb according to Koppen
climate classification (Chen, n.d.), making the region of Scania unique in comparison to the rest
of the country where boreal forests are essentially coniferous. Rumperdd is a mixed forest
located at 56° 20°00” N 14° 06°45” E. It is privately owned and is situated in Ostra Goinge
municipality, in Scania County. Sandy moraine is the dominating soil type, and the elevation



ranges between 76 and 107 metres above sea level. The study site spans 40 to 60 hectares (ha)
and mainly consists of Norway spruce (Picea abies), Scots pine (Pinus sylvestris), English oak
(Quercus robur), European beech (Fagus sylvatica), silver birch (Betula pendula) and downy
birch (Betula pubescens) (Westin, 2015). It has been managed using CCF since the 1950s and
was never fully clearcut for a long time before that; in this sense, it is a well-preserved,
biodiverse stand (Westin, 2015; D. Gdransson, personal communication, August 15, 2022). The
study site is managed using selective cutting, with the objective to leave a minimum of 100
m3/ha, but preferably more, after each cutting. This long history of selective cutting was one of
the reasons for choosing Rumperdd as a study site. It was essential to test the drought in a forest
stand free from the influence of clear-cuttings. Furthermore, the increases in mean warming,
heat extremes and heavy precipitation already observed in this part of Europe since the 1980s,
are expected to keep increasing in the future, according to two different climate scenarios
(Bednar-Friedl et al., 2022). The site had been subjected to diverse studies since its
establishment; for instance, Delin (2019) studied the site’s response to the 2018 drought
compared to a Norway spruce stand of the same region. Westin (2015) compared remote
sensing techniques and field measurements to quantify above ground biomass of the forest.
Figure 1 shows the location of the Rumperdd forest in Southern Sweden.

SWEDEN

;400

METERS '
445000 445500
] STUDY SITE
GEOGRAPHIC COORDINATE SYSTEM:
Si¢ EDDY COVARIANCE TOWER SWEREF99 TM

ORTHOPHOTO 2022

DATA SOURCE: LANTMATERIET
MADELEINE DURDEK

JUNE 2023

Figure 1. The Rumperdd forest and its Eddy Covariance tower situated in Skane County in Southern
Sweden

The Eddy Covariance (EC) tower was established in July 2013; however, because of
thunderstorm damages in 2014, continuous readings for whole calendar years are available from
2015 (P. Vestin, personal communication, April 2023). The tower is 35 m tall and is equipped
with a CPEC 200 flux system (Campbell Scientific, Inc, UT, USA) consisting of an ultrasonic
anemometer (CSAT-3A, Campbell Scientific, Inc, UT, USA) and an infrared gas analyser (EC-
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155, Campbell Scientific, Inc, UT, USA) for measurements of Carbon dioxide and water
approximately 7 m above the forest canopy.

2.2 Methods overview

Forest inventories were conducted in 2014 and 2015 in 18 plots positioned on transects
around the EC tower. Inventory data consists of tree species, tree height, and Diameter at Breast
Height (DBH). Those attributes were used to quantify FSC. Three indices of FSC were
calculated. First, the Gini index calculating variation in BA; second, the Rumperdd Index
specifically created for this study that takes surface roughness and stand density into account;
third, the B index reflecting the proportion of deciduous and coniferous trees. That third index
was used to contrast between growing and dormant season. Flux data from 2015 to 2022 was
sorted so that the strongest signal of VPD (yearly top 25%) was part of the analysis, which was
away to pre-select dry atmospheric conditions and remove the influence of precipitation on ET
fluxes. Flux data was then sorted by wind direction to overlap flux data and FSC per transect.

2.3 Field measurements

Forest inventories were conducted in 2014 and 2015. Circular 200 m2 plots were established
along the North (N), South (S), West (W) and East (E) transects in 2014 and along the North-
West (NW), North-East (NE), South-West (SW) and South-East (SE) transects in 2015 by
Westin (2015). The plots were established at 50 m and 100 m away from the EC tower, apart
from the NE transect where a plot had to be established 90 m from the tower, because of the
presence of a road. Westin (2015) also established additional plots on the NW transect, situated
at 200 and 325 m from the tower, to characterise the presence of a young birch stand (at 200
m) and one of a mature beech (at 325 m). Figure 2 displays the setup of the study. Individual
plots are later referred to as the initial(s) of the cardinal direction followed by their distance
from the tower. For instance, SE50 is the plot situated 50 m away from the tower in the SE
direction. Plot data consists of tree height, DBH, tree species, health status, and centre plots’
GPS coordinates. Data was provided by Patrik Vestin from the Department of Physical
Geography and Ecosystem Science at Lund University.
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Figure 2. Schematic representation of the area and its division for the analysis. Note. This sketch
aims at helping to visualise the setup of the study area but does not necessarily respect proportions.

The area around the EC tower was divided into 45° slices where each slice was assumed to
be represented by the transect at its centre.

