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Wetland drying and succession across the Kenai
Peninsula Lowlands, south-central Alaska

Eric Klein, Edward E. Berg, and Roman Dial

Abstract: This study docurments 1he soale and imenstty of drying over the lnst fedl cemury motbe Kenod Lovslamds of
somith-cemtral Alaska. Using istoncal seniod photos and field sompling of wetdnsds, incloding muskegs, kettle ponds,
and chwed and open hasin Lakes, we present dota oo drging and seccessionad changes i woidy vegelntion between
1950 nmed 199, The resulis af this sy suggest that the Kenar Penasisla 1s becoming bl wocslser in jis vegelation
mnd drier. A negionnl analysis of 1113 mndom porists indicated incressed foredt cover and decreased open and wel ar-
e jn Both herned omd unbormed sress between 1950 usd 1996, A census aff waler bodies in theee subregions imdicates
That almost pwo-thinds of waler bodies visited show some level of decresse in spaliod ares. Over B of fickd stles vis-
ilexl hove experienced soime level of deying, where sepetation tmnseces Indicnle substantial iovasion imo fonoer lnke
heds by foculimive upland plomts, These resaliv pre consistent with a reghonal change in climme that B boith warming
and drying ns documesied in Keanl and Anchomge weather recopds,

Résumé @ Cene éude docunenie I"élendue e Vimensild de |'zssbohement oo cours du demier demi- sigcle dms bos
hasses femres de In presqule de Kemal gui oo situde dans le cenine sl de 1 Alsska. A Poide d'mmckenpes. phologmphies
sfrivanes g1 d um dchamiillonnage des ferres bumbides, incluast les muskeps, les kemtles tmmsfornmés en éamgs o les Encs
qui occupent dey cingues glocinires ogvents ou jermds, e suteups présentent des domndes sur |'svidchement et les chan-
gemenis dans I succession de [a vépétmion ligneuse enine 1950 g 19906, Les eésulinie de cetie Sode indiguent que I
presga e de Kenal devient plus sche ef goe sa vépdation compte ples o agbres, Une analyse néglomnle de 1113 points
& hasanl pdvile ue augmenistion Ju cowvert forestber et ane dmimsion des pones lmmedes el dégagies @l dans bes
secieurs hrilées que non bridkées entre [950 e 1599, Un relevé des plams d'ean dams troes soas-plgions imbaee que pris
des dbeux tess des ploms deaw visitds oot v lewr superficie diminues, Flas de 86 %% des stations visitdes ont conmu un
certain degréd d nssichement f des transects dons |o végéiation indiquent ume importapte imasion d osclens lits de lac

par des plunies qui se développem foculntivemsens en miliee wo. Ces pdsuliiy spat consisizniy avec un changemen
s 1e climnd e la pégion qui se wchanife et devient plos sec 12l que Fimbigue des deandes mdsdomdogiques. pous
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Introduction

Cilobal temiperatures have increased by aboul (U6 "C over
the past 1000 years (Watson 2001 ). The mle of temperuiure
increase from 1976 to the present hos been doubbe that from
1910 po 1945 and thus greater than sl any other time during
ihee lmsd DOENY years (Watson 20801 DifTesent indicadors of &
waorming inend have boen documented across the globse. Par-
mesan amd Yohe (2003) recently compaled vanous global
studies on changes in specns" range and phenclogy and
foumd ighly significam, nonrandom patterns of change in
asresment with observed climatic warming of the 20th cen-
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tury, Their compechensive stedy found range limils of spe-
cbes hove moves) northward an average of 6.0 km per decade
and spring events have increased 2.3 days per decade, oih
sigmificunily in accord with predictions posed by climale
change, Worldwide, o disproportionste amount of evidence
for global chimpte change his come from Alaska. For exam-
ple. placial recession (Arendt of al, 206002 and vepetotive
change (St 2000 ; Silapaswan ed al. 2000 § ave been diose-
wmented using photos and map coverage from the middle of
lasl cemiury 10 the presenl. Similarly, arctic serial plasios
(Snomy el ul. N indicabéd shrub expansion is well s shifis
in waber body coverage. Alaba may be umigue in e world foe
its application of stale-of-the-un mappng and phologrmmesiric
lechnalogy o document notural eavironments esseniially un-
disturbed by Jocal human use For the T 30 years, Mapping
and photogrammetne projects beginning a0 the 1940 and
continuing 1o the present have copluned theswe esentially un-
dhisturbed lnnadscopes, Thos Alska offers an opporiunily 1o
sty the possible impacts of climate change with minimal
mavise due W lecal changes in lend wse, populition growih,
arid luabitd fragmentation,

