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Abst r act

Beaversarestartingtocol oni zel owarctictundraregi onsinA askaand Ganada, whi ch has
inplicationsfor surfacewater changes andi ce-ri ch pernaf rost degradati on. I nthis study, we
assessedt hespatial andtenporal dynam cs of beaver dambui | dinginrel ati ontosurfacewat er
dynani cs and t her nokar st | andf or n usi ng sub- net er resol utionsatel liteinagery acquired

bet ween 2002 and 2019 f or twot undraareas i nnort hwest ern Al aska. | na 108 khudy ar ea near

Kot zebue, t he nuniber of dans i ncreased nar kedl y from2t 0 98 bet ween 2002 and 2019. Ina

430 km? st udy ar ea enconpassi ngt he enti re nort her n Bal dw n Reni nsul a, t he nunier of dans

i ncreased from94 t 0 409 bet ween 2010 and 2019, i ndi cati ngaregi onal trend. Qrrel ati ngdataon
beaver damnuntber s wi t h sur f ace vat er area napped f or 12 i ndi vi dual year s bet ween 2002 and

2019 f or t he Kot zebue st udy ar ea showed a si gni fi cant posi tive correl at+@ 6R p <. 003).

Beaver - i nf | uenced wat er bodi es accountedfor two-thirds of the 8. 3% ncreaseintotal surfacewat e
areainthe Kot zebue st udy areaduri ngt he 17 year peri od. Beavers specifical | ytarget edt her nokar
landfornsintheir dambui | dingactivities. Hoodi ngof drai nedt her nokar st | ake basi ns account e
for 68%wf beaver-i nfl uenced surf ace wat er i ncreases, danming of | ake out | et s account ed f or 26%
and darnmi ng of beaded st r eans account ed f or 6% Surf ace wat er i ncreases resul ti ngfrombeaver
dambui | di ngl i kel y exacer bat ed per naf rost degradati onintheregion, but damfail ureal so
factoredintothedrai nage of several thernokarst | akesinthe northernBal dw nReni nsul a st udy
regi on, whi chcoul d pronot el ocal per naf rost aggradati oninfreshly exposed | ake sedi nents. Qur
findi ngs highlight that beaver-drivenecosyst emengi neering nust be caref ul | y consi der ed when
account i ngfor changes occurringi nsone per naf rost regions, andinparticul ar, regi onal surface
wat er dynamicsinl owA ctic andBoreal | andscapes.

1. Introduction | ake area dynanics have been |inked to | ong-term
clinate driven changes and per naf rost degradati on
Arctic landscapes are in a state of transition(dbshi kana and H nznan 2003, Smthe & 2005,
tochanges inclinate (Hnznarg & 2005, Fow Jonesé & 2011, Ntzed 4 2018), as well as to
lande d 2010, M ncent¢ d 2017). Inthe sunmer, short-termweat her events and annual patterns of
i ncreased war nth and | onger grow ng seasons havepreci pi tation and evapor ation (R orded 2006 ,
been linkedtoincreases intundraproductivity afobl eyed 2019, Saanson 2019). Near- surf ace per-
shr ub- doni nat ed veget at i on over the | ast t hree degaf rost degradati oni nt hef or nof nel ti ngi cewedges
ades (Taped¢d 2006, Mers-Snthaed 2011, Berner (Jorgensond & 2006, Liljedald 4 2016), forna-
dd 2018, Bonney ¢ 4 2018). Sunmertine arctic tionof retrogressive thawsl unps (Verd Jored
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F gur e 3.Mypi ng beaver dans i nhi gh-resol utionsatel liteinageryavail abl efor thenorthernBal dw nPReni nsul a, Al aska. The

| ocationof individual dansindicatedwithredarrowandthefl owdirectionwthalight bluearrow (a) Aseriesof four dans at
theoutl et of al ake, (b) a~60ml ongdambui |t i nadrai ned| ake basin, (c) aseriesof dansat theoutl et of al ake near aconfl uence
w thabeaded stream (d) aseries of dansinachannel runni ngthroughthenmdd eof adrai ned| akebasin, (e) fivedans
progressi ngdowntheout! et channel of athernokarst | ake, and (f) aseries of dans i nabeaded st reamgul ch. BExanpl es shown
her et akenfrom2019i nages; notedi fferencesinscal eacrossinagefranes. Al dans were constructed aft er 2002. | nagery
(104001004E6569400-€2019 O gi t al G obe) copyright O gital G obe, Inc.

