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ABSTRACT

The Impact of DeciduousShrub Dominance on Phenology, Carboiflux,
and Arthropod Biomass in the Alaskan Arctic Tundra

Shannan Kathlyn Sweet

Arctic air temperatures have increased at two to three times the global rate over the past
century. As a result, abiotic and biotic respd0o climate change are more rapid and
pronounced in the Arctic compared to other bion@se important change detected over the past
several decades by satellgidiesis a lengthening of the arctic growing season, which is due to
earlier onsets and/or delayed ends to growing seasons. A handful of studies also suggest the peak
green seasoffi.e. when the tundra is at maximum leaft and maximum carbon uptake
potential)is starting earlier in the arctic tundra. The vast majority of studies detecting shifts in
the growing season suggest this is due to increasing spring and fall air temperatures, which lead
to earlier spring snowmelt and later fall snowfall. Less well wtded is how indirect
consequences of arctic warming, such as ongoing changes in plant community composition, may
also be contributing to these satellite signals. For instance, there is mounting evidence that
deciduous shrubs are expanding into previoasigshrub dominated tundra in several parts of
the Arctic. Deciduous shrubs may alter tundra canopy phenology and contribute to the regional
shifts in timing of phenological events being detected by satellites.

Concurrently, in many areas where deciduahsubs are expanding they are also
becoming taller. As taller shrubs become increasingly dominant, arctic landscapes may retain
more snow, which could lengthen spring snow cover duration, and offset advances in the start of
the growing season that are ekfed as a result of earlier spring snowmelt. As a consequence,
deeper snow and later snowmelt in taller shrub tundra could delay plant emergence, and shorten
the period of annual carbon uptake. Thus greater dominance of taller stature deciduous shrubs in
the Arctic may actually delay the onset of the growing season, which would suggest that
increasing deciduous shrub dominance may not be contributing to satellite signals of an earlier
start to the growing season. To contribute to satalitected shiftén the onset of the growing
and peak seasons, tall deciduous shrubs would need to have accelerated leaf development to

compensate for deeper snow packs and later spring snowmelt relative to surrounding tundra.



Understanding the drivers of shifts in tungiaenology is important since longer (or shorter)
growing and peak green seasons would increase (or decrease) productivity and the period of
carbon uptake, which will have implications for landsckgyel carbon exchange, and ultimately
global carbon balaes.

Given the rate and magnitude of changes occurring in the face of acute arctic warming,
there is a need to monitor, understand, and predict ecological responses over large spatial and
temporal scales. However, compared to more southern environmentsyctiee tundra is
characterized by considerable heterogeneity in vegetation distribution, as well as a short and
rapid growing season. In addition, the arctic tundra is relatively vast and inaccessible. These
characteristics can make it difficult to momitand study changes in the Arctic, and make it
difficult to develop landscapkevel models able to predict changes in ecosystgnamicsand
tundra vegetation. The use of airborne and satellite sensors has at least partially fulfilled these
needsto monita, understand, and predict change in the Arctibe Thormalized difference
vegetation index (NDVI) acquired from these sendoirsinstancehas becoma widely adopted
tool for detecting and quantifying spatieimporal dynamics in tundra vegetation apve
productivity, and phenologyThis suggest that remote sensing technology and vegetation
indicesmay be similarly applied to characterizing patterns of primary and secondary consumers
(e.g. arthropods)which would be enormously useful in a region ast @ad remote as the Arctic.

The research presented in this dissertation provides useful insight into the influence
vegetation community composition, particularly increasing deciduous shrub dominance, has on
phenology, carbon flux, and canopy arthropod biomass inattiec foothills region of the
Brooks Range, Alaska. Findings in Chapter one suggest that delayed snowmelt in areas
dominated by taller shrubs may have a shweed impact on the timing of leaf development,
likely resulting in no difference in duration of peak photosytthgeriod between tall and short
stature shrubs. Findings in Chapter two suggest that greater deciduous shrub dominance not only
increases carbon uptake due to higher leaf area relative to surrounding, fout may also be
causing an earlier onset ofpda ultimately anet extensiorof, the period of maximum tundra
greenness and further increasing peak season carbon sequestration. Findings in Chapter three
suggest that measurements of the NDVI made from air and spaceborne sensors may be able to
guantify gatial and temporal variation in canopy arthropod biomass at landscape to regional

scaledn the arctic tundra
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INTRODUCTION

Earthdés surface temper at2Crsiece 1980anmarilyiana r eas e

result of industrializatiorand anthropogenic greenhouse gas emissions (e.g. carbon dioxide,
methane, and nitrous oxide)JPCC 2013. Chlorofluorocarbons and other industrial heat
retaining clemicals as well as agriculture and deforestation further promote climate change
(IPCC2013. According to IPCC 2013 model predictions, the planet could warm an tolaial
1to 4 C by the end of the century

Arctic air temperatures have been increasing at two to three times the global ra@g (~ 2
over the same time period (ACI2004 McBean et al2000, resulting in a particularly strong
warming trend in arctic environmentSi{apin et al2005 Serreze & Franci2009 (Figure 1).
Summer temperatures in Arctic Alaska, for instance, increased by about 1.5°C from 1961 to
2004 (Chapin et aR005. According toACIA (2004, the Arctic could warm an additionaltd
7 C by the end of the century.
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Figure 1. From Shindell& Faluvegi 009 Figure 2: Areaweighted mean observed surface temperatures over the
indicated latitude bands. The values are +#yiear running meanlative to the 18801890 mean. Correlations {R
with the global mean over 1982007 by region are: 0.94 tropics, 0.61 SHext, 0.86 NHmI and 0.53 Arctic.

Such drastic increases in temperature could have significant implicatioakiétic and

biotic component®f the arctic ecosystenespeciallysince life in this regiorhas adapted to



extreme environments (Coulson et &P92 Hodkinson et al.1998, and plant and insect

communities have evolved to survive low temperatures, long winters, late springs, and short

summers Danks2004 Wingfield et al.2004).

Biotic responsg to these upward temperature trends in the arctic tundra have already

become apparent (Walther et 2002 Callaghan et aR004 McBean et al2006 ACIA 2004

AMAP 2012. One response is the expansion of deciduous shrubs (Hinzma2@=:MWalker

et al. 2009. Over the last several decades, remote sensing data and satellite imagery have

detected a O0greeni ng6 2004 Bunn etaldad07% \Meibyda20081ded r a

et al. 2009, as measured by changes in the normalized difference vegetation index (NDVI)

(Figure2). Thi s o6greeningé6

been

birch, willow, andalder) into norshrub tundra (typically dominated by evergreens, graminoids,
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and cryptogams) (Jia et &2003 Olthof et al.2008 Forbes et al201Q Fraser et al201J)
(Figures3, 4, & 5). Expansion of deciduous shrub tundra into4sbrub tundra is also evident in
comparative photo interpretation (Sturm et2901h Tape et al200§ (Figure6) and has been
guantified in field surveys (Sturm et @D01a Hinzman et al2005 Hallinger et al2010.
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Figure 4. (NOTE: in combination with Figures 3 & 5). From Jia et al. 2006 Figure 2: Fractional covers of
tundra vegetation along the latitudinal gradée for each transect (Figure3). The fractional
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Because deciduous shrubs are predicted to continue to expand their range and grow larger
(Bret-Harte et al2001, Wookey et al2009 MyersSmith et al2011, Pearson et aR013,
numerous studies have examined the impact increasing shrub cover has in terms of changing
plant community composition and potential positive feedback mechanisms thatfacigtate
shrub encroachment (Chapin et95 Wahren et aR005 Wookey et al2009 Hinzman et al.
2005 Jia et al2003 Tape et al2006. For instance, spread of shrubs into regions of tundra now
occupied primarily by graminoids and crggams has been shown to reduce albedo (Sturm et al.
20053 Chapin et al2009. This reduction in arctic albedo is most pronounced in winter and
early spring when woody stems emetigeough the snow and reduce the high albedo of pure
white snow (Sturm et a0053. Reduced albedo will further enhance warming temperature
trends, which will likely lead to continued shrub expansion (Hinzman 2085 Sturm et al.
20053 Chapin et al2005 Wookey et al2009 (Figure7).
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Figure 7. From Chapin et al.2005 Figure 2: Diagram of feedback loops that couple climatic processes in arctic
Alaska. Arrows linking processes indicate a positive effect of one process on another unless othécaied (i
minus signs).



Also, shrubs more efficiently trap snow, creating deeper drifts in shrubby tundra (Sturm
et al.2001a Sturm et al20050 (Figure 8), which leads to increased soil temperatures during
winter and early spring (Schimel et 8004 Wahren et al2005 Wookey et al2009. Research
has shown that higher soil temperatures under this deep, insulating blanket of snow leads to
increased microbial activity, which leads to increased nutrient mineralization (Sturn2@®%th.
Wookey et al.2009 Wahren et al2009. Not only are these nutrients being released directly
under shrubs, but also deciduous shrubs are generally more efficient éimgnother arctic
plants at taking up nitrogen and other nutrients, giving them an advantage in the nutrient limited
tundra (Chapin et all995 BretHarte et al2001, Tape etl. 2006 Wookey et al2009. Shrubs
are essentially playing a key role in the positive feedback loop of their own expansion: shrubs
encroach and grow larger, effectively tragpimore snow, which increases winter and
spring soil nutrient mineralization, further promoting shrub expansion (Sturm2€dla Sturm
et al.2005h Wahren et al2005 (Figure9).

Increasing deciduous shrub cover may further influence the arctic ecosystem in a number
of unpredictable waysF{gure 10). For instance, if height and density of arctic tundra shrubs
continue to increase as predicted (MyBmaith et al.2011), overall canopy height would
increase, increasing shading, and reducing shddkerant cryptogams (Walker et ak006
Cornelissen et aR00]) (Figurell).

Wind Climate
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Figure 8. (a) From Sturm et al2Q05h Figure 5: A shrub Figure 9. From Surm et al. R0O5H
patch that has created a snowdrift in and downwind of Figure 9: The snowshrubsoil-microbe
patch. The snow on the tundra behind the patch was a feedback loop.

onefifth as deep as the drift. Photograph: Matthew Sturi
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Figure 11. From Wookey et al(2009 Figure 2: Ecosystem cascades and feedbacks resulting in an increase in
deciduous shrubs and a decline in graminoids and cryptogams in response to increasing warmth and duration of the
growing season in Arctic tundra. Note that stronger responses to eldrigers among deciduous shrub species
(denoted by the thicker Iine from 6GIobal Change Drive
positive feedback between increasing height and leaf area index (LAI) and increased trapping Ghsmoes in

the depth, duration, and properties of snow pack can have positive or negative impacts on nitrogen (N) availability
through altering soil thermal and moisture regime. Increased height and LAl of shrubs will likely have a negative
impact on grarmoids and cryptogams through shading effects. Furthermore, increased prevalence of species with
ectomycorrhizas (ECM) or ericoid mycorrhizas (ERC) will likely decrease nutrient availability to other species, with
further negative consequences. Increasethe proportion of low N, but high lignin, woody litter (leaf and stem

litter of woody species associated with increasing shrub dominance) will also tend to reduce N availability.

For instance, dong-term manipulative experiment done by Chapin et 99 in the
Alaskan arctic tundra showdtiat with increased temperatua@d nutrients (dikely climate
change scenaria)eciduous shrubsecame dominar(e.g. becme larger and densgrwhile the
biomass of graminoids, evergreens, and cryptogams decliigdré 12). Deciduous Brubs
outcompeted other species via more efficient nutrient utilization, increased shading of understory
and increased smothering of understory through increased litter (Chapii@®3l. After nine
years,Chapin et al. 1995 found a 3840% decline in species richnesshere Betulh nana
(dwarf birch becamehe most dominant speciemdentire functional groups, such as mosses,
lichens, and forbs, were essentially eliminated, and other typically dominarghnam tundra

species, such dsriophorumspp. (cottongrassileclined sharply (Chapin et d1995. Not only



did deciduous shrubs respond most positively to increases in temperature and nutrient
availability, but evergreen shrub vwrpnmentalesd gr
changegChapin et al1995.
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Figure 12. From Chapin et al.1095 Figure 2: Total peakseason biomass (excluding roots) of tussmeidra
vegetation by growth form in response to environmental manipulations measured 3 and 9 yr after initiation of
treatments. Data are means &g, n =4 blocks, 5 quadrats per plot. Treatments ametrol (C), nutrient (N),
temperature (T), nutriesiemperature (NT), and light attenuation (L).

Wahren et al. 2005 found similar results in their manipulative experiments in the
Alaskan arctic tundra. In this study, sites were subjected to snow addition and summer warming
to mimic potential climate change scenarios in the arctic tundra. They found altered snow and
temperature dynamics led to increased mean canopy height of decshmlsspecies and a
decrease in evergreen canopy height (Wahren eRGD5. As with other studiese(g.
Cornelissen et ak001, Chapin et al1995, increased shading resulted in a dramatic decline of
cryptogams (Wahren et a2005. Similar to what Chapin et al1995 found, Wahren et al.

(2009 found that increased deciduous shrub domindeceeased species evenness and changed
the plant community dynamics, with fewer species producing arlprgportion of cover.

Changes in plant community composition, biomass, production, and species evenness

that occurs with increasing deciduous shrub domina@baiin et al1995 Cornelissen et al.



2001, Wahren et al2005 may impact arctic herbivores, and have cascading consequences for
higher trophic levelslt has already been found that increased deciduaub siovernegatively
effectscaribou(Joly et al.2007, Gilg et al.2009 through reduced availability of important food
resourcegPersonl975 White & Trudell198Q Ferguson et aR001, Storeheier et ak002 Joly
et al. 2009 and ircreasing snow depth that inhibits their mobilijd access to forage
(Adamczewski et all987, Collins & Smith1991). Research also suggests that changes in plant
community compositionand structurewill likely lead to changes in arctic arthropod diversity
(Muff et al. 2009 Bowden & Buddle201Q) and dundanceHladdad et al2001, Richardson et
al. 2002 Rich et al.2013. Further, the reductiorof specific plant speciese(g. Carex
Eriophorum and Pedicularis spp.) that characteristically occurs with increases in deciduous
shrub cover (Chapin et d995 could decrease the success of small mammals such as lemmings
(Batzli 1993 Oksaren et al.2009, arctic ground squirrelB@atzli & Sobaskil98Q Karels et al.
2000, and volesGalindo & Krebs1985 Batzli & Lesieutrel997). In turn, changes iherbivore
communities may haveunforeseenand potentially fareaching implications for tundra
carnivores finke & Denno2005, Postet al. 2009 Usher et al.2010, such asarctic fox
(Angerbjornetal. 1999, wolves Pale et al1994), andsnowy owls Boxall & Lein 1982).

The strong warming trenth many arctic tundra regiortzas also been correlated with
earlierspring snowmelt and later fall snaaccumulation $tow et al. 2004 Foster et al2008
AMAP 2012 (Figure 13). Satellite data since the 1960®r example,has revealeda 10%
decrease in snow cover as well as lengthening of frigeeeperiods in highatitude regions
(Walther et al2002. As a result many regions have experienced an earlier start and/or a later
end to the growing seasaamd alengthening othe overallgrowing season (Tucker et @001,
Zhou et al.2001, Jiaet al.2004 Jeong et al2011, Zeng et al2011 Barichivich et al.2013
(Figure 14). Some studies suggest an increase in growing season length of approximately 12 to
14 days per decade in North American high latitudes (Myneni &0aV, Zeng et al2011), and
apprximately 6 to 7 days per decade in northern Eurasia (Zhou 20@l, Jeong et al2011,
Zeng et al201]). Research alssuggest that some i&tic regiors areexperiencing shifts toward
an earlier peak green season (Goetz ét(fl5 Tagesson et a2012), resulting in a earlier, and
potentially longer, period of maximum tundrgreenness, but not necessarily a longer overall

growing season (Jia et 2009 (Figurelb).
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Figure 13. From AMAP (2012 Change in snowover cover duration for autumn (snegover onset period) and
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Becausethe arctic growing season begins in spring with increases in temperature and
light, snowmelt, soil thaw, and the onset of photosynthesis, and ends in fall with decreases in
temperatures and light, snowfall, soil refreezing, and the cessation of photssyriEuskirchen
et al. 2006, shifts in the onset and end ahe growing seasoncould have unforeseen
consequences for arctic ecosysteaml carbon(C) balances Longer growing seasongor
examplecould reducehe rate of atmospheric G@ccumulation in arctic regions (McDonald et
al. 2004 Barichivich et al.2013 Graven et al2013. Additionally, important factors in the
terrestrial C budget, such as net ecosystem production (NEP) and gross primary production
(GPP) and are closely linked with growing season length (Piao 20@l). For instance, an
advance in start of the growing season in the Northern Hemisphere could increase spring NEP by
2-4 g C m¥ day” (Richardson et a009, and increase annual GPP by 5.8 g €yn* (Piao et
al. 2007). Further, because the arctic growing season is notoriously short, starting the growing

season only a few days earlier could significantly enhance the carbon sink potential of the arctic
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tundra, which covers large portion of the terrestrial biosphere (Nemani e2@0D2 van Wijk et
al. 2003 Euskircheret al.2006.

Post et al. Z009 suggests the low functional redundancy of the Arctic necessitates
greater conservation attention, because extinction or range shifts here may have more significant
ecological impacts compared to more diverse temperatemcal ecosystems. Also, a majority
of studies conducted in the Arctic suggest the rate and magnitude of current and expected abiotic
changes (Post &gye2013 and subsequent biotic changes (Callaghan 2084 McBean et al.

