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lntroduction

Alnus serrulata (Ait.) \{zilld. is arnong the rnost abunclant
of North American ,A/nzs species ancl is founcl in most of the
southern ancl eastern United States. In contrast, Alnus tnatiutta
(Mar:sl-r.) Muhl. ex Nutt. is rare; it occurs irs three rvidelv dis-
jLuct subspecies in Oklahorna (subsp. oklahomansrs Sci'rrucler &
Gr:rr.es), Georgia (subsp. georglensls Schrader Ec Graves), :rnd
Del:rrvare arrd N,lar,vland on the Delmarva Peninsula (subsp.

maritima); it is s1'r-npatric rvitl-r A. serrulata in two of these lo-
cations (fig. 1). For years, botanists had speculated about the
origin of tlre pecr-rliar distribr-rtion ol A. ntaritima. Most be

lieved tl-rat A. mdritimd evolved on the Delmarva Peninsula
:rnd tlrat this population lstbsp. marituna) r,vas the progcnir,rr
of the other two sr-rbspecies. Some :rlso believecl that the Geor-
gia and C)klahoma populations were the result of long-distance
dispersal by Native Arnericans (Stibolt 1981). More recentll-, it
was dernonstrated that the subspecies of A. maritirna :lre rem-
nants of a continuous distribution cornparable to that of A. -ser-

niata lFurlor 1979; Schrader and Craves 2002,2004).
FLrrlow (1979) proposecl that the present disilrnct distribution
of A. tnaritin'rtt origir-rated b1, isolation of the populations after
range restriction but clid rot identify causal {actors. Explanir
tiors to date for the rarity of A. maritima and the apparent eco-
logical superiority of A. serrulata are incomplete. Alnus
ntaritima expresses gretrter seed germinability, grearer resis-
tance to u.ater and temperature stresses, and a grezrter rate of
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Alnus maritima and Alnus serruldta are riparian shrubs that occur in sin'rilar habitats in tl-re southern and
eastern Unrted States. Alnus serrulata is abundant thror-rgl'rout this range, bttt A. maritima is rare, occurring
olrly in srnall populations in Oklahoma and Georgia and on the Delmarva Penjnsula. Alruts ntarititna is rnore
resistant than A. serrulata to water and temperature stresses! but tl-re degree to which insolation ir-rfluences the
restricted distribution ol A. maritirtta is unknog,n. Our goals \\.ere to characterize the shade tolerance of
A. rnaritimd and A. serrulara and deterrnine s'hether cljfferer-rces in shade tolerance cor-rld l-relp explain the
differing ecological success of the t\vo species. Nle:rsrLrements in nirtLlre shor,vecl that leaves of A. serrulatahave
llreater concentrations of cl-rloropl-r,vll ti-ran clo leaves oi A. itttrititrr,t, rrnd a greater percentage <:{ A. serrulata
inl-rabit shaded sites. Trvo experiments er.aluatirrg ti-ie resistance of seedlings to light-deficit stress revealecl that
A. rnaritirna had a greater photosynthetic capacrtv ancl gren rrore quicklv tl.ran A. serrulata in fr-rll sunligl-rt. L-r

shade, survir,:tl of seedlings r'vas lorver ancl reductions in phorosvntl-resis and grorvth lvere greater for
A. rnaritinm than for A. serrtrlata, We conclude that -1. -<errlrl,l1rr is tolerant and A. maritinra is intolerant of
slrade. Moreover, we conclude that shade intoler,rnce stronglv restricts the potential r-riches of A. maritinn
r'vrtlrin the region rvhere the shade-tolerant A. serrltl,lt l is cornpararivelv abunclant.

Keytuords: Alnus maritima, Alrus serrulata,light reqr.Lrren-rents. phorosvrlthetic response, realized nicl-re.

gros'th than does A. sernilata (Shoprneyer 1974; Hennessey
et rl. 19S-jr Schrader and Grar.es 2000, 2003; Schrader et al.
100-it. \\'ith all the av:rlable evidence indicating that A. mar-
rlll,r has a broader fundar-r'rental niche (range of resources
Lrsal-Ie bv an organism in tl're absence of ir-rterspecific colnpeti-
tron: Hutchinson 1978) tl-rar-r A. serrulLttd, we eramined
u'hether shade tolerance, an irnportent c()llporerlt of inter,
specrfic cor.r.rpetition, might be a factor in the varying success
of the ts'o species.

\ lost species of Alntts :rre considerecl shade ir-rtolerant
(Furloil' 1979), and prelirninar.v observations suggest that
,1. nt,tTttttrtit is no exception. Germinatecl seeds of A. rnaritima
establish rvell ur.rder moclerate or high light (I'}AR > 400 pmol
,,r t s '1. br-rt ur.rder conditions of lorv light (PAR < 1.50 pmol
,,r I s '), grou,th is ser.erelv retarded, and seecllings eventually
die (Schrader I 999). Demographics of the three natural popu-
lrrtiorrs rrlso suggest sl'rade intolerance (Schrader and Graves
2002). brn clirect cor-nparisons of the shade tolerance of
A. ntaritirna ancl A. serrulalrz have not been made. C)ur goals
\\.ere to classify and characterize tl-re sl-rade tolerance of
A. rnaritina and A. serrulata, to determine the extent to whicl-r
slrade intolerance lin.rits tl-re potential niches of A. maritirna,
and to derermine r,r,hether differences in the shade tolerance of
tl.re two species cor,rld l-relp explain rvhy A. maritinm occupies
a sm:rll anc{ patchy distribution r.vithin a large region in rvhich
A. serrulata is distnbutecl broadly.

As an ir-ritial step in evaluating the shade tolerance ecology
of the two species, rve characterized the cover density, leaf
cl'rlorophyll content, chlorophyll a : b ratto, ar-rd speci6c leaf
ln:rss of plants growng in natural populatiols. We also
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Fig. 1 Gcographical distributjon of Alntts nrtritina and .1lrrr-.
serrulata. Ahnrs serrulata is abunclant throughorrt thc elsrern Unired
States, rvhile A. mttritinto is rlrc and grorvs slmprtricallr u irh
A. serrttLttta in (ieorgie encl on the I)cLnarva Pcninsulr in DeLlu are

and Maryland.

examrned the shade tolerance of tl're species in nr,o erpcri
tnents, first by n.reasunng the surviv:rl ailcl gro$,tir oi vorinq
seedlings under full ambient l)Alt plus 16 1-r of artificial P.\R
:rnd under 80o% ancl 98%, reductions rr-r PAR in a greenhouse
for ,5 lvk. Second, r,,.e measured leaf chlorophl'll, phorostn-
thesis, grou,th, ancl clry-rnass partitioning of olcler seedlings
under full arnbient sunlight or shacle (96%, redLLctronl rn the
1:lnclscape for 4 mo. Our results provrcle ner,,, ir.rsights con
cerning the ecokrgy, ecophysiolog)., and sh:1de tolerancc tri
A. maritima 'anc1 A. scrrttlata.