Besides tse published work on glacial reineal in south-
comtral Alaskd (Acrednt el al. 2002 ) and woody shirub spreid
in morthern Alaska {(Swem of al, 2001; Silapaswan of al,
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Fig. 1. (A) Keoni Penimsula and Benad Nodienal 'Wikilife Hefuge. () Major burms, () Subregion locabons. (10 Woer body sie wvisies

in = 84

20005 Stow et al., 20045, thene is alse anecdotal evidence for
chimmte change elsewhere i Aliska, parculurly in the Kenai
Peninsula, Rising tree lings in the Kenab Mountains and dry-
ing muskegs, ketile ponds, and closed basin lakes (Berg per-
sonal observation 2003) seem 0 corroborate wieather duts
revenling decrcasing water balance and increasing lempera-
tuwres {Mational Climote Diata Center 2003). Morcover, it has
been shown that o deécrease in the water level of borcal
peatlands can imitiate succession from o wetland w upland
habitat (Jukzineg and Loiba 1995),

A i result of inereasing empenunes, ALiskan wetlands
could be drying and succeeding (o upland hobitod. This siucdy
documenis the scalie and indensity of drving over the lasi hali
century in the Kenal Lowlands of south-central Alnska Using
historicul scrial photos amd Geld sampling of wetlands, in-
cluding muskegs, ketile ponds, and closed and open basin
lakes, we present datn on drying amnd secoessionnl changes in
winendy vegetation between 1950 and 194946 ilat are consisten
with reghonal drying that is due o climate change.

Materials and methods

Aenal photographs (from (950 and 1996), Gceld survess,
and demdrochronology were used o stdy ceological sueces-
sion and drying across the landscape of Alaska’s Kena Pen-
insuls ai several spatin] scales. Drying o the regional scale
wis studied using random point ecations on aerial photos.
On a subregional scabe, an exhaustive water body census of

three areas on acnal photos from 956 and 1996 was por-
lormesd, Field surveys representutive of drying sere ansly s
amd pliced nbo drving classes. Al mine Tiebd survess, the
heeight, transect position, and species of all woody siems
witre described along transects,

Study site: the henai Peninsula

The Kenui Peninssla, localed in wsnb-central Alska, s
bordered onthe west by Cook Indes, the cass by Primce William
Sowund, and ihe south by the Gulfl of Alaska. I consisis of
e distinet phivsiographic provinces and is connecied to the
mainland by a X-km scgment between Turnagoin Arm and
Passage Canul (Fig. 1L The Eenai Mouniains on the eastern
side of the peninsula pse 1o 2000 m and cover 60 of the
41 644 k' peninsula. Glaciers and the 2072-km’ Harding
lce Field dominate the southeasiern section of the peninsula,
The clevation of the Kenni Lowlands is generally kess than
[ m. This region i doted with many lakes, nvisrmines,
wetlands, amd rivers, Sediments of the Temiary Pernod anderbic
the lwwlands. A valley placier, which recoded 10000} vears
ago, filled much of Cook Inlel and coversd st of the
Reannl Lowlsnds Ricger ¢ al. [962), leaving o mantle of
loess, which ranges in thickness from a few cenlimetres 1o
srveral meins, Also, the Kenal Peninsula is in o no-permafos
sone of Alaska (Miller and Whitchead 1999,

The Kenn Penimsula is influenced by both martime and
continental climate patterns, Prince William Sound induces o

o 2 NRC Cunpils



Klgn ai al.

Fig. 2. (A) Cuy of Kenni mean May o Auguss semperniures,
102002, (I3 Ciny of Kemal water hulance | 9482002, Water
halance = precipiation — potentlsl evapotrmmspiation
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rwiny, wisrrn maciiime climaie on the cistiern oodst, while the
western side has a colder, drier continental climate. The east
cost collects an averape of 250 cindvear, while the siudy
area, westemn and ceniml penipsula, average only 46 cmfyear,
Because of the cozstal influence, cmperatunes ane miore mod-
erste than in imterior Alnsks. Climate dota for e Kenai
Loowlands reveal both am increase in wemperatare (0,6 °C) and
a decrease i water balance (5.4 omb over the past 5 years
(Fiz. 21 (i Matienal Climage Dhata Center 206035

Forest wepetotion on the Kenni Lowlands s typecal of in-
terior boreal foresis mid bs dominoted by o misiure of black
spruce (Micea marfana (MIlLY B5P), wheie sproce { Picea
i (Moench) Voss), guaking sspen (Populus frermuloddes
Michx.), aml paper hirch (Bencla popyeifers Marshop The
dominnnt tree species of the Kenal Lowlands is black spruce,
which s fouwnd on well-drained and poorly drained soils.