Tabl e 1.H ghresol uti onrenot e sensi ngti ne seri es i nagery used f or nappi ng beaver dans and sur f ace wat er areai nt he#100 km
Kot zebue st udy ar ea f rom2002 t 0 2019.

Sati al Newdam Surface
| nage resol ution Beaver Newdans conpl exes  water area

Year | nage dat e sour ce (m dans (n) (n/yr) (n/yr) (ha)

2002 22 August @® 0.7 2 — — 594
2007 4July (622 0.7 6 0.8 0.6 610
2008 3Jduly Wi 0.6 7 1.0 4.0 623
2009 16 August W1 0.6 10 2.7 18 600
2010 4 August W2 0.5 15 5.2 4.1 618
2011 9Jduly W2 0.6 31 17.2 6.5 625
2012 22July W2 0.5 34 2.9 3.9 610
2013 11July Wi 0.5 42 82 10.3 611
2014 25 June W2 0.5 55 13.6 13.6 630
2017 26 July W3 0.4 79 7.8 3.6 627
2018 1duy W3 0.5 93 15.0 4.3 630
2019 8July W3 0.4 98 4.9 3.9 644

was orthorectified usingthe 2 ar c- second resol ut penspect i ve and t 0 assess whet her t he changes bei ng
US Geol ogi c Survey National H evation Dat aset fobserved near Kot zebue were refl ective of changes
A aska and corrected to top-of -at nosphere refl eacecurring i n the surroundi ng regi on. Beaver dans
ance to facilitate tine series anal ysis. Beaverwelaemanual | y napped i n each i nage i n bot h st udy
nappi ng posi ti ons were basedontheorthorectificareas at a scal e of 1:1000. Al individual, appar-
tionresul t sfront he2019i nagest oaccount for subtémt | y active dans were designated as a point fea-
differencesininagegeol ocationinprior years. ture in a @GS database in each inage. |f a dam
Based on suitable and available inagery, theiled or was abandoned i n a subsequent year it
Kot zebue study area (100 kif) was napped each was not counted inthe latter tine series unless it
year in 2002, 200714, and 2017-2019 (intotal 18asre-established. Dans were al so grouped as com
i ndi vi dual years) and the entire northern Bal dwphexestotracktheinhabitationof newdambui | di ng
Feni nsul a (430 ki) was napped in 2010, 2013, sites over tineinthe study region. Thelocation of
and 2019 (3 ndi vi dual years). Thi s hybrid approackans rel at i ve t o per naf rost - regi on | andf or ns (t her-
was desi gned to optimize our spatia and tenporahokarst | akes, drai ned t her nokar st | ake basi ns, and
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O 2010 Beaver Dams (n = 94)
@® 2019 Beaver Dams (n = 409)

F gure 4. ncreasei nbeaver dans ont he nort her n Bal dwi n Reni nsul ai n nort hvest er n Al aska bet ween 2002 and 2019. The

detai | edtenporal anal ysi s study areal ocat ed near Kot zebuei s showninthefour framesonthel eft representi ngasubset of the
tineseries of beaver dans f rom2002 (& 2), 2008 (n=7), 2012 (n= 34), and 2019 (n= 98). The nort her n Bal dwi n Reni nsul a

study regi oni sshownontheright withtwof thethreetinestanps pl ott ed (2010 and 2019) representi ngani ncrease fromd4to
409 beaver dans.

