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Biomass Regression Equations for Understory Plants in Coastal Alaska:
Effects of Species and Sampling Design on Estimates

Abstract
Biomass predi.tion equations were developed for 9 species of shrubs and rees and l6 species of herbs and bryophytes lrom

2a coasrat sampling sitcs in southesstern Alaska. Sanples {ere taken lrom clearcuts and {ron sccord growth and old growth

foresrs. Stern <liamerer "as the besr predictor ol shrub biomass. For all herbs, except some ferns and menbers of tbe Liliaceae,

perceotage of ground cover was rhe besr predicror. Rcgression equations acco nted for ?4 to 99 percent of biomass variation'

and differencei betwmn slopes of mosr cquarions fof different species {ere higbly significant Slopes and y-irtercepts were

generally relared to vegerarion se.e or autecologl of the species. Species {ith monolayer canopies generally a@unulakd le$

l tnn," , ,  p" ,  " r" -  o.  ground area rban specles wi th nulr i laycfed canopics.  Dateof  sanple col lect ;on (1 Jul)  !o I  Sept. )  {as

,ot .e lated to btu.ux.  From l0 ro l5 4 m'plots or  30 ro 60 l -m? plots,  l ls lenar ical l )  p laced,  were n€eded for  pre. ise est iml les

of undersrory biomass in mature or old-growrh forests. In recently disturbed vegetation, more than l5 4jn': or 60 l-n' plots

{ere needed for  precise esr imares.  Plors 4,m squarc {ere nore ef f i . ient  than plors t -m or 0.1 m square for  esl imat ing biomass

to a siven level of pretision

lntroduction

Despite widespread use of regression equations

fo r  b i omas"  es l ima le \ ,  l he  ra r i a l i nn  among

species in plant dimension-biomass relat ionships

has been l i t t le examined. l f  patterns in this rela-

t ionship can be related to thc general mor'

pholog) or autecology of dif ferent species, equa-

t ions selected for biomass esl imates wil l  be more

appropriate, more field efficient, and Iess biased.

Most emphasis has been placed on large,

dominant, woody species in which much of the

forest biomass is accumulated, yet such species

mav not characterize ecosystem dynamics as well

as understory vegetation (< 2 m tal l) ,  which

responds to subtle changes in stand structure,

microcl imate, and edaphic lactors (e.g., Ander-

sor' et al. 1969). Information on understory pro'

ductivi ty may be cri t ical for understanding pro-

cesses such as nutr ient cycl ing and animal forag-

ing. Also, large.scale destructive sampling of

vegetation biomass is more practical for the

understory than overstory. These factors make

desirable an investigation of the relat ionship of

plant genetics and cnvironment to plant dimen-

sions and biornass.

Parameter coeff icients for individual species

and, in some cases, for part icular growing sites

may vary widely, as relat ionships between plant

lCunent addrcss: Forestry Sciences Llboraroo-, P.0. Box 9{r,

Juneau, AK 99802.

biomass and size class are empir ical ly derived
(Agee l9B3). For unbiased biomass estrmates,

relat ionships of biornass and plant dimensions

should be developed for each species common

to a given habitat type or productivi ty class.

Biomass regression equations are often used in-

t e r changeab l y  among  spec ies  w i t h  l i t t l e

theoretical basis, and some understory strata are

wholly ignored.
This study examines biomass and where

practical-productivi ty of shrubs, herbs, ferns,

mosses, l iverworts, and l ichens that are wide_

spread in the Pacif ic Northwest, Canada, and

southern Alaska. 0bjectives were: l) to determine

easi ly measured variables that best relate to

biomass and productivi ty of understory vegeta-

t ion in coastal Alaska, 2) to develop equations

for the relationships of plant size-class to biomass

of each species, and 3) to characterize the

variabi l i ty of biomass equations in dif fering en-

vironments and with dif fering methodologies.

Methods
Site Seiect on
The 24 sites for destructive sampling were

selccted for a range of environments within the

Pic e a s itc he n s is -T s uga he t e ro phylla (Sitka spruce'

western hemlock) forests of southeast Alaska

(Table l) ;  for homogeneity of vegetation, slope,

and aspect, and for ease of access. Each was

below 150 m elevation on well 'drained gentle
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slopes (( 20 percent) and included closed-canopy
(> 70 percent mean canopy cover) or clearcut
forests. Most sites had been previously sampled
for studies of secondary succession and overstory-
understory relationships (Alaback l942a, l982b).

