10P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
13 February 2023

REVISED
15 April 2023

ACCEPTED FOR PUBLICATION
18 May 2023

PUBLISHED
6 June 2023

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL

Environ. Res. Lett. 18 (2023) 064044

ENVIRONMENTAL RESEARCH
LETTERS

LETTER

https://doi.org/10.1088/1748-9326/acd6a8

Canopy responses of Swedish primary and secondary forests

to the 2018 drought

Julika Wolf'

, Johanna Asch', Feng Tian’, Katerina Georgiou’ and Anders Ahlstrom"*

! Department of Physical Geography and Ecosystem Science, Lund University, Lund, Sweden

2 Hubei Key Laboratory of Quantitative Remote Sensing of Land and Atmosphere, School of Remote Sensing and Information
Engineering, Wuhan University, Wuhan, People’s Republic of China

3 Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory, Livermore, CA, United States of America

* Author to whom any correspondence should be addressed.

E-mail: anders.ahlstrom@nateko.lu.se

Keywords: primary forests, drought, remote sensing, Sweden, land-use

Supplementary material for this article is available online

Abstract

Boreal forest ecosystems are predicted to experience more frequent summer droughts due to
climate change, posing a threat to future forest health and carbon sequestration. Forestry is a

regionally dominant land use where the managed secondary forests are typically even-aged forests
with low structural and tree species diversity. It is not well known if managed secondary forests and
unmanaged primary forests respond to drought differently in part because the location of primary,

unmanaged, forests has remained largely unknown. Here we employed a unique map detailing
over 300 primary forests in Sweden. We studied impacts of the 2018 nationwide drought by
extracting and analyzing a high-resolution remote sensing vegetation index over the primary
forests and over buffer zones around the primary forests representing secondary forests. We
controlled for topographical variations linked to soil moisture, which was a strong determinant of
drought responses, and analyzed Landsat-derived EVI2 anomalies during the drought year from a
multiyear non-drought baseline. We found that primary forests were less affected by the drought
compared to secondary forests. Our results indicate that forestry may exacerbate the impact of
drought in a future climate with more frequent and extreme hydroclimatic events.

1. Introduction

Boreal forest ecosystems are predicted to experience
hotter summers due to climate change, leading to
more frequent and severe droughts (Seidl et al 2017).
The 2018 European drought may be an early show-
case of what is to be expected in the future (Hari
et al 2020). The economic consequences for Sweden
were severe, as the country grappled with forest fires,
temperature extremes, and crop failures, and the situ-
ation was declared a national crisis (Swedish Ministry
of Enterprise and Innovation 2019). While longer-
term impacts on forests are still unknown, ecosystem
monitoring stations across northern Europe observed
favorable growth conditions during spring, followed
by strongly reduced carbon uptake during summer,
suggesting locally severe stress responses that were
driven by a combination of local soil moisture (SM)
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and atmospheric vapor pressure deficits (Fu et al
2020, Smith et al 2020).

Forestry is the dominant land use type in Sweden,
currently covering about 60% of the country’s total
area, and wood products constitute a major export
revenue (Lindahl et al 2017). The legacy of forest
management is a landscape largely dominated by
even-aged forest stands of Scots pine (Pinus sylvestris)
and Norway spruce (Picea abies), which are planted
or seeded following a clear-cut, typically succeeded by
several rounds of thinning and cleaning, and eventu-
ally clear-cut again after 60—120 years (Vestin 2017).
Furthermore, selection of fast-growing, damage-
resistant phenotypes and fertilization are common
practices, as well as drainage of wetlands (KSLA 2015,
Paul er al 2021), with the latter potentially exacerbat-
ing local SM and atmospheric vapor pressure deficits
during periods of drought.
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At the same time, it has been stated that Sweden
officially harbors the largest area of remaining
primary forests in Europe (Sabatini et al 2018),
although no official comprehensive map of the loc-
ation of these forests exists. Primary forests can be
used as an analogue to which managed forests can
be compared: they remain in a relatively pristine and
undrained condition, are naturally regenerated, and
display an uneven age structure, as well as a larger
presence of dead wood (FAO 2015). How these char-
acteristics influence drought resistance is currently
not well understood. Recent research has shown that
temperate and boreal forests with a higher diversity
in hydraulic traits exhibit a buffering effect on lat-
ent heat flux variations, thus suggesting stronger
drought resistance in more diverse forests (Anderegg
et al 2018). Mixed stands have also been shown
to display facilitative interaction effects, such as by
hydraulic uplift of deeper rooting species (Pretzsch
et al 2013). Repeated fertilization of managed stands
can cause substantial loss of lichen and bryophyte
cover (Hedwall et al 2010), while the presence of bry-
ophytes and deadwood potentially increases water
retention capacity (Pypker et al 2006, Oishi 2018,
Klamerus-Iwan et al 2020). Drought resistance is
closely linked to tree size and age, and taller trees, as
found in primary forests, are considered more sus-
ceptible to drought-induced tree-mortality (Bennett
et al 2015). On the other hand, uneven-aged forests
can favor the relative growth of smaller trees, with the
latter benefitting from the shading and the reduced
water consumption of the taller trees during drought,
thus stabilizing overall stand growth (Pretzsch et al
2018). In short, whether characteristics typically
found in primary forests jointly favor drought res-
istance in comparison to managed forests constitutes
a major research gap that is critical for informing
future forest management decisions.