2006 Wookey et al2009 in arctic tundra environments has amplified the need to better monitor,
understand, and erd i c t the arctic tundrabés ecol ogical
spatial and temporal scales (Gauthier eR@l3 Nielsen & Wall2013. In light of these needs,

the resarch presented in this dissertation provides useful insight into the influence vegetation
community composition has on phenology, carbon flux, ambpy arthropod biomass in the

arctic foothills region of the Brooks Range, Alaskaur findings inChapterone suggest that
delayed snowmelt in areas dominated by talleciduousshrubs may have a shdited impact

on the timing of leaf development, likely resulting in no difference in duration of peak
photosynthetic period between tall and stspatture shrios Our findings inChaptertwo suggest

that greater deciduous shrub dominance not only increases carbon uptake due to higher leaf area
relative to surrounding tundra, but may also be causing a net extension in the period of maximum
tundra greenness andrtiter increasing peak season carbon sequestrafan findings in
Chapterthree suggest that measurements of the NDVI made from air and spaceborne sensors
may be able to quantify spatial and temporal variation in canopy arthropod biomass at landscape

to regional scalesndacross diverse tundra vegetation communities
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CHAPTER ONE:
Tall Deciduous Shrubs OffsetDelayed Start of Growing
Season Throudp Rapid Leaf Development in the

Alaskan Arctic Tundra

© 2014 Regents of the University of Colorado. All rights reserved.

Abstract Increasing temperatures in arctic regions are causing earlier spring snowmelt, leading
to earlier plant emergence, which could lengthen the period of carbon uptake. Warming is also
leading to a shift from graminoid to deciduous shddminated tundra, anth many areas
deciduous shrubs are becoming taller. As taller shrubs become increasingly dominant, arctic
landscapes may retain more snow, which could lengthen spring snow cover duration and offset
advances in the start of the growing season that are &egbexs a result of earlier spring
snowmelt. As a consequence, deeper snow and later snowmelt in taller shrub tundra could delay
plant emergence and shorten the period of carbon uptake. This study tracked leaf development of
two abundant deciduous shrulBgtula nanaand Salix pulchraand compared individuals along

a natural shrub height gradient on the North Slope of Alaska. We measured spring snow depth
and snow cover duration, bud and developing leaf nitrogen content, as well as the timing of
budburst ad leaf expansion. Taller deciduous shrubs in skataminated communities had
deeper snow surrounding them, and became dreavl to 6 days later, delaying budburst by 2

to 12 days relative to shorter deciduous shrubs in gramidominated communities. Mever,

leaf development of tall shrubs caught up to that of short shrubs; occasionally, tall shrubs
reached full leaf expansion 1 to 4 dabsfore short shrubs, indicating more rapid leaf
development. This convergence in the timing of later leaf developsteges is potentially
enabled by approximately 16% to 25% greater nitrogen in buds and developing leaves of taller
shrubs compared with shorter shrubs. Ourdings suggest that delayed snowmelt in areas
dominated by taller shrubs may have a sHivgd impact on the timing of leaf development,
likely resulting in no difference in duration of peak photosynthetic period between tall and short

stature shrubs.
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1.1 Introduction

Climate change has caused a particularly strong warming trend in the Arctic (Chapin et al.
2005 Serreze& Francis2006 IPCC 2007, and spring snowmelt is occurring earlier in many
arctic tundra regions (Stow et @004 AMAP 2012. Metaanalyses in northern ecosystems
correlate increasing temperatures and earlier spring snowmelt with earlier plant emergence (Arft
et al.1999 Root et al2003 Wipf & Rixen201Q0 . Thi s phenomenon has bee
(Starr et al200Q Wipf et al. 2009 and satellitebased studies (Myneni et 41997, Zhou et al.

2001, Zeng et al2011). The implication of a shift toward earlier plant emergence in arctic tundra
ecosystems is not fully understood, but it could lengthen the period of maximum leaf area
(Oberbauer et all998, potentially increasinghe amount of carbon sequestered by arctic plants
within a given year (Euskirchen et 2D0G Graven et al2013 Richardson et ak013.

In addition to an earlier start to the growing season, satellite studies suggest the Arctic
has been fgr e stséverg decades éBunn et &7, feryla 2008 Jia et al.

2009, which is likely due in part to the expansion and increasing dominance of deciduous shrubs
(Jia et al.2003. Expansion of deciduous shrubs into primarily gramirdodhinated tundra in

the Alaskan Arctic is evident in comparative historical photo interpretation (@apk2006)

and has be e neldgwvays (Hinglaaet al.2005. Deiciduous shrub expansion has
been attributed to increases in air temperature (Walkak. 2006, subsurface watdlow (Naito

& Cairns2011], Tapeet al.2012), and soil nutrient mineralization (Stureh al.200%). Findings

from experimental manipulation studies suggest that deciduous shrlifz®ntinue to expand

and grow taller as arctic warming continues (Chagpial. 1995 Wahrenet al.2005.

Many arctic tundra studies have focused on the impacts of increasing deciduous shrub
dominance on snow and nutrient cycling dynamics. For example, tall stature deciduous shrubs
are moreefficient at trapping snowdeeper drifts surround them compared torsdr stature
shrubs (Sturnet al. 2001a, Sturm et al200%, MyersSmith & Hik 2013. Deeper snowdrifts
increase soil insulation, whicimcreases winter microbial activity and nutrient mineralization
(Schimelet al.2004 Wahrenet al.2005 DeMarcoet al.201]). Because deciduous shrubs have
been shown to be moedficient than many other arctic plants at taking up nutrients (Sh&aver
Chapin 1991, Bret-Harte et al. 2001, Wookey et al. 2009, increased mineralization in this
strongly nitrogen limited ecosystem allows deciduous shrubs to outcompete other plants (Chapin

et al.1995 Cornelisseret al.2001, Shaveret al.2001), creating a potential positive feedback for
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increasing deciduous shrub dominance (Stera.2005h Myers-Smithet al.2017).

Further, it has been suggested that winter precipitation is also increasing in arctic regions
(Serrezeet al.2000, contributing to deeper snowfls. Deeper snowdrifts lead to later snowmelt
dates (Listonet al. 2002, which can delay timing of plant emergence (Boratral. 2008,
potentially shortening the growingeason and delaying the period of photosynthetic activity.
Thus, due to their tendency to increase spring snow cover duration, the increasing dominance of
tall deciduous shrubs could delay plant emergence, thereby offsetting, at least to some extent, the
ealier start to the growing season expected to continue with spring warming and earlier
snowmelt.

Although several studies have explored how changing snow depth and spring snowmelt
dates may affect plant phenology, most have been experimental, relyingoanremoval
(Oberbaueet al. 1998 Starret al.200Q Wipf et al.2009 or artificial warming to simulate the
impacts of early snowmelt (Wookey al. 1993 Hartleyet al.1999 Aertset al.2006, and snow
fences to simula the impacts of greater snow depth and later snowmelt (Wellkalr 1999
Wahrenet al.2005. While snow manipulation studies are important for understanding potential
implications of climate change on plant pb&gy, Wipf & Rixen 010 suggested that such
experimental techniques may deviate from natural scenarios by altering snow composition and
compaction. Therefore, it is important to also include observations of how natural gradients in
vegetation stature, and consequently snowldapipact tundra plant phenology (Duneeal.

2004 Hollister et al. 2005). Also, most plant phenological studies monitor the date on which

some or all of the follwing life history events occur snowf r e e, |l eaf budbur s
and/or senescence datée.g.Molau & Molgaard 1996 i yet intermediate leaf development

stages, such as leaf expansion, can also be important from a carbon gain perspective&Johnson
Tieszenl976.

In this study, we monitored snow depttiming of snowmelt timing of leaf bud
appearance, leaf budburst, leaf opening, and leaf expaasiovell as nitrogen contents of buds
and emerging leaves for two species of deciduous shiBétslé nanaand Salix pulchra
hereafterB. nanaand S. pulchrd along a natural gradient ofdreasing shrub dominance (i.e.
increasing aerial cover and stature) on the North Slope of Alaska. Because the rate of leaf
development may affect timing of maximum photosynthetpacity (Constabl& Rawson

1980 and thus carbon sequestration (Stretetl. 2007 we quantiyed sequer

16



closely throughout the period of leaf developm&ur goal was to gain an understanding of how
shrub stature and associated snow dynamics impact the timing of leaf bud break and leaf
development. Based dimdings from previous studies (Sturet al. 20013 Liston et al. 2002,

we hypothesized that taller stature deciduous shrubs would undergo a delay in leaf development

as a result of deeper snow and a delayed gsresvdate.

1.2 Methods

1.2.1 Study Sitesand Study Areas

Data sets were collected in early May through the end of July in 2011 and 2012 at three
field sites Figure 1.1) within ~30 km of the Arctic Long Term Ecological Research (ARC
LTER) site at Toolik Field Station in the northdaothills of the Brooks Range, Alaska @8N,
14984W). Annual precipitation at Toolik is 200400 mm, with 45% falling as snow; annual
average air temperature &0°C (van Wijk et al.2005 and average growing seasair
temperature is (Johnson et aR00Q. We deyned the growing seaso
snowfree until senescence, which near Toolik extends from approximately late May/early June
until mid to late August. Daily air temperature during the 2011 and 2012 growing seBsons
sites(Figure1.2) were within the longerm average range of growing season air tenwpes at
Toolik (Johnson et aR000.

Sites were chosen in May 2010 to represent the most common shrub tundra tjges in t
foothills of the Brooks Range (Hansd®53 as part of a larger research effort investigating the
effects of shrub vegetation on associated arthropod and migratory songboductive success
(Rich et al.2013. The three sites used in this study were: Toolik Lake Field Station (TLFS),
Sagavanirktok RiveDepartment of Transportation camp (SDOT), and Imnavait Creek (IMVT)
(Figure1.1l). Each of thehree sites included two study areas dominated by different vegetation
cover; one study area dominated by graminoids that also contained short deciduous shrubs
(hereafter referred to as Open) and one study area dominated by deciduous shrubs (hereafter
referred to as ShrubF{gure 1.3). Within each Open or Shrub study area, two 100 m transects

were established, for a total of 12 transects (6 Open and 6 Shrub).-mzéquhdrats were
established at 10 m intervals along each trangeearly 2012along each transect, woodert2x

inch boardwalks were installed low to the ground and a reasonable distance from quadrats. In

. . 2
this study,five 1-m quadrats were randomly chosen along each transect, for a total of 60
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guadrats (30 Open and 30 Shrub). In all 60 quadrats, indivigluadnaandS. pulchraplants

closest to the lower left corner of each quadrat were selected and an individual braedio@t th

of the canopy of each plant
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Figure 1.1. Map of
Alaska and the Nort
Slope of the Brook
Range (inset) showir
the location of the thre
yel d sitec
Tool i k L aan
used in this study. TLF
= Toolik Lake Fielc
Station; IMVT =
Imnavait Creek; an
SDOT = Sagavanirkta
Riveri Department o
Transportation.

wi t h

Together, the Open and Shrub areas represent a natural gradient of increasing shrub

dominance, because tsame deciduous shrubB.(nanaandS. pulchrd are found in all study

areas, however, their percent cover and stature increase from low percent c20%i (30%)

and short stature (< 30 cnm) Open areas to higher percent coved@% 55%) and taller state

(ranging from 30 to 105 cm) in Shrub areas. Although there is topographical variation between
sites (TLFS, IMVT, and SDOT), the study areas within each site (Open and Shrub) are not

topographically different enougfiablel.1)t o caus e

signiycant di

ffere

differences in snow depth between Open and Shrub areas at each site are primarily caused by

differences in vegetation height.
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The Open areas at all three sites are similar to one another and are characterized by
tussockforming sedges interspersed with a variety of dvemfubs, forbs, and mosses, with
average maximum deciduous shrub heights of approximately 16 cm (IMVT), 23 cm (TLFS), and
28 cm (SDOT). The three Shrub areas differ from one another and represent a gradient of shrub
statures, with average maximum decidushsub heights of approximately 22 cm (IMVT), 35
cm (TLFS), and 84 cm (SDOT). The IMVT Shrub area is located in water tracks and represents
vegetation typical of water track tundra as described in Chapin et988( The TLFS Shrub
area is located near the Toolik Lake outlet (~ 200 m from the outlet) and represents vegetation
typical of shrub tundra described in Shag&e€hapin (991). The SDOT Shrub area is a riparian
community ¢ 200 m from the Oksrukuyik Creek), has tall and structurally complex shrubs, and

represents vegetation typical of riverside shrub tundra as described in Giblirl893l. (
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TLFS

IMVT

SDOT

Figure 1.3. Examples ofjraminoiddominated (Opei left panel3 and deciduous shrutominated (Shrub right

panel3 areas used in this study in the Northern foothills of the Brooks Range, Alaska.

Site TLFS IMVT SDOT
Area Open Shrub Open Shrub Open Shrub
Average elevation 747m 722m 918m 910m 508m 504m
Minimum elevation 735m 716m 913m 902m 503m 500m

Maximum elevation 755m 725m 923m 919m

510m 509m
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Table 1.1. Average,
minimum, and
maximum topographic
elevation (in meters)
at each site and stud
area used in this study
Additional maps at

[http://toolik.alaska.ed
u/gis/index.php]



1.2.2 Snow Depth and Melt

The day of year (DOY) on which each individual plant being monitored for leaf
development (se€iming of Leaf Developmetwas snowfree (snowfree date) was recorded in
2011 and 2012. In addition to individual plant shivee dates, in 2012 snow depth was
measured every four to six days in each of the quadrats where individual plants were monitored,
from 11 May until snow depth reached 0 cm (ca. 24 May to 5 June, depending on the site). Snow

. : 2 :
depth was measured at the cemted four corners in all sixty-h quadrats by pushing a 1 cm
diameter aluminum pole into the snow until soil or moss surface was reached (for a total of 25
measurements per transect, per sampling date)

guadat were averaged to give a mean quadrat value.

1.2.3 Timing of Leaf Development
In 2011 and 2012, the timingf leaf development stages (described below arfigare
1.4) of individuals labeled with ID tags (s&tudy Sitey weremonitored every two days, from
the time eachindividual was snowfree until leaveswerefully expanded (ca. 6 June to 30 June,
depending on the species, site, and year) for a total Bf B&naand 60S. puthra monitored £
= 30B. nanaOpen, 3. nanaShrub, 305. pulchraOpen, and 3. pulchraShrub). A modifed
version of the International Tundra Experiment (ITEX) phenology protocol (M@ldblgaard
1996 for Salixs pp. was wused, with the modiycation bei
stages (yrst | eaf opening and yrst | eaf expan

eachB. nanaandS. pulchraindividual, the date on which the following foleaf development

stages were reached for the yrst | eaf on an
appearance of the yrst | eaf bud (yrst | eaf b
distinct with green tissue splitting through budecal (yr st | eaf vi si bl e, F
| eaf separated from the bud and individual | e
(4) when the yrst |l eaf completely separated

FLE) (Figurel.4). This may not have always been the same leaf monitored at each stage, but the

date theyrst leaf on the same branch reached each stage.
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Salix pulchra

Betula nana

FLB:
First leaf bud
Firstllj; P/\:zisible Figure 1.4. Examples o
Betula nangleft panels) an
Salix pulchra (right panels
leaf development stages.
FLO:

First leaf opening

FLE:
First leaf expanded

1.2.4 Leaf Nutrient Content

Buds and leaves were collected for nutrient content analysis in 2012 from 25 May to 9
June at three times (corresponding to three leaf development stages: FLB, FLV, and FLO) from
one B. nana and oneS. pulchraindividual located directly adjacent to each plant being
monitored for timing of | eaf development. A t
development stage, per transect were colleated30 for each species, in each vegetation type,
at each leaf development stage; for a total oB6@anaand 60S. pulchrasamples for each leaf
development stage). Samples were placed in paper coin envelopes, air driateradried in an
oven at 60 C for 24 hours. Samples were ground into a powder using aBémilbeatef6 ball
mill (Bio Spec Products, Oklahoma, U.S.A.). Subsamples of approximately 10 mg were weighed
into tin capsules, combusted at 950, and analyzed for nitrogen content using feerfno
Scientiyc Flash 2000 CHN An &lAYy. Bexause (of@eguipldntant e c
failure, there was only one sample available for data analysis for the FLB stegepiaichra
from the IMVT Open area, thus data for IMVT Op8npulchrawerenot included in statistical

analysis.
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1.2.5 Statistical Analysis

Because the same individual plants were tracked for leaf development and used for
sample collection for nutrient analysis, repeated measures MANOVA was used with timing of
leaf developmental stages or leaf nutrient content as the dependent variables and vegetation
cover type (Shrub and Open) and site (TLFS, IMVT, and SDOT) as the main effects. For
repeated measur es mul tivari ate bet weelts. subj e
Because snow depth was measured repeatedly throughout 2012, and becatissestae was
monitored in both 2011 and 2012, a repeated measures analysis was performed on each data set
separately, using a linear mixeffects model, which included veigéion cover and site as the
main effects. Quadrats were used as replicates for all data se@®( 30 Open and 30 Shrub). If
the repeated model depicted a signiycant effe
signiycant di f f pariteriorc StaistidalTanak/ses ywassdoneliBARGore Team
2017 and SAS (SAS Software, v. 9.2, SAS Institute, Cary, North Carolina, U.S.A.).

