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!BSTRACT
"OREAL FOREST ECOSYSTEMS ARE PREDICTED TO EXPERIENCE MORE FREQUENT SUMMER DROUGHTS DUE TO
CLIMATE CHANGE� POSING A THREAT TO FUTURE FOREST HEALTH AND CARBON SEQUESTRATION� &ORESTRY IS A
REGIONALLY DOMINANT LAND USE WHERE THE MANAGED SECONDARY FORESTS ARE TYPICALLY EVENAGED FORESTS
WITH LOW STRUCTURAL AND TREE SPECIES DIVERSITY� )T 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� (ERE WE EMPLOYED A UNIQUE MAP DETAILING
OVER ��� PRIMARY FORESTS IN 3WEDEN� 7E STUDIED IMPACTS OF THE ���� NATIONWIDE DROUGHT BY
EXTRACTING AND ANALYZING A HIGHRESOLUTION REMOTE SENSING VEGETATION INDEX OVER THE PRIMARY
FORESTS AND OVER BUFFER ZONES AROUND THE PRIMARY FORESTS REPRESENTING SECONDARY FORESTS� 7E
CONTROLLED FOR TOPOGRAPHICAL VARIATIONS LINKED TO SOIL MOISTURE� WHICH WAS A STRONG DETERMINANT OF
DROUGHT RESPONSES� AND ANALYZED ,ANDSATDERIVED %6)� ANOMALIES DURING THE DROUGHT YEAR FROM A
MULTIYEAR NONDROUGHT BASELINE� 7E FOUND THAT PRIMARY FORESTS WERE LESS AFFECTED BY THE DROUGHT
COMPARED TO SECONDARY FORESTS� /UR RESULTS INDICATE THAT FORESTRY MAY EXACERBATE THE IMPACT OF
DROUGHT IN A FUTURE CLIMATE WITH MORE FREQUENT AND EXTREME HYDROCLIMATIC EVENTS�

�� )NTRODUCTION

"OREAL FOREST ECOSYSTEMS ARE PREDICTED TO EXPERIENCE
HOTTER SUMMERS DUE TO CLIMATE CHANGE� LEADING TO
MORE FREQUENT AND SEVERE DROUGHTS �3EIDL ET AL ����	�
4HE ���� %UROPEAN DROUGHT MAY BE AN EARLY SHOW
CASE OF WHAT IS TO BE EXPECTED IN THE FUTURE �(ARI
ET AL ����	� 4HE ECONOMIC CONSEQUENCES FOR 3WEDEN
WERE SEVERE� AS THE COUNTRY GRAPPLED WITH FOREST FIRES�
TEMPERATURE EXTREMES� AND CROP FAILURES� AND THE SITU
ATION WAS DECLARED A NATIONAL CRISIS �3WEDISH-INISTRY
OF %NTERPRISE AND )NNOVATION ����	� 7HILE LONGER
TERM IMPACTS ON FORESTS ARE STILL UNKNOWN� ECOSYSTEM
MONITORING STATIONS ACROSS NORTHERN %UROPE 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 �3-	