Material and Methods

Plants ir-t Natura/ Populations

Ir-r \,1ay 2004, naturally occurring Alnus maritrma and
Alnus scrrtilatd in the three clisjunct areas rvhere A. trrarttirtu
is for:nd were examinecl for cover clensrt,v, leaf cl'rlorophr,ll
content, chloropl-ryll a : b ratio, ancl specrfic leaf mass. Each
ir-rdividual pl:rnt (a clistinct clump of branches emerging fronl
tl're ground) was considered an observational unit. On the
I)elnrarva Peninsula, observational units of A. serrulata ancl
A. maritirna stbsp. marititna rvere samplecl at a su,amp near
Shirrpstou,n, Mar,vland (-18"32.899'N, 7.5",13.369'\(/); along
the Nanticoke River nerr Eldorado, Maryland (38"3.1.661'N,
75'47.5.53'\f); along Marshyhope Creek ;rear Hurlock,
Marylancl (38'37.8,+8'N, 7.t"49.106'W); and on the banks of
Hr:dson Pond north of Georgetou,rr, I)elaware (-18'50.29-5'N,

7-5'26.362'\f) . Acer rubrurn I-., Nyssa syluatica Marsl-r., and
Quercus ?tldcrocdrpd Micl-rx. were prominent mernbers of
the overstory that sl-raded some of the Alruts at rhese loca-
tions. In Ceorgia, plants of the two species rvere examined
in Drummond Srvamp near Euharlee (34"07.U37'N,
fl,+'.57.02-5'W), tl're location of the only nurtural populatior-r of
A. rnaritima subsp. georglezsis that is known. Overstory
trees (rrrostly A. ruhrutt, Acer negundo L., Q.uercus nigra L.,
itncl Platanus occidentalis L.) sl'raded sorne of these pl:rnts.
Becarrse A. serntlata and A- maritinx.t i. re not sympatric in
Oklahorna, the t$ro specres were sampled from tl.reir closest
populations (ca. 9-5 km apart, east to west). Individuals of
A. serrulata were ex:rmined along three small creeks in the
Hamden Unit of tl-re Hugo \Tildlife Managernent Area e:lst of
Artlers lfron'r 34'08.529'N, 9-t'33.138'\(/ to 3,1'08".532t'N.
9.t'.12..262'W) . Beturla nigra L., P. occidentalis, ancl Lllmtrs
Luncrtciutit 1,. rvere tl're predominant overstory species that
shadecl sonre of these individuals. Pl:rnts of A. trmritirna
sr-rbsp. o&lalorlerz,sls rvere sampled on the banks of the Blue
I{rver in the Blr,re River \Tildlife Management Area north
oi Tr shomrngo (.14'2 I .-t3 8'N, 96'3-5.743'\(/). Overstory trees
ir.r.rosrlr- Q. rn,tcrctcarpa, P. ctccidentalis, rtnd .luglans nigra L.)
sl-rlcied sorne of these plants. Accessible plants of tl.re tr.vo spe-
cies uere e{irrined:rr-icl sarnpled at each geographic site. Pre-
liminrrrv an;rlvses inrlicated no significant effects for sites
u ithin popul;rtions. so results for separirte sites were nested
s-rtirir.r FoFrri:.rtrons. T1.re number ol A. maritima sampled was
-111. .l(1. .rril ltl ior rhe Delran-a, Ceorgia, and Oklahom:r
pcr1.r:1.rtion-r. re>pectjvel\'. The nr,rmber of A. serrulatT sam-
plc.l t-es -111. 1Ll. and l0 for rhe Delrrarva, Georgia, and
Okleiroma poplLlalons. respectir.elv.

Shadinq on thc lrorih. easr. sourh, and rvest sides of each
pla:rt u'as me.lsLrreLl r-rsing a handheld spherical densiornerer
Ler.r.i;.r-ror.r 19-!(r: Englr-rnd er al. 2000). These rneasurements

\\'erc.onverte.l ancl iveralted to qr,Lantify tl're percentage of
open skr.rrbove each pli.rnt. An exposed Ieaf lvas selected ran-
dorrlv irorn each plant ancl anirl,vzecl for chlorophvll cor-rtent
and specific lerri mass. A i8.-j-rnmr disk rvas r:emoved wlth a

cork borcr ironr tl're left apical cllrarter of each leaf blade.
Each disk s'r.rs pl.rcecl in a closed test tube for chloropl'ryll ex-
trilction ri'ith .l rnI- N.N clin'rethr.lforamicie (DMl.-) (Mor:an
ancl Porrrth l9S0r Lrskeep ancl Bloom 198-5). Chlorophyll
\\'irs extrircted over 1.1-48 h in a dark, tce-filled cooler during
trilnsport to tl.re laLlorarorr.. Absorbances at 647 and 664.5 nn-t

\\'ere measLlred bv dr-Lal-beirrn spectrophotornetry by using a

D\lF blank. Chkrrophvll c :rncl D concentrations in the ex-
tract \vere calculatecl from the for:mulas of Nlorirlr and Porath
(1980) and Inskeep :rncl Bloom (19U.5). The remainder of
errcl.r leaf \\,as dried in an oven and rveighed. Area,'vas deter-
n'rined bv tr:rcing on graph paper. Correction rvas made for
the area ancl r-nass of the ciisk that l'rad been removed for
chloropl-ryll anal,vsis. Cl-rlorophyll content per llrarn was cal-
crLlated r-rsing specific leaf mass for each leaf. For analysis
of c1-rloroph,vll and specific mass, olrservational unirs werc
placed ir.rto "high-light" (>.50%) ar.rd "low light" (<50%,)
sr.Lbcategories based on the percentage of open sky above
eirch unit. Subcategorical replication fctr A. nmritilt7a w;rs
N - l .5, 

.l 9, and 10 for plants growilrg under high ligl'rt in
Delm:rn a, Georgia, and Oklahoma, respectively, and
N : l-5, 11, and 10 for plants growir.rg uncler lorv light in
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Delmarva, Georgia, ancl Oklahoma, respectivel)r. Subcategor-
ical replication for A. selrltldtd rv:rs N: 11, .5, and 10 for
plants grorvir.rg under high light in Delrnarva, Georgia, :rnd

Oklahor-na, respectivel)., and N - 19, .5, and 10 for plants
groiving r.rnder lor'v light ir-r L)eL-r-rarva, Georgia, ar-rd Oklahorr-ra,

respectively.

Tolerance of Young Seedlings to Shade Stress

Seecls of A. serrttlata a:ncl A. rndritinza sr,rbsp. okldbomensis
rvere collectecl fron-r nirturally occurring plants near L.rss,

Arkansas (3-t'41'47.6-5"N, 93"49' 37.32"'W), :rnd Tishomingo,
L)klahoma 131"19'16^92'N, 96'3.5'44.16"W), respectir.elv.
C)n February 8, 200-5, seeds u,ere placed in moist stratifica
tion at 4"C for 3 u,k ancl tiren held for 10 d in germinetron
conclitions (24'C in the clark), as descr:ibed by Schrader rrrrcl

Graves (2000). C)n Mar:ch l1,200-5, seedlings r.vere placecl

singll, in peat-basecl soilless root mediurn in sepirrate plastic
pots (Bcn'r x 8 cm square x 10 cm deep), randornized arnong
three PAR treatments (N - 30 for: eacl'r species in each rreat
ment), and l-reld o:r a greenhouse bench for 5 rvk. The corltrol
treatment consisted of full ambient PAl{ plr-rs 16 Ii oi artificial
IAI{ from 0600 to 2200 l-rour:s ei:rch day. Moclerate sh,rcle

ancl cleep-shade treatlrrents lvere held on the same benc1.r. b.rt
plxnts were covered bv sl'rade fabric (80% reclr,rction) or full-
opiicity polyeth.vlene tarp (98% reduction), respectilel\'.
Nlean PAR ler.els betrveen 1000 and l400 hours for the iLrli

PAI{, rnoclerate sl-rade, and deep-sl'rade treatments u'ere '{--l^
9.5, ancl 9 prmol ,'n 2 s ', respectively, trnd mean greenhor-rse

telnperatllre and relative hLrmrditl, lvere 23.4'C and .19.-oo.
Tl.re root mediurn for each unit rvas kept moist over the dlrril
tion of the experiment by subirrigation (the bottom 1 .rr ol
each pot rvas imn'rersecl continuously in tap water). See.llings

rvere harvested or-r April 14,200.5, and measured ior percent-
age survival. shoot l-reight, leaf count (nr.rmber of leaves )-l
rnm long), plant lnass after drying at 60'C for 3 cl..rucl lerrl

rDass ratio (ratio of leaf dry mass to u.hole pl:rnt drv I.n;rss .