1.3 Results

1.3.1 Snow Depth and Melt

Depending on the site (i.@LFS, IMVT, and SDOT), snow depthrigure 1.5) ranged
from 6 to 30 cm deeper in Shrub areas compared to Open areas from DOY 132 to 136 (12 May
2012 to 15 May 2012), and remained sicoyeri ycant
Fis4=20.24,P < 0.0001). The pattern of snow depth over time varidd/den site and cover

type (i,e.Open and Shrub), d rwayvintemagtionafor the ayarall Jataasett t h |

(effect of daysite*cover: Flo100= 1.94,P = 0.05). The pattern of snow depth also differed over

time and across sites (effect of d&y: = 128.84,P < 0.0001; effect of daite:F, .= 9.98,

P < 0.0001) and cover type (effect of dagver: FS,SO: 469,P= 0.001) . These s
interacton effects were driven by the differences in snow depth over time between sites and
cover type. As can be seen Hkigure 1.5, snow depth appears to have decreased at a fairly
constant rate at TLFS, decreased more rapidly at S&8f@T the second measurement date, and
decreased even more rapidly at |l MVT after the
interaction between site and <cover type for
interaction for the overall datget (effect of sitecover: Foes= 406,P= 0. 02) . The sicg
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interaction of sitécover disappeared over time because, as snow melted, the magnitude of

difference between sites and cover types decreased. Because the IMVT Open area actually had

greate snow depths than TLFS or SDOT Shrub areas, there was also an effect of site on snow
depth (effect of sitd::2’54: 16.5,P < 0.0001).
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Figure 1.5. Average
snow depth (cm) i
2012 throughot
measurement peric
in Open (dashe
lines and ope
symbols) and Shri
(solid lines and fillec
symbols) areas
site (TLFS = tes
squares; IMVT

purple triangles
SDOT = blact
circles). Error bar
represent 1 SEM

Although there was variation from year to year and among the sites and cover types, the

snowfree date forB. nana(Table 1.2) was approximately 1 to 6 days later in Shrub areas

(depending on the site and year) as comp&re@pen areas (effect of yé&aite*cover: Foe=

4.15,P = 0.02), which corresponds with deeper snow of Shrub aFegsré€1.5). This threeway

interaction of yearsite*cover was driven by the fact that there wassnb at i sti cal ly s
difference in snowree date between Shrub and Open cover type at SDOT in either year, nor at

| MVT in 2012; but there were signiycant diffe
and at | MVT i n 201 kanteffeoteof geasiteefy o= 12635 00.0801)g ni y

and year IE1154= 37.07,P < 0.0001), becaudd. nanawas snowfree earlier in 2012 compared to

2011 at SDOT and TLFS, but later in 2012 at IMVT. AlBopanaat IMVT was snowfree last
compared to TLFS and SDOT, and whether TLFS o
year and between cover types. There was a sig
B. nanain 2012 F2’54: 431,P=002),be ause in 2012 there was a ¢
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snowfree date between cover types at TLFS only. Although Shrub areas werdreadater
than Open areas in both years (effect of co¥er;, = 25.69,P < 0.0001), the magnitude of

difference between smw-free dates in Open and Shrub areas was greater at TLFS compared to
IMVT or SDOT (effect of siteF, .,= 68.82,P < 0.0001).

Table 1.2. Average show free dates (DOY) in 2011 and 2012Bonanaand S. pulchra Means are listed (x 1
SEM) for Open and Shrub areas from three sites (IMVT, Tl&#8,SDOT) near the Toolik Lake field station in
northern AlaskaDifferent letters in parentheses next to mean indicate means within the row are significantly
different (P < 0.05) from each other

Site TLFS IMVT SDOT

Area Open Shrub Open Shrub Open Shrub
Year Species

2011 B.nana 142+0(a) 144+06(b) 144+0.4(b) 148+0(c) 141+0(a) 1421 (a)
2012 B.nana 136+0.6(a) 141+1.1(b) 146+0.8(c) 148+1.1 (c) 140+0.5 (b) 140z 0.5 (b)
2011 S.pulchra 142+0(a) 145+0.6(b) 144+0.4 (b) 148+0.3(c) 141+0(a) 1421 (a)
2012 S.pulchra 136+0.9(a) 141+1.3(b) 145+0.7 (b) 148 +1.3 (bc) 139 +0 (ab) 140 + 0.6 (ab)

As with B. nana snowfree date forS. pulchrawas later in Shrub areas compared to

Open areasTiable1.2), but this trend differed across sites and years (effect of siearr, _,=
10.68,P = 0.0001; effect of yeaF:, .,= 29.59,P < 0.0001). As witfB. nana this was driven by

the fact thaS. pulchrawas snowfree earlier in 2012 compared to 2011 at SDOT and TLFS, but
|l ater in 2012 at I MVT. There was al so & signi
pulchra in 2011 (effect of sitecover 2011F, _,= 3.4,P = 0.04), because there was a smaller

magnitude of difference in snefree date between cover type and sitesSopulchrain 2012.
Although theS. pulchraindividuals in Shrub areas melted out later than Open areas in both years

(effect of coverF, _,= 41.21,P < 0.0001), as witlB. nana the magnitude of difference between

1,54
snowfree dates folS. pulchran Open and Shrub areas differed from site to stfe¢t of site:

F,.,= 67.34,P < 0.0001).S. pulchraat IMVT were snowfree last compared to TLFS and
SDOT, and whether TLFS or SDOT melted out yrs

types.

1.3.2 Timing of Leaf Development

Although there werélifferences among sites, years, and species, beBausmaandS.

pulchrain Open areas were sndvee earlier Table 1.2) due to shallower snowF(gure 1.5),
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initial leaf development stages (eyg.r st l eaf visible [FLV] and
occurred 2 to 12 days earlier (depending on the site) in Open areas as compared to Shrub areas
(Figuresl.6a& 1.79. However, individuals located fBhrub areas accelerated leaf development

to such an extent that they reached the | ast
only 2 days later or even 4 dagarlier than those in Open areas. For instance, at TLFS in 2011,

B. nanaandS. puchrareached FLO 12 and 10 days later (respectively) in Shrub areas compared

to Open areas, but reached FLE 0 and 1 day later (respectivelyyg$igéb & 1.7h. And at

SDOT in 2011B. nanaandS. pulchrareached FLV 2 and 5 days later (respectively) in Shrub
areas compared to Open areas, but reached FLE 1 and éadligsys(respectively) Figuresl.6d

& 1.79).

All sites average - B. nana  -©-Open 8-Shrub  TLFS - B. nana

172 172 1 (b) "
= 2
5 162 162
)
2152 152 1
o
a
142 142 1
132 T T T T T T T 1 ]32 T T T T T T T 1
FLB FLV FLO FLE FLB FLV FLO FLE FLB FLV FLO FLE FLB FLV FLO FLE
IMVT - B. nana SDOT - B. nana
172 1 172 1 (d)
&= _
=162 162
8
xl52 152 A
=
a
142 + 142 A
132 T T T T T T T 1132 T T T T T T T ]
FLB FLV FLO FLEJ {"LB FLV FLO FLEj lEL-B FLV FLO FLEj fLB FLV FLO FLEJ
I Leaf development stage' ! Leaf development Stage|l
2011 2012 2011 2012

Figure 1.6. Average relative timing of leaf development stages (FLB = first leaf bud; FLV = first leaf visible;
FLO = first leaf opening; and FLE = first leaf expanded) Bomanain Open ¢rangecircles) and Shrubbfue
squares) areas in 2011 and 2012 for (a)hméle sites averaged; and at (b) TLFS, (c) IMVT, and (SD@&frpr

bars represent 1 SEMsterisks (*) above symbols indicate a significant differeriee 0.05) in time when leaf
development was reached between Open and Shrub areas.
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In both 2011 and 2012he pattern of leaf development Bf nanaover time differed
bet ween site and cover -wayiptergctiordforithe overgll data seti g n i

(effect of leaf stage*site*cover: 2018, . = 4.83,P < 0.0002; 2012F_ . = 4.83,P <0.0002).

6,104 6,104
In 2012, only the pattern of leaf developmentBofnanadiffered between site and cover type

(effect of site*cover: 2012k, ., = 7.91,P = 0.001) because shrubs at IMVT reached all leaf

development stages in both Open and Shrub areas laté8Ef@h or TLFS in 2012Kigurel1.6),

which corresponds with the later snémge date at IMVT Table 1.2). Differences between

timing of leaf development stages FLV and FLO Birnanabetween Shrub and Opereas

were greatest at TLFS and I MVT in 2011 and a
difference in timing between cover types at SDOT in either year. Overall, in both 2011 and 2012,
B.nanain Shrub areas r eached stadges later thantin Opdnrareas | e a

(effect of cover: 2011!,:1‘54: 27.86,P < 0.0001; 2012F, .,= 28.70,P < 0.0001) Figure1.69.

1,54
For individual leaf development stages, in both ydarsianain Shrub areas reached FLB, FLV,
andFLO signiycantly | ater (2 to 12 days | ater
there was a signiycant di f fTabled..dne201il,rihe effecni ng a

of site was driven mostly by TLFS and IM\Effect of site: 2011F, .,= 13.11,P < 0.0001),

and by TLFS in 2012 (effect of site: 202, .,= 55.75,P < 0.0001). Differences between sites
and years could also be affected by differences in air temperakigese(1.2). Although the
di fference in timing when | eaf development st
is notable that although Open areas reached FLB and FLV leaf development stages 2 to 3 days
earlier than Shrub areas, nanain SDOT Shrub areasaehed FLE 1 dapeforethose in Open
areas, indicating an accelerated rate of leaf development (Higige

ForS.pulchra t her e was -wayiergction gffec in 2011tohly (effect of

leaf stage*site*cover: 201%,, ,= 253,P= 0. 03) , because in 2011

differences in timing of leaf development stages being reached between Open andr&sub
but the stage at which the dif fRgueln/)c@verallwer e s
in both yearsS. pulchrai ndi vi dual s in Shrub areas reachec

stages later tha8. pulchrain Open areas (effect of cover: 20F}, ,= 11.17,P < 0.002; 2012,

54
Fis4= 6.45,P = 0.01) Figure 1.79. For individual leaf development in 2013, pulchra in

Shrub areas reached FLV and FRketdepesdingganithg stent | y
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than in Open areas, but there was rlables3d.gni

For individual leaf development in 2018, pulchrain Shrub areas reached FLB and FLV

yca

signiycantly later (2 to 6 days | ater dependi

signiycant difference in timing of FLO or
t he onl vy s regce in finting oftleafdevéldpraent stages was at TLFS at FLB and

FLV (effect of site: 2012F, ., = 37.47,P < 0.0001) Figure 1.7b. Similar to B. nana

2,54
differences between sites and years could also be due to differenceseim@erature Kigure

1.2). As with B. nana S. pulchrain Open areas reached FLB and FLV leaf development stages
earlier than Shrub areas at SDOT, Supulchrain SDOT Shrub areas reached Fh&forethose

in Open areas 5 daysin 2011 and 3 days in 2012indicating an accelerated leaf development
(Figure 1.7d. S. pulchrain IMVT Shrub areas also reached FLE 2 dhgforethose in Open
areas in 2012Higurel1.79.
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Figure 1.7. Average relative timing of leaf development stages (FLB = first leaf bud; FLV = first leaf visible;
FLO = first leaf opening; and FLE = first leaf expanded)S3ompulchrain Open 6rangecircles) and Shrubbfue
squares) areas in 2011 and 2012 for (a) all three sites averaged; and at (b) TLFS, (c) IMVT, and (SDOT). Error
bars represent 1 SEMsterisks (*) above symbols indicate a significant differefee 0.05) in time when leaf
development was reached betwé&ren and Shrub areas.
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Table 1.3. Repeated measures MANOVPR- and F-values for main effects (Site and Cover) as well as their
interaction comparing dates (DOY) when leaf development stages (FLB, FLV, FLO, and FLE) were reaBhed for
nanaandS. pulchrain 2011 and 2012 for Open and Shrub areas from three sites (IMVT, TLFS, and SDOT) near the
Toolik Lake field station in northern Alaska. Direction of significant effects (S = Shrub and O = Open) are noted for
means comparisons significantRak 0.05. Any &ect with aP-value> 0.05 is listed as NS. Degrees of freedom for
leaf development stage = Cover: 1, 54; Site and Interaction: 2, 54.

Source Cover Site Interaction
P : effect F P : effect F P F

Species Year  Leaf Stage

B.nana 2011 FLB <0.0001:S>0 22 <0.0001: IMVT > TLFS =SDOT 16.71 NS
B. nana 2011 FLV <0.0001:S>0 36.16 0.0027 : IMVT > TLFS = SDOT 6.6 0.0606 2.95
B. nana 2011 FLO <0.0001:S>0 37.15 <0.0001 : IMVT > TLFS > SDOT 16.79 0.0015 7.37
B. nana 2011 FLE NS 0.003 : IMVT = TLFS > SDOT 6.48 NS
B. nana 2012 FLB 0.0001:S>0 16.75 <0.0001 : IMVT > TLFS = SDOT 58.82 0.0038 6.19
B. nana 2012  FLV <0.0001:S>0 31.23 <0.0001: IMVT > TLFS > SDOT 45.33 0.0013 7.57
B. nana 2012 FLO <0.0001:$0 1911 <0.0001 : IMVT > TLFS > SDOT 30 NS
B. nana 2012 FLE 0.0066:S>0 7.98 < 0.0001: IMVT >TLFS =SDOT 17.36 0.0029 6.53
S.pulchra 2011 FLB NS NS NS
S. pulchra 2011 FLV 0.0002:S>0 16.49 NS NS
S.pulchra 2011 FLO <0.0001:S>0 295 NS NS
S. pulchra 2011 FLE NS 0.0111 : IMVT = TLFS > SDOT 4.89 0.0278 3.83
S. pulchra 2012 FLB <0.0001:S>0 19.33 <0.0001: IMVT > TLFS = SDOT 31.44 NS
S. pulchra 2012 FLV 0.0038:S>0 9.14 <0.0001: IMVT > TLFS = SDOT 30.22 NS
S.pulchra 2012 FLO NS <0.0001: IMVT > TLFS = SDOT 13.84 NS
S. pulchra 2012 FLE NS 0.0065 : IMVT > TLFS = SDOT 5.54 NS

Figure 1.8 which depicts the relationship across species, sites, and years between the
difference in snowree dates and the difference in FLV and FLE dates (Shrub dates minus Open
dates), shows that later sndmge dates foB. nanaandS. pulchrain Shrub areased to a later
budburst relative to Open areas (FIR#=06,P< 0. 01), but did not sighn
of leaf expansion (FLER? = 0.21,P = 0.2). Occasionally, even when snowmelt and budburst
were delayed, taller shrubs in Shrub areas reattteelbaf expansion stage before shorter shrubs
in Open areasHgurel.8).

1.3.3 Leaf Nutrient Content

Although there were differences among sites, and at each leaf development stage, Shrub
areas overall had higherer cent age of nitrogen (%N) in deve
[FLV] andyrst leaf opening [FLO]) oB. nanaand S. pulchraas compared to Open areas

(Figurel.99. For instance, percentage of nitrogemimanabuds(measured at FLB) and leaves
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w | FLV:RI=06(P<0.01) |—e— FLV P Figure 1.8.Across species, year, and

FLE:R| =021 (P=0.2) |4~ FLE site  relationship  between the
difference in snowree dates, and the
difference in budburst (first leave
visible: FLV; purple circles) or leaf
expansion dates (FLE: first leaf
expanded;black triangles). Values
indicate the number of days later
(positive values) or earlier (negative
values) each stage was reached ir
Shrub areas compared to Open area
[Shrub - Open]. Values below the
gray line drawn at zero indicate
Shrub areas reached tisiage earlier,
and values above this line indicate
Shrub areas reached that stage latel
Each pointepresentshe average for
¥ a speciesR. nanaor S. pulchrd in

w A one year (2011 or 2012) for an entire
site (TLFS, IMVT, or SDOT).

Difference in leaf development stage date [Shrub - Open] (days)

\ \ \ \ \ \ \
0 1 2 3 4 5 6

Difference in snow-free date [Shrub - Open] (days)

(measured at FLV and FLO) was generally higher in Shrub areas compared to Open areas
(Figure 1.9 (effect of cover:F ,,=2022,P< 0. 0001) , but this signi

individual leaf devadpment stageT@ble 1.4). Because %N foB. nanawas actually lower in
Shrub areas at TLFS for the yrst two | eaf dev
three | eaf devel opment stages differed from

(effect of site:F, .= 9.22,P < 0.001) Both IMVT and SDOT had higher %N B. nanabuds

2,33
(measured at FLB) in Shrub areas compared to Open areas (the opposite was true for TLFS), and
the overall %N in both Open and Shrub areas and magnitude of difference between cover types
was greatest at SDIO Both IMVT and SDOT had higher %N B. nanaleaves at FLV in Shrub

areas compared to Open areas (the opposite was true for TLFS), but again, the overall %N and
magnitude of difference between cover types was greatest at SDOT. At FLO, the pattern of %N
in B. nanaleaves changed from that of the previous two leaf development stages, where all three
sites (including TLFS) had higher %N B nanaleaves in Shrub areas compared to Open areas.