The Kenni Muational Moose Range wis estahlished by
Franklin P, Roosevelt in P40 10 preserve moose hahitad and
in 1980 became the nearly 13 000 km® Kenai National Wild-
lie Hefuge {KNWER)L About iwo-thinds of KNWR s in the
Lowlands. Keitle ponds, muskegs, and closed and open lakes
on the Benwl Lowlands portion of the ENWR wene studied
lor indications of drving and svecession, Kenm Lowlonds

1833

drving was stwfied on three spatpl scales; regional, subre-
H_il:ﬂl-"ll. andd local Geld sifes;

Regionnl analyvsis: overall drying irend

Regional analysis wsed a GIS 10 select 1113 randism poin
locutions on omhorectified derial photos of ihe Kenai Low-
lamds wken in V950 and 190, The black anad white 1950 and
[%k6 aerial photos had spatial resolutions of 3 and | m ne-
spectively and covered a ol study arca of 2210 km®. Baoth
sgts of photos were ken between June and August of ther
respective vedrs, Climate datny reveal that 1950 was one of
ihe driest years in the last hall century, while 996 was na
abnormal {Fig. 2k Also, the mean My theough August teim-
perature in V950 was over | "0 cooler than in 144 (Fig. 2.
Lising the aerind photos, ecach rumdom point wos clussified vi-
sually mto ene of [our coarse wetland categories for bsih
1950 and 1996; “water”, “wel”, “open”, or “wooded™, “Water™
was 4 lake or large pond and showed isell on acrial plotes
as g smooth, hlack, self-comained arca with smooth edges.
“Wet™ was o welland and showed jselfl on aerial photos o
patchy, small, dark black areas doited on the landscape.
“Chen’ was @ losck of forsst cover withoul waler, of weiness,
and showed isell on aenal photos as smoolh light gray 1o
white arcas. i is possible thiat some ancas of both "wet” ond
“open” aupported some small woody shimbs thal were o
perocgible on aerial photos, “Wooled™ was forest cover,
which showed itsell on the serial photos as a mosaic of
small, rowgh gray, white. and black dois that were iner-
preted as shrubs and {or) irces.

”h: H-l;l'ul |.lm‘|l:|l'||.‘|ﬂ |I|:|.1.*1: | |'|.i§|||.'||."_l|| |.|-f us,]lzﬂ:qim.: hl.n‘ﬁ\.
witly il imost recent and migor documented fres in 1953,
| 926, IU:IT. P96Y, and 1974, These burn aness covensd abwoud
I A%0 bom, almosn TIFE of 1l sy aren. Since wildiire inivi-
ates succession (Clark ot al, M03), stentifcation defermned
whesher suceessional changes occurring over e 50 years of
siudy were doe primarily (o climate change of were a fes
spodiae 1o Byirm history, We separated the random poant loca-
tions in the bum areas, refernad 10 as “burned”, from random
point locations outside the bom areas, refermed o as “un-
barned”, Burned areas were combined regardless of age, b
eacluding the relatively small 1974 burn (approx. 15 km?),
as no rambom poiml locations Tell inoas area, Inowtal 367 and
546 poinis were located in burms and unburped areas, respec-
vy,

A Markov transition mairis is g maodel of stochastic pro-
cesses i which a varable has probabilities of stayving in a
curment st or mewing on o amstber stafe within O simghe time
step. I this stedy, the posable stses wene “waler”, “wet”,
“open”, ond “wooded”, while the time step was 53 years. In
matrin i, element i gives the probabiliey of geing from
rowe st @ ko column slate §, Bows give coarse wetlongd
stales i 195 and columns give coarse wetland stales in
|94, An absorbing state in a Markoy transition mairix js
one thol, onee entered, conmol by exited, and so the probadil-
ity of staying wiihin in absorbing siale s one Ow, = 1) and
ubl otbwer transiions for that row are zemo (mn = 0) (Jones and
Smith 2061 ),

Markov meoddels rely on severnl assumptions: (1) spoiaal
distribution is nod influential (Wooton 20005 (2 transition
probabilities are simionary and do not change with tme
(Hobbs 1983 % and (3 transition (o0 aoother state 1= depend-
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et only on the previous state, pocondition known as the
Markow property (Do 19741 The st assumption of spatiol
influgnce is violated, a8 sucoesshon may occur differently
nenr the fool of the Kenod Mountains compared with the
shores of Cook Inlet (Fig, 1), Assumption 2 s also vielpted,
specifically with regand 1o ccological succession, This is evi-
dent on the Kenai Peninsuls as o resoli of anthropoepenic
evierls such as construction of mads and ol development as
well as naturnl events like canthguakes. Finally, the Markoy
mehel often wrongfully disregards the inflluence of history
as i precipitiior of change (Tanner ¢ al. 19963, Even though
there ane clear limitations with Markov modeling, ecological
sucoession has been modeleld successfully using Markow imn-
sition matrices i hoth rver and fonest communities (Horn
1975 Lippe 1985 Hobbs 1983 Hobbs and Legg 1983
Woaton 1.