Tree height was measured using a Vertex 1V hypsometer and a transponder T3 (Haglof
Sweden AB, Langsele, Sweden). The two instruments communicate by ultrasound. The
transponder was fastened to every trunk at a height of 1.30 m. The Vertex was aimed at the
transponder, then aimed at the treetop. Several readings of tree height were saved and an
average calculated. DBH was cross-callipered at 1.30 m (Westin, 2015), because tree trunks are
seldom completely round, and an average was calculated. Although this data was collected
partly in 2014 and partly in 2015, it was assumed to be similar enough to be used together in
the data analysis, for forests’ growth is slow. Therefore, the small differences in tree height and
DBH from one year to another would not have a big impact on FSC or fluxes. Trees of 2 m and
higher were selected to be part of the analysis, regardless of their DBH. This decision was
justified by the fact that the data was collected in a different way, where 2 m trees and higher
were included in 2014, while Westin (2015) included trees from a height of 1.30 m.

A data overview of the ancillary measurements is shown in Table 1. The plots, for the most
part dominated by spruce or birch, range from 8 to 57 measured trees, corresponding to the
NW325 plot to the E50 plot, respectively.



Table 1. Overview of the field measurements data with tree species count, mean and standard
deviation of basal area and height per plot.

Mean basal  Mean height

Plot Species (tree count) area (m?) (m)
Spruce Pine Oak Beech Birch Alder Rowan  Total
M50 2 40 42 0.0003 + 0.0002 2.6x0.5
N100 21 1 1 1 2 3 2 31 0.01 +0.03 7.81+38.1
MNESO0 14 2 3 19 0.04 + 0.06 12.3+5.1
MNESO g 1 23 32 0.01 +0.03 74155
ES0 a7 1 3 1 57 0.008 £ 0.02 74162
E100 24 7 33 0.02 £ 0.03 11.4+94
SE50 14 3 20 0.04 £ 0.05 12.6t7.7
SE100 27 5 11 a4 0.01 +0.03 8.8+6.0
550 41 1 a2 0.02 +0.02 13.6+6.9
5100 9 1 12 23 0.03 +0.06 12.7+8.7
SW5s0 25 1 7 38 0.02 £0.03 114 +6.6
SW100 3 1 2 13 24 0.02 £ 0.02 11.2+£5.1
Ws0 16 2 17 35 0.00% £ 0.006 9.814.5
W100 15 ] 1 27 0.02 £ 0.04 13868
NW30 20 1 5] 27 0.02 £ 0.03 13.3 8.0
NW100 16 1 4 3 24 0.01 £ 0.02 7.9%55
NW200 18 18 0.001 + 0.0002 55105
NW325 g 8 0.07 £ 0.06 21.1+5.0

Note. Information in the present table is the one used for this study based on the tree selection described in
section 2.3.

2.4 Forest Structural Complexity indices

FSC was first quantified per plot, before being averaged over all plots per transect. Three
different approaches of FSC were tested. All approaches were meant to include few attributes
and a simple mathematical system, as advised by McElhinny (2005). The first method used the
Gini index to estimate the variation in BA. This index was previously used by Bourdier et al.
(2016) to compute a light competition model. It was chosen for the present study both for its
simplicity and to represent variation in BA instead of absolute stand BA. The Gini index ranges
from 0 to 1, with 0 being no variation between the trees’ BA, and 1 being a theoretical maximum
variation of this attribute. Equation (1) was used to calculate it:

Yi1lgi n+1l
Gini = 2 — 1
ini e - (D

Where g; is the basal area of tree i in m?, G the total basal area (m?) and n the number of
trees. Note that tree i is based on the tree number sorted in ascending order.
Basal area BA, in m?, was calculated for each individual tree using equation (2).

)

BA= 0000

(2)



Where DBH is the Diameter at Breast Height in cm, and 10 000 is used to scale BA to m2.

The second approach is an attempt to include the influence of tree height and stand density,
assumed to impact surface roughness and turbulence. Since EC data is used in this study, the
necessity to account for surface roughness justifies this association of attributes. A higher
canopy level increases surface roughness (Burba, 2021), which in turn decreases the footprint
of fluxes. In other words, high surface roughness reduces the fetch of the contributing area. This
index | created calculates the difference in tree height weighed by BA, for | assumed that tall
trees with a small BA will have a reduced impact on turbulence compared to tall trees with a
larger BA. Stand density was thereafter added to that calculation, similarly to Beckschéfer et
al. (2013), where a value of 1 was added to the density to avoid giving too much weight to this
parameter. This index thus primarily increases with the difference in tree height weighed by
basal area and thereafter increases with increasing stand density. This index is referred to as the
Rumperdd’s Index (RI). Equation (3) was used to calculate it:

Y (4h; - BA;)
RI = T IBA X (1+p) 3)

Where Ah; is the difference between tree height h; and the minimum tree height of the plot
(in m). BA; is the tree basal area in m2, and p is the stand density expressed in number of trees
per 10 m2,

RI is a unitless measure of FSC that increases with difference in tree height, increased BA
and density. However, because RI can differ greatly from one plot to another, making it difficult
to appreciate the magnitude of FSC, RI values were normalised once all calculations were
performed. Therefore, RI ranges from 0 to 1, with 1 being the most complex plot of the
Rumperdd forest, based on equation (3).