Effects of Shade Sa-es-s on Photosynthcsis, Cro\\'th,
and Carbon AIlocation

Seeds of naturally occurring A. maritinta ancl l. ,rcrru t/'t1,r

rvere collected and stratified for 3 r'r,k (Schracler and Grrrves

2000). Seeds of Cercis canaLlensis L. 1s1'racle tolerilr.rt control)
'a,nd Rctbinia psetrdoacacia L. (sl-rade-intolerant control) s-ere

collected near Ames, Iou,a, and rvere scarified according to
the nrethods of Shopmel,er (1974). Seeds of all four rpecres

r.vere placed into germination conditions (24'C in the dark)
or.r February 14, 2003, ancl helcl for '10 d. Seedlrngs rvere

placed singll, in peat-b:rsed soilless root rnedium in separate
plastic pots (top dialneter: 1-5.2 cm, heiglrt - 1.5 cm), and
the pots were placed ranclon'rl1, on a greenhor,tse bench rtncler

eitl'rer full :rmbienr l']AI{ or shade f,rbric (80u/o reductiorr), ac-

cording to the treatment they r'vould receive in a Iield plot.
Orr lvlay 23, 2003, 240 .l-mo-old seecllings 1120 A. rnariirna
f,lO each frorn the three subspeciesl and 40 each of tl-re other
three species) lvere ranclomized and installed 2 m apart in rr

6eld plot at a research station of Ior.va State Universitv in
Ames. Accorcling to tl'reir randomizecl treatnlent assigtllrerlts,
plirr-rts either r:eceived full ambient sunlight or were cor.erecl

by an inclividual fr:ll-opacity shade covering (a rvire cage

rvith top coverecl by black polypropylene tarp, 96'% reduc-
tion) for 4 mo. Individual coverings were 66 crn in
diameterr 76 cm tall for tl-re srnaller plants (A/rzzrs) and 92
cm in cliameterx 116 cr.n tall for: the larger plants (C. cana-
dcrsls and R. pseudoacacla). Plants rvere irrigated twice
s.eekl,v and received snpplemental licluicl fertilizer (Peters Ex-
cel All-Purpose and Cal N{ag; 16.5N-2.2P-13.51(; Grirce-
Sierr:a Horticr"rltr-rral Products, Xzlilpitas, CA; 11.0 mM) once
errch r.nonth. NIeirn IAI{ levels betu,een I000 and 1,100 hours
u'ere 1.5.57 and 64 pmol m's ' for sr.rn and shacie treat-
r-nents, respectively, cluring tl're 4-n]o experiment (tab1e 1).

On Ar-rgust 6, 2003, net photosynthetic rates at mean mid-
cLrrr treatn'rent PAR levels (mear-r PAR betrveen 1000 and
1.1t)(l hours, 1-i7-5 ar-rd 6-5 p.mol m 2 s 'for sun and sl'racle

treetments. respectivel)., as of August 6) rvere measured with
a LI COR 6400 Portable Photosynthesis Systern (LI COR,
l-incolr.r, NE) on tl.re youngest fully e-rp:rnded leirves of 30
rrnd 10 randornlv selectecl plants per treatment {or A. rnartima
I 1{l oi e.rch sr-rbspecies) and eacl'r of tl're other three species,
respeclrlel\'. -\fter each gas exchange measurernent, ciisks were
collccted frorn eacir assarved leaf arrd analyzed for chlorophyll
.orIent. chlorophr-ll ,z : D ratio, and specific leaf mass b,v using
ti'.e s:nre methods $-e used to assess plar-rts in n.rturitl popula-
rior:.. Photoslnthesis per gr::rm of chlorophyll and photosyn
tlresis per qr.inr of lerif uere calculated. On August 8,200.1,
phole5r'ntheric lieht response curyes were developed for 12 :rnd
foiLr ranrlomlr'selected plants per treatr-nent {or A- ntaritinrrt
io'.:r ot each s,,rl.species) and each of the other threr species,

rr:fc.tivel\'. Tliese clata u'ere useci to calculate dark respire-
tron Cf)1 er oh ed at 0 PAR j, PAR compensation point (PAR
level ;rt s'hicl-r the photosvntl.resrs rate r.r.ratched the rate of
respiraron t. irnd photos\'r.rthetic efficieno, (Loach 1967; tn-
crelse ln photosr-nthesis per unit PAR fronr 0 to 400 g,r'r'rol

,,, I s '. calcul:rtecl .rs the slope of the linear regression for
photosvntl.resis at PAR ol 0,200, and 400 pmol rr l. 11.

-\11 photosvnthesis clata n,ere obtainecl Lretlveen 1000 ancl
1{0til hoLrrs.

On Septernber 19,2003, all plants u,ere measured for
shoot height from the soil surface to the tip of t1're apex and

Table 1

Environmental Conditions during Our Experiment Evaluating the
Effects of Shade Stress on Photosynthesis, Growth, and Carbon

Allocation of Alnus maritima and Alnus serrulata

PAR'(pmo[,r ts'1

Srrn Shadc
trcrrlncnr treatment Tenrperaturel' 1"C) RH' ('/,,)

lunc 1 6i-5

Jrl_v 1.t1,+

August 15li.l
Scptcmber 1497
Ovelall mean 1557

Note. Clonditions rvcrc rccordcd continuously rvith a datalogger
(CR23X, CarnpbeLl Scientific, Logan, LIT).

" N'lean PAR bctrvccn 1000 and 1400 hours.
l' \{ean telnperature between i000 and 1400 honrs.

' Mcan rclativc humidit-v bctrvccn 1000 ancl 1,100 hours.

73
61

61
59
64

)2.7
23.3
25.2
1u.4
22.4

,+8

57
50
45
50
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canopy diameter in tl.re north-sorLth and east-west directions
at tl-re height where the canopy was widest. The entire shoot
of eacl'r ;rlant rvas then harvested by severing the plant at
ground level. l-e:rf blades >1 cm ir.r length r.vere counted, cur
from tl're sl.roots, anci me:rsured for :rrea bv usir.rg a Nlodel
3100 leaf :1rea meter (LI COR). Leaf and stern dry masses
(tissue m:rss after dr-ving at 60'(l for 3 cl) were rneaslrreci.
These data were Llse.l to calcr.ilate canopy shape (shoot
heigl'rt,/car-ropv diarneter), shoot dry mass, leaf : shoor drl'-
rrass ratio, and leirf area densitl, (plant leaf area/canopv
volume). Canopv volLlme rvas calculated from the thr:ee,
dimensional shoot :neasurements.