Biomass samples were taken over a 2-month
period rather than for the estimated period of
"peak understory biomass" because of the short
Alaskan summer and the distance betveen sites,
more than 400 kilometers (Grigal et ol 1976). One
site was sampled on 29 June, 29 July, and 28
August in order to test whether the time scheme
biased estimates of plant biomass. Development
of a relative index of the date of sample collec-
tion within the growing season of a site further
identif ied the effect of phenology on biomass
es t imat ion .  The re la t ionsh ip  o f  g ron ing  season
to latitude was developed from available mete-
orological data (National 0ceanographic and At-
mospheric Adrninistration 1978). Time and
length of the growing season was then estimated
for each study site.

Species Selection

Relative abundance of each understory vegeta-
t ion  spec ies  $as  es t imated  on  60  " i tes  o rpr  a
broad range of stand age-classes, geographic
locations, and edaphic conditions (Alaback
1982b). Seventy-eight species were found. More
than 70 percent ofthe ground cover was occupied
by the l0 most abundant species. Aboveground
biomass of all vas,"ular plant species areraging
more than 0.1-percent ground cover (relative to
other vegetation rather than to total land area)
nas  sampled-ceren uoody.hrub  spp. ies .  n ine-
teen herbaceous or low-growing shrub species,
and the nine most abundant brvophyte and lichen
specles.

Samp ng Procedure

From lowgrowing shrubs such as Cornus cana-
densis (bunchberry) ar'cl Rubus pedatus (trailing
bramble), only vertical shoots (not rhizomes or
runners) were sampled. Woody-shrub shoots were
cut flush with the forest litter layer. Woody shrub
shoot height, basal diameter, and vigor class were
tested for their relationship to biomass. Vigor was
defined as the percentage of l ive twigs and
branches per individual shrub canopy. Primary
productivity of deciduous herbs was assumed to
be equal to aboveground biomass, and that of

shrubs was measured as the biomass of current
annual twigs and deciduous foliage. Foliar pro-
duction of evergreen species, which normally re-
tain leaves for three years, was assmued to be
one-third that of the foliar biomass. Moss
samples, clipped at ground level, did not include
decornposing, nonyellow or nongreen parts.

Specimens were collected between I July and
I September, 1977 to 1984. During the first year,
emerging stems of all plants rooted within l-m'
quadrats randomly Iocated throughout several
study sites were measured and collected for dry-
ing, a scheme that resulted in oversampling of
the most abundant species. Subsequently, species
and size-classes on each site were determined
first, then each was randomly sampled for a more
equitable distribution.

First, selected specimens were measured non-
destructively, then samples were collected and
components separated into paper bags for dry-
ing and weighing, Some samples vere taken in-
tact into the laboratory for more efficient separa-
tion. All were dried at least 24 hours at 70oC,
then stored in plastic bags to retard absorption
of ambient humidity. Weight was recorded to the
nearest 0.001 g on specimens of less than l0 g
and to the nearest 0.1 g on those geater than l0 g.

All plants in each l-m'?or 4-m'?plot in each
of the 60 previously studied sites (Alaback l9B2a,
l9B2b) were measured preparatory to determin-
ing the effects of sampling intensity on under-
story biomass estimates. A random-number gen-
erator selected successively increasing numbers
of plots for the estimates in each stand. Four runs
with four sets of randomly chosen plots were
made for each stand in order to ciraraclerlze
variabil ity with increasing sampling intensity.
Sampling-area curves, a simple extension of the
concept of a species area curve (Cain l93B), were
then plotted for each ofthe 60 sites. Sample var-
iance and numbpr uf plols neces.arl lor eslimales
within l0 percent of the mean were calculated
for all sites (Cochran 1963).

