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ABSTRACT

ra"trns of undisturbed nulrient eyeting in ""n!>em """,)'>lem, and l!>e impacl 01 fire
"" nulne"t ~,.li"g are re'wo'ed and di....,,,,,. The "ariou' dIem of life ""
<cosy'tem nulrie"t ~'cli"g mal' 1st broadlj' subdivided infO (I) nutrienl "'di'lribution
durin£ lire. and (2) dlanges in post·Ii.. nul"ent ~'c1,ng. EIf= dunng Ii.. include the
loss of "utnonl' (especially n'lfolen) Itom =>S)'Sle"" throop '"Iatilization. loss 01
panl<Ulate man";,, IU1IOke. and oor",eetK>rl artion, the tr1JlSl" 01 m,nen.! ekme""
to the "'" lay." and Istating 01 _alS (oItt" aOOv' ktholle_ds) and ,he uwer ...1
layers. root-lire cllan,es inclutlt the 'pulse' addib"" 01 nutrients in I!>t: ash laye.
immtdiattly aft.. fire. possibic incrca.e<licaching into 1l>c"'1 profiic. o"trland flo...
or erosional Ifan,ftrs of nu'ritnts. inc....ed ",il pH. Io",..td oI!>t:do from tile
fi"'-<larkentd ,urface. inc..ased octi"e lay.. depth. and "'a",,.. "'1 prom.. "'hich
affect mi""<>organ,sm. and dcrompos;li"" processes, Tbc magnitude 01 l!>esc tlfects i'
discu.>ed i" the light 01 our pr~nt kno•.-icdll" and needs lor futu.. r~ardl ...
"",",,,.

7.1 L",.RODUCTION

Nutrient cycling is a basic process which has common functional propenie5 in
all ecosySlems. regardle.. of differences in location. ,'egetalion Iype. sub­
male. etc. Numerou\ sludie\ of the effecls of fire On nutrient cycling ha>'e
Isten .arried out ;n tempera" ecosystems. mainl)' ronsitkrini lhe effects On

,n
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nutrients in Ihe ",i1. Thi~ hteratu,e ha~ been ""ie"'ed b)' Ahlgren aml
Ahlgren (1960). Oyrness (1963). Scouet (1972). Viro (1974). and. more
re""nlly. by Wells rI al. (1979). Only a fe" 'Iudie, of fi,e effens ha,'e
conside'ed Ihe fate of the "..iou, ero.y~tem nutrient pool, ralhe' than ju,t
the single soil pool; this literature ,,'as re"iewed in MacLean and Wein
(lma).

In thi, chapter we examine the Slate of pre..nl knowl«l~e of effect, of fire
on nutrienl C)'c~ng in nonhem ecoolstem•. Allention is focused primarily on
the e1emenl nilrogen. for t"'O reason" First. temperate-regton 'tudies h.,'e
demonstrated lhat nitrogen is the elemenl mosl subjeCllo volalilization los,..
during fire. and the magnitude of lhe.. Iosse, has been shown in ",me ca",s
10 be subs'anllal (Grier. 1975. Kimmms and Feller. 1976), Se<:ond. nllTOgen is
al", the nutrienl mOSI limiling to g"""'th in norlhern or ooreal ero.yl1em,.
!>ecause of low rales of addilion and mineralization compared "'ith lhose in
lemperate latiludes_ and lhe compelilion fo, ,,'anable N in ra" humu, ",ils
(Romell. 1955: Haag. 1974: Arm",n rial. 1975)

This chapler has !>een di"ided into ..,'eral $Celion" To make project tons
aooutlhe impact of fi,e on nUlrient cycling the panero of nutrient distribulion
and c)'ding in undistu,!>ed syslem, should!>e understood; lhi' i' lIealed in the
first .... ion The sc«>nd section ron,ideTS d"ect and iodire., df..,s of fire on
nutrient C)'Chng and distribution. The final section ,ummalile, gap' in our
knowledge and thus highlights need, for funher re..arch,

7.2 SUTRIE....,. CVCLlSG 1..... USDfSTURBEI> SORTHERS
ECOSYSTDIS

7.2.1 l'Jin(:i~

NUlricnt elements e~'e1e in eeos~lems. sueh that elements oound ;n organic
maner are made a"ailable for further plant growlh "ia a ,'aflet)' of
decomposition and cyclingpr~, A nUlrient c"de is generally depicted as
se"eral pool, or rompanment' of nutrient elements. "'ith a "ariel}' of
transfers inlO. oul of. and !>et"een lhe.. pools, POOl' ron,ist of lhose
elemenls held in p.anicular trophic I..'els. species grou!". or abiotic rom­
ponen.. of the ero.,-stem. and are analagou, 10 lhe Slate variables of a model
of the syslem, lnni' (1978) differentiated lhree 100'el$ of approoch 10 mInerai
C)'c1ing re""arch. which he te,med (f) inHnto')' (with empha$is on the stale
"ariables of the s)-stem). (2) dynamic (emphuizing f1o"'s among the stale
variables), and (3) .,'!>ernetic (emphaslZIOg romrob operating on the flow,),
Innis argued thaI only the cybernetic paradigm of nUlrienl qcling could
polentially address question' aOOUl response of a S}'Slem to an en"ironmenlal
penur"",;on. and yet lhi, ;s 'he 10,'01 ,,'e knov.' leaSl aoout. p.anieularl)'
regarding northern e<XISj-Slem$'
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1. When we all.rnp' (0 formulate a gene,al1heor~' of mineral cycling in
.""'I"I.m......e find lhal w'e know a lot about where minerall are and how
much is rhere. less about path' of nans!e. of Ihe minerals from oompan·
mem 10 oomparlmen, in lhe ecosy"em. and linl. about "'hat controls
transfers.
2, When "'e re.!X'od 10 pranical and Iheoretical problems about mineral
cycling. rhe uncertainties of predictions 31"<' caused largely by uncenainty in
understanding (he control. of lhe transf... , I." by uncenainly in under­
SlRnding lhe paths of transl... and lea'l by uncertainly in knowing ,,-her.
lhe material is located and bo..· much malenal is 'here (Miller. 1978),