Statistical Analysis

Data for all experiurents r,vere analyzed for main rffrcts.
interactions, ancl me:rns separatiorl strtistics by using the gen

eral linear nroclels (GLN{) pr-ocedur:e and tl-re least significant
clifference (I-SI)) option of SASiSTA! version 6.12 tS.\S
L'rstitr-rte 199(r). Data sets were testecl for horlogeneirr. rri r.rl-
iance bv nsing Ler.ene's test (SAS Institute 1989), and nonl'ro
lrogerleolls d:tta were tralsforrned b1. a log or s(lnitre root
functior. NIeans n.ere calcr-rlatecl frorn rarv clata. and the
nreans septlration statistics rvere calculatecl from ra\\, or
transformed dat:r as necessary. Gr:apl-ring and regresri.n pro-
ceclures of Nlicrosoft Excel 98 (Microsoft 199[3) u,ere r-rsed to
plot light response curves ancl to calculate PAlt cornpcns.rtion
points :rncl photosynthetic efficiencics. OrLr e,<periment u,ith
3-mo-old seecllings included full replication of the three sul.r

species of A. maritim.d, blrt no statistical djfferences u.ere
founcl among the subspecies for any of the variables; rhere-
fore, results for the subspecies llrere corlbinecl to represent
tl.re species as a.,vhole.

Results

Plants in Natural Populations

Alnus serrulata u,as found grou,ing in shadier locations
(lorver percentage of open sk1,) in Oklahoma and on rhe Del-
mrrr-a Peninsula than r.vas ALnLts maritima (table 2). Plants in
Cieorgia sl'rorved the sarne trencl, but perl'raps due to low rep-
lication {or A. serrulata (N: 10), the difference betrveen rhe
species r.vas rrot significant at P < 0.0-i. In high light 1>.50%,
open sk.v), leaf chlorophyll content rvas different betrveen the
t\!o species only in Oklahon-ra, rvhere leaves of A. serrtrldtd
contained r.rrore chlorophyll than those of A. nt.aritima. In
lorv ligl-rt (<.i0'/. open sky), leaves of A. serrulata contained
rnore cl'rlorophyll than A. maritima leaves in all three prove-
nances (table 2). Leaves ctf A. serrtiata from Ceorgia ard
Oklal-rorna had more c1'rlorophyll in low ligi'rt than in high
ligl'rt, rvhile this plasticity was seen for A. maritima only in
Oklahoma. Tl're chloropl-ryl| a : b ratio was kru,er in the
leaves of A. serntlata tl'ran in those of A. tnaritinta at both
light levels ancl in all three plor.enances, except tl'r:rt there
r'vas no clifference for plalts grorving in I'righ ligl'rt in Georgia.
There rvas no difference in chlorophvll a : 6 ratio of e:rch spe-
cies ir-r l-righ light ar-rd lorv light. The specific leaf mass of the
tu,o species was not cliffer:ent for plants ir-r high light but rvas

llreater for plants of A. ntaritima grorving in low light (table
2). Plasticity in specific leaf m:rss (lorver: specific leaf mass in
lorver ligl'rt) rvas evident for both species Irut onlv for plants
of the Oklahoma provenirnce.

Tolerance of Young Sced/lng-s to Shar/e Sfre-s-s

Surviv:rl of seedlings ol A. marititrta and A. serrulata did
not di{fer in full PAR, but seeclh'rgs oi A. serrulata showecl

Table 2

Open Sky Percentage, Chlorophyll Characteristics, and Specific Leaf Mass of Alnus maritima and Alnus serrulata Growing
in Natural Habitats on the Delmarva Peninsula, in Northwestern Georgia, and in Southern Oklahoma

Proven ancc

DcLlarva Georgia

A. maritinn A. serntlttttt A. nuritinrr A. serrLrlata

Oklehoma

1)ependent varieble A. ntaritinrtt A. san.ulttttt

Open skv" ('2,)

Chlorophlllh (lrg g '),
High light'
Lou,iight

Ohlorophylla:Dratio:
High Iight
Lorv light

Spccific leal mass (mg crn r):

High light
Lor.v light

52'\

-5g\n
-5.+R

8.9 A

62^
(r 6'\

2.7c
:]. OBC

7. -iAL
7.1-t\

42t\
46ts

3.-5 
\iA )

I0.I A(A)

g.gA1A)

f lAlB)

.10 B

.)/'

-1.' \l'\B)

l.r,\(L]l

9.7A 
('\ B)

g. g^( u)

7 t'\

14.
648

3.1 1

2.9^

1 1..+A

7.2t\

-52r,

5gr]
96'\

1 .Il

r rB

11.0A
5. 1 2(i

228

N - 11, 5, and 10 for plents of A. scrrulata grorving uncler high light in Dclnan,a, Cieorgia, and Oklahoura, respcctrvely. N: 19, .5, and 10
for plants ctf A. serruldta grorving uncler low light in Delmarva, (icorgia, and Oklahorra, rcspcctivelv.

't Perccntagc of open sk1', cllculatecl fronr mcan dcnsiometer reedings taken on thc north, south, east, and rvest sides of each speciuren.
l' Micrograms of chlorophyll pcr gr:ur oi dried leaf tissue.
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greater slrrvival in cleep slude than did tl'rose of A. trnrititrn
(table 3). Seedling survival did not differ for A. serrtrlata
across the tl'rree ligl'rt-level rrearments, but survival cleclined
{or A. mdritirza irr both shacle treatments. The sl-roots of
A. maritima tl.rat survivecl r,vere taller tlran those o{ A. serru-
lata rn all three treatments, br-rt wl-rile the shoots ol A. scrru-
/a/a slrolved no change in height across treatnents, shoot
heigl'rt of A. maritintd increased in moderate sl-rade and de-
creasecl in deep sl'racle (table 3). In each ligl'rt level treatmenr.
seecllings ol A. maritinta cleveloped lJreater internode length
tl-rar-r clid those of A. scrrulata (table 3). Neitl-rer spccrr:
shor.vecl an increase in internode length for seecllings in mod-
erate shacle, br.rt inrernode lengtl'r n'rcreased for both species
rrnder cleep shacle. ancl the increase was greater {or A. ruariti-
rnd than {or A. scrrLtlata. Lt {ull lrAR, A. maritinn produced
tl.re greatest plant clr,v mass, but clry mass decre:rsecl for botl-r
species under both sl'racle treetrrenrs (rable 3). Although tirere
were no differences in the clry r.nirss of the t\vo species in tlie
trvo sl'r:rde tf:eatrnents, seedlings of A. maritinza shorved r.r

Eireater decrease in clr,v mass in shade than did A. serrulatt.
Tl're leaf mass ratio wrls greater lor A. serrulata irr botl-r iull

PAI{ and deep shade treatments (table 3). Both sprcies in,
creased tl-re proportion of leaf dry mass in relation to total-
plant clry mass in response to m()derate shade, br-rt rn cleep
shade the r:rtio decreasecl for A. marititna and cor.rtinued tcr
increase {or A. scrrulata.