Parameter Selection

Biomass-equation parameters were selected for
precision of prediction and maximum field ef-
ficiency. If plant densities varied widely, more
than one set of independent variables was used
for  each spp. ips .  Parameters  fo r  b ioma$ es t ima-
tion were init ially chosen for dense stands of
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western hemlock (7s uga hetercphylla) lhat ofler.

have a sparse understory'  especial ly in seral

stands (Alaback 1982a). When more dense vcgeta'

t ion was sampled, more expedit ious but often less

precise estimation techniques were developed.

Gymnocarpium d,ryopteris (oak fern) and Strep

topus roseus (twistcd stalk) are t\Yo species that

required more than one sampling strategy. In

depauperate stands, al l  fronds or shoot lengths

in a l-m'z plot wcre measured; in open, meslc

forests, where these species often formed dense

thickets, the relat ion of the percentage of ground

co re r  l o  b i omass  uas  u . . d  i n  t hP  reg ress ion

model. The few biomass studies that have in-

cluded bryophytes have employed core sampling

or area-based destructive sampling rather than

dimension analysis (Forman 1969, Clymo 1970)

D im"ns ion  ana l l . i -  I ' a "  u "ed  he rc  I o r  ma ' r imum

field eff iciency and for compatibi l i ty with data

col lect ion for other species.

Statist cal Analysls
Regression equations were developed by means

of the SPSS stat ist ical subroutines on the CDC

CYBER computer at Oregon State University and

the MICROSTAT software on an B-bit microcom-

puter. For most species, two models gave the best

results: the logJog transformation or the simple

(untransformed) l inear model (Draper and Smith

1966). Since equations applied to depauperate

vegetation often predict negative biomass at the

low extreme of independent variables ( i .e.,  per-

centage of ground covcr < 5 percent), separate

equations lvere developed for the low range when

they improved accuracy. Final equations were ad-

justed for logarithmic bias (Baskervi l le 1972).

Comparisons of regression equations were

made by calculat ing F stat ist ics from a ful l-

parameter regression model and a series of re'

duced models. In the ful l  rnodel, the slopes and

y - i n l p r cep l s  o f  a l l  r eg re "s i on  equa t i ons  \ ^e rP  i n -

cluded; in reduced models, only those for regres-

sion equations of a species subset were included.

l f  signif icant dif ferenccs were dclected, pairwise

comparisons wete made of individual equations

by changing the design matrix to include only

those equations (Neter and Wasserman l9?4).

Results
Percentage of ground cover was l inearly related

to the biomass of most species. Only species with

substantial height variation showed a curvilinear

relationship (Tables 2, 3). Virtually all regressions

based on stem diameter or shool length were cur-

vi l inear, a pattern in general agreement with

other dimension analyses of shrubs and trees
(Brown 1976, Gholz et aL l979, Stanek and State

l9?8, Smith and Brand l9B3). At the low extreme

of ground-cover area (0-10 percent), biomass also

had a curvi l inear relat ionship. This change in

equation form with low cover may relate to

changes in plant morphology with age and size,

factors less important when the plants are mature

and occupy more area.

Effects of Species

Woody species. Because of the vert ical dimen'

sion and variable structure of woody shrub

speciesi measures of abundance such as percen_

lage  o f  g round , "o re r  o r  f r equenc )  o f  oc .u r rence

are usually imprecisely related to biomass (Table

4). Overal l ,  the amount of shrub cover bore a

good relat ionship ro biomass; however, the same

amount corresponded to drasticaJly diffcrent bio-

mass density in clearcuts and old'growth (Figure

I ) .  A  cove r -ba .ed  b iomass  reg ress ion  Pqua t i on  i s

not a good general-purpose equation for a range

of site conditions, as it will give highly imprecise

estimates. Twenty'three to eighty percent of the

variat ion in shrub biomass was accounted for by

the percentage of cover measured on 22 sites in

1978. The mean square error (MSE) of biomass

estimates was 1.5 to l5 t imes greater with regres-

sion equations based on percentage of cover than

with those based on stem diameter (Tables 2,3).

Plot size also made a substantial dif ference.

Large, clumped species such as Menziesia fer '
ruginea (rusty menziesia) had a significant rela-

tionship to biomass on  'm'? plots but an insignifi'

Figore 1. Relation of producrivity of l/accizizn alaslaense

to per.entage of ground co'er over a chronose

quence o{ stands (Alaback in pres)

i:

:

cant one on smaller plots (P = 0'05).

j "
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TABLE L Chsracteristics of24 site! selected for desiructive biona$ sanDlins in southeast Alaska.'

