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Abstract

The recovery of tundra vegetation and the depth of permafrost thaw were observed on the
Seward Peninsula, Alaska, the site of a wildfire in 2002. The study compared the vegeta-
tion in burned and adjacent unburned tundra from 5 to 10 years post-fire. The eftects of the
fire on the vegetation varied between species and were spatially variable at the stand scale.
The cover of evergreen shrubs, bryophytes, and lichens was still drastically decreased 5
years after the fire and had not recovered even 10 years after the fire. By contrast, the cover
of graminoids, especially Eriophorum vaginatum, and of the deciduous shrub Vaccinium
uliginosum increased. The depth of permafrost thaw increased, and its spatial pattern was
related to vegetation structure; specifically, deeper thaw corresponded to graminoid-rich
areas, and shallower thaw corresponded to shrub-rich areas. As the E. vaginatum cover
increased, the thaw depth recovered to that of the unburned area, and the spatial variation
had disappeared 10 years after the fire. Our results indicate that both the prefire vegetation
structure and the differences in the regrowth properties between species play important
roles in the early stage of tundra ecosystem recovery after wildfire. Our findings also show
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that the favorable growing conditions related to deeper thaw do not last long.

Introduction

Arctic and subarctic ecosystems are regarded as being
particularly sensitive to climate change (Watson et al., 1998;
McBean et al., 2005). Climate change will probably cause
large-scale changes to arctic vegetation; in particular, a further
expansion of deciduous shrubs is expected with continued
warming (Walker et al., 2006). Climate warming may also
have important consequences for the stability of permafrost
soils, which are thought to store twice as much carbon as the
amount currently present in the atmosphere (Schuur et al.,
2008). Permafrost warming has been observed in some arctic
regions in recent decades (Osterkamp and Romanovsky, 1999),
and it is expected that the thickness (Anisimov et al., 1997) and
extent (Lawrence and Slater, 2005) of permafrost will decrease
drastically because of climate warming. The fire regime in
arctic regions, including its severity, frequency, and extent, is
also expected to undergo changes due to warming (Rupp et al.,
2000; Flannigan et al., 2001; McCoy and Burn, 2005). Wildfire
in the tundra ecosystem may, because of the positive feedback
of global and regional warming, have the severe consequence of
releasing C stocks from permafrost soil (Mack et al., 2011). If
warming trends cause the frequency and intensity of wildfires to
increase, the successional trajectory of the tundra may change
from being primarily graminoid vegetation to becoming more
shrub-dominant (Higuera et al., 2008). Fire affects vegetation
by killing or removing plant biomass, which increases the
availability of sites for the establishment of seeds. However, the
post-fire response of vegetation depends on the characteristics of
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the plant species, which have different degrees of susceptibility
to fire and different regenerative properties. Changes to tundra
vegetation as a result of fire can rapidly alter the balance of
surface energy, including albedo, temperature, snow cover, and
water (Viereck, 1982; McFadden et al.; 1998; Sturm et al., 2001;
Chambers et al., 2005), and these changes alter the properties of
the permafrost (Hinzman et al., 1991; Yoshikawa et al., 2002).
For example, a decrease in plant canopy increases the insolation
on the ground surface (Kasischke et al., 1995), and depletion of
the insulating organic layer, or moss cover, increases the near-
surface thermal conductivity of the soil (Yoshikawa et al., 2002).
These effects of fire increase the thickness of the active soil layer
(Heginbottom, 1971), and such alterations to the permafrost
feed back to the vegetation through changes in the underground
conditions for plant growth, such as temperature, nutrient supply,
and soil moisture content (Woo, 1986; Waelbroeck and Monfray,
1997). Fire severity determines community composition
through differences between species in regeneration strategies
and root depth (Hollingsworth et al., 2013). Therefore, we can
expect a relationship to exist between vegetation recovery and
the temporal change in thaw depth in the course of vegetation
succession after wildfire.

At astand scale, the species composition of tundra vegetation
has a spatially heterogeneous structure, and stochastic physical
processes and microtopography also drive the arrangement of plant
species and/or their growth pattern. Because of the heterogeneous
distribution of fuels, surface water, and soil moisture content,
fires burn stands at different intensities at a fine scale. Numerous
studies of the post-fire succession of tundra vegetation link it to
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the thickness of the active permafrost layer (Fetcher et al., 1984;
Racine et al., 2004; Bret-Harte et al., 2013), but few studies
have focused on the temporal changes in the vegetation and the
distribution of the permafrost after a wildfire at a stand scale.
In arctic regions, vegetation structure and thaw depth correlate
with certain environmental factors at a fine scale. For example,
vegetation structure has been correlated with thaw depth and
topography in polygon mires in the Arctic Siberian tundra (Minke
et al., 2009); the effects of thawing permafrost and thermokarst
affected plant species composition on a very local scale (1 m) via
changes in the microclimate that accompanied ground subsidence
(Schuur et al., 2007). Such fine-scale relationships may drive
the regeneration of the plant community by altering plant
assemblages and have consequences for the trajectory of tundra
succession after wildfire. The creation of favorable patches by
fire that last for longer periods may promote an increase in shrub
cover for a longer duration. However, the manner in which the
fine-scale spatial correlation between vegetation and permafrost
thaw may change after a tundra fire is unknown. If fire creates
deeper thaw areas in which plants can regenerate quickly, such
favorable patches may soon disappear if the shading effect of the
recovering plant is strong enough to reduce the insolation on the
ground. In this paper, we present a field study of vegetation and
thaw depth 5-10 years after a tundra fire on the Seward Peninsula
in 2002. Our aim was to determine how plant succession and the
thickness of the active permafrost layer vary spatially at a stand
scale and whether these two properties simultaneously change in
the 5-10 years after a tundra fire. We also aimed to assess fine-
scale community assembly and successional trajectory during
post-fire recovery.