The B index was used to estimate the influence of species composition. The proportion of
coniferous trees was calculated and here again used as an index ranging from 0 to 1, where =
0 represents 100% deciduous trees and 3 = 1 represents 100% coniferous trees.

Even if the selective felling of trees might have slightly modified biomass and species
composition between 2015 and 2022, it was disregarded because of the assumed least impact
on FSC and fluxes.

2.5 Eddy Covariance flux data

Measured EC flux data from 2015 to 2022 was analysed. It was directly provided by Patrik
Vestin working at Lund University. Fluxes were derived from the method explained by Burba
(2021) and calculated using EddyPro, version 7.0.7 (LI-COR Biosciences, NE, USA).
Turbulent fluctuations of the raw EC data were extracted using half-hourly block-averaging.
Fluxes were corrected for cross-wind for sonic temperature, double rotation for tilt correction,
high-pass filtering (Moncrieff et al., 2005) and low-pass filtering (Horst, 1997). Fluxes were
quality-controlled following the Mauder and Foken (2011) 0-1-2 system (quality flags ranging
from 0 to 2, 0 being the best quality and 2 the worst). For the present analysis, quality flags of
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0 only were retained. The flux data was also filtered based on friction velocity (u*) to avoid
periods with low turbulence conditions and associated biases in flux estimates. Friction velocity
below 0.3 m/s was therefore excluded from the analysis.

ET was calculated from the latent heat flux and VPD from air temperature and relative
humidity. To maximise a range of values with significant turbulence, only daytime values were
kept by excluding all data whose incoming shortwave radiation was below 20 W/mz2. This
threshold, assumed to correspond to the transitional phase between night and daytime, has been
widely used in EC gap-filling methods (Vekuri et al., 2023). To select the driest atmospheric
conditions and remove the effect of precipitation on ET, only the top 25% of VVPD were retained
for the analysis. After comparing the sorted values with precipitation data from the closest
meteorological station —Hasteveda, station no. 63160—, the great majority of the sorted values
corresponded to 0 mm of precipitation. Precipitation data was retrieved from the Swedish
Meteorological and Hydrological Institute (SMHI) (SMHI, n.d.-b). It motivated the choice of
neglecting the outliers of precipitation and include all data from the flux sorting. The resulting
filtered data was thereafter sorted by wind direction based on the 45° slices displayed in Figure
2. Table 2 gives details on the wind direction sorting.

Table 2. Azimuth values used to sort the flux data by wind direction.

Transect Slice boundaries (°)
N >337.5 22.5
NE >22.5 67.5
E >67.5 112.5
SE >1125 157.5
S >157.5 202.5
SW >202.5 247.5
w > 247.5 292.5
NW >292.5 337.5

To better understand the influence of species composition, ET was separately studied for the
growing and the dormant season. The growing season was determined to be from April through
October, according to data on vegetation period retrieved from SMHI (SMHI, n.d.-a).

2.6 Statistical analysis

The statistical analysis was performed to prove that the variation of ET in relation to VPD
across transects is not due to random chance. A Generalised Linear Model (GLM) was used to
test whether the residuals were dependent on transects or just on climatic variables, namely air
temperature and net radiation. Soil water content was excluded because only two measuring
probes are set up on the site and for a valid analysis it should be available for each transect,
because soil moisture varies greatly spatially.

Since a GLM requires normally distributed data (Zuur et al., 2007), the residuals of ET to
VPD (with ET as the dependent variable) for each year were tested for normality using IBM
SPSS. It was done separately for the growing and the dormant season. It was however not tested



for the 2018-dormant season, as this dataset consisted of only 2 values. It resulted in 15 datasets.
The built-in Kolmogorov-Smirnov and Shapiro-Wilk tests were used to assess of normality,
with a p-value <0.05 implying that the data was not normally distributed. For cases with n >50,
the Kolmogorov-Smirnov p-value was chosen to determine normality, while the p-value from
the Shapiro-Wilk test was chosen when n <50. Data transformations (log (x) and v/x) were
performed to attempt reaching normality if this was not the case.

The GLMs were performed in IBM SPSS using the built-in Wald Chi-Square and a 95%
confidence interval. The null hypothesis was failed to be rejected, and significance accepted, if
the p-value was below the threshold of 0.05. Two datasets (the 2019-dormant season and the
2018-growing season) were eventually tested, assuming that if significance was proved for
them, dependence of ET on transects would be true for the rest of the datasets.

3 Results

3.1 Forest Structural Complexity
The analysis was performed using FSC indices per transect. Figure 3 shows these results,
and results of FSC per plot are displayed in Appendix S1.

1.0

0.9 0.86
IRIDGmiDB

0.78 -
0.8 0.75 75

72 Er 0.71
0.7 0.6 0.67—

.59 0.58
0.6 0.54 .55 ] -

05 0.4 04 ’ 0.48

Index

0.2

0.1

0.0
N NE E SE 5 SwW W NW

Transect
Figure 3. FSC per transect. A high RI corresponds to a high difference in tree height weighed by BA

and a high stand density. A high Gini corresponds to a high variation in BA. f represents the
proportion of conifers.