As opposed to FLB and FLV, the %N at FLO was highest at IMVT GyrehShrub areas, but

the magnitude of difference between cover types was still greatest at $iz0iel.9b& Table

1.4).
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Figure 1.9. Average percent
nitrogen in Open (orange bar:
and Shrub (blue bars) areas
each of the three Ilea
development stages measur
(FLB = first leaf bud; FLV =
first leaf visible; and FLO =
first leaf opening for (a)B.

nanaand S. pulchraaveraged
across h sites; (b) B. nana
separated for all three site:
and (c) S. pulchraseparated
for all three sites. Bars
represent areas averages (n
10 per bar where data ws
available). Error bars represel
1 SEM. Asterisks (*) above
bars indicate a significan
difference P < 0.05) in
percent nitrogen at that sit
and leaf development stag
(Note: at IMVT, there was no!
an adequate number ¢
replicates at FLB stage at th
Open area for statistica
comparison (seklethods).



Table 1.4. Repeated measures MANOVR- and F-values for main effects (Site and Cover) as well as their
interaction comparing percent nitrogen BirnanaandS. pulchrafor each development stage measured (FLB, FLV,
and FLO) for Open and Shrub areas from three sites (IMVT, TLFS, and SDOT) near the Toolik Lake field station in
northern AlaskaDirection of significant effects (S = Shrub and O = Open) are noted for meamgadsons
significant atP < 0.05 Any effect with aP-value >s 0.05 is listed as NSDegrees of freedom foB. nana

= Cover: 1, 33; Site and Interaction: 2,. B&grees of freedom f@&. pulchra =Cover: 1, 32; Site and Interaction: 2,
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Source Cover Site Interaction

P : effect F P : effect F P F

Species  Variable Leaf Stage

B. nana %N FLB NS <0.0001: SDOT > TLFS = IMVT  25.01 0.0228 4.27
B. nana %N FLV 0.0096:S>0 7.6 0.0087 : SDOT = IMVT > TLFS 5.53 NS

B.nana %N FLO 0.0002:S>0 17.36 0.0076 : IMVT > SDOT = TLFS 5.7 NS

S. pulchra %N FLB NS <0.0001: SDOT = IMVT > TLFS 15.41 NS

S. pulchra %N FLV 0.0002:S>0 17.59 0.0403 : SDOT = IMVT > TLFS 3.6 NS

S. pulchra %N FLO <0.0001:S>0 35.62 0.0177: SDOT = IMVT > TLFS 4.65 0.0065 8.6

Although overall %N foIS. pulchrawas higher in Shrub areas compared to Open areas at

all sites (effect of cover, ,,= 16.99,P < 0.0002), the magnitude of difference between cover

types differed from site tsite at each leaf developmeligure1.99 |, driving a si
effect (effect of siteF, ,,= 34.42,P < 0.0001) Table1.4). The difference between %N f&.

pulchrain Open versus Shrub areaasgreatest at IMVT at FLB, but because this data was not
actually included in the statistical analysis (8&ethodg, the main site effect was likely driven

by the high %N at IMVT and SDOT Shrub areas and low %N at TLF&bShrea. The
magnitude of difference in %N f&. pulchraat FLV between cover types was greater at both
IMVT and SDOT compared to TLFS, but was much greater at FLO at SDOT compared to either
IMVT or TLFS (Figure1.9c& Tablel.4).

The %N values in this study were higher than those reported for peak season biomass,
likely because samples were collected prior to full leaf expansion (i.e. leaf bud and emerging
leaf) (Chapin et al1980. Other studies in the Alaskan and Scandinavian Arctic have found that
N concentrations in emerging leaves, shortly after snowmelt, tend to be high, and foliar N
concentrations decrease as leaves continue to expahdratic plants reach peak biomass
(Chapin et al1975& 198Q Torp et al2010.
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1.4 Discussion

We found, similar to previous experimendéad modeling tsidies (e.gSturmet al.2001a,

Liston et al. 2002, that spring snowmelt was delayed where snowpack was deeper in our tall
stature deciduous shrgmminatedcommunities. Our results supported our hypothesis in that
later snowmelt did delay the initiatagjes of leaf development (elgudburst and leaf opening)

for tall statureB. nanaand S. pulchrain deciduous shrubdominated communities relative to
short sature individuals of the same species in gramhbtmchinated communities. However, in
contrast with our predictions, taller individuals reackallsequerieaf development stages (e.g.
when the leaf fully expanded) at similar times, or eleforethe shoter B. nanaandS. pulchra
found in graminoiedominated tundra. In other words, the delay in leaf development in taller
shrubs was shatived, and the difference in timing between tall and short stature shrub leaf
development decreased, or even disappearesome cases, by the time full leaf expansion
occurred.

It is important to note that though sndmee dates were 1 to 6 days later in Shrub areas
compared to Pen areas, budburst dates (FeV) were 2 to 12 days later. Although we are not
certain ago why the delay in budburst was twice that of the delay in snowmelt, it is possible that
taller, more densely packed deciduous shrubs in Shrub areas shaded the soil, which could reduce
soil temperatures relative to shorter, less densely packed deciduobs & Open areas (Blak
al. 201Q MyersSmith & Hik 2013. This could lead to a slightly slower thawing of the active
layer immediately following snowmelt in Shrub areakjal could delay water availability. Also,
taller stature shrubs in deciduous shddminated tundra likely have deeper roots due to deeper
summer thaw depths (ShavrChapin1991], Bonfils et al.2012, which means the active layer
would need to thaw deeper relative to shorter stature shrubs in gramoroidated tundra
before roots had access to liquid water essential for leaf opening (BéliMgoney 1968 Dale
1988.

Similar to our yndings, other studies have
offsetting the effects of a later spring snowmelt in alpine and arcticnggidunneet al. 2003
Borner et al. 2008. For instance, in their combined natural snow depth and snow fence
manipulation experiment at Toolik Lake, Alaska, Borner et24l0§ found that increased snow
depth decreased the effective growing season length forBbatanaandS. pulchra Yet, leaf

senescence of these species occurred at relatively similar times regardless of snowddepth an
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snowmelt date, suggesting that differences in the timing of early phenological stages diminished
over the course of the growing season. However, because Borne(2£08. monitored only
snowfree, budburst, ahleaf senescence dates, the intermediate leaf stage at which thepcatch

in development occurred was not known, nor was the mechanism driving the accelerated leaf
development.

Although emergence and initial stages of leaf development of many spethiesarctic
tundra are cued by snowmelt and temperature @ah.200Q Hollister et al.2005 Wipf et al.

2009, the rate of leaf expansion, shortly after leaves begin to open, is likely related to the
amount of nitrogen in buds and emerging leaves (RadBoyer 1982 Vos & Biemond 1992.

We surmise this relationship because it has been shown that enhanced nitrogen availability
increases photosynthesis (FiddMooney 1983 Evans1989 Reichet al. 1998 Heskelet al.

2012, which increases metabolites important in leaf expansion (D2&&. Therefore, one
possible explanation for the accelerated leaf dewvedop of taller shrubs in our Shrub areas
could be related to the fact that our taller shrubs had higher nitrogen contents (approximately
16% to 25% more) in their leaf buds and emerging leaves compared to the shorter shrubs of our
Open areas.

There are seeral ways in which taller shrubs may have access to more nitrogen during
the period of leaf expansion and bud formation. First, higher nitrogen of taller shrubs may be
related to the fact that tall deciduous shrubs tend to grow in areas where soibosrfdtilitate
their growth (Tapeet al. 2012 . For i nstance, increased subs
occurring deciduous shrudominated tundra compared to gramind@minated tundra increases
nutrient epa®91(SEavedrkl Chapin199]) and access to nitrogen (Na&oCairns
2011, Bo n yet &. 2012 Chapinet al. 1988. Second, the inherently thicker snowpack
insulates soils from freezing air temperatures during the winter, thereby enabling higher rates of
winter soil mineralization (Schimet al.2004 DeMarcoet al.2011), which would enable higher
leaf nutrient contents. For example, in their snow fence experiment in the Alaskan Arctic, Walsh
et al. (997 found that deeper snow led to higher nitrogen conceotimin leaves oB. nana
and Salix planifolia Finally, a delay in snowmelt has been shown to limit dilution of leaf
nitrogen throughouthe growing season (Koer 1989 Welker et al. 2005. For these reasons,
taller shrubs may have access to more nitrogen, which may allow for accelerated leaf
development (Dal@988 Radin& Boyer1982 Vos & Biemond1992.
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Regardless of the exact driving mechanism, accelerated leaf expansion may be important
from a canopy carbon gain perspective for several reasons. First, phenological eventsfor arcti
plants tendo be compressed in time (ir@pid development) relative to plants growing in more
southern locations (Post al. 2008 Steltzer& Post2009. This rapid developmendf arctic
plants (Billings& Mooney1968 Bliss197) suggests that the expansi
individual deciduous shrub likely corresponds with the expansion of le@&ts on the entire
canopy of that individual (Johns@nTieszen1976§. Second, when leaves are fully expanded is
when they are near their maximum photosynthetic capacity (ConsgalfRawson 1980
Patankaret al.2013. Therefore, accelerated leaf development could offset potential reductions
in growing season carbon uptake by minimizing the effects of later snowmelt and delayed
budburst. This is especially important in the Arctic, because the growing season isusbtorio
short and differences in canopy devel opment
tundrads annual car boetal0p3. i ke, Epskirchemet dl2806 ( v an
suggested that for each day the growing season is extended in the arctic tundra, net carbon (C)
uptakeincreasesby5.sgc§2mr."1. I n addition, our yndings hay
tundra fauna, since changes in tundra plamnplogy associated with climate warming have
been shown to create asynchrony in the timing of food resource availability for wilditife &
ForchhammeR00§ Postet al.2009.

Furthermore, deciduous shrub leaf expansion dates may be particularly important in the
Arctic. At the beginning of the growing season, deciduous shrubs become photosynthetically
active slightly later than other turadplant functional groups (e.gvergreens and sedges) (Starr
& Oberbauef003 Euskircheret al.2013. However, deciduous shrubs have higher peak season
leaf area (van Wijket al. 2005 and greater maximum rates of pbegnthesis (Johnson &
Tieszen1976 Oechel1989 Aerts 1995 compared to other functional groups. Because of this,
and because deciduous shrub dominance is expected to continue increasing in the arctic tundra
(Walker et al.2006 Pearsoret al.2013, changes in the timing of leaf expansion in deciduous
shrubs may prove to be especially I mpa&rtant
Chapin1998.
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CHAPTER TWO:
Greater DeciduousShrub Abundance Extends Tundra Peak

Seasorand Increases Modeled NeCO, Uptake

© 2015John Wiley and Song\ll rights reserved.

Abstract Satellite studies of the terrestrial Arctic report increased summer greening and longer
overall growing and peak seasosisice the 1980s, which increases productivity and the period

of carbon uptake. These trends are attributed to increasing air temperatures and reduced snow
cover duration in spring and fall. Concurrently, deciduous shrubs are becoming increasingly
abundantin tundra landscapes, which may also impact canopy phenology and productivity. Our
aim was to determine the influence of greater deciduous shrub abundance on tundra canopy
phenology and subsequent impacts on net ecosystem carbon exchange (NEE) duravgnige g

and peak seasons in the arctic foothills region of Alaska. We compared deciduous shrub
dominated and evergreen/graminaldminated communiigvel canopy phenology throughout

the growing season using the normalized difference vegetation index (NW&/lJsed a tundra
plantcommunity specific leaf area index (LAI) model to estimate LAl throughout the green
season, and a tundra specific NEE model to estimate the impact of greater deciduous shrub
abundance and associated shifts in both leaf area andpsaphenology on tundra carbon flux.

We found that deciduous shrub canopies reathednset of peak gred3 days earlier and the

onset of senescence 3 days earlier compared to evergreen/graminoid canopies, resulting in a 10
day extension of the peak sea. The combined effect of the longer peak season and greater leaf
area of deciduous shrub canopies almost tripled the modeled net carbon uptake of deciduous
shrub communitiesompared to evergreen/graminoid communities, while the longer peak season
alone resulted in 84% greater carbon uptake in deciduous shrub communities. These results
suggest that greater deciduous shrub abundance increases carbon uptake not only due to greater
leaf area, but also due to an extension of the period of peak greenneds ewtends the period

of maximum carbon uptake.
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2.1 Introduction
Global air temperature has increased by about 0.72 °C since 1950Z(AQCArctic air

temperature has increased more than twice that mtm@bout 2°C) over the same period
(AMAP 2012 Overlandet al. 2012, resulting in a particularly strong warming trend in the
Arctic (Chapinet al.2005 McBeanet al.2006 Serreze & Franci2006. Ecological responses
have already become apparent (Walteeal. 2002 ACIA 2004. Many regions, for instance,
have experienced an earlier start and/or a later end to the growing season, resultiggrin lon
growing seasons at the parctic scale (Tuckeet al. 2001, Jiaet al.2004. Some studies have
found an increase in growing season length abl days per decade at high northern latitudes
of North America (Mynenget al. 1997, Zenget al.2011) and 6 to 7 days per decade in northern
Eurasia (Zhouet al. 2001, Jeonget al. 2011). Other studies suggest the lengtheninghef
growing season has been more significant in Eurasia than North America (Baricdtivath
2013.

Somearctic regions are also experiencing shifts toward an egéakseason (i.e. the
period of maximum undra greenness) (Goett al. 2005 Goetz et al2011, Jia et al. 2009
Tagessoret al. 2012. A longer peak season extends the period of maximum leaf out and
photosynthetic activity (Kikuzawd995 Oberbaueret al. 1998, which extends the period of
maximum carbon (Cuptake within a given year (Richardsehal.2013 Mbufonget al.2014).

This is especially important in the Arctic, which has extremely short growing seasons<often

100 days), and where an extension of just a few days can have significant effects on annual
carbon uptake (van Wijkt al. 2003. Euskirchen et al.2006), for instance, estimatthat for

each day the growing season is extended in the arctic tundra, net carbon uptake increases by 5.3
g C m? yrt. As the area of paarctic tundra that melts out annually covers approxim#tély

million km?, this suggests that adhy extension afhe growing season could increase the tundra

b i o naanbiad carbon uptake by ~ 35 tons.

While changes in air temperature (Hollisetral.2005 Delbart & Picard2007, Xu et al.

2013 and snow cover duratiors{ow et al. 2004 Wipf 201Q Pauet al.2011) are key factors
influencing recent shifts in arctic canopy phenology, other major changes may also be
contributing. For example, over the same time period satellite sensors have observed changes in
canopy phenology and growing season length, they haeedatected an increase in the peak

greenness of the arctic tundra (Bugtral. 2007, Verbyla2008 Jiaet al. 2009, as measurely
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increags in thenormalized difference vegetation indg¢NDVI). This greening has been
attributed to increased growth of extant deciduous shrubs (primarily birch, willow, and alder) as
well as the expansion of deciduous shrubs into-stonb tundra that is typittg dominated by
evergreens, graminoids, and cryptogams €fial. 2003 Olthof et al. 2008 Forbeset al.201Q
Fraseret al.201]). These findings are supported by comparative gherpretation (Sturnet
al. 2001h Tape et al. 200§ and field surveys (Sturnet al. 2001a Hinzman et al. 2005
Elmendorfet al. 2012. Deciduous shrubs are predicted to continue to expand their range and
grow larger (8urm et al. 2005, Wookeyet al. 2009 Myers-Smith et al. 2011, Pearsoret al.
2013, which is likely to result in the decline of shadéolerant plant functional types, such as
evergreens, graminoids, and cryptogams (Chapad. 1995 Cornelisseret al. 2001, Wahrenet
al. 2005 Walker et al. 2009. Since it has been shown that deciduous shaorbinated tundra
communities have accelerated gregnrates (Vierlinget al.1997), and reach peak NDVI earlier
compared to graminoid and evergreminated tundra (Jiat al.2004), we hypothesized that
the increased abundance of deciduous shrubkely contributing to satellite observations of
earliertundra peak seasons (Goetzal.2005 Goetz et al201], Tagessoret al.2012), and that
this in turn is enhancing seasonal carbon uptake by tundra vegetation.

To test these hypotheses at a okl scale we tracked communigvel phenology of
deciduous shrudominated and evergreen/gramindidminated canopies in the aocfoothills
region of Alaska throughout the duration of the 2013 growing season. We determined canopy
phenology metrics (i.e. onset ofegning, onset of peak greeand onset of senescence) by
applying both threshold analysis and piecewise linear regressbdeling to curves of growing
season neagurface measurements of daily pletel NDVI. We then estimatelg@af area I(Al)
using previously determined NDMIAI relationships for arctic vegetation (Stresdt al. 2007),
and used the arctgpecific model of Shaver et aRQ07 to predict net ecosystem exchange
(NEE) througlout the greenseason. A number of studies have shown differences in canopy
phenology among different turadtypes (e.g. Vierlingt al. 1997 Jiaet al.2004 Narasimhan &
Stow 2010, as well as differences between tundra vegetation contiesiim net carbon flux
(e.g. Shaveet al.2007, Streetet al.2007). However, to our knowledge this is the first field study
to combine bothwith a focus on peak seastength, and to make comparisons between
naturally occurring deciduous shrub and evergreen/graminoid tundra communities. This

approach allows us to determine the influence of deciduous shrub abundance on canopy
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phenology and to estimate the relative effecdeciduous shrub abundance on net ecosystem

carbon exchange.