Methods
STUDY AREA

We conducted a field survey in the Kougarok area in the cent-
er of the Seward Peninsula, Alaska, approximately 140 km north
of Nome (65°26"28”N, 164°39’58”W at approximately 90 m a.s.l.;
Fig. 1, part a). The slopes of the rolling hills support low arctic
tundra dominated by open low mixed shrub-sedge tussock tundra
communities (Viereck et al., 1992). The mean annual temperature
is —2.4 °C; the mean January temperature is —23.1 °C, and the mean
July temperature is 11.0 °C. Because of the more continental cli-
mate near the center of the Seward Peninsula, the study area is in
a zone of nearly continuous permafrost with an active layer that
has a mean thickness of 56 cm (Hinzman et al., 2003). The Seward
Peninsula has a relatively high fire frequency compared with other
tundra regions (Racine et al., 1985), and the Kougarok area has
experienced three major fires in recent decades: 26 June—22 July
1971; 22 July-25 September 1997; and 4 August—10 October 2002
(Alaska Fire Service database: http://fire.ak.blm.gov/predsvcs/
maps.php). However, the 1997 fire did not burn the study site, and
an area between Kougarok Road and the Kougarok River has not
burned since the 1940s. The 2002 fire burned the tundra vegetation
with moderate to severe intensity but left behind a few unburned
patches. However, in the burned area of the tussock tundra, 50%
of the 14-cm organic layer was consumed by fire, which caused
an increase in soil temperature, earlier freezing, and deeper thaw
(Liljedahl et al., 2007). Meteorological changes and the dynamics
of the active layer were monitored before and after the 2002 fire in
an area approximately 1.5 km southeast of the study site and at a
CALM (Circumpolar Active Layer Monitoring) site approximately
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1.5 km upstream of our study site. The results from these sites may
be comparable to those from our study site because of their prox-
imity and similarity in topography.

The Mauze Gulch passes through the center of the study
area (Fig. 1, part b) and divides the northwest- and southeast-
facing slopes. Plant cover was continuous, with more than 95%
total coverage, and the height of the vegetation was approximately
30-60 cm in the unburned area. The meadow vegetation, which
extended along the gulch to a width of 10-20 m, consisted of tall
willows, dwarf birch, and grasses 1.5 m high. Kougarok Road runs
northwest-southeast and forms a boundary between the burned and
unburned areas resulting from the 2002 fire. The study area con-
sisted of four sites: a burned southeast-facing slope (BS), a burned
northwest-facing slope (BN), an unburned southeast-facing slope
(US), and an unburned northwest-facing slope (UN). The two un-
burned sites were used as a proxy for the prefire vegetation for each
corresponding burned slope.

FIELD MEASUREMENTS

To study the effects of fire on the structure of the vegetation,
we established a series of permanent plots in 2007. At each site,
we set a 100-m transect perpendicular to the Mauze Gulch and
established eleven 1 x 1 m permanent quadrats at 10-m intervals.
Four lines were established at distances of approximately 100 m
from the road to eliminate the unwanted influence of the roadside
vegetation. Before beginning our field observations, we searched
for fire scars (such as charred plants and soil) in the large un-
burned area, but we found no signs of combustion. We set the first
quadrat (quadrat number 0) approximately 1 m from the edge of
the stream; the quadrat numbers indicate their approximate dis-
tances from the gulch. Because the species composition of the
meadow vegetation was quite different from the adjacent tundra
vegetation and showed no signs of combustion, we omitted from
the analysis the data from two quadrats (numbers 0 and 10) in the
burned sites and one quadrat (number 0) in the unburned sites.
Of the remaining quadrats, 9 and 10 were in the burned and un-
burned sites, respectively.

Visual estimates of cover were made for all species in each of
the 1 x 1 m quadrats, of which all four corners were permanently
marked by plastic or metal stakes. Species cover was estimated as
a percent of the area inside a quadrat. We divided each quadrat into
four 50 x 50 cm subquadrats and then estimated plant cover to 1%
accuracy (10 x 10 cm) using a 50 x 50 cm plastic frame with a 1-cm
scale and a 1-m ruler to improve precision. The 4% cover values
were summed to estimate absolute percent cover in the quadrats, and
all coverage estimates were made by the same person to reduce ob-
server error. Site measurements were repeated in 2007, 2009, 2010,
and 2012 in the burned area and in 2007, 2009, and 2012 in the
unburned area. We also measured thaw depth by inserting a metal
probe at three points in each quadrat in 2007, 2008, 2009, 2010, and
2012. All measurements were performed from mid- to late August.

STATISTICAL ANALYSES

The species diversity in each quadrat was estimated using the
Shannon-Wiener indices, after which one-way analysis of variance
(ANOVA) was performed to identify differences in species diver-
sity between the four sites and years. Post hoc tests were performed
using the Bonferroni procedure.

We performed one-way repeated measures ANOVAs to
compare species and growth form cover between years and

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 25 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



[/

1971 fire 70°

Kougarok

J9ARY YoueBbnoy

1997 fire
150

Cc

590....'000..B§ BN .....l
;: e o , 4 ©

© 80

(0]

Egoj- LI R .. us UN ..
iso ® e, s * o 0o

100 80 60 40 20 0 0O 20 40 60 80 100
Quadrat number

FIGURE 1. (a) Location of the study area. The four study sites are located in the Kougarok area (65°25'N, 164°38'W) in the center of the
Seward Peninsula, Alaska. Kougarok Road and Mauze Gulch form boundaries between the four experimental sites: BN (burned northwest-
facing slope), BS (burned southeast-facing slope), UN (unburned northwest-facing slope), and US (unburned southeast-facing slope). The
gray area shows the burned zones from the 1971, 1997, and 2002 fires. (b) A line transect was established at each of the four sites, and eleven
1 x 1 m quadrats were set at a 10 m interval along each transect. (c) The profile of each site is shown along with each of the four transects.

sites. If the assumption of sphericity was not met as assessed by
Mauchly’s test, we applied a Greenhouse and Geisser correction
(Greenhouse and Geisser, 1959). Because the data set was unbal-
anced, we performed one-way ANOVA to compare the cover of
plant growth forms and thaw depth between sites between years,
and post hoc tests were performed using the Bonferroni proce-
dure. All plant species cover values were ranked using the aver-
age of the tied ranks prior to ANOVA. We performed Spearman’s
rank correlation analysis to identify relationships between the
dominant species after merging the two slopes for the burned and
unburned areas.