Thse observed transitions of all 1113 mandom peint loca-
tions from 1950 fo 1996 were used o constroct o Markoy
tramsation matrx, m, In spite of s clear violations. of as-
suymptions, which preclode precise modeling, the Markoy
fransitbon mitris, with clements estinuted from changes seen
between 1950 and 1996, helps 1o show B (e drying rend
coubd unfold if it continuwed into te Tuture, The distributions
were calenlated by mwltiplying the eurrent: distribution of
states by o, where mois e nomber of 5S0-vear time steps,

Within-region dryving trends for standing water bodies

To study within-region trends, the Kenai Lowlpnds region
was divided into three 342-km® subregions (Fig. 15 Mystery
Creck, Swanson River, and Tustumenn, Each of these subee-
gioms was hall of o digitally ohorectificed quodd, These sub-
regions were chosen because they cach represent diffenem
geographic aréas of the Kenni Lowlands: Mystery Creck was
the ehstermmost of the three and Closest o the Kenal Moun-
fains; Swonson River was in the nosth-central aren of the
Benm Peninsula and nesrest 0 Cook Inlet; and Tusismenn
wirs the soullermmist of the three and closest 1o the western
border of the KNWER boundary, Within ¢ach subregion, the
1950 phidos were sufrveyad Tor all stamding water such as
lakes and ponads, bul naot fivers or sircams. Each water Tea-
ture's spatial extent in 1996 wis compared o the extent in
1950, 1hen characierized as havimg (1) inoreased in spatial
area, (25 remained the same in spatial area, (1) decmeased by
less dtean 50M% in arca, or (4 decreased by maore than 50%: in
arci. We chose four classes for spalial extent because they
allowed For simple and accurate visual interpretation of wa-
ter bodies. Wisunl interpredation was used because many ar-
cas hml an overlag in piael value between water hady adge
and mearby fonest, thus precluding awomated compaser anal-
yals of spetial mrea.

Local witer bady analysis: woody plant suceession
asscinbed with drying

To Tunher docwment the dryving indicated by the regional
aned subrepional nesulis, ¥4 climate-sensitive (closed hasing sites
(Fig. 1) were investigated in thee Geld for their seccessionnl
stape. Field sites covered a wide spectrum ol conditiens, in-
Cluding armed and unbumed aneas. spread across the three
subregions of Swanson River, Tusiumena, and Mysiory Crock.
Topographee muops. as well as 1950 and 1996 neral photos,
wiere used 10 achect siles 10 represent dovaing and susccession,

Can. J. For Aea Wol 35, 2004

Envestigations qualitatively studsed woser level, vegetation, and ae-
nal photos o place each sitle within 8 drving cliss. Dirving
chisses were “unchanging”, “meee rapsd Ealling™, “show fulling”,
“long-term fulling with recent Nuctuation”™, and “long-term
Muctustion”™, A water body bnothe class “unchanging™ showesd
the same perceplible water leviel in both the 1950 and 19896
acrial phodos and in the Geld in 2003, whereas g wiler oy
in b class “mone rapid falling” showed grester than a 5095
perceptible water level difference between 1950 aml 20003
and supported young woody stems on former lake bed, The
cliss “slow Talling™ showed léss than o 5% percepiible wa-
ter level difference between the 1950 serial photos wnad field
obacrvatbns in 2000, This cliss also supported young woody
stems on the former lake bed, but 1o a smaller spatial exten
than “more rapid falling”™. A woter body in the drying class
“foag-derm falling with necent Muciation™ dwwed greaer than
a 5% perceptibbe water level difference between the 1950
anid 196 serial photos, bot the 2003 fell visi revealsd o
witer level perceptibly higher than that in 19596, This clss
wis imdecated by whelly or partally inundmed young woody
stems al the edge of the waler body, s water fevel hod been
down long enough for growth, bul had pot Been up long
enough 1o cavse woady stemn death, Lasily, the drving clos
of “long-term Auctuation™ showed less than a 30 percepli-
Ble woter level change beiween 1950 and 195986, bul (he 2003
field visit reveabed & waler level greater ihon that in the 1956
perial plasios. Also, Tor 76 water bodies the depith of peat
surrosmeking the wister body, of present. was measured with a
4-m =il puger,

Vegetation transects from feld sites

Woady vegetation was deseribed for mine waler bodics
that were portially doed in the 1996 photo and identified on
(950 maps and aenial photos as closed basin, Bell iransects,
ab sites that showed clearly quantifioble successional rends,
were 5 omowide and covered vanous lengths, a8 needed 1o
capture vegetolive embs. Some mnsects rn acnos the whole
former witer boddy, when water levels alloweal, and ollsers
sretched from the waner’s edge o the moture forest edge.
Throughout the trunsect arca, the beight, taxonomic classifica-
tion, andd transect position of each woody stem was recorded,
Adso, &l two o these irmnsect sites, the ages of woody siems
om he apron (e area between waler's edge and moture for-
enl edged werne determined throagh dendrochmmology

Results

Regiomnl analysis: overall drving trends

In 1950, the sample points were classified o5 follows;
woodded (574, open (3150, wel (5%, and waler (7% ) Thend-
fone, approsimuely 12% of the region coulil be mierred o5
having somse level of weiness, The resulls in 19 showed
that the propection of cover classes were g Tollows; wissled
(T35 ), open (205%), wel (<1}, and waler (6% ), indicating
soomie degree of drying, For the spmple dsta, there was o 28%
increase in the wooded cliss aml decreses of 345 Tor open,
R Tor wet, ond 145 for waler,

To determime whether half-century changes in coarse wet-
lamidl classifications {wooded, open, wel. and woler) wene doc
primuanily to climate change or wens in response o m history,
samiple duda were partiboned into two groaps hased on [oe
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‘Tnble 1. Distribusion of weland siaes for 1950 and 19506 barmed
and inbairmed saample locations,