2.2 Methods
2.2.1 Study Sites

Datasets were collectedom snowmelt until snowfall in 2013 (from Jduneto 5
Septembgérat two field sites, neahie Sagavanirktok RiveDepartment offransportation camp
(SDOT) and Imnavait Creek (IMVTHgure2.1). Average elevation at IMVT is 900 m and at
SDOT is ~500 m. The two field sites atecatedin the vicinity (within ~ 30 km) of Toolik Field
Statoninthenor t hern foothills of the Br ooAmsualRange,
precipitation at Toolik is 208400 mm, with 45% falling as snow (van Wijk et 2D09. The
average growing season at Toadktends from appromately late May/early June until mitb
late August, during which time the averagetemperature is 7 °C (Johnson et28l00. Based
on the canopy greenness metrics derived from our seasonal NDVI measurevaaidsine the
growing season as the period from the onset of greening (shortly after snowmelt) until the end of
senescence (after prolonged snowfall), and define the peak season as the period from the onset of
peak greemuntil the onset of senescence.hdtigh our field siteexperienced delayed snowmelt
in 2013 relative to the three previous years, tamperatureand photosynthetically active
radiation (PAR) throughout the growing seaséig(re 2.2) were within the average ramgf
values for Toolik (Johnson et @000 Heskel et al2013.

In May 2010, two 20,000 fMstudy areas were selected at each field site: one
evergreen/graminoid study ardaG; t h e A O RLlapt@onepancoaesdecidmous shrub
study area ( DS; Chadteeoneli b 100 im ranseatsenare established within
each EG and DS study area at each field site (for a total of 8 transect®nahaf quadrats
were established at 10 m intervals along each transect (for a total of 80 quadrats). Because only
18 instrumentsvere available to measure canopy phenology for this study, two to three quadrats
along each transeawere chosento best represent vegetation communities with naturally
occurring maximum and minimum deciduous shrub dominanceP@eent Vegetation Cover
In total, we monitored 9 DSn(= 4 at IMVT & 5 at SDOT) and 9 EG(=5 at IMVT & 4 at
SDOT) canopies.
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Beaufort Figure 2.1.Map of Alaska and
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s Range (inset) showing the
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station used in this study.
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Figure 2.2. Two-day
averages of seasonal (a) ¢
temperature (Celsius) an
(b) photosynthetic active
radiation (PAR) at two
field sites, used in this
study, in the northern
foothills of the Brooks
Range, Alaska. Error bar:
represent/- 1 SEM.
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2.2.2 Percent Vegetation Cover

Plant cover was measuréd each 1 rh quadrat in late July (period of maximum leaf
area) of 2010 by placing a frame outlining 20 cm x 20 cmou#mirats over each 1°muadrat
and visually estimating the plant canopy from directly above, with groups summing to 100%.
The cover of leaves and plants hidden by over story vegetation was not included, which may
have led to an underestimate for lyng plants such as mossem some quadratBased on
this percent cover datdigure 2.3), we selectedhine DS quadrats that contained high percent
cover (ranging from ~ 300%) of deciduous shrul{snainly Betula nanaand Salix spp.),and
low percent cover of evergreens and graminoids (ranging from0%d). We also selectadne
EG quadrats that contained low percent cover of deciduous shrubs (ranging fr&®%) and
high percent cover of evergreens and graminoids (ranging frora79%{). DS and EG canopies

had similar amounts of moss cover and were interspersed with forbs and lichens.

Percent cover (%)

Figure 23. Percent cover of functional groups for deciduous shrub ([B&hopis (blue bars) and
evergreen/graminoid (EQGgnopies lfrownbars) Bars represent averages for both sites @ per group, per cover
type). ANOVA was used to compare means between DS andaB@pies Bars marked with different letters are

significantly different from one anotheP& 0. 05) based on TsuBtrerpabsgepreds8ridl SEMmp ar i s

(standard error of the mean).
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2.2.3 Canopy Phenology
2.2.3.1Spectral ReflectanceM easurements andCalculation of NDVI

The seasonal pattern in canopy greenness was determined from broadband NDVI
calculated using two lightensors Kigure 2.4): (1) a PAR smart sensor, and (2) a Silicon
Pyranometer smart sensor (Onset Computer Corpor&amne, MA,USA). Prior to snowmelt,
downwardlooking light sensors were fitted with cylindrical sheathg@re2.4) to limit the full
angle cone of acceptance field of view (FOV) to 45° and sensors were positioned 50 cm above
the top of the canopy in each Pmpuadr at , so that each measurenm
approximately 0.75 fa Light sensors measured canopy reflectance every two minutes from 1
June to 5 September 2013, and data were stored on a HOBO Weather Station logger (Onset
Computer Corporation). Only NDWbadbangvalues collected between 1200 and 1400 local time
were used because solar noon occurs between 1300 and 1330 during the growing season in our

study region.

Figure 24. Example of equipment assemblages in evergreen/graminoid (EG) canopy (left) ancbaestrub
(DS) canopy (right) used in this study to determine the normalized difference vegetation index (S&\ébrs
collected photosynthetidly active radiation(PAR), solar irradianceand air temperaturdata every tweminutes
from 1Juneto 5 SeptembeR013.

In one quadrat at each of the two sites, the same set of light sensors were placed looking
upward to measure incoming light conditions and were usedliésation references and filter
data (Shoryet al. in prep. 2014. Upwardlooking sensors were not sheathed and thus
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incorporated incoming solar light from the full upper hemisphere. Filters were developed to
select clear sky data points. First, a clear day was selected by ivispattion of irradiance
charts. A clear day has a characteristic smoothdbelped curve easily distinguished from the
jagged curves of cloudy days. Based on this index day, thresholds were generated. For each
sensor, the maximum irradiance value onitidex day was internally extracted. This was the
sensor6s clear sky noon value (CSNV)Iil25%hr esho
of the CSNV for that sensor. At each time point, if any of the sensor reading needed for
NDVlproadbandvas outsidehe thresholds for that sensor, NMidbandvas not calculated for that
time point for that instrument. Clear sky conditions occurred frequently enough so itha080
values were obtained each day. Occasidurtoal | vy,
persistent inclement weather conditions (e.g. continuous precipitation or snow cover), and these
data points were removed.

Equations2.1 through 2.3, adapted from methods outlined in Huemmrictalet{1999
and described idetail inShory et al. (in pre2014), were used to calculate NDyagbandfrom
the two light sensors. PAR sensors recorded photosyntheticallg aatiiation frmol photons
m?s') over a broad visible band (PAR: 400700 nm). Pyranometer sensors recorded irradiance
(W m®) over a broad visible and infrared (shortwave) band (SW:i30000 nm). First, PAR
measurements were converted to units of Why multiplying by 0.21 Jimol™* (Huemmrich et
al. 1999 Shory et al. in pref2014). PAR reflectance} PAR) was then calculatedgsing Equation
2.1, where Barreri and Eparin (W m) are the reflected and incoming PAR values, respectively.
Optical infrared reflectancg QIR) was calculai using Equatior2.2, where Ewin and Ewref
(W m®) are the shortwave (visible + infradddradiances for both incoming and reflected fluxes,
respectively. These reflectance values were then used to calculate a broadbapd.NRYI
using Eaiation2.3,

] PAR PAﬁTeﬂ/EPARin (Equation2.1)

} Ol R sviefi - EpRRref) / (Eswin -Eparin) (Equation2.2)

NDVlpoagbans  ( $-@IPRR) / (3 Ol R + } P AR)Equation 2.3)
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In addition to high temporal resolutiddDVlpreaghangdata from PAR and pyranometer
sensors, we alsmllected weeklyspectral reflectance all quadrats from Juneto 16July 2013
with a field portable spectroradiometer (FieldSpec3, Analytical Spectral Devices, Boulder, CO,
USA) so thatNDVlpreadbandvalues could bealibrated/converted and ustml calculate leaf area
(seeLeaf Area Index Mod¢l The FieldSpec3 has a 25° full angle cone of acceptance FOV with
a spectral sampling interval of 1.4 nm. FieldSpec3 radiance measurements were preceded by a
calibration scan of a 99% reflectance whitnstard (Spectralon, LabSphere, North Sutton, NH,
USA) to normalize for changes in light conditions between measurements. The foreoptic was
held 1 m above the top of the canopy, so th
approximately 0.15 fn Five neasurements were made within each 2 quadrat to capture
spatial heterogeneity of each quadrat. Spectral measurements were converted to reflectance
values, andNDV /| spectroradiometeivas calculated usingquation2.4 from visible ed (R: 650° 690
nm) and neainfrared (NIR: 7507 850 nm) reflectance. The fivDVIgpectroradiometevalues

associated with each quadrat were averaged to give a mean quadrat value.
NDVl spectroradiometer (NIR - R) / (NIR + R) (Equation2.4)

NDVl spectroradiomete®@Nd NDVhroadbandvalues fowed a strong linear correlatiole(: 0.85,
P < 0.001,F;1 120= 712.3 Figure2.5). We used this linear relationshigquation2.5) to convert
the broadban®DVIyadvandvalues to calculate leaf area with higher precisidmverted values

are hereafter referred to as NDVI.
y=2.1308%71 0.91531 (Equation2.5)

2.2.3.2Determination of Phenological Metrics

Prior to determining phenologicaletrics, a locally weighted regression (loess) was used
to smooth dataQleveland1979 Cleveland & Loaded996). To produce a relatively smooth
curve while still capturinghte important and intrinsic structure of the data, we set the smoothing
parameter () = 0.2 Jacoby2000. AlthoughU values > 0.5 areften used for highly variable
and scattered dateCleveland & Loaderl996 Jacoby2000, we chose 0.2 because lower

parametersl{< 0.2) did not smooth the curve enough, yet our data were not so variable that we
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needed to use a high valud ¥ 0.2), which would have removed valuable information in the
seasonal NDVI curves used to determine preuiisnological parameters. After smoothing, we

used two methods (threshold analysis and piecewise regressiornngptteldetermine the date

[day of the year (DOY)] of three canophenology metrics for each of the 18 seasonal NDVI
curves: (1) onset of graang; (2) onset of peak green; and (3) onset of senescence. The fourth
phenological metric, end of senescence (4), was determined as the date on which NDVI values
dropped dramatically following multiple days of snowfall/snow cover, which occurred on 5
Sepember (DOY 248) for all quadrats. Quadspecific dates on which each phenological
metric was reacheidas determined by both methddsan be found ifrigure2.6.

Although there are several methods to model land surface phgnistog remotely
sensed data/Nhite et al.2009 Klosterman et aR014), we chose thresholds and piecewise linear
regression modeling for the following reasons. Thresholdsarenmonly used and considered to
be the simplest method for phenological studies using ND¥ Beurs & Henebr01Q Zeng et
al. 2017). However, threshold analysis can be problematic gikernvariability of NDVI among

different sensorsv@n Leeuwen et aR00§ Zeng et al2011), across different regions (White et
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al., 2003), and over time. Although using the ratio me:ttheveloped byKogan (995 alleviates
some of the problems with using threshold¢h{te et al.1997), threshold analysis may not be
optimal when dealing with high temporal resaa NDVI data that exhibit daily variations and
that have not been obtained throughout an entireda§syear de Beurs & Henebr010. In
contrast, piecewise linear regression modeling has the potential to find prdigstoin points
(Vieth 1989 without relying on thresholdZfang et al2003 Chandola et aR010 and allows
for the variable temporal nature NDVI curves (e Beurs & Henebr010. Further, piecewise
analysis besmatched our view of seasonal canopy development (e.g. that the onset of greening
is when vegetation begins to quickly green, and that the peak sesasdrem the canopy is
constant in greennessgnd has been successful in identifying ecological threshdloisg &
Lesperance003 Wang et al2011) and modeling inflection points iINDVI data Piao et al.
2011, Sun et al2011, Zhang et al2013.

For threshold analysis, a locally tuned NDVI threshold was ug#ut¢ et al.1997, de
Beurs & Henebry 010, where the state of the ecosystem is indexed by transforming the NDVI
to a 0 to 1 NDVkio, usingEquation2.6, where NDVI isthe daily NDVI, and NDV}axand
NDVInmin are the seasonal maximum and minimum of the NDVI curve, respectively. Onset of
greening was defined as the date when the NigMlalue of 0.5 was exceeded. Onset of peak
green was efined as the date whenNDVI 4, value of 0.9 was reached and consistently

exceeded. Onset of senescence was defined as the date whempiiNRWies dropped below 0.9.

NDVl a0 = (NDVI i NDVI min) / (NDVImaxi NDVI min) (Equation 2.6)

Piecewise linear regression modeling vegplied to seasonal NDVI curves using the
6segment edd RpCore Kemar2@l4.iTime cddceftual framework and mathematical
calculations used to find inflection points in nonlinear models are detailed in M20@8&

2008. Onset of greening was definad the point in the curve (i.the date) when NDVI began

to increase rapidly following snowmelt. Onset of peak green was defined as thenpitiat

curve when NDVI began to level out. Onset of senescence was defined as the point in the curve
when NDVI began to decrease. Prior to modeling, phenology metrics were visually estimated in
Excel (Microsoft Excel 2008 for Mac, v. 12.0, Redmond, WA ,AY&nd inflection points

determined from piecewise modeling closest to visual estimates and with the lowest standard
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errors were chosen as representative dates.

Using the above four canopy phenology metrics determined via both the threshold and
piecewise egression techniques, we calculated growing season length (from the onset of
greening to the end of senescence) and peak season length (from the onset of peak green to the
onset of senescence) for each quadrat. To determine the daily rate of change iduxby|
greenup (i.e.rate of greerup), linear slopes of the segments of NDVI curves from the onset of
greening to the onset of peak green were calculated. These canopy metrics were determined for
each of the 18 quadrats, and means were then calcutatB&f(n = 9) and EG (n = 9) canopies.
Although we present phenology metrics determined from both threshold and piecewise
regression methods, we used dates determined from piecewise regressions to mo¢kdeNEE
Net Ecosysten Exchange Modglfor several reasons. First, both methods yielded similar results
for the onset of peak green and the onset of senesdeigtee(2.6). Also, because piecewise
regression analysis is more robust, it better matoliediew of seasonal canopy development in
terms of the onset of greening (e.g. that the onset of greening is when NDVI increases rapidly

after a flat period following snowmelt).

2.2.4 Leaf Area Index Model

Calibrated daily values of canopy NDVI wewsed to model daily changes in leaf area
index (LAI) (Equation2.7) in n? leaf mi? ground using the model developed by Street et al.
(2007).

LAl = a * NPV (Equation 2.7)

Model parameters inEquation 2.7 were varied for each quadrat depending on species
composition (see table 1 in Street e&l07), which was determined from our percent cover data
described above. Parameters from Street et @00/ for Betula and Salix vegetation
communities were used to deriN®S canopyLAl, and parameters for Tussock and Sedge
vegetation communities were used to dei@ canopyLAl (Table2.1). Although this NDV#

LAl model does not explicitly include biophysical variables (e.g. leaf layering and orientation)

(Baret & Guyot1997), the model parameters from Street et200() were chosen because these
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Figure 26. Quadratlevel phenology modeling of seasonal loess smoothed NDVI curves of deciduous shrub
canopies (DSi solid circles blue fon) and evergreen/graminoid canopies (ECopen circles brown fonj.

Horizontal lines extending to dates on thexis depict dates of onset of greenirgygngelines), (2) onset of peak

green purple lines), and (3) onset of senescenbéadk lines). Dashed lines represent dates determined using
threshold analysis, and solid lines represent dates determined using piecewise regression analysis. For phenology
dates where both methods yielded the same results only a solid line is visible.

vegetation specific parameters were derived from nearbyalotic sites (including from our
IMVT site) with similar vegetation characteristics as those used in this study, and take into

account changes in leaf area across different vegetation communities. Also, although other
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studies have developed models to eatenLAl using NDVI through space (van Wik &

Williams 2005 Steltzer & Welke2006), the relationships derived by Street e{2007) were

developed from midlune through August, and include changing canopy phenology dynamics

over time. It is important to note that this LAl model was not developed during senescence and
assumes changes in NDVI are due to changes in leaf area. However,haftenset of
senescence, reductions in NDVI are due to changes in both leaf color and ledabasepture

trends during the period of rapid greening that occurs shortly after snowmelt, we therefore
defined a new period t e rtemis fomtthie enseba greemng toshe a s o n

onset of senescence, and modeled LAI data during this green season period only.

: Table 2.1. Model parameters used t
Study area Vegetation Type ) o .
: a b predict leaf area indices (LAI) usin
(this study) (Street et al. 2007) NDVI (Equation2.7: LAl = a * eNoV))
based on bedit exponential regressior
Deciduousshrub Betula 0.0132 6.271  parameters ~ for the  LANDVI
) relationship from table 2 in Street et ¢
Salix 0.0323 5.625 (2007). Vegetation types selected for u:
in this study were based on a comparis
. of aerial pecent cover of our researc
Evergreen/graminoid Tussock 0.0064 7.210 areas compared to information in table
Sedge 0.1516 2.663 in Street et al.7007).

2.25 Net Ecosystem Exchange Model

Net ecosystem exchange of €MIEE) was calculated using the model of Shaver et al.
(2007 (Equations2.8 through2.10), using measurements of PAR and air temperature (air T)
made every two minutes throughout the season, and daily estimates of LAl based on the midday
measurements of NDVI describabove Because it has been shown that photosynthesis per unit
leaf area is relatively constant throughout the growing season in the Alaskan arctic tundra
(Heskel et al2013, knowing only the amount of leaf areatbé canopy (as estimated by LAl),
as well as PAR and air T, allows for reasonable estimation of NEE throughout the season even
though the NEE model was developed +s&hson.