Age Clas '
Si te Index

(m.100 yr  ' )
EIeYslion Stand

Orig in

CJarl Bay
Douglas Bav
Harr is  Rivcr '
Maybeso Val ley

Tuxetan hland
Agate Beacb
Bart let t  Hospi !a1
Edna Bay
Kanulku Bav
Kindergarter Bay
Mitchel l  Bay
0ld Franls
0ld Frants
Saks Core
Point  Barr ie
Point  Whit€
South Zarenbo Is.
Virgin Bay
Wesr Zarembo Is.
Clark Bay

Hawl In iet

Ciearcut
Clcafcut
Clearcut
Clearcut
Clearcut
Clearcur

Mature

Mature
N{alure
Mature
Mature
Mature
Mature
Mature
Mature
Old growt
h
Old-growt-
h
OJd growt
h

38
5

67
9 l
8

30
7

30
30
30
l5
25
6 t
30
30
33
30
23

t22
7

45

Logging
Logging
Logging
Logging
Losgine
Logging
Logging
Windthrow
Loggins
Fire
Fire
Fire
Firc
Fire
Logging
Logging
Logging
Logging
Logging
Logging

36
38
4U
3 t
30
3 l
3?
40
32
30
3?
3?
40
36
38
33
37
40

35

'See Alaback (1982b) for  a dofc complc!c descr ipr ion of  rhese s i res.
'Clea.cut = forests less than 40 yeare old and of iogging origin; maru.e : forests 40-250 ycdrs old; old-gro{th = slands with
codominant trees > 250 years old (Alaback 1982a).

rSamples wcrc taken from both control and preconnercially thinned sections of the stand.

TABLE 2.  Relat ion of  percentagc of  ground cover to lota l  aboveground bionass of  three representat ive shrub species.  Cover
est imales are based on averagcs oi  l0 to 15, l -m'plo ls or  3010 60 1-m'plors.  A l inear regression model  las used.

Shrub Species R Bl MSE
Range of
cor{  (%)

I/acciniun alaskoense

Menziesia fenusined

I/acciniun alaskaense

Menziesia f?nsinea

0.4123
t.5497
0.8025

17.307
1 . t535

12.5609

2.4659
0.0905
0.563t

7.220
9.5212

14.1r83

0.228
0.?91
0.555

0.5s9
0.000
0.705

30.563
2.840
6.875

147.33
20.865
50.?03

026
0 5
0-16

0.42
0 - 5
0-66

22
22
22

l5
l5
l 5
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1Al3LE 3.  Equar ions tor  predict ing hiomassa of  soody shrubs and understorJ r rees,  low.grol ing sbrubs,  herbaceous rascular
pl lnts,  fc . .s ,  brr-ophytes,  and io l iosc l ichens.

Spec i r " ff" Xi" UnitsB l M S E R c n g e  X

Soody shrubs and understory l rees

Menziesia ferrugittea

Oplopanat horridurn

Sonbucus caaalensis

Tsuga heterophylla

Iraccnrium alasLaense

prod 3.9 t 'u2
wood ,1.1260

tol 3.2229
tNig 7.5778
wood 6. :588
fol  5.15u0
rsig 4.9413
twig 0.0842
wood 1.8576
fol 3.2735
prod 3.7189
wood 2.s536
lol 2.0270
lsig 2.i389
prod 1.5228
wood 6.0146
fol 4.8793
tn- ig -6.2614

hiom 2.3171
fol 2.9876
*ood 3.0539
prod 3.3489
wood 2.891I
fol 2.592i
Lwig 3.0235
prod 3.2121
uood - 2.5582
fol 2.7705
twig 3.1062
biorn '  0.7809

r.33?0
0.009
1.66?