Mineral cycling is generally similar at the in"colOry and dynamic \e"cls in
nonhern and (cmperote ecosy'tems. although variation in Ihe relati"e
importance of variom pool. or nutrient no...... exist. ~cau", of difference. In

'Y'lem structure (e,g.. Ihe absence of tree canopy' in tundra area•. or the
importance of organic ... opposed to mineral 5Oil. in the nonhern 'j-.tem.).
Howe'·e., ","eral of Ihe cont",l. of nutrienl cycling are unique 10lhe far
north. The presence of pennafrost is perhaps the most imponant cont",lIing
factor of nutrienl cycling in the north Ihat doe. not exist in lemperale region•.
The acti"e layer depth limil. Ihe amount of the 50il which plants can utilize.
and Ihe cold 50il temperalures limit decomposition and mic"'biaJ aCli,·il)'.
The shoner growing seaWn. colder lemperatu«: regime. and different hghl
intensilies al'" affect lIie g",wtli ral... of plants and lIie condition. of
mic"'bial acti'ity. and re.ult in generally lo"'er productivity and rates of
nutrienl turnover in northern ecosystem,. Effects of fi«: on nutrient cycling in
Ihese .ystem. largely result from ahering the control. of nutrienl tran,fe ...
and Ihi. "ill ~ discussed in detail in a later section.

7.2.2 Current Data AvailabiUly for NonMrn Ecosj-.wm

Research into Ihe di.tribution and cycling of nutrients in northern circum­
polar eCOSy'lCm. ha' been <canl)' and inoomplete in comparison "'itli that in
more temperate biome,. Progressing nonh"'ards through Ihe boreal foresl.
foresHundra. and lundra regions the number of studies markedl)' de<:«:ases,
Rather than simply listing sludie. and data on nutrient dIstribution and
cycling in Ihis re'liew we decided to choose One enmple r",m each of Ihe
boreal fore.t and lundra biome,. and illustrale these in diagrammatic form
(Figure 7.1). The boreal fore't e.ample i. a 13(l.)'ear-old spruce forest in
Vologda Pro"ince, USSR. from Pars!ie"nikov (1962). and Ihe tundra
nample i. an undisturbed low shrub lUndra near lnuvik. Northwe'l
Territories. Canada. from Weber (1975) and Woodle)·(I979). Even these tWO
examples ha"e missing data on certain nutrient pools or transfer<. or in the
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ellS( of the tundra example. Ih",. 01 the marronulrient. (K. Ca. Mg). The
cycles ,n Figu~ ].1 are straightloN'atd and no all.mp! will be made to discuss
them in detail; ho,,""". one point ,,'hieh is worthy of nole is the large .mounl
of nutrients. particularl)' N. that are held in the liner and orgame soil pools.
O"er 1I00 kg/ho N were held in 'forest lind in lhe boreal forest eumple.
and the dry lundra example had approximately 3.)0 kg/ho 1'1 in the slanding
dead and liner. and 2~ kg/h. 1'1 in the organic soil (Figure 7.1).

Tying up of large amounlS of 1'1 in dead organic mailer is characteristic of
nonhern ecos)'''.m•. and has important ramifications both to undisturbed
nutrient cyding and producti.';ty. and to the effecTs of fir. on these system"
The accumulation of humu, in nouhern climate. O«urs because low
microbial aCli,'ity caused by condilion. of temperalUre, moisture, or olher
ph~'sical faclors r.,ult, in slow decomposition rat... This process. tenned
'nutrient lock·up· by Rowe and Scoller (1973), removes nUlrients from
circuialion, and nulnenl supply may become limiting to plant gro"·lh.
Swamping or paludification. a type of succession proceeding from coniferous
fore'l to Splwgnum bog in nonhern s~'slem" also results in the immobiliza­
tion of nutrients in soil organic mailer and lhe Iimitalion of prodUCllvity
(Heilman, 1966). The bulk of the N is located deep in the profile of
Sphagnum soils because of the low density and nutrienl concentralion of the
upper parI of the profile, and because insulating mOSS added 10 the surface as
the Sphagnum grow. ma~' allow the pennafrosl level to rise. h h.. been
poslulaled lhal fire can both reverse the lrend IOward, paludific.ation and
extreme nUlrient lock·up and act as a mineralizing agenl 10 re.tore plant
nuuient.to circulation (Rowe and Sconer. 1973).

II would seem to be worthwhile at lhis point to recount olher nutrient
cycling work from Ihe northern biome•. Rodin and Balilevich (1967) ha,-e a
chapter covering lUndra and foresl-tundra in their ..cellent w'ork on
production and mineral cycling in lerrestrial ecosystems, Up to the time of
lhal publica lion. no studie, of nUlrient distribution in tundra communitie'
w'ere availabie (Rodin and Bazilevich presented SOme ·pro,-i.ional calcula·
lions'), and for forest'lundra, the only data cited were those of Marchcnko
and Karpov (1962) for a Pieea nee/sa (Lam,) Link • tundra area in Archangel
Province. USSR. Even to the present. relati.'eiy hnlc work has been done On
nutrient cycling in lUndra or forest·tundra areas. The most comprehensive
studi.. ha.'e been lhose of Chapin and co-worker< (Chapin e, al., 1975, 1978:
Chapin and Bloom. 1976: Chapin and Van Ge"e. 1978) regarding P c~'cling in
the tundra al Barrow. Alaska: Auclair and w.workcrs (Audair. Chapter 13.
this volume: A.N.D. Auclair. W.e. Oechel and T.R. Moore. unpublished
data) regarding nUlrient cycling in lhe lichen-dominaled tundra and foresl­
tundra ncar Schefferville, Quebec; the Devon Island. Canada high arctic
work (Bliss. 1917: Babb and Whilfield. 1917); and lhc Fennoscandian
[nternational Biological Program (IBP) tundra work (Wielgolaski tI a/..
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1975)_ Oth~r work done under the auspices of the lBP tundra biom~