To compare drought responses in primary and
managed forests, we used a new, detailed map of
348 Swedish primary forests (Ahlstrom et al 2020)
and located surrounding secondary forests using spa-
tial buffers. Together they form spatially proximate
pairs experiencing comparable environmental con-
ditions, landscape history and atmospheric drought
impacts. We analyzed July—September median two-
band enhanced vegetation index (EVI2) values based
on Landsat data at a 30 m spatial resolution (Jiang
et al 2008), and calculated 2018 EVI2 z-scores,
which express anomalies of drought-year greenness as
standard deviations from the long-term (2008-2017)
mean. EVI2 is linearly related to gross primary pro-
duction (Huang et al 2019) and has been employed
in previous drought impact studies (e.g. Reinermann
etal 2019).

Primary forests are generally found on steeper
slopes and drier terrain less favorable for wood
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production than surrounding secondary forests
(Ahlstrom et al 2020), and a recent study in the Pacific
Northwest found drought sensitivity to be depend-
ent on landscape topography (Cartwright et al 2020).
We therefore control for topographical variations
by dividing the dataset into five topographical SM
classes, and then calculate separate per-forest z-score
means for each SM class.

2. Materials and methods

2.1. Description of primary forest map and forest
pairing

Primary forest locations were retrieved from an
unpublished map containing the boundaries of 391
Swedish primary forests; the map itself represents a
digitized and updated version of a nationwide forest
inventory conducted in the late 1970s (Ahlstrom
et al 2020). The forests have since been ranked by
their level of naturalness following the framework
introduced by Buchwald (2005), based on additional
information mainly regarding estimated past human
disturbances. For this study, we only considered
forests equivalent to level five or higher (i.e. intact
forests untouched for at least 60 years). We ana-
lyzed a total of 348 forests, which are scattered across
Sweden, with the largest continuous stretches in the
northwest of the country (figure 1(A)). We then
established 15 km buffer zones around all primary
forests representing forests dominated by planted
and seeded managed secondary forests (figure 1(B)).
While the precise species composition of the forest
pairs analyzed here remains unquantified, both
primary and secondary forests are dominated by
the tree species Norway spruce (Picea abies) and
Scots pine (Pinus sylvestris), but there is likely over-
all a larger share of broadleaved trees in the primary
forests.

We compared the primary and secondary forests
(buffer zones) in pairs to minimize environmental
and drought condition differences between the
primary and secondary forests. The buffer distance
size of 15 km were chosen as a balance between
including enough secondary forests as not to intro-
duce unnecessary uncertainty due to sampling errors,
while not extending too far from the primary forest
edges where environmental characteristics and met-
eorological conditions during 2018 could diverge
from the conditions of the primary forests. The sens-
itivity of varying the buffer size between 5 and 50 km
has been tested and found to be overall low in a previ-
ous study that shares some of the experimental design
of this study (Ahlstrom et al 2020).

A set of maps was used to exclude areas in
primary forests and in the buffer zones to minim-
ize environmental differences and better differen-
tiate managed forests from natural forests. Firstly,
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Figure 1. (A) Map of primary forests included in the analysis. Forests are shown as green polygons (large forests) and points
(smaller forests). (B) Illustration of the spatially proximate pairs. The figure illustrates a primary forest (green) and managed

forest (grey) pair.

only productive forests (forests producing more than
1 m’sk per hectare and year) according to the 2018
Swedish land cover map were included in both
primary forests and in the buffers (Naturvardsverket
2019a,2019b). Secondly, the same Swedish land cover
map was used to exclude the classes ‘temporary not
forest’ that mainly represent areas that recently exper-
ienced clear-cuts, but may also include limited areas
that experienced recent natural disturbances, these
inclusions and exclusions were made in both primary
forests and in the buffers (Naturvérdsverket 2019b).
Third, in buffers only, all forests under some protec-
tion status were excluded from buffer zones. In addi-
tion, known cuts were excluded from primary forests,
and water bodies and areas affected by the 2018 wild-
fires were excluded from both forest types, see table
S1 for further details.