2.1030
|.202

9.6545
8.1465
0.1:15
0.021

3.0090
0.7u57

2.1244 ln d ia
3.1899 ln d ia
| .9287 ln d ia
3.0260 ln d ia
3.6530 ln d ia
2.8904 ln d ia
2.3650 ln d ia
0.0s56 i i ia
3.3567 dia
1.2329 dia
2.8106 ln dia
2.5467 ln dia
1.8840 ln d ia
2.0899 ln d ia
2.8875 ln d ia
3.8064 ln d ia
2.9225 ln d ia
2.0991 ln dia

2.80U0
2.2190
2.7U91
1.9657
2.7765
1.??90
t.5324
2.1207
3.0842
2.0208
l.?640
0-9532

l n  d ia

ln  d ia

ln  d ia

ln  d ia

ln  d ia

I ' ,  d ia
t n  d i a
ln  d ia

lD d ia

l n  d i a

1 n  d i a

2.1 0.83
24 0.93
15 0.79
l0 0.74
21 0_84
16 0.89
18 0.84
6 0.87
6 0.80
6 0.81

60 0.?2
35 0.76
2t o. i1
21 0.86
18 0.92
2t 0.92
18 0.92
20 0.85

4
205 0.99
110  0 .97
110  0 .98
I9 l  0 .75
68 0.92
16 0.79
19 0.74
2? 0.u3
19 0.9?
20 0.15
14 0.85
12 0.82

,/,

%

0.84
l

0.93
0.99
0.89
0.8,1
0.1?
0.99
0.s9
0.96
0.?0
0.95
0.66

0.652
0.,172
0.110
1.8,15
0 .710
0.260
0 .318
0.002
0 .158
0 .158
0.578
0.308
0.382
0.260
0.306
0.570
0.3'13

0.318
0 .123
0.2.1,1
0 .281
0.673
0.4i2
0.810
0.885
0.55?
0.:t31
1.644
0.?63
0.245

0.0.12
0.021

0 .135
0.032
0.024

o.76',1
0.083
0.001
0 .150
0.020
0.00?
0.0?1
0.000
0 .191
0.07,1
0.1.15
0 .013

t.24
t-24
t.24
t.24
5-30
5 3 0
5-30
2 . 7
2 ' , 1
2 . 7
1.25
2.25
2.25
2.25
229
229
229

229
t29
129
t-29
t.26
1.26
1 2 6
1.26
\ . 21
t . 2 l
1 2 1
1 2 1
l  - 10

6 t 8
2.10

l .  t 0
3 6 0
t . 10

5 t, l5
l ,9i
r -  t 5

1 6 0
0 . 1 1
.1.91
7 2 4
3 9 0
3  t 0
1 7 5
0  t 0

Low-growing shrubs and herbaceous 'ascular  p lanrs '

Copti nsplcniifolid

Lys hiton anLeicanunt

trl o ian I lrc tu u n d i ldtdt L! m

Steptopus onpLctiloliu:

0.6950 0.5360
0.2180 0.01.10

i2.40
25 3.2564 ln len

9.121r) 2.4i t3
0.?is0 0.3420

.1 .1096  L1501

l n  l e n

0.4080
0.32,1

0.3950
0.1640
0.0300
2.3971 ln len
1.9410 ln lclr
0.0950
0.0100
0.8030
0.0319

59 0.96
t9 0.u7
12 0.;t

20 0.95
12 0.52

38

i5
9

l 9

26
28
2 l
?

22
i 3
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Tab le  3  cont inued