continues to become a"ailable (e,g., Wielgolaski and Rosswall, 1972:
Wielgolaski, 1975. Ti~szen, 1978), The Barrow. Alaska vonrk has demon·
suated that the bulk of P in the wet meaoo..' tundra OttUrs in so;l organ,c
man~r. which has a P residenc~ tim~ of 220 )'urs. D~mp""itionhas creat~d

a bonkncck in the P cyc1~ on that 'ite. and th~ rale of "aSCIIlar plant P uptake
was found to be controlled by the rate of return to th~ a..ailabl~ soil pool,
which Chapin er ai, (1978) h)'poth~sil~d was controlled by periodic micro-­
organism populalion crashes. Unfortunately. such detailed studi.... of the
funelioning of ""rlhem eros)'Stems ha"~ been ..ery rare.
Mor~ data on nutrient distribution in boreal forestecos}'stem! are a"ailable

than for the tundra or forest·tundra_ Rodin and Balik"ich (1%7) ha,'~

summariz«l much of th~ hteralUr~ in their chapter on coniferous forests.
including extensi"e co..erage of those studie, from the USSR. More recent
studies h..'e presem«l nutri~nt distribution in alder (Aln ... Incana (L.)
Moench) ecosystems n~ar Fairbanks, Alaska (Van Ce"e er al., 1971: Van
Ce"e and Viereck. 1972), in a black spruce (/'Icea mamma (MilL) B,S:P.)
sland m Quebec (Weetman and Webber. 1972). and in Kalmia heath. black
'pruee, and balsam fir (Abi<os fu:l.am~a (L.) Mil1.) stand' in Newfoundland
(Damman. 1971). NUlliem distribution and SOme data On rate' of nutrient
recycling ha"e be~n pr~sent~d for Scots pine (Pin....yJ.,tsrris L.) Slands in
Finland (Malkonen. 1974: I.t:hronen, 1978), paper birch (&r~1il fHJpyrl/tra
Marsh.). and quaking aspen (Populus lu",uloid~s Michx.) stands in Alaska
(Van Ce,-e and Noonan. 197!. 1975). and boreal-like jack pine (Pi"us
IJanb""w Lamb,) stand. in Ontario (Foster and Morrison, 1976) and in New
BrunswiCk (Maclean and Wein, 1977a,b: 1978a,b), Generally. adequate data
exist regarding nutri~nt distribulion in boreai regions. few data exist On
nutrient uansfers (e.g.. precipitation input, linertalL plant uptake). bUI
..inuall}' nO data uist regarding the controls of nutrient transfers,

7.2.3 SuCttSSioo and Nutrient Cl-ding

In addition to the nUlrient cycling processes ()(;Curring in a gi"en ecos)'ste'" at
a gi"en point in time, nutrient qcle, change with successional Slage and time
since disturbance. One Utreme of this "'as alread)' pre-sented ,n the
paludification example of Heilman (1966). !>e'-eral tbeories regarding the
relationship of .uccessional de"e1opm~nt of «05)'1lemS in temperate regions
to nUlrient C)'c1ing have \>«n p""tulated, Odunt (1969) suggested Ihat as
ecos)'stem, mature, their abilit)' to conserve nutrients increase•. Vitousek and
Reiners (1975) oonsidered lhis an oversimplifICation. howe'·er. and instead
hypothesized that as «05)'Slems mature, net production of biomass declines.
causing a reduction in nutrient uptake by plants and an increase in nUlrient
concentrations in drainage water. II is not ~no..'n if this hypothe.si. actually
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apphe'i to nonhem e<'O$)11tms. or e-cn if il appl>es'o tempeUle e<'05)'SICmS

(some e-idence to 'he con{rI~ "as ,..,C<'nll~ p,,,,,,,nttd b~' Mani" (197'9)). The
,mponant point. ho;noo~,'e•• IS 10 re<:oJIlize Ih.t oulncnt C)'doni rna) chan~e

...,th ~ion. ThIS .1$0 .pp1ic:5 10 increaslng $lInd ..c. SUItt d,ffeunl
quantitic:5of nulncolS I,e present In tM ,,,nous pools In the Sl~em D.t. on
change> in oulnenl dIsInbution _llh lllCfc....ng stand.~ are ., ..lable for •
Iimiw:l """,~r of '~~I'l"'" I)~: MaitOnen (I974). FOSler and Mormon
(1976). and Van Ck>c and \~lerm (19"2) 1\:lI.,c cadi prncnled lbla on'lIe
otquencc:l of lhr« Rands. and Mad..un and \\'ein (l977a.b) .....-.. ~nltd
oumcn, dt<tnl>ullon for an are oequn>a of n ..c"" pi"" $lands Thus both !be
~ W1p: and lhe t;1llIL' ...-dt<tu~......)' aff«t tbe,m~ of fire
on oumml C)"d>ftl

7.2.~ Sulrinl Dbtribuu.. • Rdatioa 10 ,... ;"Ilalll"