In Figure 3, B follows the pattern of Gini and RI overall. The E and SE transects present the
most complexity, and the N and NW the least. The N and NW transects are mostly deciduous
while the E, SE and S transects are >70% coniferous (see also Table 1).

In Appendix S1, a similar pattern among the indices is observed for the plots W50, W100,
NW50, NW100, and NW200, but the rest of the plots show a greater variation in FSC depending
on the index used. For instance, S50 has the lowest variation in BA, where Gini = 0.11.
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However, Rl = 0.75 in S50. It is also the plot with the highest proportion of coniferous trees
(98%). Note that the Gini values are not necessarily below the RI values, i.e., complexity does
not systematically increase when taking tree height and stand density into account. The
maximum Gini of 0.82 is found in NE9O, while the minimum Gini of 0.11 is found in S50. The
maximum RI is found in E50, while the minimum RI of 0.04 is found in NW200, the young
birch stand. The maximum f of 0.98 is found in S50, while the minimum f of 0 is found in
NW200 and NW325.

3.2 Eddy Covariance measurements

3.2.1 VPD per transect

When looking at the yearly mean of VVPD alone regardless of FSC indices (Figure 4), 2018
surpasses all other years, and this for every transect. The highest mean VPD was 1575 Pa for
the SE transect in 2018, while the lowest was 624 Pa for the NE transect in 2015.

1800

1600

1400 Year

2015
1200 []2016
[]2017
2018
2019
2020
800 []2021
2022

Mean VPD (Pa)

1000 %

600

N NE E SE S sw W NW

Transect
Error Bars: +/- 2 SE

Figure 4. Annual mean VPD (in Pa) per transect for the years 2015-2022. The mean is that of the top
25% of VPD selected for each year. The error bars show the standard deviation of the distribution per
transect and per year.

Mean VPD was globally higher for the E, S, and SE transects, and globally lower for the N
and NE, and W, SW and NW transects (Figure 4). However, the 2018 mean VVPD is the second
highest for the N transect (VPD = 1569 Pa), which stands out compared to the other years in
relation to the other transects. As VPD was the highest in 2018 and the lowest in 2015, these
years are later compared in the response of ET to VPD in relation to FSC per transect (see
Figure 8).
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3.2.2 ET fluxes in relation to Forest Structural Complexity

The influence of FSC on ET fluxes is displayed in Figure 5 -Figure 7, which show the annual
mean ET depending on Gini, Rl and B, respectively. No clear trend is observed in the Gini index
(Figure 5), but a decrease in ET is overall observed from Gini = 0.67 to Gini = 0.75. This
negative relationship is however conflicted where the maximum Gini value (0.79) corresponds
to some of the highest ET out of all years.

0.30

Year

2015
[]2016
[]2017
W2018
{2019
2020
[J2021
2022

0.20 NW W

0.10

Mean ET (mm/hour)

0.00

048 050 054 062 067 072 075 0.79
Gini
Error Bars: +/- 2 SE
Figure 5. Annual mean ET depending on variation in BA (Gini index) for the years 2015-2022. The

distribution of ET is based on selection of the top 25% of VPD selected each year. The error bars
show the standard deviation of the distribution.

Overall, ET is the lowest in the N and NE transects where Gini = 0.54 and 0.75, respectively.
It is overall the highest in the SW, S, and SE transects where Gini = 0.62, 0.67, and 0.79
respectively. ET is at its lowest (= 0.08 mm/hour) in 2021 for the N transect. It is at its highest
(ET = 0.26 mm/hour) that same year where Gini = 0.79, corresponding to the SE transect.

FSC is represented by the RI in Figure 6. The only year for which the lowest ET corresponds
to the highest RI value is 2018, with ET = 0.15 mm/hour for Rl = 0.86, which corresponds to
the E transect.
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Error Bars: +/- 2 SE
Figure 6. Annual mean ET depending on stand density and difference in tree height weighed by BA
(RI) for the years 2015-2022. The distribution of ET is based on selection of the top 25% of VPD
selected each year. The error bars show the standard deviation of the distribution.

No clear trend is observed among the other years, but ET is overall low at a low RI and high
at a high RI. ET values are overall the lowest where Rl = 0.36 and 0.50 (N and NE transect
respectively), and the highest where Rl = 0.63 and Rl = 0.67 (S and SE transects respectively).

The annual mean ET is displayed against the  index in Figure 7. Apart from the highest

value of B (= 0.78), corresponding to the E transect, a positive relationship is overall observed
between ET and the proportion of coniferous trees.
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Figure 7. Annual mean ET depending on the proportion of coniferous species (P index) for the years
2015-2022. The distribution of ET is based on selection of the top 25% of VPD selected each year. The
error bars show the standard deviation of the distribution.

ET is overall the lowest where = 0.37, B = 0.38, and B = 0.55, that is, where the proportion
of deciduous is close to or more than 50% of the stand. This corresponds to the NW, N, and NE
transects respectively. In comparison, ET is overall the highest where p = 0.59, § =0.71 and 3
= 0.75, which corresponds to the SW, S, and SE transect respectively.