NEE (mmol CO, m? s, calculated usingquation2.8, is the difference between overall

ecosystem respiration gRand gross primary production (GPP), where negative values of NEE
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represent net CQuptake. We used parameter values ferB k, B, @, and R as determined
by Shaver et al2013 for the low Arctic.

NEE =R i GPP (Equation 2.8)

Re was calculated usingquation2.9, where R (1.177nmol CO, m* leaf %) is the basal
respiration rate, which accounts for a majority of both autotrophic and heterotrophic respiration
(Shaver et al2013, and varies with changes in LAI, the paramét¢d.046 CY), and air T {C).

Air T used inEquation2.9 was recorded ~ 50 cm above ground level in all 18 quadrats with a
HOBO TMC20HD Sensor (Onset Computer Corporation). The additional source of respiration
in Equation2.9, R, (0.803mmol CO, m? ground &), comes from deeper soil horizons and is
independent of LAI and shetérm fluctuations in air T (Shaver et aD07). Rswas added to the
model because it improves accuracy of predigiand the fit of the model, and prevengdiem

going to zero when there is no leaf area (Shaver 20@al).
Re= (Ro* €7 2% LAl) + R, (Equation 2.9)

GPP was calculated usiruation2.10, where Ry (14.747nmmol m? leaf %) is the
light saturated photosynthetic rate per unit leaf area, k (F.gmound ¥l eaf ) is a Bee
extinction coefficient, and g§0.041nmol CO; fixed nmol ™ photons absrbed) is the initial slope
of the light response curve. Incoming solar irradiance (l), which is thefttpge-canopy
photosynthetic photon flux densitymfiol PAR m? ground &) (Rastetter et al1992, was
recorded~ 50 cm above the canopy in one quadrat at each site using dpekirty PAR
sensors described above. All air T and | d&igure2.2) were recorded every twminutes from
1 Juneto 5 September 2013 arstiored on eHOBO WeatherStation logger (Onset Computer
Corporation, USA).

GPP = (Rax./ K) * In (Pmax. + Eo* 1) / (Pmax. + Eo * I * e('k*LA')) (Equation 2.10)

We calculated R GPP, and NEEnfnol CQ, m? s*) at twominute intervals through

each day (24 hours) for each thie 18 quadrats, and estimated seasonal NEE based on each
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guadratbés respective phenology dat bss. Tdtair i ved
peak season NEE (@ m? seasoit) was estimated biptegratingdaily average NEE values from
the onsetof peak green to the onset of senesceAsewith LAI, the NEE model was not
developed after the period of senescence, and because modeled LAI was used for NEE
calculations, wenodeled NEE data during the green season @dgause we did not estimate
totd growing season NEE, to capture the period of gug@teaf expansiofprior to peak green),
we estimated total green season NEE (g €seasoil) by integrating daily average NEE values
from the onset of greening to the onset of senescence. To teabe efitect of differences in
leaf area between communities and further examine the effect of changing season length on NEE,
total integrated NEE was also estimated fornale DS quadrats using averadeG peak and
green season dates, as well as fomale EG quadrats using averad®S peak and growing
season dates (s&gatistical Analysis

The NEE model used in this study has been tested across a wide araestioof
ecosystems. For instance, in comparing 1,410 modeled varsiisl measured C@flux
measurements from Alaskan and Swedish arctic sites, Shaver2€04a). found the NEE model
confidently predicted COfluxes & = 0.8) with noa priori knowledge of species composition
and using model inputs of only PAR, air T, and LAI derived from NDVI. Further testing of the
model using eddy covariance data was performed by Rastetter 20H), (where they were
able to reliably predict NEE for all major vegetation types in the low Ar&ic>(0.77). Still
further testing performed by Shaver et 2013 across the paArctic showed god agreement
between 4,834 measured versus predicted NEE 0.76). The model has also proven effective
at predicting fluctuations in NEE over large regions using sateléiteed NDVI. Loranty et al.
(2010, for instance, useMODIS satellitebased estimatesf NDVI to calculate LAl and predict
NEE over approximately 1 kiat low arctic sites in Alaska and Canada. Across a wide range of
sites and years, Loranty et a0L0 found good agreement between NEE measured at eddy

covariance towers and modeled NEE £ 0.76).

2.26 Model Sensitivity Analysis

We assessed the sensitivity of modeled NEE to changes in air T, PARyridalhe onset
date of the peak season by varyihg riginal/baseline values of these four parameters by *
10%, 20%, and 306 for each quadrat. We then recalculated NEE for everynivate interval
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(applying the same methods described abolkg percent changes in model parameters were
applied equally acrodsoth DS andEG canopies. A peak season beginning on DOY 189 and 40

days long was assumed as the baseline value because this was the average date of onset and
length of the peak season a&sa@ll DS and EG canopies using piecewise regression analysis.

2.2.7 Statistical Analysis

Data were checked for normality in distribution and homogeneity of variances using the
ShapireWi | k and Bartlettds tests. D a tlity (Shapira t did
Wik: P< 0. 05) and/ or h ®m0.05¢was logolysquar8amtitrankfamed 0 s :
prior to statistical anal ysi s. For al | bet we
Differences were considered significantRak 0.05.All statistical analysis was done in R (

Core Tean?014).

A multivariate analysis of variance (MANOVA) was conducted to test for differences in
the three canoplevel phenology stages between canopy tyjmes 9 DS canopyn = 9 EG
canopy), with site (IMVT & SDOT) as a blocking factor. Main effects determined from both
phenology analysis methods are reported in tables, and main and interaction effects from results
of piecewise regression analysis are reported in the text.

One-way analysis of variance (ANOVA), with site as a blocking factor, was used to test
for differences between canopy typeghe rate of greenp, growing and peak season lengths,
and total greeseason and peak season NEE.

Oneway ANOVA, with site as albcking factor, was also used to test the effects of
changing season length on total green and peak season NEE (determined using piecewise
regression phenology dates) within each canopy typedo this, NEE was estimated for all
guadrats using average 28d EG green and peak season lengths. And changes in total green
season NEE with changing season length were compared within vegetation communities (i.e. DS
NEE at 63 days was compared to DS NEE at 68 days; and EG NEE at 63 days wasdtonpa
EG NEE at 8 days). Thesame comparison was made for peak seasons within each vegetation
community (DS NEE at 44 days compared to at 34 days; EG NEE at 44 days compared to at 34
days).

A repeated measures ANOVA, with date and canopy type as the main effects asd site
a blocking factor, was used to test for differences between canopy types for variables measured
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(NDVI) or estimated (LAI, R, GPP, and NEE) repeatedly throughout the seakmear
regression models were used to evaluate relationships between pevegrdfaeciduous shrubs
and1l) onset of greenind) rate of greefup, 3) onset of peak greed) onset of senescencs,
peak season lengté) growing season lengtii) green season NEE, aBjipeak season NEE.

2.3 Results

2.3.1 Canopy phenology

Following snowmelt, DS canopies had lower NDVI values than EG candpgs€2.7),
but faster greening rates quickly led to greater NDVI values in DS canopies (effect of
date*canopy type: NDV} Fj248= 14.54,P < 0.01). Although the pattern of NDVI changed
throughout the season (effect of date: NDW} gg= 51.04,P < 0.001) and differed between sites
(effect of site: NDVI- F; 248= 332.16,P < 0.001), DS canopies maintained higher NDVI values
than EG canopiethroughout the majority of the season (effect of canopy type: NDA{l4s=
702.15,P < 0.001).

The pattern of canopy phenologkidure 2.7 & Table 2.23) differed between canopy
types (effect of canopy type: phenologys 3= 12.85,P < 0.00) and sites dffect of site:
phenology- F3 ;3= 18.78,P < 0.001) largely due to earlier onset of the peak season and onset of
senescence for DS canopies in gehenad at SDOT in particular. Because DS canopies reached
the onset of greening 2 days latét € 0.05) than EG canopiesTdble 2.2a), but ended
senescence at the same time, the growing season length wasshalégdor all DS compared
to EG canopiesliable2.2b). However, because DS canopies had an accelerated rate ofigreen
(P < 0.001), they reached the onset of peak green 13 days earlier than EG cdheapieB0(1).

In addition, DS canopies reachthe onset of senescence only 3 days earlier than EG canopies.
Thus, though SDOT had faster gragm rates (effect of site: greemp rate- P < 0.05,F; 15=

5.54) and longer peak seasons compared to IMVT (effect of site peak seasorHengtii3.31,

P < 0.05), the average peak season for all DS canopies (SDOT and IMVT combined) was 10
days longerR < 0.05) compared to EG canopidable2.2h).
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Figure 2.7. Seasonlacanopy greennesdoéss smoothed NDYlIfor deciduous shrub (D$ blue symboly and
evergreen/graminoid (EG brown symbol¥ canopies at the two study sites. Error bars represent 1 SEM. On the
respective NDVI curves, dates when canopy phenology metrics were reached are markmgdplét{DS) and
orange(EG) points, with arrows of matching colors extended toxtaxis Canopy phenology parameters are
indicated by numbered boxes on tk@xis [1] onset of greening, [2] onset of peak green, §Bidonset of

senescence. Phenology dates were ohétexd (a) using piecewise linear regression analysis and (b) using threshold
analysis.
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Table 2.2.Canopy phenology metri¢s1 SEM determined from piecewise linear regression modeling and threshold
analysis. (a) Dates of canofgvel phenological parametefday of year (DOY)]. Differences indicate number of

days earlier (minus sign) or later (no sign) deciduous shrub (DS) canopies reached each stage compared to
evergreen/graminoid (EG) canopies. (b) Lengths (number of days) of growing and peak seasatss angreen

up (slopes). Differences indicate shorter (minus sign) or longer (no sign) seasons, and faster rates of green up for DS
compared to EG canopies. Asterisks (*) indicate dates or values in a row were significantly different from one
anotherand fAnso indicat es Signdicas mameiffects af emeah conhpariséne of ®% aneé EG
canopy values in each row are shown.

Phenologicaparametel DS EG Difference P F df

(@) Average canopy phenologyage date

Onset ofgreening

Piecewise 163 £ 1 161 +1 2* <0.0t 4.97 1,1t
Threshold 168 * 2 168 + 2 0 ns
Onset of peak green
Piecewise 182 + 2 195+ ¢ 113* <0.001 16.9: 1,1
Threshold 182 +¢ 193+ 2 111* <0.001 18.47 1,1t
Onsetof senescence
Piecewise 226 + 1 229 + ¢ 13 ns
Threshold 227 + 2 230+ 2 13 ns
(b) Average canopy phenology parameter
Growingseasoriength
Piecewise 85+1 87+1 12 ns
Threshold 80tz 80+z 0 ns
Peakseasoriength
Piecewise 44 £ ¢ 34+4 10* <0.0t 7.3¢ 1,1t
Threshold 45 t+ 4 37+ 8* <0.0t 4.91 1,1t
Rate ofgreerrup
Piecewise 0.018 + 0.00 0.007 + 0.00 0.011* <0.001 16.94¢ 1,1
Threshold 0.016 + 0.00 0.005 +0.001 0.010* <0.01 15.4¢ 1,1

To further examine the effect of increasing deciduous shrub cover, we evaluated the
relationship between percent deciduous shrub cover and canopy phenology variables across all
quadrats Figure 2.8). We found that, although the onset of greening did not occur earlier as
deciduous shrub cover increased, the rate of gupamecame significantly fasteR{(= 0.7,F116
= 37.59,P < 0.001;Figure2.8h and the onset gieak green occurred significantly earligf €
0.8, F116= 58.64,P < 0.001;Figure 2.89. Although increasing deciduous shrub cover did not
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affect the date of the onset of senescence, nor the overall growing season lempgihk theason
lengthened significantlyR€ = 0.71,F1 16 = 39.38,P < 0.001;Figure2.89.
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Figure 2.8. Relationships between percent deciduous shrub cover of canopies along all transedi8) (and
canopy(a) onset ofjreening, (b) rate of greap, (9 onset of peak greefd) onset of senescence, (e) lengthhef

peak green season, (f) lengthtb& growing season; and modeled estimates of total net ecosystem exchange (NEE)
in grams of carbon (C) fseasorl for (g) the green season and (h) the peak season. Canopy metrics were
determined using piecewise linear regression modeldrgy trend lines (blue) of significant relationships are
shown.
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2.3.2 Leaf Area Index Model

Similar to the pattern of NDVI, the increase in the leaf area index (LAI) during-gieen
was more pronounced for DS canopies compared to EG canopies (effect of date*canopy type:
LAl - F1203= 25.44,P < 0.001;Figure 2.99. Although the pattern of LAl changed throughout
the season (effect of date: LAIF; 71= 93.6,P < 0.001), DSanopies maintained higher LAI
throughout most of the green season compared to EG canopies (effect of canopy type: LAI
F1203= 1070.86,P < 0.001).As with NDVI, SDOT maintained higher LAI values compared to
IMVT throughout most of the green season (effect of site: 1/”l203= 318.6,P < 0.001).

2.3.3 Net Ecosystem Exchange Model

The change in respiration §Rduring greerup and senescence wasne pronounced for
DS canopies compared to EG canopies (effect of date*canopy typeFRyo3= 33.59,P <
0.001; Figure 2.9h. Throughout most of the green season, although the patterpabfaRged
(effect of date: R- F171= 43.8, P < 0.05), DS canopies had greater, @fkase from R
compared to EG canopies (effect of canopy type: Rj 203= 1030.81,P < 0.001). There was
also a difference between sites because SDOT maintained highafues compared to IMVT
throughoutmost of the green season (effect of site: Ry 203= 414.36,P < 0.001).

Similar to R, there was a significant interaction effect for the overall gross primary
production (GPP) data (effect of date*canopy type: GPP,3= 11.61,P < 0.001;Figure2.99
and the pattern of GPP changed throughout the season (effect of dateFGRP 13.26,P <
0.001). Also similar to R throughout most of the green season,cBSopies had greater GO
uptake from GPP compared to EG caesp(effect of canopy type: GRHF1 203= 969.14,P <
0.001) and SDOT maintained higher GPP values compared to IMVT (effect of site: FaPJ3
= 305.59,P < 0.001).

The pattern of change throughout the season in net ecosystem exchange (NEE) was
similar for both DS and EG canopieBigure2.9d. However, DS canopies had greater net CO
uptake throughout most of the green season compared to EG canopies (effect of canopy type:
NEE - F1 203= 342.69,P < 0.001). Also, SDOT tended to have greater net @Qidake compared
to IMVT throughout most of the green season (effect of site: NlEE3= 52.19,P < 0.001).

Because DS canopies had higher LAI values during both green and peak seasons, and

longer pealseasons, DS canopies took up about twice as muéh<(001) during their green
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season (an estimated additional 113 g €smasoit), and nearly three times the amount offC (
< 0.001) during their peak season (an estimated additional 101 gs8anott) compared to EG
canopies Table2.3). SDOT took up more totalarboncompared to IMVT during both the green
and peak seasons (effect of site: green season-NE = 8.22,P < 0.05; peak season NEE
F115=10.07,P <0.01).
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Figure 2.9. Modeled estimates of twday averages of seasonal (a) leaf area index (LAl), (b) respiration(ER
gross primary production (GPP), and (d) net ecosystem exchange (NEE) for deciduous shihlbe(B8nbols)
and evergreen/graminoid (E@rownsymbols) canopies at each béttwo study sitesError bars represent 1 SEM

Table 2.3.Modeled estimates of integrated total net ecosystem exchange (NEE) in grams of carbdsé@3ort

° 1 SEM for green and peak seasons, as determined by piecewise linear regression modeling. Differences indicate
amountof additional grams C uptake for deciduous shrub (DS) compared to evergreen/graminoid (EG) canopies;
and percentages indicate the percadditional carbon gain for DS relative to EG canopies. Asterisks (*) indicate
values in a row were significantly different from one another. Significant main effects of mean comparisons of DS
and EG canopy NEE values in each row are shown.

Difference
DS EG (% additional) P F df

Green season NE[§ C m’ season) T 220+ 11 1 107+17 113 (106%)* < 0.001 45.47 1,15

Peak season NEfg C rﬁz seaso_r%) 1153+13 152+13 101 (192%)* <0.001 49.36 1,15
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To tease out the effect of different LAdcross vegetation communities, and further
examine the effect of changing season length, we estimated green and peak season NEE for each
community type under changing season lengiiable 2.4). Increasing the green season length
by 5 days increased carbon uptake for both DS anddaGpies by % and 4%, respectively
(Table2.49. Extending the peak season by 10 days increased C uptake by84%Q01) for
DS canopieqan estimated additional 71 g C“nseasoil) and by 64% B < 0.05) for EG
canopies (an estimated additional 30 g €seasoit) (Table2.4bh).

To further examine the effect of increasing deciduous shrub covBIEE we evaluated
the relationship between percent deciduous shrub cover and seasonal NEE across all quadrats
(Figures2.8g& 2.8h. We found that both green and peak season NEE were significantly greater
when percent déduous shrub cover was greater (green season-NEE 0.76,F1 1= 51.28,P
< 0.001; peak season NEIR’ = 0.85,F; 1= 87.31,P < 0.001).