In l"""nJ. 1M 100ai boomass and annual pnmary prod""ion III ""'l')tcrm
d<'crca..e ... one JlrO&ressft nonb....rds III 1.hludt. through lhe bon::tJ fortsl.
forest-tundra. and lundra ",pons (lxth. 1975: Rodinnal • I97S). RodIn and
Bazilcvidl (1967) ha,"C Riled th., the open and Iow-quahly conIferous foresu
of the nonhem lalla ae.:umulal~only on~.quart~r to on~_fifth of the mll...,l
~lem~nls ae.:umulalfd by J<mllar ,tando in th~ SOIItbem ta'ia zone. despl1~

consid~rahl~ d~velopmenl of th~ ground flora of mosses .nd shl\lbs.
Diff..~n«s In lhe amount of K. Ca. and S "'"ere particularl}' veal. and
hc<:am~ e,·~n mor~ apparenl wh~n compal~d wilh accumulauon of minerai
clemen!"; in the h,·e planl biomass of coniferous foresls in the northern laiga.
the cemral regions of lhe coniferous for,,>t zone. and the oonif~roui foresls of
the deciduous fOlesl zone (Rooin and Bazilevich. 1967). DUluses in
nUlrient accumulation in the ,'~getation pool with increasing latllude ue also
e,'id.nt beN'un lhe 1""0 eumpl•• in figure 7. I. Shallow active I.}'ef$ above
permafrost as found m the male nonhern 'yst.ms plus leIS nulnent
a<:eumulat>oDS in pl.nlS w,gg<'sts Ie.. nutnent in cuculal>on. This may
,nfluence the delru of fire effect. on these nu'nenl C}"dn.

7.1.5 /lillnlllC'n tlQlliOll ..~Ecoo~'st.....

Blu.-gr«n aJlX ,n a Ilcben '!OSOClIt"'" represenl lhe pnnapalalC'nl of /Ii,
finl"'" ,n lhe dncr nortbtm lerrestrial =>S}"St..... (AIe.undcr and Kallio.
1976: Crittenden. 1973. H-.O,neU. 1"'-, Schell and AIe.undcr. 1973). In
the more' poorf} draIned "IWlt""". b1U¢"1Teen aJgae are abo implICated In N,
IiDtion. but m ti5OCAl"'" _llh ll>OSlCS sucb ... S~"um (Basil.e- n al .
19·8) and locfw:ns of 1M Pd.,. group (BiUinpOCl and Aleunder. 1918).
Me.....re_nIS ofnnro,enase lCfl\lJy m hchens b.ave been IISC'd 10 C'Slllmlle '"
inpul per """ IrU ''A IiDt"'" ,n boreal and arctic ecm}'Sle....· Klloo aDd
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Kallio (1975) estimated approximately 0.1 ~m'lyr N by N~phroma orcticum
in a bIrch forelt. and approxImately 0.4 glm'lyr by Slu~ocau1on paschale in a
pine forest at Kevo. north Finland. and Huss-Danell (1977) estimated 0,1
glm' N input by' S. p(l.jchal~ in a pine forest in northern Sweden during May
to Septeml>e,. The accurate determination of N input by flllation is obviously
important in assessing the impact of any disturbance upon the nutrient qcle.
and particularly' SO with fire beeause of the kno""n sUiCeptibility of nitrogen to
volatilization, Howe"er. recenl e"idence sugge'ts that the simple predictive
models used in previous Itudies may not l>e ,ufficient to describe accurately
the le,'els of nitrogenase aeti"ity in n.ture; thus previous estimatC"S of N-input
ate wspcct (Crillenden and Kershaw. 1978). Examination of the nitrogenase
acti"ity in 5luerxau/(m paschai~ mat, in spruce-lichen woodland in central
,uooretic Canada revealed that w'hile the level of aeti\'it~' at any point in time
was dependent upon operational le"els of ccrtain environmental factors
(thallus waler content. temperature. and incident radiation). activily' could
also be strongly inOuenccd by pretreatment (Crinenden and Kershaw, 1978).
In. subsequent paper Crillenden and Kershw (1979) suggest that a large
fraction of the total N assimilation by S. pasclw1~ is achieved in Summer
during a few comparatively short episode, of ,uitable moisture condition•.
Therefore, more complex models which consider pretreatment arc required
to estimate se.sonal Or annual N rnput.

Crittenden and Kershaw (1978) further noted lhat the fate of the
lichen-deri"ed N i' not clearly undemood. Part of thi' N may be cycled
comparatively rapidly. and thus form a substantial fraction of the limiting
pool of a"ailable N in certain habitats, or possibly' the newly fixed N may
largely become bound in organic matter. The low rates of decom!-'O'ition and
mineralization characleri~tic of soils in cold regioni make it important to
gather more quantitative information on these pathwa~'s,

7.3 EFFECTS OF FIRE ON NUTRIE:vT DISTR18UTlON ANDCYCUNG

It is obvious that fire re,uhs in a major reorganization of the distribution of
nutrient elements on a site. The "arious effects of fife on e""'yitem nutrient
cycling may be broadly cla'sified as (1) nutrient redistribution during fire. and
(2) change, in !-'O't-hre nutrient cycling, The changes in nutrienr distribution
and clcling occurring a$ a result of fire are s~mmari~ed in diagrammatic form
in Figure 7.2

7.3.1 Nutrient Redislrihution During Fire

In general, w'e know tbat nutrients are lost from ecosl'stem, via a number of
pathway, during fire. and thaI other portion$ of the nutrient capital are
rediitributed witbin tbe ecosystem (Figure 7.2). The processc~ in"ol"ed
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indude (a) the oxidalion of biomass 10 gaseous produm (e.g.• carbon.
n'lmgen. and sulphur oxid..j. pankulale mall.. (products of incompl"e
combuslion). and mineral elements. (b) the transf.. of 1~1<' mineral
elemenlS 10 lhe ash layer on lhe soil surface. and (c) convection aClion
possibly r..ulling in parliculale and mineral maIler being removed from Ihe
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burned area. The remaining biomass rna)' h"'e temperatures raised abo·..e the
lethal level. and the upper SQillayers may have temperatures elevated abo,'e
ambiem levels. Unfortunately. the maJllimde of these losses and transfers
has not been "'ell quantified for different pre· fire conditions and fire
intensities. e"en for temperate regIons. and almost no data exist for nonhern
regions