To explore the most important correlations, a principal
components analysis (PCA) of the variance was performed on
11 dominant species belonging to each growth form in 2007,
2009, and 2012 to analyze the effect of wildfire on the vegeta-
tion. Detrended component analysis (DCA) by segments and
nonlinear rescaling was conducted to estimate the underlying
gradient length. In DCA, if the gradient length is less than 4
SD (standard deviation), the variation in the species assemblage
is within a relatively narrow range; hence, the linear PCA ap-
proach is appropriate. If the gradient length is 4 or more SD,
the variation in the assemblage occurs over a larger range, and
the unimodal approach is appropriate (ter Braak and Prentice,
1988). The suitability of PCA was also assessed prior to analysis
by the Kaiser-Meyer-Olkin (KMO) measure (Kaiser, 1974) and
Bartlett’s test of sphericity. Spearman’s rank correlation analy-
sis was performed to analyze the correlations between species
and between the PCA axes and thaw depth. These analyses were
performed with SPSS 22.0.0 (IBM Corporation, 2011) software
and PC-ORD 6 (MJM). The floristic nomenclature follows that
defined by Hulten (1968).

Results
GENERAL SPECIES COMPOSITION

The changes in plant composition over the five years of obser-
vation are shown in Table 1. The vegetation in the unburned area in
2007 was mixed shrub-sedge tussock tundra with some mosses and
lichens. Plant cover was continuous, with more than 95% total cov-
erage, and the vegetation height was approximately 30-60 cm. The
vegetation on the unburned northwest-facing slope was dominated
by Ledum palustre (38.4%), followed by Betula nana (23.4%),
Vaccinium vitis-idaea (15.0%), Eriophorum vaginatum (14.2%),
Vaccinium uliginosum (13.7%), and Carex bigelowii (8.0%). The
southeast-facing slope had nearly the same components; the domi-
nant species were L. palustre (27.5%), followed by V. vitis-idaea
(20.8%), V. uliginosum (20.8%), E. vaginatum (17.6%), and B.
nana (16.0%). Sphagnum mosses and lichens covered 15.3% and
7.5% of the ground surface, respectively. The northwest-facing
slope had lower evergreen shrub cover and higher graminoid cover
than the southeast-facing slope, but the difference was negligible.

The burned area was also composed of mixed shrub-sedge
tussock tundra vegetation; the cover of evergreen and deciduous
shrubs was lower, and the cover values for graminoids and bryo-
phytes were more than double those of the unburned sites. The
most dominant vascular species on the burned northwest-facing
slope was E. vaginatum (50.2%), followed by L. palustre (17.1%),
B. nana (10.6%), Calamagrostis canadensis (8.8%), and V. uligi-
nosum (7.6%). Bryophytes, such as Ceratodon purpureus (27.7%)
and Polytrichum spp. (7.3%), which were rare in the unburned
sites, were abundant in some quadrats. A decrease in shrubs and
an increase in graminoids after the fire were also observed on the
burned southeast-facing slope. The dominant species was E. vagi-

KENJI NARITA ET AL. / 549

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 25 Apr 2024
Terms of Use: https://bioone.org/terms-of-use



JueoljrusTs A[[eonse)s 10U 9Ie SOOUAISIJIP WO 1000 > d xx 10°0 >d xx ‘SO0 >d x STk U0M)9q 00UBIIJIUSTS JO [0A]