Table 24. Modeled estimates of integrated total net ecosystem exchange (NEE) in grams of carbdrs¢a$art

° 1 SEM for deciduous shrub (DS) or evergreen/graminoid (EG) canopies, as determined by piecewise linear
regression modeling. (a) Comparing total NEE under two green season length scenarios: 1) DS green season (DOY
163 to 226, 63 days) and 2) EG greeason (DOY 161 to 229, 68 days). Differences indicate amount of additional
grams C uptake during the longer green season (i.e. 5 days longer). Percentages indicate the percent additional
carbon uptake during the longer green season. (b) Comparing totalif?NleE two peak season length scenarios: 1)

DS peak season (DOY 182 to 226, 44 days) and 2) EG peak season (DOY 195to 229, 34 days). Differences indicate
amount of additional grams C uptake during the longer peak season (i.e. 10 days longer). Pernditatgethe

percent additional carbon uptake during the longer peak season scenario. Asterisks (*) indicate values in a row were
significantly different from one an @gnifieant mairaeffetts fns o i n
mean compasons of NEE valueacross one canopy tyfeeach roware shown

DSgreenseason EG greenseason Difference

@) (63 cays 68chyg (% additional) Fooodf
DSNEE (gC m’ season) 1 22110 228+ 10 7 (3%) ns
EG NEE(gC m_ season) 1 103+ 16 7 107 + 16 4 (4%) ns
(b) DSpeakseason EG peakseason

(44 cays (34 cay9
DSNEE(gC m season) 1 1565 7 85+4 71 (84%¥  <0.001 114.84 1,15
EG NEE(g C m’ season) 1 77 +12 14747 30 (64%) <0.05 558 1,15

2.3.4 Model Sensitivity Analysis

To assess the sensitivity of total peak season net ecosystem exchange (peak NEE) to

changes in air T, PAR, LAI, and the onset date of the peak season, we varied individual model
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parameters by stepwise percentagegure2.10. On average, peak NEE was most sensitive to
changes in PAR and the timing of the onset of the peak season, and least sensitive to changes in
LAI. For instance, if considering average percent change (i.e. across both canopyat98s),
increase in LAl increased peak NEE by 12%, whereas a 20% earlier onset of the peak season or
20% increase in PAR increased peak NEE by 33% and 21%, respectively. The effect changing
air T had on peak NEE was relatively similar in magnitude of effedt opposite in directional

effect compared to other model parameters, where an increase in air T ale2f8asegeak

NEE by 19%.
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Figure 2.10. Sensitivity of modeled estimates of total peak season net ecosystem exchange (NEE) for deciduous
shrub (DS) and evergreen/graminoid (EG) canopies to changes in four NEE model parameters: irradiance (PAR), air
temperature (Air T), leaf area (LAI), and ongskite of the peak season (Peak Onset). Percent differences from
original values of PAR, Air T, and LAI and a baseline peak onset date of DOY (day of year) 189 are shown on the
x-axis Percent change in total peak green season NEE with changes in modedtpesaare on thg-axis The

percent changes in model parameters were applied equally across DS and EG canopies. Error bars represent 1 SEM.
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Decreases in PAR led to larger magnitude changes compared to the same percentage
increases in PAR. As this wastrtbe case for the onset of the peak season, peak NEE was, on
average, most sensitive to the earlier onset of the peak season. For instance, if considering
average percent change across both canopy types, a 30% increase in PAR increased peak NEE
by 32%, wlile a 30% decrease in PAR decreased peak NEE by 47%. On the other hand, a 30%
earlier (or later) onset of the peak season led to an increase (or decrease) in peak NEE of 46%.

Al t hough DS and EG canopiesd peak N&#E was
T, and onset of the peak season, DS canopies were much less sensitive to changes in LAl
compared to EG canopiebigure 2.10. For instance, increasing LAl by 30% increased peak
NEE for DS canopies by 6% and for EG canopdigs28%. And decreasing LAl by 30%
decreased peak NEE for DS canopies by 21% and for EG canopies by 38%.

2.4 Discussion
2.4.1 DeciduousShrubs Lengthen thePeriod of Peak Canopy Greenness

We found that deciduous shrub canopies had an accelerated rate efgraed reached
the period of peak greenness 13 days earlier compared to evergreen/graminoid canopies. Because
deciduous shrub canopies reached the onset of senescence only 3 daysheaperiod of peak
tundra greenness (from the onset of peak green to the onset of senescence) was 10 days longer
for deciduous shrub canopies compared to evergreen/graminoid canopies. However, because
deciduous shrub and evergreen/graminoid canomgarbgreening at similar times and ended
senescence at the same time, greater deciduous shrub dominance did not lengthen the overall
growing season. These results suggest that the ongoing increase in deciduous shrub dominance in
the arctic tundraForbeset al. 2010 MyersSmith et al. 2017 may be contributing to the
concurrent satelliteletected trend toward an earlier onset of the peak green €asemet al.
2005 Jiaet al.2009 Tagessoret al.2012), ), but not necessarily to observed lengthening of the
entire growing seaso(Zhou et al. 2001, Jeonget al. 2011, Zenget al. 201]). Longer overall
growing seasons are more likely related to increases in air tempeftdtllister et al. 2005
Delbart & Picard2007, Xu et al.2013 and reductions in snow cover durati@tow et al.2004
Wipf 201Q Pauet al. 2011), which cause an earlier onset of greening and/or a later end of
senescenc@luckeret al.2001, Jiaet al.2004).
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2.4.2 DeciduousShrubs Lengthen thePeriod of Maximum Carbon Uptake

We found that due to the combined effects of higher leaf area and a longer peak season,
deciduous shrub canopies took up nearly three tingearttount (an estimated additional 101 g C
m? seasof) of carbon compared to evergreen/graminoid canopies. However, we also found that
a 10day extension of the peak season alone nearly doubled the net carbon uptake in deciduous
shrub canopies, increasingtake by an estimated 71 g Cseasoit. Thus, while a portion (~
29%) of the additional carbon uptake by deciduous shrub communities during the period of peak
greenness was due to greater leaf area, a significant portion (~ 71%) was due to thel extende
duration of the peak season exhibited by deciduous shrub communities compared to
evergreen/graminoid communities. Our results are supported by previous work showing that the
carbon gain potential of the tundia enhanced when the arctic peak seasonxisnded
(Tageson et al.2012. Our findings on the effect deciduous shrub abundance has on the length
of the peak season are important since carbon uptake at its maximum for all tundra communities
during the pak seasorfRichardsoret al.2013 Ueyamaet al.2013 Mbufonget al.2014. Our
results suggest that greater deciduous shrub abundareases carbon uptake not only due to
greater leaf area, but also due to an extension of the period of peak greenness, which extends the
period of maximum carbon uptake, and may increase tundra carbon gain as deciduous shrubs
become increasingly abundant.

It is important to note that by focusing on the growing season only, this study examined
the influence of greater deciduous shrub cover on net carbon exchange during only threesnow
season, but respiratory carbon flux during the winter may alsodrealby increasing deciduous
shrub cover. Some studies suggest that increasing deciduous shrub cover may enhance carbon
loss in winter through changes in snow cover dynamics and winter soil temperature regimes
(Walkeret al.1999 Schimelet al.2004) that in turn influence heterotrophic respiration. Further,
it has been suggested that evergreens may be photosynthetically active under thespniogy in
(Starr & Oberbaue2003, which may enhance annual carbon uptake where evergreen species
are abundant. Also, although the model has shown great accuracy in estimating entire ecosystem
carbon flux across a viaty of tundra landscapgsShaveret al. 2007, Loranty et al. 201Q
Rastetteret al. 2010, a portion of the unexplained variance maydue in part to respiration
from shallow soil depths, or differences in plant species composition not incorporated into the
NEE model(Shaveret al.2013. While it is not possible to predict with 100% certaintigat the
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future of net carbon flux will be for arctic tundra, our results suggest that increasing deciduous
shrub cover significantly increases the carbon uptake potential of the tundra by both increasing

leaf area and extending the length of the peakoseas

2.4.3 Modeling Tundra Carbon Uptake

Our sensitivity analysis suggests that the magnitude of change in total peak season net
ecosystem exchange (peak NEE) is most sensitive to changes in photosynthetically active
radiation (PAR) and the timing of tlmnset of the peak season, and least sensitive to changes in
leaf area (LAI). Peak NEE was most sensitive to the earlier onset of the peak season. The
sensitivity of peak NEE to changes in the onset of the peak season supports the main finding of
our studywhere we found that the earlier onset of the peak season significantly increased carbon
gain in both deciduous shrub and evergreen/graminoid tundra. The sensitivity analysis suggests
that the effect deciduous shrub cover has on the length of the peak s&ag be just as, if not
more, important than the effect deciduous shrub cover has on leaf area when considering tundra
carbon gain potential.

The sensitivity of peak NEE to changes in PAR suggests that changes in insolation, such
as might be the resutif increased cloudiness, may have large effects on peak season NEE.
Light-attenuation studies in the Alaskan arctic tundra have shown that reduced light
(representative of increased cloud cover) may decrease photosy(@iegn & Shavei996,
nutrient uptake and plant biomass (Chaginal. 1995. This may prove important given that
satellite records suggest summer cloud cover has increased in Alaska (€halp&005 and
the parArctic (Wang & Key2003 over the last several decades.

Increases in PAR and LAI, and an earlier peak season onset increased carbon uptake,
while increases in air temperature (diy had the opposite effect, since carbon loss from
respiration increased with increasing air T, while GPP was unaffected. This sensitivity of
respiration to changes in air T could prove important given that air T is predicted to continue
rising in the artic tundra(IPCC 2013. Increasing air T could increase respiration (Caheica.

2012 Heskelet al. 2013, and potentially offset any increases in carbon uptake due to longer
peak green seasons and greater leaf area associated with increasing deciduous shrub cover
(Belsheet al.2013.

63



We found that deciduous shrub canopy NEE was less sensitive to changes in LAI than
evergreen/graminoid canopies. Although higher LAI during peak season increasedytiate
of carbon gain in both canopy types, earlier seasons had a critical impaEtEohyNncreasing
thenumber of dayearly in the peak season when carbon gain was greater than carbon loss. Thus,
in deciduous shrub tundra, which already has a much higher LAl compared to
evergreen/graminoid tundra, an earlier onset of the peak seaseasid carbon uptake much

more substantially than proportional increases in LAL.
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CHAPTER THREE:
NDVI as a Predictor of Canopy Arthropod Biomass in the

Alaskan Arctic Tundra

© 2015Ecological Society of Americall rights reserved.

Abstract The physical and biological responses to rapid arctic warming are proving acute, and
as such, there is a need to monitor, understand, and predict ecological responses over large
spatial and temporal scales. The use of ttemalized differenceregetation indeXNDVI)
acquired from airborne and satellite sensors addresses this need as it is widely used as a tool for
detecting and quantifying spatial and temporal dynamics of tundra vegetation cover, productivity,
and phenology. Such extensive o$ehe NDVI to quantify vegetation characteristics suggests
that it may be similarly applied to characterizing primary and secondary consumer communities.
Here we develop empirical models to predict canopy arthropod biomass with damepy
measurementsfdhe NDVI both across and within distinct tundra vegetation communities over
four growing seasons in the arctic foothills region of the Brooks Range, Alaska. When canopy
arthropod biomass is predicted with the NDVI across all four growing seasons, ol ove
model that includes all four vegetation communities explains 63% of the variance in canopy
arthropod biomass. Whereas each of our four vegetation comnrapatyfic models explain

74% (moist tussock tundra), 82% (erect shrub tundra), 84% (riparianbstundra), and 87%

(dwarf shrub tundra) of the observed variation in canopy arthropod biomass. Oubéfisétl

study suggests that measurements of the NDVI made from air and spaceborne sensors may be
able to quantify spatial and temporal variation in cagoarthropod biomass at landscape to
regional scales.
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3.1 Introduction

Arctic regions have been warming at a rate two to three times higher than the global
average since the 1950s (AMA®12 Overland etla 2012 IPCC2013, and the physical and
biological responses are proving acute (AQ@04 Callaghan et ak004 McBean et al2006.

These trends have amplified the need to better monitor, understand, and predict the arctic
tundrads ecol ogi cal r e s @ epatslearsd temporalcstalesr{@atuthier ¢ h a n
et al.2013 Nielsen& Wall 2013 Post& Hgye2013. However, arctic landscapes are generally

vast andlargely inaccessible, are characterized by short growing seasons, and can exhibit
considerable heterogeneity in dominant vegetation cover over small spatial scales (Walker et al.
1994). Within an area of less than 1 kon the north slope of Alaska, for example, vegetation
cover often includes dry heath tundra on windblown ridge tops, tussock tundra on mesic slopes,
dwarfshrub communities in riparian areas, and wet sedge tundra-lyilogy waterlogged areas
(Shaver eal. 1996 Walker& Walker1996. Ecosystem phenology and production in the Arctic

also exhibit a high degree of temporal interannual variability (Markon €t985 Artf et al.

1999 Hope et al2004). Although these factors pose challenges, previous modeling efforts have
achieved a high degree of predictive abil#cross diverse tundra communities with widely
different dominant plant speci€®Villiams & Rastetterl999 Epstein et al2001, Shaver et al.

2013. Smaltscale, localized modeling successes can then be scaled up to address the problems
of vastness and inaccessibility of the Arctic. The problem then becomes collectingdalege

data.

One solution to théimitations of collecting largescale data in the Arctic is the use of
airborne and satellite remote sensing to characterize and monitor ecological change (Pettorelli et
al. 2005. Several arctic studies have founcbety correlations between plot level measurements
of thenormalized difference vegetation ind@DVI) and aboveground biomass (Boelman et al.
2003 Raynolds et ak006, plant community dominance and biophysical structure (Gould et al.
2002 Boelman et al2011), leaf area\an Wijk & Williams 2005 Steltzer& Welker 20006,
primary productivity (Nemani et a003 Street et al2007), carbon flux (Vourlitis et al2000),
and net ecosystem exchange (Boelman €2Gfl5 Shaver et al2007). Satellite NDVI datasets
have already been used to quantify regional andapetic rends in the spatial and temporal

dynamics of various tundra vegetation characteristics, such as vegetation cover type (Stow et al.
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2004 Jia et al2009, productivity (Myneni et |a 1997, Beck& Goetz2011, Shaver et ak013,
and phenology (Zhou et &001, Zeng et al2011).

A number of arctic studies have also documented predictive relationships between tundra
vegetation and arthropod abundance (Masters 08B Haddad et al2001, Richardson et al.
2002, biomass (Schaffers et @008, and density (Coulson et &003. In addition, predictive
models for arctic arthropod abundance and biomass as a function of climatic factors such as
temperature, thawing degree days, wind speed, and solar radiation have been successfully
employed Haye & Forchammef008 Bolduc et al2013. Because the NDVI is representative
of primary productivity and integrates the climatic conditions that affect plant phenology and
biomass (Jia et aRO03 Raynolds et al2006 Tagesson et al.2012, and given the strong
empirical relationships between the NDVI and tundra vegetation charactansiit®ned above,
the NDVI may also be a good predictor of tundra canopy arthropod biomass. Yet, to our
knowledge, no studies have explored the use of NDVI as a predictor of consumer biomass in the
arctic tundra However, the NDVI has been used in a variefy temperate and tropical
ecosystems to identify insect infestations (Ji et2804 Zha et al.2005 Board et al.2007,
Jepsen et al2009, and quantify the impact of insect herbivory on vegetation biomass
(Vogelmannl99Q de Beurs& Townsend2008 Eklunch et al.2009.

The goal of this study was to determine empirical relationships betihedtDVI and
canopy arthropod biomass, and subsequently develop an empirical model to predict canopy
arthropod biomass in arctic tundra landscapes from the NDVI. We ebk&blismpirical
relationships between measurements of sediace, canopievel NDVI and plant canopy
dwelling arthropod biomass within and across four distinct vegetation types, over four
consecutive growing seasons in the arctic foothills region of thek8rRange, Alaska. As such,
this is a first step towards assessing the potential for datasets acquired by air and spaceborne
sensors to quantify spatial and temporal dynamics in canopy arthropod biomass at landscape and
regional scales. Developing predvet relationships between remotely sensed NDVI and
arthropod biomass will contribute to our ability to quantify how changes in tundra vegetation

cover and phenology will affect higher trophic levels as arctic warming continues.
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3.2 Methods

3.2.1 Study Stes andObservational Setup

Datasets were collected faur field siteslocatedin the vicinity (within ~ 30 km) of the
Arctic Long Term Ecological Research (ARC LTER) site at Toolik Field Station in the northern
foothills of the Brooks Range, Alaska8@J3 8 6 N,

1490346 \ochee l
Mountonnee (ROMO), Toolik Lake Field Station (TLFS), Imnavait Creek (IMVT), and the

Sagavanirktok RiveDepartment of Transportation camp (SDOTFigure 3.1). Annual

precipitation afToolik is 2007 400 mm, with 45% falling as snow; annual average temperature

is-10°C, and average July temperature is 14 °C (van Wijk 20a5b.
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Each of the four sites included two 20,000study areas, for a total of eight study areas.
Within each of the eight 20,000°mstudy areas, two 100 m transects were establishedeand t
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Figure 3.1. Map of Alaska

and the North Slope of the
Brooks Range (inset) showing
the location of the four field
sites near the Toolik Lake
field station used in this study:
Roche Mountonee (ROMO),
Toolik Lake Field Station
(TLFS), Imnavait Creek
(IMVT), and the Saga

vanirktok River Department

of  Transportation  camp
(SDOT).

evat

quadras (1m?) were established at 10 m intervals along each transect (for a total of 16 transects

and 160 quadrats). The eigtudy areas wereategorized into four vegetation communities,

based on differences in vegetation height and dominant vegetationréamescover Table3.1),

and using existing vegetation classifications for the Alaskan arctic tundra (e.g. Walk@0é6al.