From studies in temperate regions "e do kno'" that nitrogen loss begins at
about 2OO"C (White e, ~l., 1973) and "olatilization increases to about bO% at
7OO"C (Knight. 1966: Enns and Allen. 1971). Repom of losses of nitrogen
vary "'idel)' in studies but it appears that 25-60% is a reasonablt value for a
range of litter and plant materials (De&1I and Ralston. 1970: Wells, 1971:
Le"is. 1975). Undoubtedly these losses rd1ect condition' under which the
material burned: fires with temperatures of 100Cl"C or mOre will resuh in
considerable ,'olatilizalion of ""'e,,l nutrients. Few temperature measure­
mems for fires in northern regions are "'ailable. but Smith and Sparling
(l966) reported mean temperature, of 30J-400"C... ith extremes up to 6OCI'C
or more, for surface fires in a jack pine barren. Since ambiem temperatures
are lower in the north than in temperate r.gions. and th. SQils may be w.uer,
I.u complete combmtion and Io"'.r losses of N could result.

Only a fe'" sludies in eith.r t.mperat. Or nonhem .cosyst.ms h..·•
attempted to estimate th. 101all"", of nutri.nts during fir. "ia "olalilization
or con"ection, Losses of nitrogen during intense temperate-region fires h3\'.
been estimated 10 be as high as 500-800 k&lba (Grier. 1975; Kimmins and
F.II.r. 1976). and W.ber (1975) mferred losses of up to 1000 klllha N in
tundra and forest.tundra fires ... hich were .qui,'alenl to about 35% of lhe
total soil N. These studies h"'e generally consisted 01 post-fire comparisons
of burn.d sit.s and adjacem unburned areas (Grier. 1975; W.ber. 1975). Or
estimations based on data on biomass and foreSllloor reduction during fire_
combined with nutriem losses during comrolled iJllition of samples (Kimmins
and Feller. 1976). However. Ihe large sile-ro-site variability in chemical and
physical characteristics of soils in nonhern regions makes a high sampling
intensity Imperati,'e to obtain r.liable result•• and the sampling intensity has
not been rigorouo enough in some studies. However. even if directiosses of
this maJllitude do ocrur_the negati"e effect' may be ameliorated by various
post·fire changes in nitrogen cycl•• ,

Invariably. losses of P. K. Ca. and Mg measured during combustion have
been much lo"'er. generally less than 100 kgiba K and Ca. and less than 40
klllha P and Mg (.,g.. Grier. 1975; Weber, 1975: Kimmin, and Feller. 1976).
Grier (1975) noted that I"", of mono"alem cations (Na. K) "'as higher than
loss of divalem cation' (Ca, Mg), presumably because of higher elememal
vaporization temperatures for the laner.

Few data are available on lh. oxidation of soil organic mailer during fires.
In lhe boreal for.st. much of the organic mat may be oxidized during fire.
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Sim, (1976) reponed remo"el of from one-lhird to all of lhe organic $Oil
under jack pine stands. and Viereck el al. (1979) found from 24% 10 61%
reduclion in forcsi floor Ihickness in black spruce e~perimemal fires.
Howe'·er. in "egelalion 1~'ptS ""lh Ihick. moiSI organIc malS (e ,g_. some areas
of lhe tundra). the percemage of organic mailer o~idized and Ihe amounl of
nilTOicn IOSI could be substantially less. With less complele combustion.
gaseous losses and mineral elemenl' IOSI from the lite by wind aClion could
also be coneci"ably less Ihan in lemperale regin",. bUI no dala arc a~ailable.

1.3.2 Posr.~ Nurrienr C)'cIing

From temperare-region srudies ir is known that ",,'eral change, in nutriem
cycling occur after fire. and Ihal lhese effect' are linked inrimarely wirh the
changed en"ironmemal condilio", also re,ulling from fire. The addilion of
readil)' a~ailable nUlriems in Ihe ash layer .fter fire represenIS a nUlriem
·pul..• much larger than thai resulting from regular pre<:ipilarion Or lil1erfall
inpuls. leading 10 rapid uptake of nUlriena~' lhe post-fire ,·egetarion. There
are dramalic changes in the forms of carbon. and the dislribution of carbon
among sy.tem compartmenrs, Also. leaching of nUlrients deep inro Ihe soil
profile. ",'erland flo"" of nUlrienls. or erosion on ,tttp slOJXs may con·
cei~ably be much greater soon afler fire, The fire-darkencd surface of the
post·fire soil. ,,-hich rcsults in a lowered albedo. increased aeti~e layer depth.
and warmer soil profile•. affect. soil microorganisms and decomposirion
processe•. Ramificalions of the.. effe<:1S ",-ill be examined indi"idually,

7.J.2.1 Nmnems Trans/e..-red TO 'he SaU Surfaee

h i. well koo"'-n from numerOUS temperare·region studi.,,; rhat fire r.,,;ults in
the transfer of a ponion of rhe mineral elements ro rhe a,h la~'er and soil
,urface. and most ""ork ha' .hown increased post·fire quamities of a"ailable
nUlrient•. Most srudies ha,'e also shown dttrea..d soil acidity (increased pH)
after fire. "'hich would affccr rhe "'ailability of P and micronulrienl elemenrs,
Magnirude of transfer of nutrients from rhe abo"eground b,omass to the ash
la~'e, i. a function of the fire imensity and lhe amOUm of fuel consumed. as
nurrient accumulalion lIenerall)' lends to follow biomass accumularion. In lhe
boreal forest. Smith (\970) nored increased warer soluble P. K. Ca. and Na
after fire. mainly in rhe upper organic layers. and Scone, (1964) found
increased exchangeable Ca afrer fire. bUI no change in exchangeable K. Mg.
Or Na_ Weber (1975) similarly reported increased roral Nand a"ailable P
follOVoing burning at a fore.Hundra sile near Inu'ik. NonhweSl Terrilories.
If lhese nurrient' arc nol losl from Ihe site in lhe early posl-fire period. Ihey
Can provide a good basis for plant regrowth.
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7.3.2.2 Are Voiatilizarion Lo"e. Returned to the Ecosystem.