5 1 ' e '  r  s Bo El Xi" l iDi ts l\'lsll Range \

,lthrriun f L;fenint

Dryoptctis ousttiaca

Po l rs t i .hun  tnua i tun t

T hetypteris phegopreris

Stokesiella oregorurt

HtLocontuun splendas

Junsclnannn knu:eokta

Pogonatun ndcounii

Rh izonn iun  s labrcscens
Rhltm alebhus Lareus

9.3292
9.9656
7.4i42
8.8097

9.2541
3.5235
8.6306
8.9893

t:t. 12
18.1,17
1.1 56
4 9 5

5 5 0
5-100
8 1 0 6

13 21

2.90
t 9 0
l-88
t.22
l -  l 6

I , 15
l,90
l 3
t"80
l -90

Bn oph l res  ard  fn l io .e  l i .hPnc

2.2520 ]n len
2.3i40 ln len
1.8480 ln lcn
2.2050 ln len

2.2105 ln len
1.4830 ln cov
2.259t  ln len
2.28t5 tn len

t .2330
1.0968 ln cov
Lg18l ln cov
0.7120
1.7255 ln rad

0.8800
i . ?750
0.5710
0.9520
1.0209 tn cor

30 0.98 0.000
32 0.98 0.000
?8 0.?8 0.053

229 0.98 0.000

55 0.97 0.053
20 0.97 0.073
32 0.95 0.090
13 0.97 0.000

0.028
0.053
0.r59

0.207

8 0.86
30 0.91
28 0.i19

%

TA

%
%

t2.8190
0.4,146
6.6614
0.0000
2.i771

0.6580
3.6120
0.000

?.07r0
0.,1195

40 0.90

r? 0.8r
12 0.94

13 0.81
29 0.87

0.950
0.947

0.233

aBiornass  
is  p red ic ted  in  g ra  s  f rod  leas t  squares  cs t ida tcs  o l  p la l ) l  t r iomsss  f rom measurements  o f  p lanr  r l inens ions .  Log

t rans format ions  (narura l  Iog)were  used when they  s ign i f i .a . rh  impro !ed  coen ic ien t  o f  dc te .n ina l ion  and decreased nrean squa.e

er ror .  The modet  used is  ind ica ted  in  co lumn 5  (X) .  Equat ions  g i re  b ionass  in  g rams tc r  shoor  o r ,  fo r  regress ions  based on

pl:rccnlagii of ground corer, gr.ms per square meter.

b l ' ro r l  =  annua l  rw igs  and fo l iage ,  rooc l  =  soody  b iomass (no t  inc lu . l ing  aDnda l  ts igs) .  t$ ig  =  an(us l  t { igs ,  to l  =  lea l  b la . les

and per io les .  b io r r  =  ro ta l  a lovcg .ou .d  h iodass .

' l i  
d ia  =  loge o l tass l  shoo l  d i rmerer ,  ln  cor  =  loCe percen iage o f  p ro jec ted  ground covcr ,  ln  l cn  =  loge o lshoot  o r  f ina l

lengrb ,  ln  rad  =  logc  rad i l s  o l  l ragncnt  s izc ,  core l  =  (p€rcent  g round corer  on  0 .1  m 'p to t ) ' .

dSuu. " " ,  
\ !  o . , ,1  Brady ,  { r i zona Srare  Un ivers i ty ,  unpub l ishe . l  dara .

eE i rher  herb  shoot  leng th  o r  percenrage o fground cover  se fc  i idcpc idc . t  var ia t r l cs ,  depend ing  on  deDs i tv  and ver t i .a l  d imen-

sional i t ;  oi  the spccics.

Horizontal shrubs ma) have a precise cover-
biomass relat ionship. The relat ionship of Zac-
ciniurn paruiJbl ium (red huckieberry) growing
robustlv on an open, sunny site is highlv variable,
but under a dense overstor! canopy, \ lhcre i t  is
usuallv decumbent, the relat ionship is good (r '
= 0.82, Table 3).

Ba .a l  " hoo t  d i am" t . r  $J i  l he  mu . l  p re r " i . e
predictor of biomass for al l  shrub species, as
found in research on shrub biomass in other
forest regions (Whittaker and Woodwell  l968),

Stanek and State 1978, Smith and Brand 1983).
Shoot height and vigor class, significantly related
to biomass when stem diameler was included in
the regression equations, were omit led from the
final model because of the subjectivi ty of measur-
ing vigor class and the ineff iciencl of measur-
ing shoot height in the f ield.

F rom 7 ,1  l o  a7  l . r " . n t  o f  I he  ru r i r t i un  i r r
biomass of the seven woodt shrub spectes sam-
pled was accounted for by basal stem diameter
(Table 3). Fol iar and annual twig bioma-ss had

B iomacs  Rcg rc .5 i on  Equa l i on -  l o r  I  n r ] ,  r . t u r r  P lan t -  o5



the most imprecise relationship and wood
b ioma"s  lhe  mos l  p rec ise  re la l ionsh ip .  as  l$ ig
and foliage biomass often varies with short-term
changes in microenvironment and rvith changes
in shrub density.