Recent research suggests that around 8% of
unprotected productive forests are older forests that
pre-date the large-scale use of clear-cutting (Ahlstrom
et al 2022). These forests have likely never been clear-
cut but may have been subject to selective logging.
These 8% do not include younger forests that have
not been clear-cut but instead regenerated following
natural disturbances which constitute a likely smal-
ler but unknown fraction of forest in the buffers.
These that have likely not been clear-cut but are likely
not primary forests have not been mapped and have
therefore not been excluded from the buffer zones
and are included in the analysis of secondary forests.
In summary, this implies that clear-cut, planted or
seeded forests, dominates the forest area in the buf-
fer zones referred to as secondary forest, with a likely
smaller but unknown fraction of forests that have not
been clear-cut with varying histories of logging and
other human impacts.

2.2. Quantifying drought responses

We calculated July-September median EVI2 values
(i.e. 2.5x(NIR-RED)/(NIR+2.4xRED+1.0)) for the
years 2008—2018 based on land surface reflectance of
the Landsat archive Tier 1 Collection 2 in Google
Earth Engine, including Landsat 5 from 2008-2012,
Landsat 7 from 2008-2018, and Landsat 8 from 2013—
2018. We focused on the months July—September,
since this timeframe corresponds closely to the period
of strongest GPP anomalies measured at several
Swedish ecosystem monitoring stations during 2018;
it is therefore likely representative of the period of
strongest vegetation stress.

To improve the temporal continuity of the
Landsat archive, we calibrated EVI2 values obtained
from Landsat-5 TM and Landsat-8 OLI to match
Landsat-7 ETM+ by applying transformation coeftfi-
cients. Coefficients were computed following the cor-
rection method introduced by Roy et al (2016). All
scenes were masked for clouds, cloud shadows, and
snow cover based on the quality flags of the Landsat
dataset. For each 30 m pixel, z-scores were extrac-
ted, which express how many standard deviations
the 2018 EVI2 values are from the baseline mean
(2008-2017). We also calculated absolute anomalies
(2018—baseline mean) but found that using absolute
anomalies instead of z-scores had no influence on the
study’s overall conclusion (figure S1).

To evaluate the effect of topography on drought
response, we analyzed drought responses in five sep-
arate SM classes representing zones of increasing
topographical wetness. For this we used a modeled
SM index, which combines the depth-to-water and
topographical wetness indices (Naturvardsverket
2019¢). We then extracted per-forest mean anom-
alies for each SM class. The methodology to quantify
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drought response is building upon previous work by
Wolf (2020), and the choice of metric described in
more detail therein.

2.3. Statistical analysis

To test whether primary forests are associated with
lower drought impacts (higher z-scores) than their
surrounding secondary forests, a one-tailed Wilcoxon
signed-rank test (Wilcoxon 1945) was performed
for each SM class separately. A nonparametric test
was chosen, because the z-score differences of the
forest pairs display a negatively skewed distribution,
and only pairs in the wettest SM class were found
normally distributed (Shapiro—Wilk test, significance
level &« = 0.05) (Shapiro and Wilk 1965). To test the
effect of topography on overall drought impacts, we
first performed a Kruskal-Wallis test (Kruskal and
Wallis 1952) on the difference in drought impacts
between the SM classes, followed by a pairwise
Wilcoxon signed-rank test to evaluate whether overall
drought impacts were smaller in consecutively wet-
ter SM classes. Lastly, we also tested for the effect of
topography on z-score anomaly differences between
primary and secondary forests (using a Kruskal-
Wallis test).

3. Results

3.1. Topography effects

We found that a forest’s drought response is depend-
ent on its topographic position in the landscape.
Vegetation in drier positions such as slopes and hill-
tops showed lower 2018 EVI2 z-score anomalies (lar-
ger drought impact) compared to vegetation in valley
bottoms which are generally moister. This finding
is illustrated in detail in figure 2 for the primary
forest Skuleskogen National Park. A similar pattern
of increasing drought impact with topographic dry-
ness was observed across all 348 primary and sec-
ondary forests when averaging over five SM classes
in each primary and secondary forest (figure 3). The
drought impact was significantly smaller in each con-
secutively wetter SM class (Kruskal-Wallis & pair-
wise Wilcoxon signed-rank test, all p < 0.01). Primary
forests showed smaller EVI2 anomalies (reductions)
compared to secondary forests in all SM classes.
Further, a larger share of primary forests showed
positive EVI2 anomalies: 5.5% of all secondary and
19.7% of all primary forests showed positive anom-
alies in the driest class, and 30.9% and 43.0% in the
wettest class, respectively.