t undr &/ beaded st reans) was al so det er nined nanu- 1. The KNNi s a si npl e nachi ne | ear ni ng al gori t hm
ally. Qurface water area change between 2002 andhere anobject isclassifiedbyamajorityvoteof its
2019 was t hen conpar ed at beaver -i nf | uenced ver susiei ghbor s, wi t ht he obj ect bei ngassi gnedtot he cl ass
non- beaver - i nf | uenced wat er bodi es t hat wer e cl asabst conmonanongst i t sk near est nei ghbors. Wi ng
fiedas either t her nokarst | ake, drai ned t her nokaagtval ue of 1 enphasi zes st ar k cont r ast s bet wveendi s-
| ake basi n, or tundr a/ beaded st r eant 0 assess Whet hear at e obj ect cl asstypes. Anaccur acy assessnent was
there was a preference for dambui | di ng rel ati vedamduct ed usi ng t he eCogni ti on workfl owfor each
t her nokar st | andforns and thei r potential conned-nage obj ect classification using the input training
tiontosurfacewater changes. sanpl es. The user and producer accuracy of surface

W anal yzed changes i n surface water extent i mater cl assificati onwas >96% neachcase. d assifi ed
t he Kot zebue st udy ar ea usi ngt he best avai | abl e hi ghj ect s wer et hen ner ged and onl y t hose obj ect s ¢l as-
resol uti onpanchronat i ci nagesavai | abl ef or apartsid-i ed aswat er wereextractedfor further anal ysisina
ul ar year. | nage sel ecti onfocused oncl oud-free, @&database. Al objects snall er than 250mere
free, and cal msurface water conditi ons w thinagesnoved fromthe surface water inventory, objects
bei ng acqui red bet ween | at e- June and nmid- August it hat fel | out si deof t heoverl appi ngextent of al | i nages
agivenyear. Al inages were resanpl ed to a spasererenoved fromfurther anal ysi s, and st abl ewat er
tial resolution of 70 cmto natch the | onest rebeature centroi ds were used to reposition | ake pol y-
olutioninage inthe tine series prior to anal ygionfilesfromprior yearstonmatchtheorthorectific-
Wt hin year i nage dat es range from25 June to 22 ation positioni ng of the 2019 i nages. Surface wat er
August wth the average date of inage acquisiti @meawas sunmed i n eachtine step andits changes
bei ng 17 July (tabllg. (bj ect-based i nage anal ysi sere conpar ed agai nst t he nunter of beaver dans
was conducted in eGognition Essential s 1. 3. | nageappedi nt he Kot zebue st udy areaandtheir rel ati on
pi xel sweregroupedi nt oobj ects usi ngt henul ti resbb+ her nokar st | andf or ns bet ween 2002 and 2019.
ution segnentati on al gorithmwth a scal e of 20, a
col or to shape paraneter of 0.1, and a snwot hness3. Resul ts
t o conpact ness factor of 0.4. Asupervised classific-
at i on schene was devel opedfor eachi nage by sel ect 3. 1.2b"sboa®j fk™ ob*pbpA--/ gl /-.6
i ng vat er and non-wat er obj ect sanpl es. A | east 500e nunoer of beaver dans i n the Kot zebue st udy
sanpl es vere nanual | y sel ectedfor eachcl assi neaghea i ncreased from2 in 2002 to 98 in 2019, or
i mage. (oj ects werecl assi fi ed usi ngt he obj ect - bas€P0%(fi gure4 and tabl el). Therate of i ncrease
k- Near est Nei ghbor (K\N) cl assi fi er wit hakval uedfol | oned that of a 2nd order pol ynomal regressi on
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Fi gure 5.1 ncrease i nbeaver dans ont he nor t her n Bal dwi n Feni nsul asi nce 2002. Twel ve i nages wer e avai | abl e for t hé 100 km