Walker & Maier 2008. Methodology used to determine aerial percent vegetation cover and

shrub height in this study are describe€hapteroneandin Rich et al. 2013.
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The four vegetation communities used in this study overlap somewvhapecies
composition but are distinct in the relative abundance of dominant species and other
characteristicsTable 3.1). The riparian shrub tundra community (RST) was located at ROMO
and was less than 100 m from the Roche Monnee Creek. The RST was dominatedShiix
spp., interspersed with forbs. The RST a0 characterized by wellrained, rocky soils with
the tallest shrubs of all the communities. Because the large stature shrubs at the RST were widely
spaced, there as considerable surface exposure of bare soil and rock, litter, and woody stem
material. The two erect shrub tundra communities (EST) were located at TLFS (approximately
200 m from the Toolik Lake outlet) and at SDOT (approximately 200 m from the Okskukuyi
Creek), where proximity to a large body of water (TLFS) or flowing water (SD@al) increase
thaw depths and promote root lengthening and shrub growth (Rla@airns2011). The TLFS
EST represents vegetation tygicd shrub tundra described in Shaver and Chap@9). The
SDOT EST represents vegetation typical of riverside shrub tundra as described in Giblin et al.
(199). The EST communities were dominated primarily by tall staBetula nana and
secondarily bySalix spp. and other deciduous shrubs, interspersed with moss, evergreens, and
forbs. Unlike the RST, EST had little to no litter and bare soil and rock surfaee. cthe
prostrate/dwarf deciduous shrub tundra community (DST) was located in an area of water tracks
(McNamara et al1999 at IMVT, and represents vegetation typical of water track tundra as
described in Chapin el.g1988. The DSTwas characterized by medium stat@etula nana
and Salix spp. as well as moss, interspersed with graminoids, evergreens, and forbs. The four
moist tussock tundra communities (MTT) were located atoall sites in tundra with tussock
forming and other sedge&rfophorumand CareX and substantial evergreen and moss cover,
interspersed with forbs and short stature deciduous shrubs.

These four vegetation communities together consist of approximatébyof the total
vegetation cover in this studies region (subzone E ofCiheumpolar Arctic Vegetation Map
(CAVM) 7 Walker et al2005. The current study does not include observations in two other less
common vegetion communities (i.e wet sedge and barren/cryptogam tundras), primarily
because together, these two communities consist of only approximately 10% of the total
vegetation cover of our study region (subzone E of the CAVMalker et al.2005. Not only
do the vegetation communities used here represent a large portion of the cover in the northern

foothills region of the Brooks Range, but they atsake up approximately 70% of the North
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S| ope o9 vegkthtiansckvar@subzones D and E of the CAVWalker et al.2009, and

57% of the entire arctic tundra biome (subzones B, C, D, and E of the QAWNMIker et al.
2005.

Table 31. Vegetation communities and codes (number of quadrats per community), descriptions (with average
maximum shrub height), and percent cover of plant species, lichen, moss, and other surface cover matefials in 1
guadrats in each vegetation tym®ed in this studyNotes:Data were collected in late July 2010. Total percent cover
does not always add to 1%0because (1) standing water is not included and (2) percentages were rounded to the
nearest whol e numbeiglistedas® any value O 0. 4

Community
(no. quadrats)

Coarse cover
categories (%)

Description
(shrub height range)

Species and functional group
cover (%)

Riparian shrub
tundra; RST (20)

dominated by tall willows, Betula nang0), Salixspp. (25), other woody stem
leaf litter and woody deciduous shrubs (1&riophorum material (23),
material(457 165 cm) andCarexspp. (0), other graminoi litter (21), bare
(0), Vaccinium vitisidaeaand soil surface and

Ledum palustrg0), other rock (7)
evergreens (1), forbs (9), moss (8
lichen (4)

Erect shrub tundra  dominated by mediusto-  B. nana(22), Salixspp. (10), other woody stem

EST (40) tall birch and other deciduous shrubs (1Z&riophorum material (14),
deciduous shrubs andCarexspp. (3), other graminoit litter (4), bare
(207 90 cm) (1), V. vitisidaeaandL. palustre soil surface and
(5), other evergreens (2), forbs (& rock (0)
moss (13), lichen (4)
Dwarf/prostrate mixture ofdwarf birch and B. nana(11), Salixspp. (16), other woody stem

deciduous shrub
tundra; DST (20)

Moist tussock tundrs

MTT (80)

willow, with scattered

moss (10" 45 cm)

dominated by moss,

graminoids and

evergreens (5 30 cm)

deciduous shrubs (Briophorum
andCarexspp (9), other graminoid
(1), V. vitisidaeaandL. palustre
(9), other evergreens (1), forbs (1
moss (19), licheifl)

B. nana(8), Salixspp. (7) other

deciduous shrubs (3griophorum
andCarexspp. (18), other
graminoids (0)V. vitisidaeaandL.
palustre(14), other evergreens (1
forbs (6), moss (17), lichen (3)

material (8), litte
(10), bare soil
surface and rock

©)

woody stem
material (5), litte
(10), bare soil
surface and rock

)

3.2.2 Spectral Reflectance and NDVI

Quadratlevel spectral radiance measurements were made weekly with a field portable
spectroradiometer (FieldSpec3, Analytical Spectral Devices, Boulder, CO, USA) from late May
through late July over four years (2010 through 2013). The spectroradiometer has a 25° full

argle cone of acceptance fietd-view (FOV) fiber optic with a spectral range from 350 to 1050
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nm. The spectral sampling interval of the spectroradiometer is 1.4 nm. Radiance measurements
were preceded by a calibration scan of a 99% reflectance white rstdBg@ctralon, LabSphere,
North Sutton, NH, USA) to normalize for changes in light conditions between measurements.
The foreoptic was held approximately 1 m above the top of the canopy, so that each
measurementds circul ar fmd Sgegral measurenvents wesepm@adeo X i m
in the 1m? quadrats along each of the 16 transects described above. Five measurements were
collected within each In® quadrat in order to ensure that the spatial heterogeneity of each
guadrat was capturedihich resultd in 50spectral measuremerfty each transect. All spectral
measurements were converted to reflectance values.

We employ thenormalized difference vegetation ind&@DVI), which is indicative of
the quantity of photosynthetically active, green vegetgfruse et all974), and has proven to
be sensitive to variations in aboveground biomass (Boelmanz&G8. and leaf areavén Wijk
& Williams 2005 Street et al2007) in tundra landscapes. The five NDVI values associated with
each quadrat were averaged to give a mean quadrat NDVI value, and these were averaged to
obtain man transect values for each week. The NDVI walsulated from visible red (R: 650 to
690 nm) and neanfrared (NIR: 750 to 850 nm) reflectanesingEquation3.1

NDVI = (NIRi R) / (NIR + R) (Equation3.1)

3.2.3 SweepNet Sampling and Canopy Arthropod Biomass

Canopydwelling arthropod biomass was measured via sweep netting using a standard
insect net (Robel et all995. Although it is possible thatweep netting captures arthropods
differently within and across vegetation communities (Southwid*8), we chose this method
to collect canopydwelling arthropods for several reasons including: 1) all canopy adtirop
sampling methods introduce some bias (Doxon &Cdl]), but sweep netting may introduce less
sampling bias compared to other techniqugarénseret al. 2002; and 2) samles associated
with sweep netting tend to overlap in abundance and composition with other collection methods
(Noyes1989 Spafford& Lortie 2013. Samples were collected weekly findate May to mid to
late July over four years (2010 through 2013He 100 m sweep net transect was established in
each of the eight 20,000°rstudy areas. Using an iron bar as the center point, the direction of the

transect was randomly determined attesample time using a compass bearing generated from a
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random numbers table to avoid repeated sampling of the same area. Each sweep set involved ten
horizontal passes of the net (at 10 m intervals out to approximately 5 m on each side of the
transect) alng the ground vegetation and up into the shrubs to about 2 m where necessary. The
ten sweep set was duplicated on each side of the transect line, for a total of 100 sweeps and so
that each sampling area covered approximately 1D0Nm effort was made tovaid or contact
particular vegetation, and all contents of the samples from each sweep set (including any
vegetation material) were transferred to plastic bags with?lpiuoes of Shell pest strips to kill
arthropods, for a total of 10 plastic bags (eemhtaining the contents from 10 sweeps) per study

area per date. In the laboratory, samples were sorted (e.g. vegetation was removed/separated
from arthropods), and arthropods were transferred to scintillation vials to be counted and dried in
the laboratoy. The samples were dried for a minimum of 48 hours at 40°C, after which
arthropods were weighed for dry biomass. The ten samples associated with each transect were
summed, and divided by 100 (the area covered for each sample set) and reported as the mean
mass of arthropods perraf ground area (mgn®). Captured arthropods included a diverse array

of functional and taxonomic groups. Abundance and biomass were overwhelmingly dominated
by Diptera, which included many midges, mosquitoes and Muscoid\Wieb-building spiders,

Homopteran herbivores, and parasitic wasps were also abundant (Gough unpublished data).

3.2.4 Data Analysis

In all four years, mean values of the NDVI and measured arthropod biomass were
calculated to give average weekly values factevegetation community (RST, EST, DST, and
MTT) through the plangrowing season. The average date of each measurement week is used to
account for irregularity of spacing between dates across vegetation communities. We analyzed
seasonal changes in the MDand canopy arthropod biomass using a repeated measures
ANOVA with vegetation community as the betwesubject factor, and week and year of
measurement as the withsnu b j ect factors. Uni variate resul
significant differec e s ( T u k e y éhac andlgsi3 was pused to compare means of each
vegetation community in more detail.

We determined model parameters from Hgséxponential regression models of the
NDVI-measured canopy arthropod biomass relationships for eachatregecommunity
separatelyTable 3.1), as well as across all vegetation communities (all datal30). Canopy
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arthropod biomassr(g m?) was predicted from the NDVI usirigguation3.2, wher e U and
parameters specific to each vegetation commumiiple3.2):

*

Bi omassg?= YPVW (Equation3.2)

We quantified linear relationships between measured canopy arthropod biomass and
predicted canopy arthropod biomass (uddggiation3.2) between vegetation communities, as
well as across all vegetation communities, and reportdberacy of prediction and amount of
variance inTable3.2 (RMSEandR?). Statistical analysis was done in R Core Tean2014).

Table 3.2. Number of quadratsnf, bestfit

Model Predicted exponential r egraensds

parameters vs. observed root mean squared errors of predic

Vegetation (RMSE), and Rvalues for the ND\icanopy
9 X . arthropod biomass relationships used
community  n U b RMSE R predict canopy arthropod biomass (m@/
RST 20 0.00S  10.16( 075 0.84 (Equation 3.2) in different communities
e ' ’ ' Note: Regressions we calculated using da

EST 38 0.004 9.12¢ 1.39 082  from weekly NDVI and sweep net samp
DST 19 0.001 11.95( 0.93 0.87 collected late May through mido late July
MTT 53 0.004 10.37C 1.05 0.74 (2010 to 2013) in vegetation communit

classified according to species composi
and shrub height (see Taldl€l for vegetatior
community descriptions).

All data 130 0.00¢ 8.83¢ 151 0.63

3.3 Results
3.3.1 SeasonaPatterns of NDVI and Arthropod Biomass

There was significant variation in the NDVI throughout the growing seasons (effect of
week: F130= 287.67,P < 0.001), and among vegetation communities (effect of vegetation
community type:Fz g0= 36.02,P < 0.001), but there was no significant variation across years.
Posthoc analysis showed that NDVI values of the vegetation communities, with the exception of
DST and EST, were each significantly different from one anokherq.05) Figure3.2).

Similar to the NDVI, canopy arthropod biomass varied significantly throughout the
growing seasons (effect of wedk; 30= 40.04,P < 0.001) and among vegetation communities
(effect of vegetation community typéis e = 4.85, P < 0.01) Unlike the NDVI however,
arthropod biomass also varied significantly across years (effect of Frear: 4.88,P < 0.05).

Posthoc analysis showed significant differences in arthropod biomass between EST and all other
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Figure 3.2. Weekly canopy arthrombbiomass Iét-hand panelsand NDVI fight-hand pane)sfrom late May to
mid- to late July for field seassrin 2010 througt2013. Different lines represent different vegetation communities
(Table3.1): riparianshrub tundrgRST), erect shrub tundreEST), dwarf/prostrate deciduous shrub tunds(),

and moist tussock tundr{T).
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vegetation communitied?(< 0.05), but no significant differences among RST, DST, and MTT
communities Figure3.2).

Across all four years and vegetation types, the NDVI and arthropod biomass generally
increased concurrently from late May through late June or-Juidigl although there was
interannual and vegetation community specific variability in the timing of maxinmtimoaod
biomass Figure 3.2). Also, while the NDVI values remained high through late July, arthropod
biomass reached maximum values and began to decline in late June througbulgarly
(depending on the year and vegetation comityunDespite some variation, the NDVI and
arthropod biomass followed similar overall patterns throughout the seasons, where vegetation
communities with higher deciduous shrub cover (i.e. EST and DST) typically had both higher
NDVI values and canopy arthwod biomass relative to communities with more bare soil surface,
woody stem material, and litter (i.e. RST) or graminoids and evergreens (i.e. QLY €3.2).

3.3.2 NDVI-Arthropod Biomass Rehtionships

Across all vegetationaammunities and time periods, 76% of the variancengmasured
arthropod biomass was explained by the NDVI. A majority of the variation in the overall
regression relationship occurred at NDVI values > GigUre 3.39, at which pant arthropod
biomass was more variable across vegetation commurkigas€3.2). For instance, when NDVI
values were > 0.6 in EST in late June to early July, EST communities often supported dramatic
increases in arthropod bionsagther vegetation communities did not have such large increases
in arthropod biomass at this time. In fact, DST tended to support slight declines in arthropod
biomass when NDVI values were > 0.6.

When examining vegetation communities separately, rektipa between the NDVI
and measured arthropod biomass improved (Fig@rgs & 3.3¢. Correlations between the
NDVI and measured canopy arthropod biomass were: RSE 0.95); EST R® = 0.89); DST
(R? = 0.84); and MTT R = 0.79). (Figure$.3b& 3.39. Similar to the overall relationship, the
NDVI-arthropod biomass relationships tended to saturate at NDVI > 0.6 for EST and MTT

communities
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3.3.3 Arthropod Biomass Models

The overall model was a fairly good predictor of arthropod biomEesl€ 3.2 & Figure
3.49. In general, the largest variance in the overall predictive model occurréeletr
arthropod biomasses, which generally corresponded with NDVI F6re3.39.

Compared to the overall model, vegetation commusgcific models were better
predictors of arthropod biomasgable 3.2 & Figures3.4b& 3.4¢. The best individual models
were from the DST and RST communities, although EST and MTT community models also
showed a high degree of accuracy at estimating arthropod lsoBiaslar to the overall model,
the largest variance in the vegetatgpecific predictive models was at higher arthropod

biomasses.

3.4 Discussion

We found that the NDVI is significantly correlated with spatial and temporal variation in
canopy arthropod biomass both among and within the four distinct vegetation communities used
in this study, thus the NDVI is able to effectively estimate canopyagtiok biomass regardless
of vegetation community type. Our study complements previous studies showing strong
empirical relationships between the NDVI and various characteristics of vegetation form and
function, and which work across diverse arctic tundesmfptommunities (van Wijk et @005
van Wijk & Williams 2005 Street et ak007, Shaver et. ak013.

The correlation between the NDVI and canopy arthropod biomass was strongest prior to
the period of maximum tundra leaf out (when NDVI < 0.6), suggesting that canopy arthropods
and canopy leaf expansion share similar esglgson phenological cues, suck spring
snowmelt timing (Wipf et al2009 Tulp & Schekkermar2008 and air temperature (Pop et al.
200Q Danks1999. Later in the season, once maximum tundra leaf out is reached, NDVI values
remain relatively stable through mid to late July while canopy arthropod biomass is
comparatively plastic. This may be due to a greater sensitivity of arthroposnperature
(Hodkinson et al1998 Tulp & Schekkermar200§ compared to plant biomass (Johnson &
Tieszenl976 Shaver et all986 at this later time in the season. Favorable weather conditions,

for example, may allow mosquitoes and midgéise most dominant members of the canopy
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Figure 3.3. Exponential relationships betwee
NDVI and masured arthropod biomasgqa)
Relationship for all vegetation communities (n
130 quadrats; y = 0.008%>; R? = 0.76). (b)
Relationships for erect shrub tundraa & 38
quadrats; y = 0.004&°%; R?= 0.89) and riparian
shrub tundrar(= 20 quadrats; y = 0.008¢°; R* =
0.95).(c) Relationships for moist tussock tundra |
= 53 quadrats; y = 0.004¢™: R? = 0.79) and
dwarf deciduous shrub tundra£ 19 quadrats: y =
0.001é%** R? = 0.84). Abbreviations are as i
Figure3.2

1

Figure 3.4.Linear relationships between predicte
and measured arthropod biomass. Predic
biomass was determined using Equat®@ and
parameters in Tabl8.2 (a) Relationship for all
vegetation communities (y = 0.75x + 0.8% =
0.63).(b) Relationships for erect shrub (y = 1.11
+ 0.41;R? = 0.82) and riparian shrub tundra (y
1.11x i 0.12; R* = 0.84). (c) Relationships for
moist tussock (y = 1.54% 0.16; R = 0.74) and
dwarf deciduous shrub tundra (y = 1.05x + 0.R%;
0.87). Abbreviations are as in Figurg2
Number of quadrats are as in Fig@r8.
































































