€8F 0¥ P¥o6FIE T0IFS¢ Iv+ S €E€F¥VC TSF6€ 1'0F00 0000 00FI10 00F00 0000 00*00 TOFT0 00F00 SUSYDI] 2s000N1y
€CFTT EIFIT  9T*0T ¥*00F00 61+F¢v1T 0¢€+F¥C xxI0F00 O00+¥00 €0*CT0 OTFO0T €1+¢0 00+%¥00 €0+¥T0 QCFLT SUAYOI] 9501[0)
¥W88FCT9 ToFeEr CTOIFSL WP FEE  EPFRE 8CFE9 I 0F10 00F00 €0FT0 OTFO0T €I1+¢0 T0F00 VvOF€E0 QSFLT suaYory
I'e+ 81 €eEFTE  €1F01 I'e¥o6l 8E€EFET 9€F8T 00F00 TO0OF00 LOF¥0 00F00 ¥80F90 0TF¥F80 €€+¥CT 00F00 sossoul Iayjo
00+ 00 00F00 00F00 00F00 00F¥00 00F00 00F00 O00F00 00F¥00 €0FT10 #0F00 00F¥00 O1TF€0 TTFLO pyd.iowdjod vyuvy2wpy
T'61F 0CI S6l+ Q€T 88IF €SI L €IFT8 TVIF L9 Q8+l 00F00 00F00 00F¥00 00F00 LOF¥0 €160 60F90 60F90 “dds wnusvydg
€0+ 10 0000 00*00 €0FCT0 00F¥00 00F¥00 #xxxl1F¥80 PCFLT 88FI16 OVIF+68l #xxl0F €0 €LFO6V O6LFIL TSCFLLT sna.md.nd uopo.a))
€0+C0 TO0FT0 €S0+Vv0 0000 00F¥00 ¢€0F10 SICTF QLI TPCF T'61 €SI+ 96l 9€C+ LIT x£CF¥C TTF91 I'L¥6tv L6+ €L “dds wnyorysjod
OTCF T'LT SOCTF I'LT #8IFL9T +¥IFTOL TPIFI6 86IF ST 446 1CF 98I 9€CCF 60C SSIF 16T 8ICF LOV %xx9CF L'E ¥O6+8L STIFIVI TBCF €9¢ sodydoLrg
€0F 10 €0FT10 LOFE0 €0F 10 00F00 LOFE0 00F00 00F00 00F¥00 00F00 esotr  LTFL0 TTF90 #IFLO SHpISLY sapsvIad
00+ 00 00F00 00F00 00F00 00F00 00F00 00F00 O00F00 00F¥00 €0FCO 00+ 00 00F00 00F00 00F00 wimjofyysnsup winiqopdsy
€0+ 10 €0F10 LOFE0 €0+ 10 00F00 LOF¢€E0 00+00 00+*00 00*00 €0*¢CO0 Fex9otl  LT*+L0 TT1T+¥90 ¥I+LO 5Q10q
00+ 00 €ST*¥80 ¢STF80 00+00 00+F00 00+F00 €0F 10 ¥I+80 00F00 00+F00 00+F00 OIF€0 60F¥0 LOF¥O umouyun
00+ 00 00F00 00+F00 00F00 00F¥00 00F00 OI+€0 O0T+F€0 00F¥00 00F00 ceFlc LIFv1  8LF9¢ QIIFTL winiofusn3up winioydoLiy
POF6El LSFO60I 6SFTIL  x9LFOVI 8S+F S0l STPF08 €8F L8 V¥LFO6L SSFO99 TIIFLL ¥C6F 88 LBFO0L TIIF09 ¥II+8S n#m0ja81q x210)
OT+ST LOFE€0 OT+F80 IC*s1T  9TFTIT TIF80 xxCPIF80I OPIFCTIL TLF60I 98I+ L0T #xx06F9L 9€FITE P¥88FLY9 86F88 SISUIPDUDD SHSOLSDUID]D,)
SOLF LB TSI+ ¥CI 00T+ 9Ll  €STF 691 6TCF €Sl 6ICF TPl €9€F 0°€S BLEF 8TS 09¢F 005 SPCF 6'LE  TLIF IO ¥6lF 9LS vHC+ LS 1TCF TOS wgpuLSpa wnioydony
#€9LF ITE 8CTF SLT LI+ ¥ 0E #x6TCF 9CE 9TCCF 69C 90CF 0€C  LTEFO6TL 8PEF OEL 99EF §LY L6TF T99  8LIFI6L 80C+ 69 TIOCFSTL VECF ¥IL Splouurers
00+ 00 00F00 <€TIF¥0 0000 00F00 00F00 00+00 00+*00 00F¥00 00*00 00+00 00*00 00F¥00 00F00 1 ds xyog
STI+8S SPIF89 TVIFLY 60IFCV VT6FSE O00IF8E xxb9F9¢ 6SFET €VF8T GEFQI vrYFLE 6TFLT STPFIE TSFTE vayopnd xipg
00+ 00 00F00 00F00 €0F 10 00F00 €0F10 #0CF LT LTF60 €TF80 00F00 00+ 00 00F00 00F00 00F00 puidpp sojlydpisoory
ST+ LT QIF€T 9TF9T ¥EFEE 6TFO6TC  TYFST xxL1F81 80FL0 T1FT1 61F¢€€ ¥6'€F €€ €CF9EC  0CFIE €9FI¢ SILOWDUDYD SNqny
POFLYL VLFLYL SLFO09T «86FOLI IPIFICT SCIFVEC wx€IIF901 S€8FIC I8F8F O0LFO¢E vCLF vl SEILF Tl OVl + TCL 0TI+ 901 punu vpmag
90T F¥E€C L6F1TC 6CIF80C LITF¥EL €EIF TP LETF LED x06TF €1C SLCF 661 €STF ¥8l 6SI+8Cl I TCI+80I 01T1+F06 1CI+¥6 ¥IIFIOL WnSOUISIN WNIUIIDA
89l F 9CH OLIF 6FF TOIF SO xxSFIF 08E I F T LSIF SSP 4x€STF06E S8CF 160 99CF OLT LLIFSTC 6TCFTTE €TCF LLT LVYTF 6LT 9STF 9T SQNIYS snonproag
68F 9F 8LFYE STIFES IOvF €T T€F €l 6€F07T 00F00 00F00 00F¥00 00F00 0000 00F00 00F00 00F00 w31 wnjadulsy
6YFSTCC TOIF10C T8FO0QI CTIIF6LI €6FLI €8F 06l #xC€+8CT QIFLT CSTFTI SIFIT *['€EF6€ 9TF8T QTF8CT 61FTT DIDPL-SHIA WNTUIIODA
96l + 6Tt TSI+ 69C 0BI+SLE QITF¥TP 90C+ 8 STCF¥8E »9TIF Tl ¥O0I+ €8 8lI+v6 IvI+T6 98F L8l SLF¥FOO9l ¥LF¥FB9L ¢€8F 1Ll 2psnppd winpaq
OPC+ 009 €ITF ¥0S ¥'STF80S €6CF 9T9 O0SCF IS LYCF ¥SS 4SFIFOST 9T F66 8TIFLOI TSI+ €0l »L0lF9CC T6F €6l 16F961 96+ €6l SQIIYS USAITIIAT
4144 600C L00T (414 600C L00T 4144 010T 600C L00T (4194 010¢ 600T L00T $9199ds / SULIOJ ) 1015
SN N Sd Nd

‘SIS f YY) JO OB

18 SIBIA UIIM)I(Q SIIWIIJIP 159) 0) PAULIOLIA 1M SYAQNV Saanseaun pajeaday “(vaae [onuod ur syeapenb o1 pue ‘vare pawinq ur syeapenb g ‘S F uvown) (107 - L00T) UONIBAIISQO SuLInp sd1aads Jo 19409 [8)0],

THTIVL

550 / ARrcTic, ANTARCTIC, AND ALPINE RESEARCH

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 25 Apr 2024

Terms of Use: https://bioone.org/terms-of-use



natum (37.9%), followed by Calamagrostis canadensis (20.7%),
V. uliginosum (12.8%), L. palustre (9.2%), and Carex bigelowii
(7.7%). Higher coverage by Polytrichum spp. (23.3%) and Cera-
todon purpureus (18.9%) was also observed. The southeast-facing
slope had lower shrub cover and higher cover by C. canadensis
and Polytrichum spp. than the northwest-facing slope. There were
no signs of new establishment or expansion of willows and shrub
birch as reported in other tundra fire studies (Racine et al., 2004;
Landhausser and Wein, 1993).