Kot zebue st udy ar eaandt hr ee nosai cs wer e possi bl e wi t h avai | abl e and sui t abl e i nagery f or t HentB® kenn Bal dwi n

Peni nsul ast udy regi on. Theincreasi ngpatterninthe nunber of dans overtineinthe st udy area around Kot zebue (greenci rcl es)
ismrroredacrosstheentirenorthernBal dw nReni nsul a (bl ue squares). Datapl ottedas t he nunber of beaver dans péer 100 km

(R = 0.99), wth the years 201%-1{7.2), 2014 of newbeaver damconpl exes, were establ i shed per
(+13.6), and 20184-15) exhi biti ngt hel ar gest annuyear over the 17 year peri od; however, t herewas sub-
al i zedincrease i ndamnunber s (figusle Thearea- stantial interannual variation(rangeof 13.0). Inpar-
vei ght edr at e of dami ncreases f or t he Kot zebue st udyi cul ar, 10. 3 newsi t es wer e est abl i shed bet ween 2012
area based on the 17 year period was 5. 6 dans per and 2013, and 13. 6 newsi t es wer e est abl i shed bet ween
year per 100 knd. The nunber of dans inthe |ar- 2013 and 2014, and | ess t han one newsite per year
ger northern Bal dw n Reni nsul a st udy area f ol | onedas est abl i shed bet ween 2002 and 2007. Anal yzi ng
asinmlar traj ectory between 2010 and 2019, i ncrease i ncrease i n the nuner of newdans rel ativeto
i ng from94 (2010), to 174 (2013), to 409 (2019) i hhe nunber of new damconpl exes shows peri ods
the 430 kn? study area (figurésand 5). The rate of | ocal i zed bui | di ng ver sus expansi oni nt o newsi t es.
of increaseal sofoll onedthat of a2ndorder pol yrfiae year 2011 and peri od 20142018 exper i enced a
mal regression, andthe area-weighted rate of damtioof norethan2: 1 newdans rel ati vetonewcom
i ncreases was 8. 1 dans per year per 100 Rraver the plexes inthe study area, indicating devel opnent of
shorter andnorerecent ti neinterval . Qver thi s sammi sting damconpl exes. Incontrast, the years 2008
period, the area-wei ghted rate of dami ncreases waad 2013 experi encedt heopposi tepattern, w thnore
9. 2dans per year per 100krf or t he Kot zebue st udy new sites bei ng establ i shed rel ative to dambuil d-
ar ea. ing at pre-existing conpl ex sites. Between 2012 and
As of 2019, there are now 42 distinct beaveR013, the nuniber of dans at existingsites andthe
dam pond conpl exes i nt he Kot zebue st udy area. Oh est abl i shnent of new conpl exes were equal |y hi gh
average, 2.5 newbeaver damsites, or the initi atatot3. 6.
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F gure6.Therol eof beaversinaffecti ngsurfacewater variabilitynear Kot zebue. (@) The nunier of beaver dans nappedin hi gh
resol utionsatel liteinageryinthe Kot zebue st udy areai ncreased f rom2in2002t098in2019. (b) Surfacewat er areanappedin
70cnmresol utionsatel liteinageryfluctuatedbut i ngeneral increasedinthe Kot zebue st udy ar ea bet ween 2002 and 2019. (c)
Qorrel atingsurfacewater extent withtheincreaseinthe nunber of beaver dans f or t he Kot zebue st udy ar ea shows a posi ti ve and
statisticallysignificant rel ati dnshDpgIR p <. 003).