AND ATMOSPHERIC VAPOR PRESSURE DEFICITS �&U ET AL
����� 3MITH ET AL ����	�

&ORESTRY IS THE DOMINANT LAND USE TYPE IN 3WEDEN�
CURRENTLY COVERING ABOUT ��� OF THE COUNTRY�S TOTAL
AREA� AND WOOD PRODUCTS CONSTITUTE A MAJOR EXPORT
REVENUE �,INDAHL ET AL ����	� 4HE LEGACY OF FOREST
MANAGEMENT IS A LANDSCAPE LARGELY DOMINATED BY
EVENAGED FOREST STANDS OF 3COTS PINE �0INUS SYLVESTRIS	
AND .ORWAY SPRUCE �0ICEA ABIES	� WHICH ARE PLANTED
OR SEEDED FOLLOWING A CLEARCUT� TYPICALLY SUCCEEDED BY
SEVERAL ROUNDS OF THINNING AND CLEANING� AND EVENTU
ALLY CLEARCUT AGAIN AFTER ��n��� YEARS �6ESTIN ����	�
&URTHERMORE� SELECTION OF FASTGROWING� DAMAGE
RESISTANT PHENOTYPES AND FERTILIZATION ARE COMMON
PRACTICES� AS WELL AS DRAINAGE OF WETLANDS �+3,! �����
0AUL ET AL ����	� WITH THE LATTER POTENTIALLY EXACERBAT
ING LOCAL 3- AND ATMOSPHERIC VAPOR PRESSURE DEFICITS
DURING PERIODS OF DROUGHT�
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!T THE SAME TIME� IT HAS BEEN STATED THAT 3WEDEN
OFFICIALLY HARBORS THE LARGEST AREA OF REMAINING
PRIMARY FORESTS IN %UROPE �3ABATINI ET AL ����	�
ALTHOUGH NO OFFICIAL COMPREHENSIVE MAP OF THE LOC
ATION OF THESE FORESTS EXISTS� 0RIMARY 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 �&!/ ����	� (OW THESE CHAR
ACTERISTICS INFLUENCE DROUGHT RESISTANCE IS CURRENTLY
NOT WELL UNDERSTOOD� 2ECENT 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 �!NDEREGG
ET AL ����	� -IXED STANDS HAVE ALSO BEEN SHOWN
TO DISPLAY FACILITATIVE INTERACTION EFFECTS� SUCH AS BY
HYDRAULIC UPLIFT OF DEEPER ROOTING SPECIES �0RETZSCH
ET AL ����	� 2EPEATED FERTILIZATION OF MANAGED STANDS
CAN CAUSE SUBSTANTIAL LOSS OF LICHEN AND BRYOPHYTE
COVER �(EDWALL ET AL ����	� WHILE THE PRESENCE OF BRY
OPHYTES AND DEADWOOD POTENTIALLY INCREASES WATER
RETENTION CAPACITY �0YPKER ET AL ����� /ISHI �����
+LAMERUS)WAN ET AL ����	� $ROUGHT RESISTANCE IS
CLOSELY LINKED TO TREE SIZE AND AGE� AND TALLER TREES� AS
FOUND IN PRIMARY FORESTS� ARE CONSIDERED MORE SUS
CEPTIBLE TO DROUGHTINDUCED TREEMORTALITY �"ENNETT
ET AL ����	� /N THE OTHER HAND� UNEVENAGED 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 �0RETZSCH ET AL
����	� )N 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�

4O COMPARE DROUGHT RESPONSES IN PRIMARY AND
MANAGED FORESTS� WE USED A NEW� DETAILED MAP OF
��� 3WEDISH PRIMARY FORESTS �!HLSTR�M ET AL ����	
AND LOCATED SURROUNDING SECONDARY FORESTS USING SPA
TIAL BUFFERS� 4OGETHER THEY FORM SPATIALLY PROXIMATE
PAIRS EXPERIENCING COMPARABLE ENVIRONMENTAL CON
DITIONS� LANDSCAPE HISTORY AND ATMOSPHERIC DROUGHT
IMPACTS� 7E ANALYZED *ULYn3EPTEMBER MEDIAN TWO
BAND ENHANCED VEGETATION INDEX �%6)�	 VALUES BASED
ON ,ANDSAT DATA AT A �� M SPATIAL RESOLUTION �*IANG
ET AL ����	� AND CALCULATED ���� %6)� ZSCORES�
WHICH EXPRESS ANOMALIES OF DROUGHTYEAR GREENNESS AS
STANDARD DEVIATIONS FROM THE LONGTERM �����n����	
MEAN� %6)� IS LINEARLY RELATED TO GROSS PRIMARY PRO
DUCTION �(UANG ET AL ����	 AND HAS BEEN EMPLOYED
IN PREVIOUS DROUGHT IMPACT STUDIES �E�G� 2EINERMANN
ET AL ����	�

0RIMARY FORESTS ARE GENERALLY FOUND ON STEEPER
SLOPES AND DRIER TERRAIN LESS FAVORABLE FOR WOOD

PRODUCTION THAN SURROUNDING SECONDARY FORESTS
�!HLSTR�M ET AL ����	� AND A RECENT STUDY IN THE 0ACIFIC
.ORTHWEST FOUND DROUGHT SENSITIVITY TO BE DEPEND
ENT ON LANDSCAPE TOPOGRAPHY �#ARTWRIGHT ET AL ����	�
7E THEREFORE CONTROL FOR TOPOGRAPHICAL VARIATIONS
BY DIVIDING THE DATASET INTO FIVE TOPOGRAPHICAL 3-
CLASSES� AND THEN CALCULATE SEPARATE PERFOREST ZSCORE
MEANS FOR EACH 3- CLASS�

�� -ATERIALS ANDMETHODS

���� $ESCRIPTION OF PRIMARY FOREST MAP AND FOREST
PAIRING
0RIMARY FOREST LOCATIONS WERE RETRIEVED FROM AN
UNPUBLISHED MAP CONTAINING THE BOUNDARIES OF ���
3WEDISH PRIMARY FORESTS� THE MAP ITSELF REPRESENTS A
DIGITIZED AND UPDATED VERSION OF A NATIONWIDE FOREST
INVENTORY CONDUCTED IN THE LATE ����S �!HLSTR�M
ET AL ����	� 4HE FORESTS HAVE SINCE BEEN RANKED BY
THEIR LEVEL OF NATURALNESS FOLLOWING THE FRAMEWORK
INTRODUCED BY "UCHWALD �����	� BASED ON ADDITIONAL
INFORMATION MAINLY REGARDING ESTIMATED PAST HUMAN
DISTURBANCES� &OR THIS STUDY� WE ONLY CONSIDERED
FORESTS EQUIVALENT TO LEVEL FIVE OR HIGHER �I�E� INTACT
FORESTS UNTOUCHED FOR AT LEAST �� YEARS	� 7E ANA
LYZED A TOTAL OF ��� FORESTS� WHICH ARE SCATTERED ACROSS
3WEDEN� WITH THE LARGEST CONTINUOUS STRETCHES IN THE
NORTHWEST OF THE COUNTRY �FIGURE ��!		� 7E THEN
ESTABLISHED �� KM BUFFER ZONES AROUND ALL PRIMARY
FORESTS REPRESENTING FORESTS DOMINATED BY PLANTED
AND SEEDED MANAGED SECONDARY FORESTS �FIGURE ��"		�
7HILE THE PRECISE SPECIES COMPOSITION OF THE FOREST
PAIRS ANALYZED HERE REMAINS UNQUANTIFIED� BOTH
PRIMARY AND SECONDARY FORESTS ARE DOMINATED BY
THE TREE SPECIES .ORWAY SPRUCE �0ICEA ABIES	 AND
3COTS PINE �0INUS SYLVESTRIS	� BUT THERE IS LIKELY OVER
ALL A LARGER SHARE OF BROADLEAVED TREES IN THE PRIMARY
FORESTS�

7E COMPARED THE PRIMARY AND SECONDARY FORESTS
�BUFFER ZONES	 IN PAIRS TO MINIMIZE ENVIRONMENTAL
AND DROUGHT CONDITION DIFFERENCES BETWEEN THE
PRIMARY AND SECONDARY FORESTS� 4HE BUFFER DISTANCE
SIZE OF �� 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 ���� COULD DIVERGE
FROM THE CONDITIONS OF THE PRIMARY FORESTS� 4HE SENS
ITIVITY OF VARYING THE BUFFER SIZE BETWEEN � AND �� 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 �!HLSTR�M ET AL ����	�

! 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� &IRSTLY�

�
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&IGURE �� �!	 -AP OF PRIMARY FORESTS INCLUDED IN THE ANALYSIS� &ORESTS ARE SHOWN AS GREEN POLYGONS �LARGE FORESTS	 AND POINTS
�SMALLER FORESTS	� �"	 )LLUSTRATION OF THE SPATIALLY PROXIMATE PAIRS� 4HE FIGURE ILLUSTRATES A PRIMARY FOREST �GREEN	 AND MANAGED
FOREST �GREY	 PAIR�

ONLY PRODUCTIVE FORESTS �FORESTS PRODUCING MORE THAN
� M�SK PER HECTARE AND YEAR	 ACCORDING TO THE ����
3WEDISH LAND COVER MAP WERE INCLUDED IN BOTH
PRIMARY FORESTS AND IN THE BUFFERS �.ATURVnRDSVERKET
����A� ����B	� 3ECONDLY� THE SAME 3WEDISH LAND COVER
MAP WAS USED TO EXCLUDE THE CLASSES @TEMPORARY NOT
FOREST� THAT MAINLY REPRESENT AREAS THAT RECENTLY EXPER
IENCED CLEARCUTS� 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 �.ATURVnRDSVERKET ����B	�
4HIRD� IN BUFFERS ONLY� ALL FORESTS UNDER SOME PROTEC
TION STATUS WERE EXCLUDED FROM BUFFER ZONES� )N ADDI
TION� KNOWN CUTS WERE EXCLUDED FROM PRIMARY FORESTS�
AND WATER BODIES AND AREAS AFFECTED BY THE ���� WILD
FIRES WERE EXCLUDED FROM BOTH FOREST TYPES� SEE TABLE
3� FOR FURTHER DETAILS�

2ECENT RESEARCH SUGGESTS THAT AROUND �� OF
UNPROTECTED PRODUCTIVE FORESTS ARE OLDER FORESTS THAT
PREDATE THE LARGESCALE USE OF CLEARCUTTING �!HLSTR�M
ET AL ����	� 4HESE FORESTS HAVE LIKELY NEVER BEEN CLEAR
CUT BUT MAY HAVE BEEN SUBJECT TO SELECTIVE LOGGING�
4HESE �� DO NOT INCLUDE YOUNGER FORESTS THAT HAVE
NOT BEEN CLEARCUT BUT INSTEAD REGENERATED FOLLOWING
NATURAL DISTURBANCES WHICH CONSTITUTE A LIKELY SMAL
LER BUT UNKNOWN FRACTION OF FOREST IN THE BUFFERS�
4HESE THAT HAVE LIKELY NOT BEEN CLEARCUT 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�
)N SUMMARY� THIS IMPLIES THAT CLEARCUT� 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 CLEARCUT WITH VARYING HISTORIES OF LOGGING AND
OTHER HUMAN IMPACTS�

���� 1UANTIFYING DROUGHT RESPONSES
7E CALCULATED *ULY3EPTEMBER MEDIAN %6)� VALUES
�I�E� ���X�.)22%$	��.)2+���X2%$+���		 FOR THE
YEARS ����n���� BASED ON LAND SURFACE REFLECTANCE OF
THE ,ANDSAT ARCHIVE 4IER � #OLLECTION � IN 'OOGLE
%ARTH %NGINE� INCLUDING ,ANDSAT � FROM ����n�����
,ANDSAT � FROM ����n����� AND ,ANDSAT � FROM ����n
����� 7E FOCUSED ON THE MONTHS *ULYn3EPTEMBER�
SINCE THIS TIMEFRAME CORRESPONDS CLOSELY TO THE PERIOD
OF STRONGEST '00 ANOMALIES MEASURED AT SEVERAL
3WEDISH ECOSYSTEM MONITORING STATIONS DURING �����
IT IS THEREFORE LIKELY REPRESENTATIVE OF THE PERIOD OF
STRONGEST VEGETATION STRESS�

4O IMPROVE THE TEMPORAL CONTINUITY OF THE
,ANDSAT ARCHIVE� WE CALIBRATED %6)� VALUES OBTAINED
FROM ,ANDSAT� 4- AND ,ANDSAT� /,) TO MATCH
,ANDSAT� %4-+ BY APPLYING TRANSFORMATION COEFFI
CIENTS� #OEFFICIENTS WERE COMPUTED FOLLOWING THE COR
RECTION METHOD INTRODUCED BY 2OY ET AL �����	� !LL
SCENES WERE MASKED FOR CLOUDS� CLOUD SHADOWS� AND
SNOW COVER BASED ON THE QUALITY FLAGS OF THE ,ANDSAT
DATASET� &OR EACH �� M PIXEL� ZSCORES WERE EXTRAC
TED� WHICH EXPRESS HOW MANY STANDARD DEVIATIONS
THE ���� %6)� VALUES ARE FROM THE BASELINE MEAN
�����n����	� 7E ALSO CALCULATED ABSOLUTE ANOMALIES
������BASELINE MEAN	 BUT FOUND THAT USING ABSOLUTE
ANOMALIES INSTEAD OF ZSCORES HAD NO INFLUENCE ON THE
STUDY�S OVERALL CONCLUSION �FIGURE 3�	�

4O EVALUATE THE EFFECT OF TOPOGRAPHY ON DROUGHT
RESPONSE� WE ANALYZED DROUGHT RESPONSES IN FIVE SEP
ARATE 3- CLASSES REPRESENTING ZONES OF INCREASING
TOPOGRAPHICAL WETNESS� &OR THIS WE USED A MODELED
3- INDEX� WHICH COMBINES THE DEPTHTOWATER AND
TOPOGRAPHICAL WETNESS INDICES �.ATURVnRDSVERKET
����C	� 7E THEN EXTRACTED PERFOREST MEAN ANOM
ALIES FOR EACH 3- CLASS� 4HE METHODOLOGY TO QUANTIFY

�
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DROUGHT RESPONSE IS BUILDING UPON PREVIOUS WORK BY
7OLF �����	� AND THE CHOICE OF METRIC DESCRIBED IN
MORE DETAIL THEREIN�

���� 3TATISTICAL ANALYSIS
4O TEST WHETHER PRIMARY FORESTS ARE ASSOCIATED WITH
LOWER DROUGHT IMPACTS �HIGHER ZSCORES	 THAN THEIR
SURROUNDING SECONDARY FORESTS� A ONETAILED7ILCOXON
SIGNEDRANK TEST �7ILCOXON ����	 WAS PERFORMED
FOR EACH 3- CLASS SEPARATELY� ! NONPARAMETRIC TEST
WAS CHOSEN� BECAUSE THE ZSCORE DIFFERENCES OF THE
FOREST PAIRS DISPLAY A NEGATIVELY SKEWED DISTRIBUTION�
AND ONLY PAIRS IN THE WETTEST 3- CLASS WERE FOUND
NORMALLY DISTRIBUTED �3HAPIROn7ILK TEST� SIGNIFICANCE
LEVEL α = ����	 �3HAPIRO AND 7ILK ����	� 4O TEST THE
EFFECT OF TOPOGRAPHY ON OVERALL DROUGHT IMPACTS� WE
FIRST PERFORMED A +RUSKALn7ALLIS TEST �+RUSKAL AND
7ALLIS ����	 ON THE DIFFERENCE IN DROUGHT IMPACTS
BETWEEN THE 3- CLASSES� FOLLOWED BY A PAIRWISE
7ILCOXON SIGNEDRANK TEST TO EVALUATE WHETHER OVERALL
DROUGHT IMPACTS WERE SMALLER IN CONSECUTIVELY WET
TER 3- CLASSES� ,ASTLY� WE ALSO TESTED FOR THE EFFECT OF
TOPOGRAPHY ON ZSCORE ANOMALY DIFFERENCES BETWEEN
PRIMARY AND SECONDARY FORESTS �USING A +RUSKALn
7ALLIS TEST	�

�� 2ESULTS

���� 4OPOGRAPHY EFFECTS
7E FOUND THAT A FOREST�S DROUGHT RESPONSE IS DEPEND
ENT ON ITS TOPOGRAPHIC POSITION IN THE LANDSCAPE�
6EGETATION IN DRIER POSITIONS SUCH AS SLOPES AND HILL
TOPS SHOWED LOWER ���� %6)� ZSCORE ANOMALIES �LAR
GER DROUGHT IMPACT	 COMPARED TO VEGETATION IN VALLEY
BOTTOMS WHICH ARE GENERALLY MOISTER� 4HIS FINDING
IS ILLUSTRATED IN DETAIL IN FIGURE � FOR THE PRIMARY
FOREST 3KULESKOGEN .ATIONAL 0ARK� ! SIMILAR PATTERN
OF INCREASING DROUGHT IMPACT WITH TOPOGRAPHIC DRY
NESS WAS OBSERVED ACROSS ALL ��� PRIMARY AND SEC
ONDARY FORESTS WHEN AVERAGING OVER FIVE 3- CLASSES
IN EACH PRIMARY AND SECONDARY FOREST �FIGURE �	� 4HE
DROUGHT IMPACT WAS SIGNIFICANTLY SMALLER IN EACH CON
SECUTIVELY WETTER 3- CLASS �+RUSKALn7ALLIS � PAIR
WISE7ILCOXON SIGNEDRANK TEST� ALL P< ����	� 0RIMARY
FORESTS SHOWED SMALLER %6)� ANOMALIES �REDUCTIONS	
COMPARED TO SECONDARY FORESTS IN ALL 3- CLASSES�
&URTHER� A LARGER SHARE OF PRIMARY FORESTS SHOWED
POSITIVE %6)� ANOMALIES� ���� OF ALL SECONDARY AND
����� OF ALL PRIMARY FORESTS SHOWED POSITIVE ANOM
ALIES IN THE DRIEST CLASS� AND ����� AND ����� IN THE
WETTEST CLASS� RESPECTIVELY�

���� $IFFERENCE IN RESPONSES BETWEEN PAIRED
PRIMARY AND SECONDARY FORESTS TO THE ���� DROUGHT
"ECAUSE OF THE STRONG INFLUENCE OF TOPOGRAPHICAL POS
ITION� AND A LARGER RELATIVE SHARE OF PRIMARY FOREST
PIXELS IN THE DRIER 3- CLASSES �FIGURE 3�	� WE COM
PARED PRIMARY AND SECONDARY FORESTPAIRS FOR EACH

3- CLASS SEPARATELY� )N EACH 3- CLASS PRIMARY FORESTS
WERE ASSOCIATED WITH SIGNIFICANTLY HIGHER ���� %6)� Z
SCORES �LOWER DROUGHT IMPACTS	 THAN THEIR SURROUND
ING MANAGED SECONDARY FORESTS �ONETAILED 7ILCOXON
SIGNEDRANK TESTS� ALL P < ����	 �FIGURE �	� -ORE SPE
CIFICALLY� OVERALL MEAN ZSCORE DIFFERENCES �PRIMARY�
SECONDARY	 FOR THE FIVE 3- CLASSES WERE +������
+������ +������ +������ AND +������ RESPECTIVELY�
4HE MEAN DIFFERENCE WAS THUS LARGEST IN THE DRIEST 3-
CLASS AND BECAME SMALLER IN WETTER CLASSES� ALTHOUGH
THIS TREND WAS NOT STATISTICALLY SIGNIFICANT �+RUSKALn
7ALLIS� P = ����	� -OREOVER� VARIABILITY IN ZSCORES
WAS FOUND TO BE HIGHER FOR PRIMARY THAN SECONDARY
FORESTS�

4HE MOST NEGATIVELY IMPACTED PRIMARY AND SEC
ONDARY FORESTS WERE LOCATED NEAR THE SOUTHEASTERN
COASTLINE� AS WELL AS MORE INLAND IN NORTHERN 3WEDEN
�FIGURE ��"		� 3EVERAL FORESTS WITH POSITIVE ANOMALIES
WERE CONCENTRATED IN SOUTHWESTERN 3WEDEN� AND THE
REMAINDER WERE SCATTERED ACROSS THE COUNTRY� )N CON
TRAST� THERE WAS NO CLEAR SPATIAL PATTERN CONCERNING
THE DISTRIBUTION OF ZSCORE DIFFERENCES �PRIMARY�
SECONDARY	 �FIGURE ��"		�

�� $ISCUSSION

)N THIS STUDY� WE ANALYZED HOW FOREST MANAGE
MENT AND TOPOGRAPHY AFFECT DROUGHT RESPONSES BY
COMPARING ANOMALIES OF A HIGHRESOLUTION ��� M	
SATELLITEDERIVED VEGETATION INDEX OF GREENNESS ACROSS
MORE THAN ��� PAIRED 3WEDISH PRIMARY AND MAN
AGED SECONDARY FORESTS DURING THE UNPRECEDENTED
���� NATIONWIDE DROUGHT� 4HIS CONSTITUTES A NOVEL
APPROACH THAT PROVIDES A COMPLEMENTARY AND LARGER
SCALE PERSPECTIVE TO INSITU COMPARISONS OF TREE RINGS
OR MEASUREMENTS OF LOCAL CARBON UPTAKE AT EDDY
COVARIANCE FLUX SITES �E�G� 'ROSSIORD ET AL �����
!NDEREGG ET AL ����	�

!N 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�
,ANDSAT DATA� DUE TO THE RELATIVELY LOW REVISIT FRE
QUENCY OF �� 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
,ANDSAT � %4-+ SCANLINE FAILURE A POTENTIAL ISSUE�
&URTHERMORE� %6)� ESSENTIALLY MEASURES CHANGES IN
GREENNESS� )T 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 %6)�� (OWEVER� THE
PAIRWISE 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 ZSCORES BETWEEN PRIMARY AND

�
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&IGURE �� ���� %6)� ZSCORES IN 3KULESKOGEN .ATIONAL 0ARK MAPPED ONTO AN ELEVATION MODEL TO ILLUSTRATE HOW LOCAL TOPOGRAPHY
INFLUENCES FOREST DROUGHT IMPACTS�

&IGURE �� $ROUGHT RESPONSE IN DIFFERENT FOREST TYPES AND TOPOGRAPHIC SOIL MOISTURE CLASSES� $ISTRIBUTION OF PERFOREST MEAN ����
%6)� ZSCORES OF PRIMARY �DARK GREEN	 AND SECONDARY �LIGHT GREEN	 FORESTS FOR THE FIVE TOPOGRAPHICAL SOIL MOISTURE �3-	 CLASSES�

SECONDARY FORESTS� WHERE THE DATA OVER BOTH FOREST
TYPES CAN BE EXPECTED TO HAVE EXPERIENCED SIMILAR
NOISE INDUCING CONDITIONS �E�G� CLOUDINESS	�

4HE FACT THAT THE %6)� ZSCORES SUCCESSFULLY CAP
TURED LOCAL DIFFERENCES IN DROUGHT RESPONSE ASSOCIATED
WITH TOPOGRAPHYDEPENDENT 3- DIFFERENCES PROVIDES
FURTHER CONFIDENCE IN THE METRIC AS AN ADEQUATE PROXY
OF DROUGHT IMPACTS AT LARGE� )N CONTRAST� MOST PAST
DROUGHT STUDIES AT THE NATIONAL OR %UROPEANSCALE ARE
BASED ON SATELLITE DATA AT A RESOLUTION OF ��� M OR
COARSER �E�G� "URAS ET AL ����	� 3TUDIES 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 LOCATIONSMAY CANCEL TO A WEAKER
SIGNAL WHEN AVERAGED ACROSS A LARGER PIXEL�

7E EMPLOYED A SPATIALLY PAIRED ANALYSIS TO CON
TROL FOR ENVIRONMENTAL FACTORS AND DROUGHT SEVER
ITY� 4HIS IS A TRACTABLE METHOD TO ENSURE THAT DIFFER
ENCES BETWEEN THE FOREST TYPES ARE MINIMIZED� -ORE
INFORMATION ON THE ACTUAL FORESTS COULD IMPROVE THE
ANALYSIS AND POTENTIALLY OFFER MORE INFORMATION ON
WHY THE FOREST TYPES RESPONDED DIFFERENTLY TO THE
DROUGHT� (OWEVER� PRIMARY FORESTS HAVE REMAINED
UNMAPPED UNTIL RECENTLY AND THEY ARE NOT WELL REP
RESENTED IN THE 3WEDISH NATIONAL FOREST INVENTORY
�&RIDMAN ET AL ����	� 7E THEREFORE ARGUE THAT THE
METHOD WHERE SPATIALLY PROXIMATE FORESTS ARE COM
PARED IN PAIRS IS A TRACTABLE AND ROBUST METHOD� /UR
METHOD ASSUMES THAT PRODUCTIVE UNPROTECTED FORESTS
THAT ARE NOT INCLUDED IN OUR PRIMARY FORESTS MAP
ARE SECONDARY FORESTS� )T CAN HOWEVER BE EXPECTED
THAT AROUND �� OF THE UNMAPPED UNPROTECTED FORESTS