3.2. Difference in responses between paired

primary and secondary forests to the 2018 drought
Because of the strong influence of topographical pos-
ition, and a larger relative share of primary forest
pixels in the drier SM classes (figure S2), we com-
pared primary and secondary forest-pairs for each
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SM class separately. In each SM class primary forests
were associated with significantly higher 2018 EVI2 z-
scores (lower drought impacts) than their surround-
ing managed secondary forests (one-tailed Wilcoxon
signed-rank tests, all p < 0.01) (figure 3). More spe-
cifically, overall mean z-score differences (primary—
secondary) for the five SM classes were +0.154,
—+0.145, 4+0.119, +0.086, and +0.108, respectively.
The mean difference was thus largest in the driest SM
class and became smaller in wetter classes, although
this trend was not statistically significant (Kruskal—
Wallis, p = 0.11). Moreover, variability in z-scores
was found to be higher for primary than secondary
forests.

The most negatively impacted primary and sec-
ondary forests were located near the southeastern
coastline, as well as more inland in northern Sweden
(figure 4(B)). Several forests with positive anomalies
were concentrated in southwestern Sweden, and the
remainder were scattered across the country. In con-
trast, there was no clear spatial pattern concerning
the distribution of z-score differences (primary—
secondary) (figure 4(B)).

4, Discussion

In this study, we analyzed how forest manage-
ment and topography affect drought responses by
comparing anomalies of a high-resolution (30 m)
satellite-derived vegetation index of greenness across
more than 300 paired Swedish primary and man-
aged secondary forests during the unprecedented
2018 nationwide drought. This constitutes a novel
approach that provides a complementary and larger-
scale perspective to in-situ comparisons of tree rings
or measurements of local carbon uptake at eddy-
covariance flux sites (e.g. Grossiord et al 2013,
Anderegg et al 2018).

An uncertainty inherent in the use of satellite
data is the ability of the chosen metric to accur-
ately detect actual drought stress on the ground.
Landsat data, due to the relatively low revisit fre-
quency of 16 d per satellite, constitutes a relatively
blunt tool to study a phenomenon that dynamically
evolves over time, making data gaps due to clouds
and the diminished scene quality associated with the
Landsat 7 ETM+ scanline failure a potential issue.
Furthermore, EVI2 essentially measures changes in
greenness. It is possible that some forests showing no
change, or even greening due to preceding spring con-
ditions, still experienced elevated stress levels later in
the season, leading to a reduction in photosynthesis
but not detectable changes in EVI2. However, the
pair-wise approach where spatially adjacent primary
and managed forests are compared has the strength
to ameliorate some of the uncertainties associated
with satellite data, since impacts are expressed as rel-
ative differences of z-scores between primary and
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Figure 3. Drought response in different forest types and topographic soil moisture classes. Distribution of per-forest mean 2018
EVI2 z-scores of primary (dark green) and secondary (light green) forests for the five topographical soil moisture (SM) classes.

secondary forests, where the data over both forest
types can be expected to have experienced similar
noise inducing conditions (e.g. cloudiness).

The fact that the EVI2 z-scores successfully cap-
tured local differences in drought response associated
with topography-dependent SM differences provides
further confidence in the metric as an adequate proxy
of drought impacts at large. In contrast, most past
drought studies at the national- or European-scale are
based on satellite data at a resolution of 250 m or
coarser (e.g. Buras et al 2020). Studies using remotely
sensed vegetation indices at coarser spatial resolution
than used here, in topographically complex environ-
ments, may therefore fail to correctly identify drought
impacts, because positive and negative responses in
adjacent wet and dry locations may cancel to a weaker
signal when averaged across a larger pixel.