A small ponion of the nunients "olatilized or lost as paniculales during fire
may be returned if rainfall occurs during, or possibly won after, fire. No dala
exiSl regarding lhest pr~ssts for northern ecosystems. but Lewis (1975)
found lwice lh. normal concenltation ofmacronulri.nt' (I'. P. K, Ca. Mg) in
rain afler fire in a pine foresT, and Clayton (1976) found concenlralions
twenly 10 st.-enly limes grealer in pre<:ipitalion falling through smoke lhan in
normal precipilarion, E"en lhest increased concennations only result.d in an
input of aboUl 0.1----0.3 kglha (Clayton. 1976), Similarly. a laboratory srudy of
fuels and residues by DeBell and Ralston (1970) found thaI only a small
amount (O.3-{1.5 kglha for l)'piealloblolly pine (Pin", taeda L.) stands) of lh.
N released by forest fir.s could be relurned 10 lhe soil via precipitation. a,
most was presumably volatilized as nitrog.n gas. In general. it is unlikely rhat
subslantial amounts of rhe nutrient VOlalilized or lost in smoke will be
relurn.d to the .cosystem, or that nutri.nl redislribulion from lh. bum.d
area 10 t<:OS)'Slems adjacent 10 the bum has much ecological significance,

7,3.2,3 Nutrient Lo,us Through Runoffand uaching

Th.r. has be.n considerable interest in delermining the absolute amount of
nUlrient l",s from ecosySlems through runoff and leaching lhrough lhe soil
profile. The ash layer w'hich is left on the soil surface afler fire ....illbe leached
into lhe soil profile, usually during lhe first year, Grier and Cole (1971). Grier
(1972, 1975). and Lew'is (1974) ha"e reported lhe mo"ement of thest
el.m.nts in lhe soil profile fot lemperal. r.gions. Smith (1970) noted afler
fite in • jack pine foresl that lhe increase<! post-fire levels of nUlrients in
surface ash gtadually d.creased 10 near pre·fire le"els during th. 15 monlhs of
the e>:perimenl. NUlri.nts can also be .Iiminated from the ecosyslem through
o"erland and subsurface flow. There are f.w data a"ailable on losses from
o"erland flow. allhough il ...ms to be a localized ph.nomenon. Woodley
(1979), working on lundra and forest.lundra sites near Inu"ik, Northwesl
TerrilOries. found that fire did not impo"erish lhe.. ecosYSlems lhrough
ground water losses. NUlrient balances (kglm'lyr) of precipitalion inPUl and
ground waler oUlpUl were found to be small and posili". for all nUlrients
measured, NO,-N C< - 0,202). NH; (j ~ 0.324). Kjeldahl-N (x
- 1.29), and IOt.1 P (x ~ 0.1(4). and only small differences were found
bet......en burn ueatmems (Woodley. 1979) Allen (1964) working on English
moorlands recorde<! similar resulls. Apparently, as long as lhe organic mal
remains imact or the soils have suffici.mly high clay coment, the calion
exchange capacily i. capable of absorbing much 01 lhe nutrients released
during lhe fire.
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7.3.1.4 plJJt·fin Pll>m Growth and Nllm~,,'Cydmg

~lany r....,a"h~f1 ha,~ bun impressed ...ith the dramatically intt~ased

1fO"'1h and cha~ m pWlI sp«>cs lhal OttUt tn nonhem 'YSI~ms soon aft~r

lir~ (Vi~reck. 1973: RO'fI'~ and Soort~r. L973; W~in and 01.... 1973: W~ber.
1975: and <Khef1), Th" lIurtai blgh rat~ of VO"'th aft~r lilT helps 10 mm,nuu
nutrient km from the .rt~ ~. lTI3Jn,n, in pWlI biomass the audat>!<: nlltnenl>
.,11tcll might OIM"''M be s.us«ptibk 10 kadun~. AD CCOS)..teDl hlCh 1$

pcnodJc:aIIy bIIt1wd rs fl'P'J'l'l'd to ...buanual dtanll'S In nutnent a, lalMlll)
through a lilT C)"Ck. "'bach ml$ ha'" e-......Iionar} nuruficartons 10 plants
inhabniDJlthne sites Chaplll and VanOc:,'~ (1981) ""'''dnc\med tM Batun
of plant adaptauorrs 10 a'-b and r~taia thne nllwnrs. llw:,. pc~mlK "'"1$

that planrs ha,'~ adlIpced to dlff~,tnr resou= ..-..ilabiliueo. and Illat lilT leiS

DUlnly 10 alt~r tM .....lalMlll) of rnotIfttS sudl .. nutricnrs....-ater. and bpr
(1nain plant 5p:QCS IN) be bclt~' adapt.-d 10 ~arly 01 Ial~~

otages. ",'bile a f.... $f"'C'e$ an at>!<: 10 ~DU in both ~15tIoges,MOit
pWll lTgfO'fllb aft~r li,~ folio bar Chapin and \'an ac:.'~ ba>'~ t~nncd the
'high nutricnt >trat~lI)'; Ih,s ~ l) posI·fir~ S1ag~ is characI~rizcd ~ b'gh ~I
nu'ncn, conttnrra,ions and hI'" IIgh' ",... lab1l"y. and f~a,ur.,. rapKI nu,ncnt
upcak~ and pbot",)nlh~"'s,rap;d I"",'h. and high ratn of tll"",,'~r of bot:h
roots and Iea>·n. On rM OIh~r hand. 'pcc>cs rha' r~produec aft~, fir~ "a
r~.pr""tinl (and thus mu" be pr~Knl in tb~ p",.fire stand) muSI be at>!<: '0
~xploit th~ ~nlir~ rani~ of successional stage> ~noompa<.,ni h'ah to low
nlllnent .>'.ilabilit)'. To do tblS. thc<c planrs ha,,~ g~n~rally ~vol,~d a high
Mgr.. 01 ph.nOlI'pic plasticity in all growth-related chara<:tenstics. ,"c1ud,ng
nutri~m uptak~ rat~s. tissue nUlfi~m oonc~nlralionl. arow1h ral~S. leaf
turnO"cr (in the caK of evergleens and graminoids). and probably photO­
synthesis (Chapin and Van Oeve. 1981),