Across all four sites, we encountered 16 vascular and
7 nonvascular plant species and families. Average Shannon-
Wiener index values were 2.48 + 0.52, 2.26 + 0.33, 2.58 =
0.35, and 2.79 = 0.21 for burned northwest, burned southeast,
unburned northwest, and unburned southeast-facing slopes,
respectively. Diversity varied significantly between the four
sites (one-way ANOVA, qu = 9.856, P < 0.001); the diver-
sity of the burned area was lower than that of the unburned
area (Bonferroni post hoc; P = 0.012 for burned northwest vs.
unburned southeast, and P = 0.010 and P < 0.001 for burned
southeast vs. unburned northwest and burned south vs. un-
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burned southeast-facing slopes, respectively). There was no
significant annual variation between years at any of the sites
(F,,,=1.003, P =0.370).

102,2

TEMPORAL CHANGES IN VEGETATION COVER AND THAW
DEPTH

One-way ANOVA of growth form cover across sites revealed
differences across sites and changes in cover during the observation
period. The analysis of vascular plant cover indicated an obvious dif-
ference in the amount of graminoids between the burned and unburned
sites and a decline in evergreen shrubs after the fire (Fig. 2 and Table
2). Evergreen shrub cover in the burned areas was less than half that
in the unburned areas throughout the study. By contrast, the grami-
noids in the burned areas were more common than in the unburned
areas throughout the study period. Deciduous shrub cover was lower
in the burned area than in the unburned area in 2007 but was not sig-
nificantly different between the burned and unburned areas afterward.
No differences in the cover of shrubs and graminoids were observed
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The amount of cover of six plant growth forms (ES: evergreen shrubs, DS: deciduous shrubs, GR: graminoids, FO: forbs, BR:

bryophytes, LI: lichens) and the depth of permafrost thaw (mean * SD). Different letters denote significant pairwise differences between
years (Bonferroni P < 0.05) within a growth form at each of the four sites. Growth forms without letters did not differ significantly between
years. The thaw depth on the unburned southeast-facing slope varied significantly, but pairwise analysis did not reveal any significant

differences. nd: no data available.
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TABLE 2

Results of one-way ANOVA for between-site differences in plant cover by growth form and thaw depth. Plant covers were ranked using the
average of tied rank prior to ANOVA. Results of forbs could not be analyzed because they were observed in only a few quadrats.

factor
site
Growth form Years Ndf Ddf F P post-hoc
Evergreen shrubs 2007 3 34 16.115 <0.001 BNa, BSa < UNb, USb
2009 3 34 18.707 <0.001 BNa, BSa < UNb, USb
2012 3 34 19.401 <0.001 BNa, BSa < UNb, USb
Deciduous shrubs 2007 3 34 3.985 0.016
2009 3 34 1.787 0.168
2012 3 34 0.596 0.662
Graminoids 2007 3 34 12.71 <0.001 BNa, BSa > UNb, USb
2009 3 34 9.839 <0.001 BNa, BSa > UNb, USb
2012 3 34 11.336 <0.001 BNa, BSa > UNb, USb
Bryophytes 2007 3 34 4.474 0.009 BNab, BSa > UNb, USab
2009 3 34 3.766 0.020 BNab, BSa > UNb, USab
2012 3 34 1.437 0.249
Lichens 2007 3 34 2.959 0.046
2009 3 34 3.364 0.030
2012 3 34 12.063 <0.001 BNa, BSa < UNb, USb
Thaw depth 2007 3 34 14.078 <0.001 BNa, BSa > UNb, USb
2008 3 34 18.018 <0.001 BNa, BSa > UNb, USb
2009 3 34 6.381 <0.001 BNa, BSab > UNb, USb
2010 3 34 12.773 <0.001 BNa, BSa > UNb, USb
2012 3 34 10.139 <0.001 BNa > BSb, UNb, USb

Notes: Ndf, numerator degrees of freedom; Ddf, denominator degrees of freedom; BN, burned northwest; BS, burned southeast; UN, unburned northwest; US, unburned southeast
Treatments that share the same lower case letter were not significantly different in post-hoc tests (Bonferroni/Dunn) performed when site was significant at P < 0.05 (bold).

between slopes in either the burned or unburned areas. For nonvas-
cular plants, the burned areas had a higher incidence of bryophytes
than the unburned areas in 2007 and 2009, but no difference between
the two areas was detected in 2012. Lichens showed very low cover
in the burned area and did not recover. Repeated measures ANOVA
for growth forms also showed annual variations within the sites; no
notable temporal trends were detected for either evergreen shrubs or
graminoids, but gradual increases were observed in deciduous shrubs
on the southeast-facing slope of the burned area (Fig. 2). This result
was due to the vital resprouting of V. uliginosum. Similarly, a trend of
rapid decrease was observed for bryophytes that was due mainly to the
disappearance of Ceratodon purpureus, which was abundant in the
burned area, over the five-year observation period.

Thaw depths were significantly greater in the burned areas than
in the unburned areas during the five years and showed similar annual
shifts at all four sites (Fig. 2). The thaw depth averaged 70.7 + 13.5 cm
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(mean = SD) on the burned northwest-facing slope, 68.3 + 12.5 cm on
the burned southeast-facing slope, 43.9 + 8.0 cm on the unburned north-
west-facing slope, and 49.4 + 7.3 cm on the unburned southeast-facing
slope in 2007. There were significant decreasing annual trends, and the
thaw on the burned southeast-facing slope (48.9 £ 5.7 cm) was shallow-
er than that on the burned northwest-facing slope (57.4 + 7.9 cm) (post
hoc P = 0.005), but it was the same as that in the unburned areas (41.7
+ 6.5 cm for northwest-facing and 42.1 + 7.5 cm for southeast-facing
slopes) in 2012. In the unburned area, the northwest-facing slope exhib-
ited a slightly greater temporal change than the southeast-facing slope.