The response of ET to FSC is summarised in Table 3.

Table 3. General overview of ET response to variation in FSC indices.

RI Gini B
High Low High Low High Low
E'Tgh S, SE SW., S, SE SW., S, SE
';W E N, NE NE N E N, NW, NE

Overall, a high annual mean ET corresponds to a high FSC. Nevertheless, some exceptions
are observed for the E and NE transects, and the lowest ET during the 2018 drought corresponds
to the highest RI (E transect).

3.2.3 ET in relation to VPD

The annual mean VPD was overall the lowest in 2015, and the highest in 2018 (see Figure
4). The response of ET to VPD per transect was therefore compared between those years (Figure
8). ET is plotted against VPD for all years in Appendix S2 as scatter plots. To clearly visualise
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the comparison between 2015 and 2018, trendlines were fitted on the residuals of the
relationship displayed in S2. Polynomials of second order visually fitted the concave
distribution of the residuals the best. This is an expected pattern that reflects the previously
explained response of ET to increasingly dry conditions. In S2, the x-axis range is kept the same
to compare the dispersion of the sorted VPD values. What it shows is that the top 25% of VPD
can vary greatly from one year to another and across seasons.

0.4 2015 04 2018
0.35 0.35
E 0.3 0.3
,8 0.25 0.25 /
=
E 0.2 0.2 -:ij___ﬂ_:-_;%
= 0.15 0.15 .
B o 0.1
0.05 0.05
0 0
200 700 1200 1700 2200 2700 500 1000 1500 2000 2500 3000
VPD (Pa)
Paly. (N) Poly. (NE) - = =Poly. (E) Poly. (SE)
-Poly. (S) Poly. (SW) — —Poly. (W) Poly. (NW)

Figure 8. ET response to the top 25% of VPD in 2015 and 2018. Each curve represents a transect.
Polynomials of second order (“Poly.”) visually fitted the distribution of the residuals the best.

The previously explained non-linear, concave response of ET to increasing VPD, is more
marked in 2018 than in 2015 (Figure 8). Values of ET in 2018 rarely exceeded 0.2 mm/hour
when exposed to increasing VPD. The peak of the bell shape for the transects in 2018 occurs
between VPD =~ 1400 Pa and = 2300 Pa. However, for that same year, the SE transect, and to a
lower extent the NW transect, show a contrasting trend with a convex polynomial instead of
concave. The N transect has its peak before all other transects, with ET ~ 0.17 mm/hour at VPD
~ 1400 Pa. The E transect has its peak where ET ~ 0.2 mm/hour at VPD = 2300 Pa. Note that
the trend of the E transect shows lower ET than other transects from the start, i.e., where VPD
~ 600 Pa.

In 2015, although polynomials were also fitted on the residuals, not all transects show that
ET has been decreasing in response to increasing VPD. For instance, ET in the W, SW, S, SE,
and NE transects keeps increasing, though with a weakening in the SE and NE transects at VPD
~ 1500 Pa. The NW transect contrasts with the other relationships as the polynomial trend is
convex and not concave. For both 2015 and 2018, a concave polynomial is fitted over the N
transect residuals; however, in 2015, the N transect has its peak with ET =~ 0.14 mm/hour at
VPD = 1100 Pa, while the peak of the bell in 2018 is observed at ET = 0.17 mm/hour at VPD
~ 1500 Pa in 2018.

The year 2021 was chosen to look at the distribution of residuals according to growing and
dormant season (Figure 9) because it has a lot of residuals in both seasons (S2). The relationship
between ET and VPD is compared between the most deciduous transect (NW) and the most
coniferous one (E).
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Figure 9. ET response to the top 25% of VPD in 2021 for the most coniferous (E) and the most
deciduous transect (NW). The black curve represents the E transect during the growing season. The
grey curve represents the NW transect during the growing season, and the yellow curve represents it
during the dormant season. Polynomials of second order (“Poly.”) visually fitted the distribution of

the residuals the best.

The NW transect shows residuals in both seasons, while the E transect only has residuals in
the growing season. The E transect shows a decrease of ET at lower VPD than the NW, i.e., the
peak of ET =~ 0.23 mm/hour at VPD =~ 1000 Pa. The NW has its peak of ET has = 0.21 mm/hour
at VPD = 1800 Pa. The dormant season, although not consisting of many residuals, shows no
decrease in ET, and ET ranges between 0.01 and 0.06 mm/hour. Note that ET during the
dormant season is mostly evaporation rather than ET since the trees have shed their leaves.

3.3 Statistical analysis

Results of the normality tests ran in IBM SPSS is shown in Appendix S3. The 2020-dormant
season has a n number of residuals <50, with degrees of freedom df = 23. Its p-value from the
Shapiro-Wilk test (“Sig.” in S3) is 0.291, which indicates that those residuals are normally
distributed. All other datasets have df >50, therefore the p-value of the Kolmogorov-Smirnov
p-value indicates normality. The results show that the 2019-dormant season and the 2022-
dormant season are normally distributed, for their p-value is 0.096 and 0.080 respectively; all
other datasets are not.