1835

Tahle X Percena change herween 1950 nmd 1996 welland simes
Tor bumed new) ushamed aress,

Sample licstion Towaler % owel 5 oopen % owombal Sample Incation G owaler W owet % oopem % worsled
Baurmad arcns: 1980 T fi 12 54 Bumod {n = 56T) -7 -5R 1] &M
Ulibuaroee] sdeas: 1980 7 4 ki ) Utbuariied (a = 46) -22 -#7 =37 +1
Hurmed areas: 10 T £ | N T

Ulnwrriend omeas: (996 5 <] 19 Th

ocourtence in the 20th century {ie., “burned” versus “un-
barmed "), These bum areis logether cover abwd 1530 ke
{Andy DeVolder-Thesis 20021 The burned arcas af all years
were combined und anplveed ds o single arcs sampled by
56T total random points (51% of the moall, This sample
shavwed that in 1950, the burned areas diffesed linle from e
546 points in unbumed arcis {Student’s ¢ tesi, Fe 00992, p <
0005), Similacly, comparisen of burmed ad unburned points
across the 1996 lapdscape also suppested lide differenge
(Student’s 1 test, f = (0992, p < (L05) (Table 1)

Thi: changes thar iok place between 1950 and 1990 were
girite similar in burmed andd unbumed areas {Table 25, The
mapor difference was that the number of bum peints classa-
lied as “water” decreased 7%, while the number of unburmed
poinds decreased by 235 all other percent changes. differed
by lesa ghan 5% between burned ond unbumed sample poinis,
It appenrs that landscape change did mol depend substan-
tially on bum history,

Lising all samphe data, o Markoy frpnsition magns, m, wis
construcied, given by

W B Wi WEF

w i i i

_ 8 0503 1),4%5 i Lk}
w0069 0879 0082 0
wir | (L03%  0L081 0051 (L850

This matns reveals wransations berween 1950 pnd 1996 wer-
land states. Matrix element my, gives the probability of going
Troan moww stabe ¢ o column stafe . Bow beasdings give coarse
wetlnnd state in 1950 pnd column beadings give coarse wiet-
land state in 19596 (w, wooded sigle; o, open stabe; wi, wel
stuie: wir, water siate ). The wpper off-disgonnl clements. are
all ween, suggesting thal there is o appancnl wetling taking
place (Fig. 3). The coarse wetland state of “water”™ remained
“waer” for B6% of all the random points. Poins elossified
as “wel” remained wet from 1950 io 1956 for only 5% of
random points. “Open” remained “open”™ between 1950 and
1S o roughly hall the poings and trensibomed (o “wesded ™
Tior the other hall, Lasily, the state of “wooded™ proved 1o be
an absorbimg state; all random poinis classified s “wooded™
in 1950 wene alse “wooded™ in 1956,

The Morkoy matrix., m. estimated from the changes seen
between 1950 and 199, was used as o highly speculative,
bait suggestive exercise (o examime the potential yulneeability
of wetlands if the cument transiten probabilities remain sio-
ble for the nexi 31 yeors. The Morkoy treatment indicnies
the drying trend established Trom 19500 w0 1996 will contimee
1o 150, with decrenses in all states except “wooded™ (Table 3),

Within-region dryving trends for standing water bodies

The resulis of the exhaustive localized water bocy survey
showed that mone than 604 of the waler bodies experienced
s level of drying, but the level of dreying varied by subee-
glon (Fig, 41 The Swanson Hiver subrégion had the mosd
witer Bodies unchanged in size berween 1950 amd 1956
(49 2% ) Conversely, the subregions whise wiler bhodies
showed the most shnnkage tn sire from 1950 i 1996 were
Mystery Creek (74.6% ) and Tustumenn (73% ) In the 19846
sl photes each subregion hid more than one-third of s
water features with @ spatinl extent hall or Jess than thiir
1950 spatial extent, Owverall, for the 8200 iotal woter bodies
surveyed in the three subregions, mughly one-thind {34.8% )
showed nis change in spotid extent froun T950 o0 1996, less
than o ope-thind (27.8% ) bost less than hall heir arc, and
mowe than o one-third (37.4%) lost greater than hall their
aren. Sigmificantly, none of the three subregions survesed
b water Teatures that incressed in spatial extent Trem 1550
o 1996 (Fig. 41

Local water hody analysis: woody plant socecssion
assacimtied with dryving

To further document (e sgope of the drving indicoted by
ihe regionnl and subregional resuls, 34 chimale-sensilive siles
(Fig. 17 wene snvestigated in the eld for iheir sucoessional
stuge, The sites annlvesd in the ekl covered o swideé specimm
of conduions, including those in and oot of burned arcas and
serons the ihree subregions of Swanson Biver, Tushuimei,
and Mystery Ureek. These investiganons qunlitistively stud-
il water level, vegelation, und serial photo compansons o
place cach site within a drying ¢liss, Owver 8006 of s 34
ekl sites showed some Tevel of drving, with nearly holf ex-
pericncing “slow falling™ ond less than X% “no chonge™
{Fig. 43 OF the 84 sptes, 76 had peal depths measunsd for
each of the water bisdies. Fifieen ol the 17 sites classified os
“rapid {alling™ hoad peat depths less than 2 moor no peal.
Eleven of the 15 sites classificd as “unchanging™ hod pea
depths greater than 2 m (Fig. 5). In other words, peat depih
seemed 1 be negatively assecinted with deying.