Fe'" data are a>'ailable regarding the earl~ post_fire ",cov~r)' of nUlllenl
C)'c1ing in nonhem coosl'sleml. W~bcr (1975) examined nUlricnt distribUlion
change> "ithin lh~ first six )'Ur1 afr~r fire in lundra and forCSHundra
commun'lin nur InU>lk. Nonh"'e>1 Terntories. Oumina ,~... llcd ,n net
~ of Nand P f,om rM "~I~rali<Ht. and aher lUI l'U" none of lite
"egelall"" tfpn b"d xcumularcd N Of P to 'he pre-fire le.'~ls. in rerrrt$ of
kilogrammtl ~, hectare, In lhe ...·ct foresr·'undra. tM >'~!~Iau"" had
iICCIImlilatcd 42'l'. and 49"\, 01 the plT·lilT ""'els of N and P rnp«!""l). "nh
"""'" of tM ",,",'el')' OttUmnl'" lhe ,-aSCIIlar plant<. HO'fIe>er. nUlne"t
conttfIlnotlOfl$ ,n post·fire >"SCUlllOn are ohen snat~' ,b"n Iho5oc ,n p1anrs
from adjacenr unbllt1wd Slles; N and P ranged from 26-37"J'. and 8­
b,COO. rnp«!,,'~I)'. for four spmes from tllndn llles In Alaslra and
Sort""'·CS! Temtonn (W~m and OL"",. 19':'3).
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7.3.2.$ Cffrro ofCItilngr:J '" Soil A/brdc """ Trtnprnuure

DecKascd KId sutfattal~ and ~ascd.lOiJt~m~nlur""after lire occur
boI.b In nortMra ..,.;I te~nl~ ,~pc., hoI SlDtt tbr nonbrm KllIs arc
roIrlorr..,.;l blJC un. an ~rmafJOaHlommalrd,C\Cn a small 'llCT~_ "' .....
t.....penllu~ IS IInpon.nl bioloIJc:al~' Aftcr fir~, tbr ellor'P. budVl of lbe .otl
outface dwlgn (Raouw. 1916; R...- and Ken.ha... 1911: Haag and Bhss.
1914) and lhe: ac1;"C b~er in pemuoftosl a~as Ibidre... (BJ'<l'OlI. Chaplcr 6.
th...'Olumr; Bl"(nlln n aI.• 196'J; MacU~. 1970; V",reck and O)-mess. 1919:
We,ll. and BII~. 1913). This mal ClIUloC: ""I .ubsKkntt . ..,,1 flo,.-s on .t~ep

oIopeo. and nulrIcn, Ios>rs. rspraally In h'gh ic<"-amtent sedimenl''} $011.
(MacK.),. 1970; Heginootlom. 1971. 1913; V~reck. 1973; WeIll. .nd Bliss.
1973: Weln, 1975). Nutrient I",sro from <:OO$)ltem. Ihrougll these mrch.n·
i,m, may be locally \treat but are not Impc,"ant on large landsca~.,

Thc Incrca§cd wil tem~,alure,ahcr fir~ may let in three WIY' to ,"CrCllr
nutrient a,-ailability' in the§c .yllem,. p.rtlcularly for 1'1, Fi~t. incrca§cd
lemperalurc combincd ,,'ilb increalrd pll and a'-ailabihl) of cation. may
r~ult in blgllcr 'al~ of decomposllion and mIneralization 01 organically·
bound N With lhe: bulk of N in th~ northern «05y'Slem, held in soil OI'JllnlC
malter. C'Cn I small incrcase in mln"raliullon ratt:$ may be ,'uy sogmrlQn,
Srrond. In lhe: permafrosl zones fanlle:r n(lrth. mcr"ascd .ail tem~n.tun",II
"""It in an 'ncreased KIn'" b)'er tkpl:h Ind "nbr~aoiJ nUlnenl pool. $OfM

of ..boch m.ay be a,-a.bhk to planu. 'Thr ac1l\'e la)'C' <kpth "<>5 found 10 be .n
a"e..~ of 49"'\0 deq>er on burned Inas than on unburned Inas It (w'
ll:~-iltt:$ In the: Nortb..eot Temtorte1 and AIasb (W~iD aDd 811$$. 19131.
1"0 dati exISt It presenl 10 quanti!) lhe: l1Ilportlllt:C of me... df«l$. b,n.
CJDn<e1,ltbly. 'he:) toUld br among llIe: tl'IOSI loigmrlQnr resulli of fife 'The
third resuh of hi&hc:r aoillempenl1U~ IS Inaeascd N rtxalion. In northe:rn
.."Is. ntltogCn flXl.lIon h<>s been al'",...n 10 OCCU",""n a' O"C. ,,'ilh m...:h of ,he:
nitrogen liutlon OCC'Urring "'Ith", lh~ bllle-green "11K COmmUnll)
{Alexander. 1974; Granhall and Lid·TOI'$\1l. 1915; GflJlhall and Xllnder.
19731· Follo'.<lng firc. lhe tcmperature of Ihc soil profile increalCS from nUr
O'C to about 50C On n(lrthern >itt< (Hul and BIi". 1974) and the a.5OC1alcd
ntlrogcn fixation al", InCreasea (Alexander and Schell. 1973).