Data transformations were possible for five of those non-normally distributed datasets, using
the square root of x (i.e., the square root of ET plotted against the square root of VPD). The
datasets concerned are the 2015, 2016 and 2017-dormant season, and the 2018 and 2022-
growing season. The 2016-dormant season could also be transformed using log(x), which made
it closer to normality than v/x. S4 gives details on those datasets p-value after transformation.

Results from the GLM model are shown in Table 4 and Table 5 and show that air temperature
was not significantly impacting the distribution of residuals in the 2019-dormant season (p-
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value = 0.088). Apart from this case, all variables, including the fixed effect of the transect,
have a significant influence on the residuals of ET to VPD, for the p-value is <0.05.

Table 4. Results from the GLM for the 2019-dormant season. The p-value is expressed as “Sig.” and
is significant for the transect and net radiation variables.

Source Wald Chi-Square Df Sig.
Intercept 3.301 1 0.069
Transect 35.9 4 <0.001

Air temperature 2.9 1 0.088
Net radiation 128.7 1 <0.001

Dependent variable: Unstandardised Residuals

Only five transects are represented in the 2019-dormant season (Table 4), resulting in df =
4. For the 2018-growing season (Table 5), df = 7 meaning that all transects were represented in
this dataset.

Table 5. Results from the GLM for the 2018-growing season using log (x). The p-value is expressed as
“Sig.” and is significant for the transect, air temperature, and net radiation variables.

Source Wald Chi-Square Df Sig.
Intercept 25.1 1 <0.001
Transect 156.9 7 <0.001

Air temperature 16.4 1 <0.001
Net radiation 739.1 1 <0.001

Dependent variable: Unstandardised Residuals

Those results statistically show that the distribution of the residuals is not due to random
chance. ET response to VPD is significantly dependent on the transects among other climatic
variables. Moreover, the relationship is very strong since the p-value <0.001 for both datasets.

4 Discussion

A high variation in BA (Gini index) overall corresponds to high annual ET. Exceptions may
be explained by species composition (B). | interpret high mean ET values as photosynthesis still
taking place, thus corresponding to transects being less water-stressed than others. Deviations
from this pattern may be attributable to species composition because they correspond to
deciduous transects (Figure 5). A possible explanation resides in the physiological difference
between coniferous and deciduous leaves. Leaf cuticular membranes are thicker and less
permeable for conifers than they are for deciduous trees (Riederer & Schreiber, 2001). In other
words, conifers retain water more than deciduous trees do. This could explain why, in Figure
8, the decrease of ET during the 2018 drought for the E transect occurred at higher VPD.
Comparatively, ET in the N transect, mainly deciduous, is affected at lower VPD during the
drought, and this was also the case in 2015 which was a milder year. Bachofen et al. (2023)
found, using sap flow measurements, that absolute stand BA explained 30% of the total variance
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of transpiration sensitivity to VPD. They also found that transpiration of deciduous species was
higher than that of conifers. Even if our methods differ and the comparison is difficult, our
results relate to each other in the sense that water fluxes are lower for conifers than for
deciduous trees, and that a higher FSC contributes to maintaining water exchanges between the
leaf and the atmosphere.

A high variation in tree height weighed by basal area and a high stand density (RI) overall
corresponds to a high annual ET too. But contrary to the Gini index, the highest value of RI
occurred at a lower mean ET, especially during the 2018 drought, for which ET was at its lowest
(see Figure 6). What is worth noting here is that the highest RI corresponds to the E transect,
and that the associated species composition and FSC does not follow the same assumption as
for the Gini index. In other words, even if the transect is mainly coniferous and has a high FSC,
it does not, in this case, result in high mean ET. An explanation for this likely resides in a
difference in a limiting factor of ET. Distinction between evaporation and transpiration has been
shown to mainly depend on stand density (Lundblad & Lindroth, 2002; Wedler et al., 1996).
To quote Lundblad & Lindroth (2002), the “contribution of trees in a relatively closed forest
under dry conditions can exceed 90% of total evapotranspiration, whereas in thinned or sparse
stands, forest-floor evaporation may become the dominant component in total stand water flux”.
Therefore, in this case of a dense stand like the E transect and in the context of the dry conditions
selected for this study, the low mean ET is attributable to low transpiration rather than to
evaporation.

Lundblad & Lindroth (2002) also state that soil moisture is a limiting factor of transpiration,
which brings forward that the E transect must experience depletion or scarcity in soil moisture.
To understand why this is the case, | investigated the field measurements data (Table 1). it
shows that the E transect is 78% composed of Norway spruce, a shallow-rooted species, and
that it is the only coniferous species of the transect. As RI also accounts for surface roughness,
the highest RI value corresponds to a rougher surface and the contributing area is likely close
to the EC tower. It means that the E50 plot may contribute to the fluxes more than the E100
plot. Table 1 shows that E50 is denser and has more spruces than E100. Spruces, because of
their shallow root architecture (Lundblad & Lindroth, 2002) compete for water in the topsoil
layer, which is likely to be already depleted from water during dry periods. Lynch et al. (2012)
explain that soil water content usually remains in deep soil layers under dry conditions. This is
a situation where forest density associated with poor diversity increases competition between
species (Kholdaenko et al., 2023). This may also explain why the E transect experienced a
decrease in ET at lower VPD than the deciduous transect in 2021 (Figure 9).