Vegetatlon transects from feld sites

Al mine sibes. iransects were wsed o describe the woody
vegetdion in water bodies deseribed as “elosed hasin™ on
P50 maps, bBut pamially dricd in 19, In mosi cases, wossly
vepetabion mdested mossiure stntus of the now-dry lake beds,
Lake beds with woody vegetation, especially lake beds wiih
iplumel vepetation. meaimained lower moisture bevels than lake
beds lacking woody vepetation. Ceenerally, mean height of
woody vepelation on the former lake bed wos =100 cm for
the first 5 m frem the forest edge and 25-560 cm high from 5
i 200 m from the foresi edpe (Fip. 6 In every case, ihe
mean height of wooldy stems was pot 2ero dlong the Tull
length of the transect, sugpesting that trunsect area las been
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Fig. A Trasitions berween wealond siates based on randomy podne classification of sines” changes in 15930 and 199 pernl phosos
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‘Table N, Infidal and Dubuge destrifnbons of coarse wetlamd staies
uing Markoy matnx, m

Distribdtions  Year % owater % owel % oopen % wosdel
Oibserved 1950 T4 LT A0 510

200 B (LB JLi) Ta0
Predscivd 03 &2 ik Il B0

Fig. 4. Hpmr.nl changes of waler bodies fiom | 950 1o 1996 in
three subregiong,
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dry long enough for woody vegetanion w become esunb-
lished. Soane tronsects { Polland Homse Trail. Bull’s Eve. Trench
Batile, Jipsaw) showed signs of sell-thinning, with a de-
crease in ihe density of stems (Fig. 7) as their comesponding
mizan heighis (Fig. 6) increased. The disiribation of height is
ol particulor interest beconse inller stems under stable grow-
ing conditions can be assumed to be older tham shorer stems,
therchy age (yping the drying pheromenon. Consistent with
this idea. the field transect st Pollord Horse Temil idicated
positive comelation between transect position (distanee from
water's or forest’s edge) and stem ape (F = LTR) (Fig. 8).
The eldest wioidy stems, excluding those in mature fopest,
on the Pollord Horse Trall transeet were 25 years old, sug-
gesting the ston of water body drowdown began around the
mid- 1970, The field siie ot Mystery Creek also showed w
peositive correlation between stem transect position and stem
ape i = 0493 (Fig. 8 The oldest woody stem of the Mys-

Flie. 5. iA) Chsnge palterns of aies stuilied m liseal witer I'H:l.]}
omalysis (m o= B iV Tarlemns of change in Deld visited water
hoadlies wilh nelntion 10 sumounding smoums of penl.

: (&)
o
B8 .
£3 -
-
u_ | ]
Wiy Pt
tairg
ET (8)
£ 5.
£
=
3 "
e ] u::: mﬂﬁn gt W
il
Change Pattern

tery Creck Neld site was 15 years old, sugpesting o mose re-
cenl water level deop during the lie PRE0s o carly 199
The degree of drving on the nine former ke beds was also
evident from the relative proporion of all woody vegelation
ihat could be classified as faculiative upland acoordimg to the
LS Frsh and Wildlife Service dassificatinn sys=iem (Read 1988),
Essentially, all ihe transecis indicated an oversll shift from a
wittland to an upland habial, despite variability among lor-
mer waber bodies in (e melative proportion of faculionve
winedly plamts, varving Trom 100% faowlistive upland o Pol-
lard Harse Trail Site to abowt 30% faculiative apland ot oth-
ers (Bull’s Eye, Engine Ketile-East). While about hall of the
field trapsects (Mystery Creck. Trench Eetile, Engine Ket-
ile-East, Poltard Horse Trail) showed a uniform pattern of
inward epcroschment, others showed some woody plant re-
crtment expanding oul froan the center (Funny Biver, Swan
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Lake Hoad)y patierns maos Tikely reilecting the batlymetry
af inshividual water hadies,

Discussion

The resulis of this stedy document that the Beno Penin-
sula 15 becoming both wondier in vegelation and doer. Cur
regional annlvsis of random points between VRS0 and 1958
indicate increased Forest cover and decreased open and wel
arcos in both burned ongd unbormed aneas, Our censes of wa

ter hodies in theee subregions indicnte that almost two-thinds
af water bodies invistigoied showed some level of decrease
in spatial anea. Cher BOME of fekd sites visited experienced
soime level of drving. Our field transecis also imdicale sub-
stantial invasion indo former lake beds by facalintive opland
planis, Dating of woody stems on three drying wetland arcas
placed reemitment of most stems within the Lnst 100 years,
withi sharp declines in recenl seedling recmiiimen