3. 2. Beaver dami npact s onsur f acewat er dynani cs basi ns over t he study period. Danming of | ake out -
Total surface water area napped i n the Kotzebue ets accounted for 26%of the increase in surface
study area showed a variabl e but increasing tremdter area. Darming at | ake out | et s tended t o anp-
between 2002 and 2019 (figure6 and tablel). Ilify natural expansi on occurring al ong t her nokar st
Total surface water area increased from59%4 ha ilreke nar gi ns due to pernaf rost degradati on. Dam
2002 to 643 ha in 2019, or 8.3% The napped ningof beaded st reamcour ses, though representing
surface water area increase was significantly adry asnal | fractionof total beaver influenced sur-
related wth the increase i n beaver dans over thecewater area, i ncreasedi nareaby norethan 150%
17 year period (R= 0.61; p <.003). W further (1. 1-2. 7 ha) bet ween 2002 and 2019.
i nvesti gat ed t he 8. 3%i ncrease i n surface water area
bet ween 2002 and 2019 at beaver-i nf | uenced versus| [ scussi on
non- beaver - i nf | uenced wat er bodi es. Partitioni ngthe
49 ha increase in surface vater area betveen 2002 1 Beaver dans—sur f ace vt er —per af r ost
and 2019 into beaver influenced-@3 ha) versus nteractions
non-beaver i nfl uenced16 ha) wat er bodi es estab- oy ang) ysj s adds t he Bal dwin Feni nsul @i n nort h-
l'ishestherol eof beaversoncontrol lingsurface Wit&lern Al aska to the scattered recent evi dence t hat
area increases. Beaver-influenced vaterbody argggyers are establ i shing thensel ves as a key di st ur b-
i ncreased by 14. 3%over this period, whereas nongnce agent inlowarctic tundra regions (Jerd
beaver infl uenced wat erbody areas i ncreased 4. %17, Taped a 2018). In the Kot zebue study area,
(figure/(a)). Thus, beaver-influenced vaterbodi @8 f ound an 8. 3%i ncrease i n surface water extent
accounted for the naj ority (66% of the increase igdt ween 2002 and 2019, wi thshort termannual vari -
surfacewat er areai nt he Kot zebue st udy ar eabet vieeqt j on ont he or der of-0. 2t 0+3. 7% Orer the tvel ve
2002 and 2019. year s of i nages anal yzed, only three (2009, 2012, and
2017) experiencedareductionintotal surface water
3. 3. Beaver danmi ng of t her nokar st | andf or ns based on the previous year, with one of the years
Al but one beaver damwas associated wth atbei nginfluencedbyapartial | akedrai nage event. The
least one of three thernokarst |andforns in tke6%increase i n non-beaver-infl uenced wat er bod-
study region: thernokarst |akes, drained thées!ikelyresultsfromnatural thernokarst processes
nokarst |ake basins, or tundra/beaded streanassociated w th expanding | akes inice-rich perna-
(figuré(b)). Beaver danming of drai ned | ake basi nfrost terrainas wel |l as annual variability in surface
out | ets account ed f or 68%0of theincreasein beavenater area to sone degree. The 14. 3%i ncrease in
i nfl uenced wat er body area i ncreases si nce 2002. durface water area i n beaver-i nfl uenced wat er bodi es
sone cases, beaver dans led to nore than a doub- likely results fromthe cumil ative effects of beaver
ling in surface water area in specific drai ned tHakming and i nundation of | owlying areas, as well
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F gure 7.Thei npact s of beaver dans onchanges i nsurfacewat er extent i nthe Kot zebue st udy area. (a) Gonpari ng sur f ace wat er
areanappedinhighresol utionsatel liteinageryfrom2002and2019rel ativetothe presence of beaver dans i n 2019 shows t hat
beavers | i kel y account ed f or 66%0f theincreaseinsurfacewater areaover thistineperiod. (b) Beaver-infl uenced surface wat er
areai ncreases wer e don nat ed by danmi ng of drai ned t her nokar st | ake basi ns (68% rel ati vetother nokar st | akes (26% and
beaded st reans (6%.