The RI created for this study is simplistic and only includes three FSC attributes: tree height,
BA and stand density. However, the distinction between the individual influence of surface
roughness and stand density is not possible. From the field measurements data, stand density
was indeed the highest for the E transect, and within it higher for the E50 plot than for the E100
plot. However, the sole surface roughness reflected in difference in tree height weighed by BA
is undistinguishable in the RI. For future studies, I highly recommend quantifying FSC using
only one attribute to better analyse the influence of the different forest properties, like it is the
case with the Gini and the  index.

The higher stand density in the E transect enhancing competition between species relates to
an important discussion point brought up by Bachofen et al. (2023): the influence of forest
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management on water availability. Thinning practices increase water availability for the
remaining trees, which in turns contributes to making them more vulnerable to droughts by
increasing soil temperature and evaporation. Stand density is therefore an important attribute
that may interfere and decrease ET fluxes, a problem accentuated by low species diversity.

Observed effects of canopy openness on evaporation fluxes are uncertain and hardly
observable with the methods used here. The top 25% of VPD are more likely to occur during
the growing season and the summer months, thus the datasets for the dormant season became
very restricted for dry years. For instance, the severe drought that occurred in 2018 (Lindroth
et al., 2020), shows only 2 values during the dormant season (S2). Other years, 2021 for
example, show a larger proportion of readings during the dormant season. Hence, this sorting
of the fluxes is more relevant to analyses of the growing season only. Nevertheless, when
attempting to compare the dormant season for the most deciduous (NW) and the most
coniferous (E) transect (Figure 9), the absence of residuals in the most coniferous transect is
worth noting. In that same figure, ET decreases for the NW transect at higher VPD than the E
transect. As previously mentioned, the E transect is a vulnerable, poorly diverse, and dense
stand, which may justify the weaker resilience to increasing VPD in this case. Residuals being
only present in the deciduous transect for the dormant season may imply that more evaporation
could take place because radiation reaches the forest floor thanks to leaf phenology. Of course,
there is a possibility that no wind was flowing from that direction under dry conditions in the
dormant season, which marks the uncertainty of the interpretation.

The ET response to VPD is significantly dependent on transects. Even if this significance is
attributable to variation in FSC, it should be kept in mind that soil moisture across the transects
could also explain it, as it directly influences both evaporation and transpiration. Variation in
soil moisture could also explain why VPD varies between transects (Figure 4), since a higher
ET would contribute to making the above-canopy atmosphere moister and by that decrease
VVPD. But because soil moisture data is not available for each transect, it could not be included
in the GLM. Furthermore, air moisture between transects could also be attributed to wind
direction: the proximity of the Rumpertd forest with the Baltic Sea to the East could make
easterly winds moister and thereby decrease VPD in the E transect. However, how much
moisture would the ecosystems uptake between the sea and the forest is highly uncertain.
Nevertheless, in regard of the rest of the results, the significant relationship between ET and
VPD across transects suggests that FSC influences that relationship, regardless of the season.
The dependence of the 2019-dormant season and the 2018-growing season was highly
significant, which implies that the rest of the datasets are likely to be dependent on transects
too. It is even more important that the significance is very high during the growing season of
2018 that experienced the meteorological drought. This supports the hypothesis that FSC
influences water fluxes in the way that it helps trees maintain their hydraulic functioning under
dry conditions. It is worth noting that, to this day, the influence of FSC on water fluxes has not
been extensively studied. Studies on FSC and CCF have mainly been focused on their influence
on biodiversity (Asbeck et al., 2023; Bartels & Macdonald, 2023).

This study analysed fluxes sorted by wind direction. In comparison, Leonard et al. (2022)
used a model called flux footprint, which gives an accurate picture of the contributing area to
the fluxes in percentages (Kljun et al., 2015). This method could improve the present study and
investigate the influence of individual plots, as opposed to transects, which showed some

18



variation in surface roughness, species composition, and other complexity attributes.
Furthermore, to analyse evaporation separately from transpiration fluxes would clarify the
contribution to water losses from the forest. Lundblad & Lindroth (2002) explain that soil
moisture is a limiting factor of ET. Continuous data on soil moisture per transect would be a
way to critically look at ET and its spatial variability. Additionally, sap-flow measurement is a
widely used method to estimate tree transpiration (Bachofen et al., 2023; Lagergren, 2001;
Lundblad & Lindroth, 2002). Transpiration rates and response to VPD are species-specific
(Chapin, 2003; Matheny et al., 2014). Thus, conducting sap-flow measurements per species and
upscaling them to the plots based on plot data would improve our understanding of species
diversity contribution to FSC and transpiration.