Chur resulis comroborale other studies that relate wetlind
dyang o climase change, In nonlern lobnskes, climaie change
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Fig. 7. Woody sizm density, classificd by weiland indicsior casegory, along nine field impsecrs. Diffesem scales wsed o revenl the sh-
solute wends, which woubd he usclear (0 all grophs wsed the same scales,
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is expecicd o precipilaie vepetaiion shifts inclsding changes in
wietlanid ecosystems (Arctic Climste Impact Asscssmei 20064 ),
Dhryving of lower Btitede wetlands as o resull of increasing
air temperatures has aleendy boen documentad (Kasler 19949,
Consistent with Kusler's clabm is the prediction by Sosenson
et al. (1998) thal the number of closed hasin viermal ponds in
central Morth America could decrease from 1.3 millson ponds
1o bess than OL8 million by the year 2060, Temperature appearns

Facultaiive Wetland . Facultaiive Upland . Faculiative

most imporand o drving, o5 arcas with increased iemperaiunes
ahaww signs of substantial drying even when precipitifion has
rempined constand (Kusler 1996),

Im the Kenmpi Lowlands both increased tempersires and
decreased precipiation over the lest 500 vears seem o be
driving forces in wetland drying. Climate records from ihe
Kienni Peninsula city of Kenai (Mational Climate Data Cen-
ter NI slwow thad the mgan Moy =Aupost lemperaien wis
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Fig. 8. Relmionship berween stem iransect position and vear of recruimen

Pollard Horse Trail
19791 v+
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+ R =078

m ®» @ @ ®
Distance from water's edge [mj

29 °C dunng 19441908 and 105 °C dunng 1965-20K02
(Fig. 2k Morcover, m Y50 the meean bWy —dAugust ienpero-
e was 9.7 0, compared with 108 °C in 19960 More dm-
matically. Kenah precipitation records show nearly o 405
decrease in the mean anfual waker balames (precipitation -
potential evapotranspicalion], dropping from @ mean of 137 o
between 1944 and 1968 10 0 mean of 5.3 cm between 1964
and 2002 (Fig. 23, Climate dota indicase that our aerial photo
analysis résulis are nol just a function of comparing the dif-
ference between twa anrepreseniotive vears, Moreover, o
actually might be underestimating the extent of the drying
simee the base-line year, 1950 was o dry year and 1996, the
comparisoen year, was a pommal moisure vear (Fig L Sup-
porting evidenoe of regional changes comes from aenl phados
and dransition merices osed woshow tat, foom 19500 o
197, 37% wetlands n an urbanage] walershed ol Anchorape,
Alaska, became aplands through drying and for) sucoession
{Abbey Wyers-Thesis 3001} Located spproxinaely 100 km
north of the Kenal Lowlands and i the sameé econdgion
{Mowacki et al, 2001}, Ancherage has wery simialar elimaie
patierns. For example, over the past 50 vears Anchorage and
the city of Eenal have had, respectively, average annual
high temperatures of &0 and 5.6 *C and average annual pre-
cipitation of 1 and 48 cm (Nationdd Oceanie dnd Atmo-
aplieric: Adimimstration 2004,

O i continental scale, boreal forests have already experd-
enced declinng water levels in wellamds (Kosler 1999) and
hecreased soil mosstiere (Welber und Lange 19993, Relaisely
small chonges v water habonee con wlier surfpee soil or grownsd
waker sulficiently 10 reduce wetland size or initiate conver-
ston o wetlands 1o uplands (Loime mncd Vanha-Mojeman 1992,
Wasander et al. 1993; Jukaine and Laibo 19955 In boreal re-
i, Jukaine and Lailso (19935 substiuted the influence of
climate change infuced peatland drawdown with anifcial
pealland drainage of varying years (3-55 vears since dridin-
age). This experimental drwdown allowed for the study of
Tong-term vegeration changes associabed with climane-imduced
drvimg, An incrense im tree growth foblowed drainoge, initi-
ing suceession from wetland species (e, Caney lasiocarpa
amd Lednr palustoe ) 1o forest species (e, Bibis idaens and
Virecimium viric-idaeg b, The successionnl gradient of végela-
nion that Followed expenmemal water level decrease providies

Mystery Creek

194601 1

1952 1

Yaar of recruitruent
*

oo R I
L 1 L.} # 14
Distance from waler's edge (m)

simong evidence that the proporion of upland vegeiation gen-
crlly increases with ime since drsinage (Jakmine wsl Lxiho
[4p5). These expenmenial resulis are conststent with our
obseryvations in dry lake beds on the Benai Peninsalo. where
upland species are proliferating. Esseatiolly, our resulis mre
in sceonlmce with the motion that climatic shilts influence,
and will continse to influence, high-lattude eavironmenis
by initiating shifts in both composition and distribution of
vegelatnn typses (Ager 1997 Clur resulits are consisten with
thosee of ather recent studics indicaing the vegelation and
witler boady chamges ape occurring in northern pegrons of
Alaska (Swrm el al, 2000; Silapaswan of al. 20015 Siow «
al, 200H; Acctic Climge Impact Assessment 2004,