Effects of Shade Stres-s on Photosyr-tthesis, Crowth,
and Carbon Allocation

Of the four species rve evaluated, llobinia pseudoacacia
(shrrde-intolerant coiltrol) had the greatest concentration of
chlorophvll per milligram of leaf in both sr:n and sl-rade, and
A.. serrulttttr had the least chlorophyll in shade (table 4).
\\'hile all four: species showed an increase in chloropl'rvll in
rcsfol)se to shlcle, the irrcrease \vas grcJtesr {or Cercis
t.ut,t.letlsts lshade tolerzrnt control) and least for A. serrulata.
Oi p1;rnts thirt receivecl the sun tre;ltmenr, A. maritima hacl
a hieher rilte of rlet photosl,r'rthesis than all the species except
11. pscutlo:rc,tci'i. and A. sernrlata had the lowest rate (table
-1 . -1/rizr-i rtttritinta and R. .pseudodcacia also had the greatest
recluction in photost,nthesis in response to shade, rvhile
-\. sctttltts l.rrrcl t1're least recluction. Alnus maritinta ar.d

Table 3

Survival, Crowth, and Dry-Mass Partitioning of Young Seedlinss Grosn under Full PAR, Moderate
Shade (Shade Fabric, tiO% Reduction), or Deep Sh.-rde tlndirect PAR Onlv,9B,)i, Reduction)

l)cpcndcnt variablc, ircatment'l Ahtus nuritima Alttrts serrttLttrt

Sun,ival (%):
Full l']AR
Nloderate shacie

l)ecp shade
Shoot height (cm):

FuII PAR
lVlodcrate shade
L)eep shacle

Intcrnocle length (cm):
ljull PAR
Nloclcrate shade
I)eep shadc

Plant clrv mass (rrg):
Full I'AII
N{odcrate shacle

L)ccp shacle

Lcaf nrass ratio:'
l-ull PAR
Xrlodcrate shade
Deep shadc

97^
73Bc (-zs)
57c (nd,b -41)

438
4.9^ (L4)
3.4c (-31, -21)

1_.}sc

1.48
234 rc4,92)

38.1A
B.zc e6sl
2.3D l-83, -94}

0.27t)
034tsc Q6)
0.27L ?38, -22)

83AB

SOAB

SOAB

2.8D
2.7D
2.4D

0.gD
1.1CD

1.48 Q7, 56)

25.3B
12.f es})
4.5D | 61, -82)

0.31c
0.35A8 (13)
0.38A (nd, 22)

Note. \'Icans for a depenclent r,ariabLe markeci bl thc srme letter are not significantlv different at
P 'i 0.05, according to Fisher's least significent clifference resr (i.e., rreans separations are full factorials,
and results for each variable u,ere cornparcd statisticrllv brith across species and across treatmcnts).
N: -30 for both species for thc survir,al variable. For thc other clepenclent variabLes, N - 29, 22, ancl
17 for A. nutritinu in full IAR, noderate shacle, and dccp shade. respectivcll.. N - 25, 24, and 24 fttr
A. serrultrta in full PAR, tlodcrate shacle, and dccp shade, respectively. Numbers in parcntheses for
moclerate shaclc arc the percentage changc irorl the full-PAR treatmcnt, ancl the nurlbers in parcnthcses
for dccp shacle are, first, thc pcrccntege change from rnodcrate shacle to dccp shircle and, second, thc
percentagc changc Irom full PAR to dccp shade. Percentage change is included only where mcans differ
at 1' < 0.0,5.

'r l\'lern Pr\Rs bctu,ccn 1000 anil 1400 hours for the iuiI-PAR, moderate-shaclc, and cleep-shadc treer-
lll(il1\ \\.L.r.c 4- j. qi. .11.1 9 4rrrol ,,, , r ,, r.c\l)e!ti\(l)..

b ncl - no significant clifferencc (i.c., change rvas not clctcrmined).
'Ratio of leaf clry mass to rvholc plant drv mass.
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Table 4

Chlorophyll and Photosynthetic Characteristics of Plants Grown under Full sun or shade
(lndirect PAR Only, 96% Reduction)

Dcpcnclent variablc, rreatment
ALnus

fr70tlttil1Ll

Alntrs
serrulttttt

Cercis llctbinia
catutdensis pser.tdoacttcitr

Ohloroph,vll' (mg mg r):

Sun

Sh rcle
Chenge (%)

Photost,nthctic ratel' (4.rnol (iO2 m r s It:

Sirn

Shacle

Changc ( %, )

l)hotosvnthesis pcr Eiraln of chlorophr'l1
(pmo[(lO2g's'),

Sun

Shadc
Chrnge (%)

Photosrnthesis per gram oi lcaf
(pmolCO2g's'),

SLrn

Shrcie

Cihange (%)
I)arl< respiration (g.mol CO2 g ' t 'l,

Sirn

Sharlc
Changc ('% )

PAR corlpensationpoint' (g.rlol m I s I,
Sun

Shadc
Change ('7i,)

Photosvnthetjc efficicncy,'l
Sun

Shecle

C.hange (%)

0.059F
o122c

1.07

17.f
2.P

-88

2.25^
0.29n

-88

O.13zE
0.034E

-74

1.5gu
o.69c

-55

39.4c
g.7E

-78

0.0310.\
o.u67c

-46

0.055F
ot o2D

85

L0.2c
2.5D

-75

2.098
0.51c

-75

0.113c
0.051D

-55

o.74c
0.15D

-78

36.9c
7.gE

-79

o.ol77BC
0.0110c

nd

0.0551'
0.161B

1.92

14.68
2.8D

-81

ZJ.1.B

0.25D

-88

0.1 13c
0.040DE

-65

2.8L^
1-.448

-49

54.94
7.gE

-88

0.a327^
0.025048

nd

0.077L
0.179A

132

16.1 ^Br rl)

-86

2.33^
0.30r:'

-87

0.1 80A

0.052r1
71

1.50u
0.7.1(l

-l

.i1.6tr
I 3. Er)
-.i

00-lL0\
0.01168C

-.+ _l

Note. Treatmcnt means! meilns \epararlarn in jr;r:r,r r. r:rJ p..-rce ntaqe chanqe irorl sun to shade irre
proviclccl for each species. Perccnragc change i> L:r..rici ,rnlr-uhere nelns dilier ar P I 0.05. \leans
fo-a clepcndcnt variable uarkecl bv thc silrr. lert.r -rre nr.: :ignrhcanrll clrifercnt at P ! 0.0-i accorcling
to Fishcr's least significant dittcrcn.e te:r. i.c.. Lri.rr. .!:irfrions rre iLrLl iactorials and rcsults for each
variable lverc compared statjsticalLv both across :rreare: irn.l e.rosi rrearrrenrs). For the 6rst forrr varil-
lrles above, N : 30 and 10 for A. nl.trittlii.t rnrl rrch oi :he orhcr three species, rcspectivel),, for each
spccics by tteatlnent factorial classification. For rh.- lrrsr rhree r ariables abor,e, N : 12 and 4 fcr A. nnr-
itinn tnd cach of the other thrcc s1-rccies. resl.ccrrrelr. ior cach species b1'treatmenr factorial classilica
tion. nd - no significant clifferencc ii.c.. change s as not dctcrminecl).

" Chlorophyll per milligram of leal rrssue.
l'Nct photos,vnthesis at the mean IAR l.erleen 1000 and 1.100 hours, 157.5 ancl 65 pmol ,, t . 

'

for: sun and shade treatments! respearivel\-.

'The PAR level at u'hich the phoroslntiretic ratc matcherl the rate of plant respirrtron iner
photoslnthesis : 0 pmol CO. m r s 1).