We employed a spatially paired analysis to con-
trol for environmental factors and drought sever-
ity. This is a tractable method to ensure that differ-
ences between the forest types are minimized. More
information on the actual forests could improve the
analysis and potentially offer more information on
why the forest types responded differently to the
drought. However, primary forests have remained
unmapped until recently and they are not well rep-
resented in the Swedish national forest inventory
(Fridman et al 2014). We therefore argue that the
method where spatially proximate forests are com-
pared in pairs is a tractable and robust method. Our
method assumes that productive unprotected forests
that are not included in our primary forests map
are secondary forests. It can however be expected
that around 8% of the unmapped unprotected forests




10P Publishing

Environ. Res. Lett. 18 (2023) 064044

] Wolf et al

seconda higher primary higher
A ry nig primary nig - B

301 SM1
20
10
0

2 10 1 2

401SM2
30 spatial
20 distribution
10
0 s =

=2 2

w
o

o

SM3 ‘I

-2 2

Y

o

no. of forest pairs
N
o

= N W
O o o o

2
EVI2 z-score diff. (| pnmary secondary

primary

-2 2 forest mean EVI2 z-score
20 10 >05 -0.5--075 ) 1€ >05
15 positive | @ 025-05 |® -0.75--1 primary | ® 0.25-05
10 anomaly |® 0.1-025 |e -1--125 higher | ® 0.1-0.25
5 g -0.1-0.1 @ -125--15 -0.1-0.1
negative | 57501 | @ -15--175 secondary | ® -0.25--0.1
0 anomaly | . -05--025 ve <-1.75 higher | ® -0.5--0.25

Figure 4. Countrywide differences between primary and secondary drought responses. (A) Frequency distribution of EVI2
z-score differences (primary—secondary). White dashed lines indicate the overall mean difference for each SM class. (B) Spatial
distribution of z-scores for primary forests (left map), their surrounding secondary forests (middle), and relative difference of
each forest pair (right). Maps display results for SM2, which is the most frequent soil moisture class.

secondary 7 difference

difference

® <-05

are old natural forests that have never been clear-
cut (Ahlstrém et al 2022). These forests, together
with an unknown fraction of young non clear-cut
forests, have not been mapped, and therefore cannot
be excluded from the analysis. While their small share
of productive forest land implies that their inclusion
in the secondary forest class in this study is expected
to have limited impact on our results, mapping and
exclusion of this forest type would improve the accur-
acy of similar future studies.

Our results suggest that primary forests showed
smaller drought impacts than their adjacent second-
ary forests. There are multiple potential reasons for
why this could be the case. Primary forests likely har-
bor both taller and older individual trees in general.
However, previous literature discussing the role of
tree size and age for drought stability is inconclus-
ive. While several studies found taller trees to be more
vulnerable to drought due to their inherently higher
risk of experiencing hydraulic failure (e.g. Bennett
et al 2015, Trugman et al 2018, Liu et al 2022), a
recent paper investigating tree-ring based drought
impacts from a large set of trees across five continents
found that younger upper-canopy trees showed larger
growth reductions during drought compared to older
trees (Au et al 2022). This may reflect a more extens-
ive rooting system of older trees providing access to
deeper soil water, thus alleviating water stress in forest
stands where deeper soil water is not depleted yet.

However, our study focused on the difference
between primary and secondary forests, which
involves differences in a larger and partly unknown
set of ecosystem characteristics beyond tree age and
size. These include but are not limited to character-
istics that have been suggested to improve drought
stability, including but not limited to, no drainage of
wetlands which may increase ecosystem water storage
(Paul et al 2021), larger structural and trait variability
(e.g. Anderegg et al 2018), and unknown potential
roles of diversity in tree species and biodiversity in
general, but it remains difficult to disentangle the
role of individual factors when there are very many
potential reasons in a complex ecosystem with limited
available data.

Opverall, our study, and the data currently avail-
able, only allow for speculation on the key character-
istics that induce the apparent difference in drought
responses between the forest types. We hope that
the results presented here will inspire targeted field
data collection and studies on potential drivers of
the observed differences in drought impacts between
primary and secondary forests in Sweden.

5. Conclusion
We applied a novel and highly detailed map of

primary forests in Sweden to offer first insights into
drought responses in primary and secondary forests.




10P Publishing

Environ. Res. Lett. 18 (2023) 064044

We found that primary forests showed smaller negat-
ive canopy impacts in response to the 2018 drought.
The results also show a clear dependency of drought
impact severity on topographic wetness on a relat-
ively fine spatial scale. During 2018, wetter parts of
the forest landscapes showed small or even positive
vegetation responses to the drought, likely linked to
increased sunlight with sufficient water supply. Our
results therefore suggest that, due to the large risk of
cancelling out positive and negative responses, it may
be critical to use data at higher spatial resolutions in
topographically complex regions, such as Sweden or
elsewhere, to successfully monitor drought responses
in forests.
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