�
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&IGURE �� #OUNTRYWIDE DIFFERENCES BETWEEN PRIMARY AND SECONDARY DROUGHT RESPONSES� �!	 &REQUENCY DISTRIBUTION OF %6)�
ZSCORE DIFFERENCES �PRIMARY�SECONDARY	� 7HITE DASHED LINES INDICATE THE OVERALL MEAN DIFFERENCE FOR EACH 3- CLASS� �"	 3PATIAL
DISTRIBUTION OF ZSCORES FOR PRIMARY FORESTS �LEFT MAP	� THEIR SURROUNDING SECONDARY FORESTS �MIDDLE	� AND RELATIVE DIFFERENCE OF
EACH FOREST PAIR �RIGHT	� -APS DISPLAY RESULTS FOR 3-�� WHICH IS THE MOST FREQUENT SOIL MOISTURE CLASS�

ARE OLD NATURAL FORESTS THAT HAVE NEVER BEEN CLEAR
CUT �!HLSTR�M ET AL ����	� 4HESE FORESTS� TOGETHER
WITH AN UNKNOWN FRACTION OF YOUNG NON CLEARCUT
FORESTS� HAVE NOT BEEN MAPPED� AND THEREFORE CANNOT
BE EXCLUDED FROM THE ANALYSIS� 7HILE 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�

/UR RESULTS SUGGEST THAT PRIMARY FORESTS SHOWED
SMALLER DROUGHT IMPACTS THAN THEIR ADJACENT SECOND
ARY FORESTS� 4HERE ARE MULTIPLE POTENTIAL REASONS FOR
WHY THIS COULD BE THE CASE� 0RIMARY FORESTS LIKELY HAR
BOR BOTH TALLER AND OLDER INDIVIDUAL TREES IN GENERAL�
(OWEVER� PREVIOUS LITERATURE DISCUSSING THE ROLE OF
TREE SIZE AND AGE FOR DROUGHT STABILITY IS INCONCLUS
IVE�7HILE SEVERAL STUDIES FOUND TALLER TREES TO BEMORE
VULNERABLE TO DROUGHT DUE TO THEIR INHERENTLY HIGHER
RISK OF EXPERIENCING HYDRAULIC FAILURE �E�G� "ENNETT
ET AL ����� 4RUGMAN ET AL ����� ,IU ET AL ����	� A
RECENT PAPER INVESTIGATING TREERING BASED DROUGHT
IMPACTS FROM A LARGE SET OF TREES ACROSS FIVE CONTINENTS
FOUND THAT YOUNGER UPPERCANOPY TREES SHOWED LARGER
GROWTH REDUCTIONS DURING DROUGHT COMPARED TO OLDER
TREES �!U ET AL ����	� 4HIS 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�

(OWEVER� 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� 4HESE 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 WHICHMAY INCREASE ECOSYSTEMWATER STORAGE
�0AUL ET AL ����	� LARGER STRUCTURAL AND TRAIT VARIABILITY
�E�G� !NDEREGG ET AL ����	� 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 ECOSYSTEMWITH LIMITED
AVAILABLE DATA�

/VERALL� 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� 7E 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 3WEDEN�

�� #ONCLUSION

7E APPLIED A NOVEL AND HIGHLY DETAILED MAP OF
PRIMARY FORESTS IN 3WEDEN TO OFFER FIRST INSIGHTS INTO
DROUGHT RESPONSES IN PRIMARY AND SECONDARY FORESTS�

�



%NVIRON� 2ES� ,ETT� �� �����	 ������ * 7OLF ET AL

7E FOUND THAT PRIMARY FORESTS SHOWED SMALLER NEGAT
IVE CANOPY IMPACTS IN RESPONSE TO THE ���� DROUGHT�
4HE RESULTS ALSO SHOW A CLEAR DEPENDENCY OF DROUGHT
IMPACT SEVERITY ON TOPOGRAPHIC WETNESS ON A RELAT
IVELY FINE SPATIAL SCALE� $URING ����� 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� /UR
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 3WEDEN OR
ELSEWHERE� TO SUCCESSFULLY MONITOR DROUGHT RESPONSES
IN FORESTS�
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4HE DATA THAT SUPPORT THE FINDINGS OF THIS STUDY ARE
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