'i lncrease in net photos,vnthcsis per unit PAR fron 0 to 400 pmol rn 2 s I and calculatecl as thc
slope of thc linear regression for photosvnthcsis ar PAR of 0, 200, ancl 400 prmol m t s '. N - 12 ftir
A. moritima ancl N - 4 for each of the other rhrcc spccics.

ll. psctrdoacacla ir.r the sLln had tl're higl'rest rate of photosl'n-
tlresis per graln of chkrropl'r,vll. In shade, A. serrttlata l-racl the
least reduction in photosvnthesis per gram of cl-rlorophyll and
the greirtest photos.vr.rthesis per gram of cl'rloroph,vll . R.obinia
pseudoacacia hacl the greatest p]lotosyrlthesis per gram of
le:rf tissue in the sun, u.hile A. serruldt.t and C. cdnddensis
lrad the lou,est. A/zzs tndritit.td and Il. pscudodcacid showeLl
the greatest reduction in photosynthesis per gram of leaf tis
sue in response to shacle, rvl-rile A. serrulota sl-rowed tl're least

re.luctior. Alnus maritima hacl tl're lo$rest rate of photosyn-
tiresis per gram of leaf tissue in the sl'r:rcle. Dark resprretion
rate decreased for all four species in response t() sltade, and
A. scrrulata l'racl the Ior,vest respiration r:rte uncler both treat-
lnents and the greatest percentage redllction in respir.rtron in
response to shade. Respiratior-r rate was similar for A. nraritinra
and R. pseudoacacia in both treatments, and sha.le-tolerant
C. can.aden.sis had the greatest respiration rate in both the sun
and shade treatments. The trvo A/zzus species had tlre lou,est
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PAR cornpensirtior-r poir.rts in the sun, rvl'rile C. cdnddensis l..ad

the highest (table 4). Ccrcis canadensls and R. psettdoacacia

had the greatest and Ieast reduction in compensatron poiut, re-

spectively, :rncl R. l.rsczzr/oacucia hed tl're I'rigl'rest compells.ltiolr
point in the shirde. PAR c,uupcur.rriol pornt $'i1s \imilar for
the two A/zns species arc! C. canaderzsls ir-r the shade. The pho
tosynthetic efficrenc,v of A. serrulata rvas 43'7o lor'ver than tl'rat

of the otl-rer three species in the sun, bttt A. serrulata antl
C. canddcnsis shorved no reciuction in photos.vnthetic efficiencv
in response to shade, rvhjle the efficierrcy of tl-re other t\\ro spe-

cies clecreased by more than 407u (tabie 4).
Robinia pseudoocacia and, A. maritima attained the greatest

and secor-rd-greatest shoot dry t.nasses in the sun over the
4-rno erperiment. but rvhile these trvo species showed more
thar-r 80'/o reductiorr in response to shade, the shoot dr,v

rrasses of A. sernrlato utd C. canadezsls were not reclucecl b1'

shacle (table 5). r\ll r.alues of canopy shape (the ratio of can-
opv heigl-rt to cilnopv rliameter) $,ere Elreater than l, r:evealing

that the canopv l.reight u,as greilter tl1an the canopy'u,iclth for
all species ir-r both treatnents, Lrr-rt only R. pseudodcaciLl ar.I
A. marittma shou,ecl an increase in the canopy shapc r:rtiu III
response to sl'rade (table 5). Tl're leaf : shoot clry-mrss rrtro
\vas greater than 0.50 for all species except R. ltsetrdodcucia,
indicating that this species -'r,as the only one ofthe four to par
tition more dr.v n.rass into the stems than into the leaves. Alrrr-.

rntrritima and A. serrttLata had the greatest leaf : sl.root raticr
in the sun, but tl're ratio decreased lor A. maritima, increased
lctr R. psetttktacacia, utd was unchanged for A. serrulata and
C. c.anadensis in response to shade. Alntts serruLata 1-rad the
greetest leaf :rrea density in both tl-re sun and shacle, but rvl-rile

there r.r,as no cbange for C. cdnadensls, leaf area density de-

creasecl for the tr,vo A/nzs species in response to shacle (table

-5). Specific lea{ nrass decreased for all for-rr species in response
to s1-rade. Abu.ts rnaritima and C. canadensis l-rad tl're gr:eatest

specific leaf mass in the sun and tl-re greatest recluction in re-
sponse to slrade, altl-ror-rgh A. scrrttlata shor,ved the lo$rest spe-

, rti. lr,:f r'r'r,r!\ irr rhe rh,rde.

Discussion

Shade Tolerance

Thorough anllvses of shade tolerance should account for
the nrrrncrous rnechanisms ancl aaljustments in gr:orvth, car-
bon allocrrtlon. ancl phvsiolog). that interact to cletemrine re-
sisr,rnce to sir,rde stress (D:,rubenmire 1962; Levitt 1980;
Kozlosski et el. .l991). 

Seedlings of shade-tolerant species

ofren qros nrore slou-lv tl.rar.r those of shade-intolerart spe-

cies in high light but are able to maintain adequate rates of
grosth ir-r los'1ight iKobe et al. 199-5; Veneklaas and Poorter
199S: \\alters an.1 I{eich 1999). Our examinatior.r of Alntts

Table 5

Growth, Dry Mass Partitioning, and ,\lorphometrics of Plants Grorvn under
Full Sun or Shade (lndirect PAR Only, 96% Reduction)

Dcpcnclent r.arilble, trciltlrelrt
Alnus Alnts

maritima serrulata
Lerc is

ccttutdettsts

Robutitr
psettdoucttcia

Shoot rlrl' mass (g):

Sun

Sherle

Change (%)
Cianopl, shape:''

SLrn

Shacle

Change ('X, )

Leaf: shoot ratio (g g r):

Sun

Shacle

Change ( %, )

I-eef lrea dcnsirl'l' (mrnl crl I 
),

Sun

Shacle

Chrngc ('/.)
Spccific Ieaf mass (mg cm 2):

Sun

Sh acle

Cihangc (%)

2g.0R
5.1DL

-82

1.58c
2.038

28

0.594
0.52c

-72

5.3c
a- t

-23

13.04
5.gc

-55

,+. ELr
2.0t
nd

1.45(
1 . i,+(

nd

0.60A
0.56'\n
nd

L0.0A

7.-5R

Z'

g.l ri

4.gl)
46

20. 1 
(:

10.4.rr
ncl

3.25A
3.07'\
ncl

0..5 1 
( rD

0.-5 3 
BC

ncl

3.1 
r'-

2.7t''
ncl

12.9^
-i.g(l

-5-S

2E5.0 \

49.0ts
u3

2S-71\

.53

0.34r'
0.49D

44

9.68

-,21

NOte. Trcatnent lueans, mcans separation indicators, and percentage changc frotn sun to shade arc

proviclecl for eech spccies. Percentage change is includecl rnly rvhcre means cliffer at P :! 0.0-5. \4eans

ior a clcpenclent variable markecl by the sarne lettcr are nor significantly clitferent at 1' < 0.05 accolcling

to F'ishcr's least signilicant ciifferencc tcst. (i-e., rleans separations arc full factorials ancl results for cach

variable u,ere compared statistically both across species and rcross treatrnents). N - 60 for
A. nuritima, and N : 20 for cach of the othcr three species for cach species x treattnent factorial classi-

fication. nd - no significant diffcrcnce (i.e., changc rvas not determined).
i Canopv shepc : shoot height/canopv diaucter.
h I-eef rrca density - plant Icrf area/canopy volurre. Leaf area of R. pseutlottcacia \vas not rrer-

s u rccl.
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mdritirtd i'ncl Alnus scrrtlldtd revealed tlrat seecllings of
A. serrttlata accunrulated less dry rnass in I'righ liglrt tl-ran dicl
those of A. maritima over the dr-rratiolr of our experimenrr
(tables 3,5), but rvl-rile the rlry mass of A. tn,trtirna clecreasecl

shar:ply in response to shade, the dry mass of A" serrulata et-
tl'rer did not clecrease (table -5) or decreasecl less tl'r:rn that of
A. maritima (table 3). Along rvith drfferences in grou.th rate,
pl:rr.rts also adjust carbon allocation to increase ef6ciencv of
trapping l)Alt (i.e., shorv plasticity), and the most eflicicnr 'pc-
cies accornplish this rvitl'r a rnininrum erpenditur:e of resources
(Levitt 1980). Therefore, shacie-tolerant species that emplov
this mechanism partrtion a greater percentage of their bionrrrss
to leaves, as opposed to nonphotosynthetic tissLles 1i.e., high
leaf area or leaf rn:rss to pl:rnt mass ratio) irncl cler-elop le.rves
of lorver specific m:rss (I-o:rch 1970; Civnish 198[3; Callau'av
1992; Poorter et al. 199.5; I(r'rapp and Carter:1998). Diifer
ences in carbon allocirtion betrveen the t\\.o A/nzrs specrrs sLrg-