7.3.J Nulrlent C)'dlnl In Relation to nrc "requency' and InteMlly

All th~ Iffec" of lir~ 'hat ha"e bren diSl:u$SCd thu, far are del"'ndcnl upon
the inteMlly of th~ indi,idlla) fi", that burned the area. and the frequcnC)' of
lire. lhat is. the lengtb of lime he:l",'~cn ~t:$l.I"C firts in fhal pIIrl1cular
region. It IS kt1O<O-n that the degree of o.,datlOn of OI'ganic m.at1tr and tile:
amount of mtneral clemcnls 1aIt from the: S)'Slem 'ia ,olaliliutl()n, .....
con""'-IOIl, 01' oth~, procnsrs .re rebled to tbr InlCtlSl'~' of fire, In ttrlllS of
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fire cflem. fire inlemil)' mU~1 in(lude both the fire tJehaviouT definition of
energy OUIPUI r~le ~r unil length of fire front (discussed by Van Wagner.
Cbapter 4. Ihis ~olume). as well as Ihe acmal healing of living and dead
organic matter and Ihe vaporization lemperalures of specific mineral
elements. UnfonUnalel}'. we ha"e "ery few direCI measurements to ,,'aluatc
Ihe effec," of fire intensity and frequency, E"en substantiallos..s of cenain
mineral dements during combustion may be countered b}' impro"ed avail·
ability of nutrients in the posl-fire years. or by the long·term annual addilions
of nutrients in precipitalion. it the imer~al between fires is long enough, It is
known Ihat Ihroughoul the northern ,'egetation types. fire frequencies range
from 60 I'ears to well in excess of hundreds ot lears (Wein and Moore. f979).
Bogs and otber wetlands may have a fire frequenq that i' very low. "'hile in
direct COmraSI. it is possible to burn ",me ,'egotation t}'pes twice during the
same year. In the loner inslance. the second fire can OCCur foliowlng rapid
drying of the organic surface, The main point is that any effecls of fire. be
they chemical Or physical. muS! be "iewe<:! in terms of the expecled frequency
of fite fOtlhe region.

7.4 CO""CLUSIO,,,S AND FUTURE RESEARCH SU:IJS

Fire affects Ihe nutrienl cycle of an ecosysrem both direclly and indireelll,
The sludy of these effeclS is important, not because of a concern about
nutrient depletion of the syslem by fire (atler all. most burned sites do
regenerate wilh vegetalion) bUI because nulrienl cycling is one of the few
functional propef1ies common to all ecosySlems, Understanding the r..pon"
of a natural system to disturbance factors. in this case fire. is a necessary step
towards manipulating. managing. Or conse,,'ing that ecosystem

Although numerOuS effeCls of fire ha"e been poslulaled and discussed in
this chapter, many are only poorly quantified at present, 11 was stated in the
section on undisturbed nutriem qding that Ihe cybernetic I..'el of under·
>tanding. emphasizing controls o~raling on the 110"'$ of mineral elements. is
the mOSI important in terms of determining the response of a ')'stem to

perturbation, More detailed studies addressing this 1"'el of funclioning of
ecosystems are required. as well as more precise data On rates of nutrient
replenishment (e.g,. precipitation input and nutflent release "'ith
decomposilion).

We recently d,,'eloped a Simulation model of wildfire effects on nilrogen
c}'ding in a pine forest In New Bruns"ick. Canada (MacLean and Wein.
1980) which dearly illumated how few quantimi"e data exist regarding
actual nUlrient redistribution during and following fire. and how a number of
impoflant a'pe<:l> ha"e been neglO<'ted in lhe hteralure. Most 'tudies
examining this questIon have looked at changes in Ihe distribution of
nutnents in Ihe soil follo"'ing fire. and nol al effecls On ecosystem function,
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Volatilization losses of N for the entire e<:oS)'Stem may be large. but more
rigorous e.timates should be de"e1oped by cha,aeterizing the nmrient
dislribution and cyeling processes of specific 'ites. burning them under known
controlled conditions. and carT}ing Out detailed post-fire studies. To our
knowledge. no ,tudies exist to quantify \'olatilization of nmrients or con·
sumption of bioma.. during fire. of a range of intensities fo, the various li"ing
and dead e<:oSystem components. such as lrees (needles or Iea\·cs. branches.
boles. upper roots. etc.) Or understorey ,'egelation. The living "egetation
generally comprises a subs'antial pool of nutrients at the time of a burn. and
the fate of this material. both during a fire and in the ensuing years "ia
decomposition. is important in determining long-term nutrient cyding and
producti'·it}'. Scant;, information on ,"{)latili~ationof bioman and nutrients of
the lorcst floor and liner layers exi'ts for some regions (e,g.. D<Beli and
Ralston. 1970: Knight. 1966: Le"is. 1975; Sims. 1976) but additional work on
this aspect. paniculady as it relatcs to fite intensity and depth of burn. s!>DuM
be undertaken. Further research could take the form of rigorously quantifl.'­
ing the nutrient dimibution of small-scale field plots of forest IIoor and
mineral soil. burning these with both natu,al fires and a controlled heat
source at different temperatu,e 0' energy levels. and then redetermining the
nmrient dlstribmion. Similarl}'. burning. in the laboratory in a dosed system.
of "arious kind' of plant tissues at different intensities and comparison of
original tissue composition...h residue composition. and changcs in the
dosed aImospheri<: I,,'ds would bener quantlf) ,'olati!lUltion rates dunng
burning. Anotber ..pect which is only poorly understood is how post-fire
condItions affect lhe decomposition and mineralization rates of soil organic
matter and deposiled lilter. and N fixation by both plants and micro­
organisms. With the large quantities of nutrienls lied up in soil organic matle,
in northern regions. these effects could conceivably be among the most
important consequences of fire.
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