as the degradati on of pernaf rost and expansi on obf pernaf rost degradation, andin particul ar abrupt
wat er bodi es t hrough t her nokar st processes. Surf aper naf rost t haw and t her nokar st devel opnent on
wat erbodi esinthe Arcti careknowntofl uct uat e sesebi | i zi ng carbon previously stored i n per naf rost
sonal | yandannual |y, but al sotointeract w thperif&huur é¢d 2015, Vel ter Anthonyed 2018, Turet -
frost through t her nokar st processes that nay causkyd d 2020). Future research shoul d focus onthe
bot h i ncreases and decreases i n surface water apetential rol e of beavers onal teringthe carboncycl e
(Bowingegd 2003, Smthed 2005, Jonesd 2011, inArcticandBoreal regions (Gt 2018, Nunmi
oleyed 2019, Ntzetd 2018). Wileit isdiffigd 2018).
cult toseparatethe coni ned ef f ect s of seasonal andBeaver col oni zati on and dambui | di ng has sub-
annual vari abi | ity andgeonorphi cfactorswhenanasstantial inplications for the short-termdynamcs
| yzi ng regi onal surface water dynam cs using renoaed | ong-term evol ution of pernafrost | ow ands
sensi ng snapshotsintine, thegeneral trendover {iégur&. Onthe Bal dw n Reni nsul @, northwestern
17 year study periodfor t he Kot zebue st udy areawa#l aska, fossil beaver dans and beaver - gnaned wood
i ncreasi ngsurfacewat er arearesul tingprinarilytabimgtot heearl y Hl ocene (10kya) have beenf ound
ani ncreaseinbeaver dans (R= 0. 61, p<.003). i nassoci ati onw th pond sedi nents andi ni ce wedge
Few studies have directly addressed beavecrasts bel owt he pond sedi nents, whi chwereinferred
pernafrost interactions (Lewkow cz and Qoul tisho represent ice wedge nelting as aresult of beaver
2004, Jonestd 2018, Tapedd 2018). Inthi s study,dambuil di ng (MQl | och and Hopki ns 1966). \#&
vhi ch represents atypical ice-rich pernafrost | dridew sefoundthat danmi ngof drai nedt her nokar st
scape in the Arctic interspersed wth thernokarsike basi nout | et s account edfor thel argest i ncreasein
| akes, drained t her nokar st | ake basi ns, and beadsdr f acevat er area. Presunabl y t hi s ext ensi vei nunda-
streans, we showed t hat beavers preferential |y butldnduetobeaversis acconpani ed by ext ensi ve per -
dans and facilitateinundati onof thernokarst | andaf rost degradati on in the i nundated basin fl oors
forns, which likely pronotes pernaf rost degradaandadj acent tundrasl opes (fi gg¢a)). Beaver dam
tion. Vet er i npoundnent ont hel andscapei sknown ning of existing | ake outl ets was al so observed to
todrive pernaf rost degradati on (Lachenbrugld increase | ake surface area, sinilarly pronoting sub-
1962, Jorgensor¢ & 2010, Arped 2016). Surface aqueous and | ateral degradati on of pernmafrost (fig-
water inundation nore readily conducts heat andure8(b)). Lake drai nage was al so obser ved t hrough
thereforeinpacts the ground t hernal regi ne al nostdan ai | ure, abandonnent, or bank overt oppi ng (fi g-
i nst ant aneousl y (Langard 2016). | f thewat er dept hure 8(c)). Wil e bank overtoppi ng i s a conmonl y
issufficient such that the nean annual water bobttributed | ake drai nage nechani sm(H nkel &
t omt enper at ur e exceeds CC(Burn 2002), perna- 2007, Jones¢ & 2011, 2020), the ability of beavers
frost thaw cormences and in the case of ice-richo exacerbate this process has only been recogni zed
per naf rost, thernokarst occurs (Gossd 2013). once before (Lewkow cz and Goul ti sR004) and at
Several studi es have hi ghlighted the prominent rdleast for sites!iketheBal dw nReninsul ait coul dhel p
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