gest greater slrade tolerance or pl:rsticrty for A. serrulata rhan
for A. ntdritinza. Yourrg seedlings ct( A. serrulata clelelopcd
a greater leaf rn:rss r:rtio in the shade than did seedJings oi
A. maritinta (table 3), and rvhile A. scrrttlata clen'ronstrrrted
plasticitv by increasing leaf nrass ratio ir-r both shade treatr-nent'.
A. rnarittnta increased letrf rnass ratio in moderate shade arcl
decreasecl this ratlo in deep sl-rade, indicating stress in cleep

sl'rade. Resr.rlts rvere similar for olcler seedlirrgs, s,here the
leaf : shoot ratio urtrs greater for A. serrLrlata than for ,\. nt-t,-
itinta in the sirade (table.5), :rncl the ratio again decreased ior
A. tndritirtn in response to shade. Older seecllings of ,1. -.cri.rr-
Lrla der,eloped le:rves of lorver specific mass than dici those ol
A. maritirrn in both sun and shade (table -5), a char.rcrcrrsrre
of efficient energ,v investment that rvas also found in mature
n:1turalh. crccurring A. serrLtlata grorving in lou, light (table lr.

l-eaves of sl'racle tolerant species generally have a l-righer
content of chlorophvll by mass and a lower chlorophvll .r : D

ratio than do leaves of ir-rtolerant species (Coodchild et al.
1972; Bcrarclman 1977; I-ichenthaler et al. 19,91; Kozlou ski
et al. 1991). Our assessnrent of matLlre plants in nati\,e hilLri
tats shorvecl greater chlorophyll content for A. serrulttta it
lorv Jight than {or A. rnarittm.a and a lorver chloropl-rr,ll iz : l;
ratio for A. serrttldta in botlr light levels in aJI pror.enences
except Georgia (table 2). Unlike the n'rature plar.rts, leaves of
A. serrttlata seedlirgs had less chlorophvll bv mass in rhe
sl.racle than leaves of A. maritima, Cercis catraden5l-s, or orLr

slrade intolerant cor.rtrol, llobinia pseudodcucia (table 4). Al
tl-rough these results seem to contradict those for mature plrlrrs
and seem to indicate lorver sl'rade tolerance for A. scrrultt,t,
our r:esults for photosynthesrs per gram of chlorop}r1'll and
photosvnthesis per gram of leaf resolve these conilicts. Al-
thor,rgh A. serrttLata hacl the lorvest chloropl'ryll conrent rn the
shade, it had the l-righest photosynthesis per gram of cirloro
phvll and higher photosynthesis per granr of leaf ir-r the shade
tl-ran drcl A. maritima (table 4), again suggesting greater ef6
cierrcy per enerey invested b.v seedlrngs of A. serrulata.

Of the tivo control species in our experiment u,itl-r 3 mo old
seedlings, the light responses of A. maritima more closelv re-

senrbled those of sl'racle intolerart R. pscttdoacacla tl'rirn tl'rose
c:f C. canadertsis. Alnus m.aritinra a,nd R. pscudoacacia ha,cl

the greatest accumulations of shoot clry rnass in the sun and
sirnilar percentages of decrease ir.r dry rnass in response to
shade (table -5). Thev had tl-re greatest net photosynthesis in

snn, the greatest recluction due ro shade, t1're greatest photo-
synthesis per: gr:i1m of chlorophvll in sun, and the greatest cle-
crease in photosynthesis per gram of leaf due to sl-rade and
were the only trvo species to have lou,er photosynthetic effi-
cierrcv (Loach 7967;Bazztz 1979) in the sun than irr the shade
(table ,l), all cl-raracteristics consistent with shade irrtolerance.
TIre light responses of A. serrulatrT r.rlost closely resembled
those of our shacle-tolerant control, C). canatlensis. Alnus ser-
ruLata utd C. cttnatlensis shou,ed no decr-ease in shoot dry
n'rass ancl no chrrnge in canopy shape or leaf : sl-roor fJtio in
respol'lse to shacie (table -5). They had identic:rl leaf chlor:o-
plir'11 cor.rtents and photosynthesis per gr:am of leaf ir.r sur-r,

iclentical PAR con-rpensation points rn shirde, and no recluctiolr
in photoslnthetic efficiency in response to sl'rade (table rl).

Ts'o of the rnost ir.nportant indicator:s of sh:rde tolerance
of u'oorh' species are seedling survivorship under sl'rade
lKobe et al. 199.i; Delagrange et al.2004) and the light char-
ictenstr.s under u'hich plants are founcl in nature (Bazzaz
19-9r Hicks rrncl Chabot 198-5). Young seedlir-rgs of A. serrula-
r,l -.lLos'ed the sr.u.ne percentage of sr:rvir,:rl in deep shi:rde as
thev dic in irrll sLrn. hut the survival of A. maritinta decreased
[.r']-i"o il mo.lerirre sl-rade and 41"/o ir deep shacle (table 3).
]rr rl'.e tlrree niltLlral provenauces, trature A. serntlata was
io.r:.1 qrori il-rg rn shrdier locations (lorver percentalle open
srr rhrrl \\ J\ rrirrure ,1. ntarititna (table 2). We cor-rclude that
\. :,.ir;t;t1i,i shoLrl.l he cl:rssified as \rer\r intolerant of sl-rade
i,:: .r:' ec,rlogrc.rl l.asrs. s'hicl-r ir-rcludes netural survival of
\ ',',r:rl \ccalrlrqs. .rn.l clrtssiirecl as intolerant when considerir-rg1
r:s pot::rrrll appli;arror 1n mar-Laged l,urdscapes that would
:rr,: ircl-lce lat,.lr.r1 regenerrrtion. A/zrrs serrulata should be

cl.r.riiieii.rs tolerrrrLt oi sharle on both an ecological and a

horrrc:ltur;rl I.asrs.

,\ lech.lni.snts

(lle oi the kei phr siologicrrl c1-Larlctensrics of shade-tolerarrt
:pr;res i: the lori ratr oi respiration rhar enables them to
nr.rr:it;Lrr: pl:rnt herrlth rrld n'retabolislr at low light levels
I o.rclr 195-: Borrrdnrrrn 19-l:, I\ittzaz 1979). AlthoLrgh seed-

liirqs oi -\. sarrrr!.tt.t hrrcl the least chloropl-rvll of ar-rv of t[-re

:pe,ies in the shrrde. thev also had the lou,est rate of dark res-
pirerior ir both sun enil shade irnd the greatest percentage re-
.juctior-r in re:prration in response to shede (table 4). This
illristrirtes tn'o terrtrLres oi A. serrultta: (1) plants were l]ot un-
cler srress in the shrcle , anrl 1l ) "n irrportanr mechanism in the
shaile tcrlerance oi ,{. serrul,ttd is rts r.erv [ou, and highly
ac1:iptable dark respiratior-i rate (table 4), rvhich allorvs it to
nraintain adeLluirte s'hole-plant carbon balance at lorv light
lelels (l-elrtt 1980; Kozlorvski et al. 199 l). Or-rr resr-rlts sug-

llest rhat. although thev botl-r ilre shade tolerant species anci
both have a lorv PAR compensation pornt in the shade, the ph1-
srological rnechanisr.r.rs enrployecl by A. serrulata and C. cana-
dcnsis a.re different. While A. serrttlata :rchieves its resistance
to shade stress mainly tl'rrougl-r a reduction in respiretion,
C. c.anaderrsis r.naintains a much higher respiration rate ar.rd

corllpensates tl'rrough a large increase in leaf chlorophyll con
centration, very hig)-r pl'rotosyntl'retic efliciency (table 4), ar-rd,