For instance, Lagergren (2001) investigated how thinning affects transpiration in a mixed
pine and spruce forest, and found that spruce was much more affected than pine after a sudden
increase in temperature. It raises the question of what other species would be more affected
than others by droughts and climate change. A study by Song et al. (2022) brings forward that
trees with long leaf lifespan —typically evergreen species— have a harder time recovering from
droughts because of their reduced ability to replace drought-damaged tissues. Song et al. (2022)
explain that leaf lifespan and leaf toughness are better predictors of drought recovery than
hydraulic traits, making evergreen species more vulnerable to climate change. This contrasts
with the previous explanation of the results in the way that conifers appeared to respond better
to dry conditions. However, Song et al. (2022) mention “drought-damaged tissues”, implying
that evergreen trees would be more vulnerable to meteorological droughts. This paper
investigates the years 2015 to 2022, and only 2018 was shown to have experienced a severe
drought (Lindroth et al., 2020). For further investigations, an interesting input into FSC that
would contribute to explaining the results is the influence of species diversity. A possible
approach could quantify species evenness using the Pielou index (Pielou, 1966).

5 Conclusion and outlook

The Rumperdd forest structural complexity has an influence on ET fluxes that is observable
using EC measurements. The relationship between ET and increasing FSC is overall clear, with
a high annual mean ET corresponding to a high FSC. Variation in BA and difference in tree
height weighed by BA illustrate this pattern. Species composition and stand density explain
exceptions. A high mean ET is not to be interpreted as an increased ET, but rather that the water
exchange from the leaf to the atmosphere could be maintained. On the contrary, less complex
structures make the trees more vulnerable to dry atmospheric conditions, leading them to close
their stomata and thereby impeding transpiration, which eventually leads to lower mean ET and
decrease growth. This supports the hypothesis in the sense that complex structures help
sustaining water exchanges under dry conditions. However, physiological differences between
coniferous and deciduous trees explain that conifers can retain water easier than deciduous
trees. Stand density creates competition, and if associated with poor species diversity, can lead
a complex, coniferous stand to be more vulnerable to dry conditions. For future studies, |
recommend using a flux footprint model that would specify the influence of individual plots.
To clarify the contribution to water losses from the forest, I also suggest separating evaporation
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from transpiration by using methods such as sap-flow measurements and by multiplying soil
moisture probes on the site.

This study has several important implications. Firstly, it shows the importance of stand
complexity and the role it plays in forests’ response to dry atmospheric conditions. If less water
is exchanged from the leaf to the atmosphere, positive feedbacks can result. It causes less
precipitation and enhances water stress. Secondly, stomata opening intertwines the water and
the carbon cycle: it is essential for water exchange, photosynthesis and carbon fixation to take
place (Chapin et al., 2011a; Lambers et al., 2008). Carbon sequestration could be weakened by
a lack of complexity in forest ecosystems, which makes FSC a relevant parameter to include in
climate and carbon cycle models.

FSC positively influences biotope diversity (Asbeck et al., 2023). Considering the dramatic
loss of biodiversity currently happening, and the time it takes to create or restore complexity in
forests, the need to adapt forest management practices is urgent. This study shows another
advantage of CCF for maintaining forests health and resilience in a changing climate.
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7 Appendix
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S1. All three indices per plot, showing the variation that can occur within a transect.
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S2. ET response to VPD (top 25%) from 2015 to 2022 in the Rumperdd forest (all transects).
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S3. Tests of Normality performed in IBM SPSS with p-values of the residuals for all years; res_grow
and res_dorm designate the residuals of the growing and the dormant season, respectively.

Kolmogorov-Smirnov? Shapiro-Wilk
Statistic Df Sig. Statistic Df Sig.
2015 res_grow 0.071 1676 <0.001 0.949 1676 <0.001
2015 _res_dorm 0.120 112 <0.001 0.941 112 <0.001
2016_res_grow 0.073 1709 <0.001 0.936 1709 <0.001
2016 _res_dorm 0.159 56 0.001 0.826 56 <0.001
2017_res_grow 0.043 1218 <0.001 0.975 1218 <0.001
2017 _res_dorm 0.132 51 0.026 0.946 51 0.022
2018 res_grow 0.053 1678 <0.001 0.973 1678 <0.001
2019 res_grow 0.085 1732 <0.001 0.941 1732 <0.001
2019 _res_dorm 0.067 151 0.096 0.972 151 0.003
2020_res_grow 0.072 1256 <0.001 0.950 1256 <0.001
2020_res_dorm 0.112 23 0.200* 0.950 23 0.291
2021_res_grow 0.064 1527 <0.001 0.948 1527 <0.001
2021 _res_dorm 0.144 142 <0.001 0.861 142 <0.001
2022_res_grow 0.068 1424 <0.001 0.967 1424 <0.001
2022_res_dorm 0.073 134 0.080 0.947 134 <0.001

*, This is a lower bound of the true significance.

& Lillefors Signficance Correction

s4. P-values reached after data transformations using log (x) or \x.

Dataset log (x) Vx
2015_dorm <0.001 0.200
2016_dorm 0.200 0.181
2017_dorm <0.001 0.075
2018_grow <0.001 0.200
2022_grow <0.001 0.145
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