SPATIAL VARIATION IN THE VEGETATION AND THAW DEPTH

The changes in cover of the nine dominant species along the
transects are shown in Figure 3. Two evergreen shrubs (L. palustre
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FIGURE 3. Spatial and temporal patterns of nine dominant species along a 100 m line transect in the four study sites. The data from
quadrats 0 and 10 in the burned sites and quadrat 0 from the unburned sites were not used. Note that the vertical scales for Vaccinium vitis-
idaea and Carex bigelowii are half of those for other species.
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and V. vitis-idaea) showed lower means and spatial variation on
both slopes in the burned area than those in the unburned areas dur-
ing the study period (F-test; P > 0.05). In particular, V. vitis-idaea
cover was consistently very low (<10%) and did not recover in any
of the burned quadrats. By contrast, a deciduous shrub, V. uligi-
nosum, showed a higher degree of spatial variation in the burned
area than in the unburned area. On the northwest-facing slope, the
cover showed the same variance in both the burned and unburned
areas in 2007, but as they increased notably in a few quadrats, the
variances became higher in the burned areas than in the unburned
areas in 2009 (F-test; F, = 6.877, P = 0.011) and 2012 (F,, =
5.552, P =0.022). The regrowth of V. uliginosum was restricted to
quadrats where its cover was relatively high in 2007, suggesting
that regrowth depended on the plants that remained after the fire.
E. vaginatum showed a highly variable spatial distribution
along the transects at all four sites, but the vigorous recovery of the
burned southeast-facing slope resulted in a higher spatial variance
than that of the unburned southeast-facing slope (F,, = 5.595, P =
0.021 and F, = 4.835, P = 0.033 in 2009 and 2012, respectively).
The regrowth of this species was also restricted to quadrats that had
relatively high cover in 2007. C. bigelowii also showed a patchy
distribution and a weak relationship with the other two graminoids,
and C. canadensis tended to be abundant in areas where the cover
of both E. vaginatum and V. uliginosum was low. Two nonvascular
pioneer species, Polytrichum spp. and C. purpureus, also showed a
high degree of spatial variation, although their spatial patterns did
not show a clear relationship with those of the dominant species.
The three shrub species tended to show the same distributions,
and E. vaginatum was abundant in the burned area where shrub
incidence was low. There were statistically significant or margin-
ally positive correlations during the years of observation between
L. palustre and V. vitis-idaea (Spearman’s rho = 0.794, P < 0.001;
rho = 0.680, P = 0.006; rho = 0.639, P = 0.008, and rho = 0.498,
P = 0.045 for 2007, 2009, 2010, and 2012, respectively) and L.
palustre and V. uliginosum (rho = 0.463, P = 0.056; rho = 0.616,
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P =0.011; tho = 0.540, P = 0.026, and rho = 0.447, P = 0.065 for
2007, 2009, 2010, and 2012, respectively), but there was a signifi-
cant negative relationship between L. palustre and E. vaginatum
(rho = -0.473, P = 0.040; rho = -0.530, P = 0.029; rho = -0.657,
P = 0.006; and rho = —-0.596, P = 0.010 for 2007, 2009, 2010, and
2012, respectively). In the unburned area, a consistent relationship
was detected only between L. palustre and E. vaginatum (rho =
—0.608, P = 0.008; rtho = -0.564, P = 0.010; and rho = -0.571, P
= 0.008 for 2007, 2009, and 2012, respectively). The three grami-
noids also tended to appear in the same quadrats, but their relation-
ships were not statistically significant or consistent. This resulted
in two distinctive patterns of vegetation, one shrub-dominated and
the other graminoid-dominated, at a 10-m scale in the burned area,
that was more distinct on the southeast-facing slope. Owing to the
slow shrub regeneration rate, this spatial structure was maintained
during the five years.

The thaw depth profiles were spatially variable along tran-
sects, and the difference between the deepest and shallowest quad-
rats was nearly double in 2007 (86 cm vs. 48 cm and 87 cm vs.
49 cm in the northwest- and southeast-facing slopes, respectively)
(Fig. 4). The thaw depth profile across the slopes changed annu-
ally but maintained a consistent spatial pattern over the five years.
The shallowest depths were observed near quadrats 70 to 90 on the
burned southeast-facing slope and near quadrat 30 on the burned
northwest-facing slope. The variance in depth among the quadrats
gradually decreased in the burned area. The coefficients of varia-
tion for thaw depth among quadrats gradually declined from 2007
to 2012 in both slopes, but a statistically significant difference was
detected only for the burned southeast-facing slope (between 2007
and 2012, F, = 4.696, P = 0.042; between 2009 and 2012, F, =
6.897, P = 0.001; and between 2009 and 2012, F,, = 4.494, P =
0.048).

The PCA results for the vegetation composition data for
2007, 2009, and 2012 are shown in Figure 5. We added lichens
and sphagnum mosses to the analysis because they are important
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FIGURE 4. Spatial and temporal pattern of permafrost thaw depth from 2007 to 2012. Data were not collected in 2011.
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® Burned northwest
B Burned southeast
O Unburned northwest
O Unburned southeast

Axis 1

FIGURE 5. Principal component analysis (PCA) ordination diagram of the quadrat scores for 114 quadrats (38 quadrats x 3 years)
surveyed in 2007, 2009, and 2012. We used the data for eight dominant vascular plant species (Ls, Ledum palustre; Vv, Vaccinium vitis-idaea;
Vu, Vaccinium uliginosum; Bn, Betula nana; Ev, Eriophorum vaginatum; Cc, Calamagrostis canadensis, and Cb, Carex bigelowii) and four
nonvascular plants and plant growth forms (Cp, Ceratodon purpureus; Po, Polytrichum spp.; Sp, sphagnum mosses; and Li, lichens). The
connected lines and arrows indicate quadrats surveyed continuously from 2007 to 2012.