;rresr:m:rbly, a very high gr:oss rate of photosvnthesis in shacle.
Although A. rnaritinta did demonstrate plasticit.v in its rate

of respiration, its response r.vas rnuch like that of shade-
intolerant R. pseudoacacla ancl cloes not appear to be an
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in.rportant mechanisnt in its resistance to shade stress (table
,1). Its very low photosynthesis per granr of leaf illustrates
that A. mdritit?d continued to in\.est large anounts of energy
in the development of le:rves tlrat r.vere rnefficient in tl-re

shade. Tl're carbon allocrtion responses of A. maritima and
R. pseudoacacla revealecl typical "shade ar.oidance" mecha
nisrns o{ten employed by intolerant species (Ballar6 et al.
1997; Schn-ritt 1997; I-lenrv ancl A:rrssen 200'l). While shoot
elor.rgiltion (canopv sl'rape) increased for these 1s.e .pecies in
response to sh:rde, there tvere no increases for the trvo shacle-
tolerant species (table -!). The decrease in the leaf: shoot ra-
tio of seecllings ct{ A. rnarttirna in shade sullgests it response
tJrat partitionecl a disproportionate amount of carbon re
sources to stem size at the expense of photosynthetic tissLres

thirt wefe essentlal in conditions of unavoidable shade. Shoot
height of yoLug seedlings o{ A. maritinra increased in n'roder-
:rte shade, bnt tlrere was no cl'range for A. serrulata, and in
ter:node length increased rnore for A. maritima tl-ran it did for
A. serrulata in response to deep shade (table 3). The lolv sur
vival r:rte o{ A. maritint T demonstrates that while seedlings
elongated to avoid shacle, they rvere less irble to cope u.hen
sh:rde stress was rLnavoidable.

Ecolog;y

Alnus maritittza ancl A. serrulata are similar in r.nar.iy s'avs.
Tl'rev are Lroth large, r'nultitrunked shrubs that prcte.r urr
soils" Tl're-v irre syrnprtric in Georgia ancl on the Delrr,rn'tr
Peninsula and are both found only in e:rstern North .\rrerica.
Tl're1. both fix nitrogen in symbiotic relationship rr.ith Fr,lzlr.l
bacterta, a strong inclicator thirt they might function s-el1 .rs
pioneer shrr,rbs in botl-r primary lRichardsor-r anci Er-ans I9E6:
Nlorris and Woocl 1989; del Nloral ancl \\bod 199i)ancl sec-

ondar:v forest succession (Tarrant and Trappe 1971; UenrLrra
1971; Binkley 1992) bv aLrgmenring the irr.ailirble resources
to a level reclr.rired by later-successional species (Ugolinr
1968; Connell irucl Slat-ver 1977; Chrrpin et al. 1994). But un-
hke A. ntaritinra, u,hich closely resembles the general profile
of an earlv-sr-rccession:rl shrub (i.e., shacle intolerance. liir
growth in full sur, short life span, broad funclamentai nichel
Odun-r 1969; Connell and Slatyer 1977; Ba,zz;:,2 19 9:

I(ozlor'vski et al. 19911 Larvesson irnd Oksanen 2001 t.

A. serrulatd is tolerant of shade. As both species can irncl clo

fut-tction as etrrly-sr-Lccessior-ral specres witl-r relatir.elv short liie
spar-rs (Furlorv 1979), the,:. die ;rnd are replaced n1ortr irc-
clLlently tharn longer-lir.ed Iate-succession species (Connell and
Slatyer 1977). With its high seedling rnortality in shade (table
31, A. maritin.T is nllrch less likely than A. sernilata to be re-

;rl:-rced by its orvn propagules in the presence of adults of its

own or other species. \ilhile natr-rrall,v occrLrring colonies of
A. rnaritirne are found only in rvet areas with abundant sur-r-

ligl-rt, colonies of A. serrulata are often founcl grorving along
wirter$rays as part of the forest under:storlr This capacity of
A. serniata to persist irs a shade-tolerant n'renlber of the under-
story is a major factor contributing to the greater ecological
srrccess of this species over that of A. maritinta.

\\rhile A. ntaritima has a broad fundarnental nicl-re, irs real-
izecl niclre appeilrs to be rather narrow. Aln.us mariinn is
most competittve in locations r,",ith abundar-rt sunlight ancl
ver\' \\:et! nLltr:ient-poor soil conditions that can be harn-rful
to or rnsuificient for most other rvoody species (Schrader
and Cirales 2002; Schrader et al. 2005). The cap:rcity of
A. ntrtrititrtit to thrive in severe environn'rents woLtld n'rake it
e\tremelv n,ell sr-rited for primary foresr slLccession (Ugolini
19(rti; Chapin et al. 1994) but less cor-npetitive duling sec

ondarr srLccession, u.hen soil nutrients or soil moisturc ar-.e

less prohibrtrr.e of other specres (Connell and SI:rtver 1977).
The presenr rarity of A. maritima might best be explained bv
rts specirrlized and narrorv realized nrche and by the absence
oi opportunities to serve its role in prin'rirry forest succession
s'rthru rts rirnlle o\.er the last 10,000 yr. During the late
Pleistcicene Epoch, successive episodes of glacial progressior-r
.r:d recession ancl nurrerous episodes of rviclespread sediment
.leposition ilnd sul)sequent erosion, especially in the Missis-
:ippi River dr:rinage basin (Esllng ancl Halberg 198-5; Hajic
19i.;, l ivelv ancl Alexander 1985). would have provided ex-
Ic:rsire and continuous opportuntties for colonization of
A. ,tt:ritintir o1r \\ret, disturbecl sites ir-r fr-rll sr-urlight (Shelford
I !)-i-{; Ug6lilll 1968; Bedinger 1978; Chapin et al. 1994).
\\ rtr tl're retreat of tl-re last great glacier (the Wisconsin icc
sleer . the reslu.r-r1-rtion of clrarnage of the Great Lakes via the
St. I rri'rence Riveq and the opening of the outlet ch:urnel for
(,lacial Lake Agassiz to tl're northeast about 10,000 yr ago,
thc -\lississippr River baslt and many orher watersheds of
ce:rtrll rrrLrl eastern North America hirve experienced a long
period oi relatir.e stability (Delcourt and Delcourt 1993;
SaLrcier 199.1). This stabilit.v lTas allou,ed most of the flood-
plain iorests of the -N,lississippi River basin to remain at rrao-
srtional or rriltlll'e succession for thousancls of vears ($Tiener
et el. 1998; Fremling and f)razkowski 2(j00), and the scarcity
cri crpportur.rities for A. maritima to facilitate in prirnary suc
cessiou over tl.ris time is a likely cause for its extremely limited
clistrihutior-r. Alrtus serrtrlata is capable of serving a pionccr
role sir.njlar to that of A. moritima (Furlou, 1979) but rvoulcl
be less competrtir.e thau A. ntarititna in prinurv stLccession. Its
shacle tolerance lrroulcl make A. serntlata more conrperirive
tl.r:rr.r A. rndrituna in l:rter successional stages.
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