Im thes siudy, we demonstrated that there have been sub-
santial increases in woody areas at the expense of open ar-
gas on the Kenal Lowlands, as well as more substntial s
of wet arcas than open wiler arcas. These resalts are exe
pected given iypical sucoessional poterns, The time scale of
onr investigations also suggests thal even with intervening
fires, the woody vegedation recovened sulficicntly quickly o
obscure fire changes. I is most lkely thatl a woodisd staee s
nl @n absorhing state because of eveniual amd Nikely fine ex-
poswre, 1T a tramsition o o popwosdy state did oceur,
wiould likely be a temporary shifl o open, before returning
t owonded as o result of postline succession. Becouse of
proatTire sucecssion wmd the time period between phaoto amaly-
a4 and most fecent major burm {29 vears), wooded s an ab-
sorhing state in our study. I5 photos were analyecd mure
frequently after burns, then wooded would likely nod be ab-
sorhing Tor each rransition.

The resulis of the exhaustive water body censiis (roughly
Iwice as many water Bodies showed sagns of dryving as those
that showed mo chonge) are expecied piven the changes in
precipitation, empertune, and [FasIons anng comrse wels
langd states, but the census likely underestimates overall dry-
ing tremds, Indeed our analyses may underrepresent the actual
dbrving thint has already occurred. Firstly, some former waler
bsfies were already dricd puns i the 1950 photos wnd were
thus omitted from the water body survey, Secomdly, some
walker bodies muy have changed from 19500 i 1996, bui this
clhamge was undeleciahle hased on sernl photoo amalysis. Some
dheep Lakes could imdeed be drying, bot because of ther siee
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and (or) hathyvmewry they do not show perceptible change
over this i period, Besides deep-water lakes, some olher
wetlnnds showed listle change, In our local water body anl-
ysis, deying appeared o be negatively related o peat depth,
This could be attnbuted 1o e substantial ability of Sphag-
ey peal to pbeorb and sequester waler up io 30 pmes s
owf ass (Raven ¢t al, 1992} This ability 1o retain moisiune
may explain why sites with greater than 2 moof pes dry
mone slowly than thase with less than 2 m ol peot: the
shrawedown i buffered by the extensive water-holding capac-
ity of surrouniding pead.

Hesponses to changing environmenmal conditions, predom-
inantly water depth, can resuli in unigee vegelative zones
with abrupt boundaries that reflect community composition
(Cronk and Fennessy 2000; Mitsh and Gosselink 1993}, Here,
analysis of transecis indicaté o drying patiern refllecied in
thiee vegetative sones. The forest zone began with imsire
hlasck spruce ab the forest édpe. Compuemily sirsciure changed
as the forss zone med the apeon, an arca between the water
and masture Torest. The apron zone often suppored an initial
cover of Celimmagrnis pross, elassificd o fheulative or Dbe-
ulistive wetlamnd depending on specics (Read 19885 The apron
s supporicd young woody reonmtmem of hlsck  speuce
{Picen st b and whate sproce [ Pleea ghaucal, pager barch
(8, pepvriferad, and guaking aspen | Popufus feemiloddes),
Belew the apron some was a thind nwre mesie communily.
This weikand sone consisted of welland plants incluiding spe-
cies of Coer spie, Ohamnedaphuee colyenlor, and Meuvanies
rrifoltare, The wegelation wansects documented only woasdy
species” hedghits, but these wonil clossilications one sugsestive
af the mle played by other indicalor species like Calima-
groatis, This gencral pattemn of throe sones (e, forsst, apron,
and wetlund ) was quite copsistent across: all nine sites, Twa
of our vepetmion transects (Jigsaw amd Pollard Hoese Trilp
showed an inverse relationship between wransect position mnd
sicins per square meetre. During seccession, seli-thinning will
recluce this nuankbser of steans whilie height amd hiomass of sur-
vivors increases { Adber 19963 A decrease i stems per sgquan
metre and an increase in height may continue uniil heigh
and densaty of woody sems resemble mature forests.

Our multiple-scale anolysis documents exiensive changes
across the Inndscape of the Kenai Peninsuln Lowlands sinee
1950, These chonges inglude (1) o substantial ingrease in
woidy cover over the last hall century; {2) measurable wiler
bamly shrinkage and wetlond drying: (3§ invasion of lake
beds by woody aml Tscultinve upland species. Apparently,
nenchanging water bodies may indeed be drying, bat not de-
tectably so, given our echmigues and Tow surfice area 1o wa-
ter volime ratio, surrounding peat sponge, or location in on
open bisin, where inflow keeps them at a somewhat stable
valume and arca, Given o 1=2 “C emperaiune fise and o
4% decrease in metan gnnual water balance on the Kenai
Laowlands over the last hall century, il sppears likely thae cli-
male change is driving wetland drving and vegelative shifis
1o predommanily woodbnd end fores,
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