components of the tundra vegetation. Because the gradient length
calculated by DCA was 2.8 SD, which suggests a linear species
distribution along the gradients, we adopted a PCA approach. The
overall Kaiser-Meyer-Olkin (KMO) measure was 0.650, a “medio-
cre” rating according to Kaiser (1974). Bartlett’s test of sphericity
was also statistically significant (> [55] = 241.097, P < 0.001),
indicating that the data were likely appropriate for the analysis.
The PCA coefficients of determination indicated that these 11 spe-
cies significantly explained the ordination patterns; the first PCA
axis explained 50.6% of the total variance of the data set, the sec-
ond axis explained 11.3%, and the third explained 10.2%. The
first two axes were examined further, and among these species, L.
palustre, E. vaginatum, and V. uliginosum were the primary spe-

cies determining vegetation structure (Fig. 5). Axis 1 had a strong
positive relationship to L. palustre and a negative correlation with
E. vaginatum in both the burned and unburned areas over the three
years. V. vitis-idaea and an early successional nonvascular species,
C. purpureus, were positively but weakly correlated with axis 1
only in the burned areas. The second axis was positively correlated
with V. uliginosum in both areas, but the relationship was relatively
stronger in the unburned area. The second axis was also negatively
related to E. vaginatum in the burned area and L. palustre in the
unburned area over the three years. Sphagnum mosses were also
positively correlated with the second axis in the unburned area.
Quadrat PCA scores showed different patterns between the
burned and unburned areas, with some exceptions (Fig. 5). Quad-
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rats in the unburned area had high scores on axis 1, and the burned
quadrats had low scores, reflecting the rich cover of E. vaginatum.
However, the quadrat scores for the two areas were not clearly di-
vided, which suggested that the burned area consisted of patches
with a species composition similar to that in the unburned area.
For example, burned area quadrat scores(BS-70 and BS-80) in the
upper right indicated relatively higher cover of L. palustre and V.
uliginosum and less cover of E. vaginatum.

The annual fluctuations in the PCA quadrat scores became
larger in the burned areas over time, and the shift to lower values on
both axes showed that the major causes of the fluctuation patterns
were the regeneration of E. vaginatum and the decline of early suc-
cessional species (C. canadensis, C. purpureus, and Polytrichum
spp.) in the burned area. The quadrats in the unburned area fluctu-
ated less on axis 2, which reflected the yearly changes in an ev-
ergreen shrub, L. palustre, and a deciduous shrub, V. uliginosum.
The difference in species composition and the yearly fluctuations
among quadrats in the burned area indicated that the trajectory of
regeneration varies spatially and reflected the initial species com-
position soon after the fire.

The correlation between the PCA axes and thaw depth indi-
cated an important relationship between vegetation composition
and permafrost dynamics. The first axis, which negatively corre-
lated with E. vaginatum and positively correlated with the shrub
species and the nonvascular pioneer species, C. purpureus, was
significantly negatively correlated with thaw depth (Spearman’s
rho = -0.607, P < 0.001, n = 38; Table 3) in 2007, but no relation-
ships were detected in 2009 and 2012. By contrast, no such rela-
tionships were detected in the unburned areas throughout the study
period, which supports the results of the co-occurrence of species
and thaw depth distribution (Figs. 3 and 4).

Discussion

We found clear evidence of spatial variation in recovering
vegetation and permafrost thaw depth at the stand level, and there
was an association between the two factors for five years after
wildfire in the arctic tundra vegetation of the Seward Peninsula.
The spatially variable regeneration observed among quadrats indi-
cates that the presence of surviving plants on and below the ground
is a principal determinant of post-fire vegetation communities, as
regeneration occurred primarily in resprouting plants.

Overall, the post-fire vegetation recovery observed at our
study sites followed a pattern of early-stage tundra revegetation
similar to that observed after another tundra fire on Nimrod Hill,
located approximately 40 km northeast of our site (Racine et al.,
2004). This pattern was characterized by rapid invasion followed
by a decrease in early successional species, a rapid increase in
graminoids and deciduous shrubs, a slow recovery of evergreen
shrubs, and the disappearance of lichens and the Sphagnum moss
layer. Among the evergreen shrub species, the most notable change
after the fire was observed in L. palustre, which decreased to less
than half that in the unburned areas 5 years after the fire and had
not recovered 10 years after the fire. In other studies, the above-
ground primary productivity of L. palustre was observed to recover
or even exceed that of an unburned area (Racine et al., 2004; Jandt
et al., 2008; Bret-Harte et al., 2013), but its cover did not recover
markedly in almost all the quadrats during the 5 years of our study.
This was possibly due to the few remaining plants of this species
in most quadrats soon after the fire. The rapid increase in E. vag-
inatum has been reported as starting 1 year after a wildfire and

556 / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH

being maintained throughout the development of new stems and
leaves from the remaining tussock bases and the germination of
dispersed seeds (Racine, 1981). In contrast, C. canadensis, an early
successional graminoid, can invade a burned area through seeds
but cannot persist in later successional stages due to changing soil
conditions and/or competition with other graminoids, especially E.
vaginatum (Viereck and Schandelmeier, 1980). The newly estab-
lished nonvascular species at our study sites were Epilobium an-
gustifolium, Ceratodon purpureus, Polytrichum spp., and March-
antia polymorpha, which are generally observed at early stages of
succession and become established through seeds or spores after a
wildfire in tundra and boreal forests (Ruokolainen and Salo, 2009).
The establishment of numerous willows from seeds 6 to 10 years
after the fire was observed on Nimrod Hill (Racine et al., 2004),
but we did not observe such an increase or invasion by deciduous
shrubs despite the proximity of willow-dominated meadow veg-
etation. Shrub expansion has been documented during the past 50
years throughout Alaskan arctic landscapes that lack fire (Sturm et
al., 2001). Climate warming models predict that increases in tem-
perature will lead to a vegetation succession from tundra to de-
ciduous forest in the Seward Peninsula (Rupp et al., 2000; Higuera
et al., 2008), but another study using the ALFRESCO model pre-
dicted that partial replacement of tundra by graminoids may occur
17 years after a fire (Barrett et al., 2012).

We found that the composition of dominant species and its
recovery was highly variable at a 10 m scale along transects in
the burned area, and the burned study site consisted of shrub- and
graminoid-dominated mosaics during the observation period. Ev-
ergreen shrubs recovered only in quadrats where plant cover was
relatively abundant in 2007, and no germinated seedlings were
observed in any of the quadrats, indicating that newly established
shrubs were rare at this point in time. Furthermore, deciduous
shrubs, especially V. uliginosum, recovered only in shrub mosa-
ics, whereas E. vaginatum recovered in many quadrats, although
mainly inside graminoid mosaics; it could not invade the shrub
mosaics. These results suggest that both the different regeneration
abilities of plants and the distribution of surviving plants soon after
a fire play a role in the reconstruction of a community assemblage
10 years after the fire. Graminoids produce wind-dispersed seeds,
whereas shrubs produce seeds dispersed by sap fruits, and the dif-
ferent dispersal strategies may partly determine the rate of species
establishment and, thus, the structure of tundra vegetation com-
munities after wildfires. Community structure after a disturbance is
highly affected by the relative success of the different regeneration
strategies (Hollingsworth et al., 2013).

An increase in V. uliginosum offset the poorer recovery of
E. vaginatum in the shrub mosaic, which suggests that favorable
conditions, such as nutrient enrichment, warm temperatures, and
adequate water supply, were created by the fire in both mosaics.
Variations in fire characteristics can play a dominant role in deter-
mining community composition, even within boreal forest com-
munities that are highly structured by environmental gradients
(Hollingsworth et al., 2013). However, we could not detect such
clear, fine-scale effects of the spatial variation in fire character-
istics on the plant assembly at our burned site, because no fire-
severity data were collected. Based on the slow recovery rate of
evergreen shrubs, the community assembly observed in this study
partly reflected the structure of the prefire community. The PCA
result that some quadrats in the shrub mosaics in the burned area
had a similar composition to those in the unburned area also sup-
ports this speculation. However, quadrats with high incidences of
early-establishing nonvascular species, particularly Polytrichum
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spp., were thought to have burned at relatively higher intensities
because the two bryophytes can colonize only compacted layers
of charred humus or exposed mineral soils (Schimmel and Gran-
strom, 1996). The pattern of distribution did not always coincide
with graminoid- or shrub-dominated mosaics, which suggests that
spatial variation in fire intensity cannot directly explain the com-
munity assembly in the burned area.

The fire thawed the permafrost to a greater depth than in the
unburned area, but the difference gradually decreased and was al-
most nonexistent 10 years after the fire. This is a relatively shorter
interval than that observed after other tundra fires (Rocha et al.,
2012) but is similar to the result from the Nimrod Hill study (Ra-
cine et al., 2004). The deepening of the active layer after a wild-
fire could have important implications for water retention, nutrient
availability, and the decomposition rate (Weintraub and Schimel,
2005). The difference in recovery between species is partly the
result of different responses to the availability of soil nutrients,
and the experimental addition of nutrients increased the biomass
and productivity of deciduous shrubs but reduced the growth of
evergreen shrubs in moist tussock tundra (Chapin et al., 1995).
Graminoids and deciduous shrubs responded positively to nutri-
ent addition, but evergreen shrubs responded negatively (Chapin
and Shaver, 1996). However, the favorable conditions created by
fire may be transient and hence available only to the species that
survive or to those that can disperse seeds over a wide area soon
after a fire. In this study, the low rate of shrub recovery in the area
with a deeper thaw may have been restricted by the rapid expansion
of E. vaginatum, as tundra species tend to reduce their produc-
tivity under experimental light attenuation (Chapin et al., 1995).
These results suggested that the spatial heterogeneity of the thaw
may limit community assembly throughout succession. The thaw
depth profiles along the transects showed spatially variable pat-
terns and were related to the aboveground plant assemblages in the
burned area in 2007. However, such spatial variation and the rela-
tionship between thaw depth and vegetation gradually diminished
thereafter, possibly as a result of increasing shading by E. vagi-
natum. As the plant cover recovered, the shading effect increased
and the thaw gradually became shallower. The positive effect of
deeper permafrost thaw on plant growth declined with the increase
in the shading effect of the aboveground plant cover, which acted
as negative feedback on thaw depth. Our results predict that the
short fire interval on the Seward Peninsula may permit graminoids
to dominate for longer periods, which is consistent with a result
from a theoretical model in which short-term extremes in tempera-
ture and precipitation cause the establishment and persistence of
drought-resistant grassland steppe vegetation (Rupp et al., 2000).
This may be the case for the Seward Peninsula because its fire rota-
tion time is considerably shorter than that in other areas in northern
Alaska (Racine et al., 1985), and this is expected to become more
common in other tundra ecosystems as fire frequency gradually
increases owing to global warming (Rupp et al., 2000; Flannigan
et al., 2001; McCoy and Burn, 2005). However, short-term plant
responses are poor predictors of long-term changes in community
composition because compensatory physiological responses, spe-
cies interactions, and different time lags between physiological and
demographic traits buffer plant growth and successional processes
(Chapin et al., 1995).

In contrast to the burned area, no relationship between thaw
depth and any of the component plants was detected in the un-
burned areas. The spatial variation in thaw depth in the unburned
areas suggests that microtopography possibly influences the varia-
tion in thaw depth in our study area. Fine-scale topography affects
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thaw depth through many physical surface properties, for example,
soil moisture and temperature, snow thickness, and solar radiation
(Price, 1971; Nelson et al., 1997; Schuur et al., 2007; Minke et al.,
2009). Although both slopes in our study area were relatively flat
and no noticeable concave depressions were observed, the effect
of microtopography on thaw depth is undeniable, suggesting that
the observed spatial pattern in thaw depth is governed by traits not
measured in this study.

In conclusion, the recovery of vegetation after a fire burned a
large portion of the Kougarok area in 2002 is similar to the early
stage of regeneration that was observed after the 1972 tundra fire
on Nimrod Hill, with the exception of the invasion of large decidu-
ous shrubs. Vegetation recovery and thaw depth after the tundra
fire were spatially variable within a stand and changed simultane-
ously over 5 to 10 years. The community structure was possibly
determined by both the distribution of the remaining plants and the
differences in regeneration ability between plant species. Although
fire may play a role in redistribution dynamics by thawing perma-
frost to a greater depth in the early stage of plant succession, the
effect did not last long because the more deeply thawed areas dis-
appeared as a result of the rapid increase in sedge cover. Increasing
fire severity and frequency may shift the succession of tundra veg-
etation from shrub-dominated to graminoid-dominated tussocks
by reducing both the abundance of the remaining plants and the
opportunity for shrubs to regenerate, thereby enabling graminoids
to persistently dominate.
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