The proportion of foliage in understory
biomass and net annual productivity decreased
{ith increasing stem diameter (Figure 2A).
Oplopanae horridum (devil's club) and Sombaczs
catuddensis (red elderberry) had the highest pro'
portion of foliar biom ass, I/accinium paruifolium
the lowest. Oplopanax horridum, Sambucus
canade nsis and Rubus spectobilis (salmonberry)
occur in large canopy openings or in clearcuts
where they develop large, open canopies. ,/oc
cinium species and Menziesia, by contrast,
tolerate closed canopies as well as clearcut or
riparian openings, and they have lower propor-
tions of foliar biomass (Alaback 1982a). Meoziesia

ferruginea and y'arrinium paruilolium are api'
cally dominant, often exceeding 3 m and having
a large proportion ofwoody biomass. In contrast,
Ribes lariflorum (trailing currant) rarely exceeds
0.5  rn  in  he igh t .  c reep ing  across  fo res l  open ings
in a prostrate l ife-form. The proportion of foliar
biomass of these species and the rate of woody
biomass accumulation are consistent with dif-
ferences in l ife-form and autecology (Figure 24,
B) and with patterns of regression equations
reported for shrub biomass in the northeastern
United Stares (Whittaker 1966, Whittaker and
Woodwell l968).

Regression equations for woody biomass
rar ied  s ign i f i can l l )  (Tab le  5 ) .  4  Vacc in iun  par '
t)ifolium stem I I mm in diameter had more than
1? times the biomass of an Oplopanax sten of
the same size (Figure 2B). The three most robust
woody species had significantly different regres-
sion equations for both y-intercept and slope (P
= 0.95 and 0.99, respectively). The most distinct
difference betveen equations occurred in the
largest stem size classes. A few species had
similar equations, especially for t$ig and foliage
production. Oplopanax and Sambacus were not
significantly different at P = 0.95

Herbaceous species. In contrast to woody
shrub species, most herbaceous species showed
a consistent relationship between percentage of
ground cover and biomass and productivity (r '?
= 0.84-0.95, MSE < 0.15 g; Table 3). Taken
as a whole, y-intercepts of herb cover-biomass
equations are not significantly different (P (

0.95), bur slopes are (P > 0.99) (Table 5). Several

equations have negative intercepts. Separate

biomass predict ion equations were made from

the small  range of these species to improve the

accuracy of est imates. Plants occupying 0'10 per-

cent ground area were used to achieve adequate

sample sizes for some equations, but the equa-

t ions are most useful in the 0-5 percent range i f

the coefficient of determination is lower than that

with the equation for the ful l  set of data.

3 2 6 2 0

Figure  2 .  Re la t ion  o fb iomass accunu la t ion  to  s tem s ize  fo r

representative !hmb species. (A) Pcrcentage of toral

shrub bionass contributed by foiiage is estinated

{ron rcgression functions in Table 3. (B) Shrub

wood bionass includes barl but not annua] lwigs.

Slopes of the equations were significantly dif-
ferent (P = 0.95) for all species except Maion'
themum d i la ta tum (de  erber ry ) ,  Cop l is
aspeniifolia (gold, Ihread\, and Moneses uniJTora
(single delight), which have a similar slope but
different y-intercepts. Moneses and Coplis are
short (( 0.5 dm) evergreen herbs that occur
pr imar i l l  under  con l inuous  fo re t l  canop ies .
Maidnthemum is taller (often > 0.5 dm) and oc'
curs in mote open, shoreline forests and in
wetland (bog) areas.

Life-form and canopy structure were gener-
ally related to biomass. TiareLLa trifuliata (foam
flower) which accumulated the greatest biomass
in relation to cover, has a vertical or multi layer
(Horn l97l) l i fe-form with short, circular leaves

l
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interspersed along the stem. It occurs primarily
in open, wet areas, especially along small streams.
Rubu:  per to tu ' .  b1  cont ras t .  has  a  lon .  c re"p ing
life-form with intermittent clusters of leaves
(monolayer structure) along surficial runners. It
occurs in clearculs and old'growth forests. 0n the
average, 50 percent cover ol Tiarella had six
times the biomass of the same area ol Rubus
pedatus (Figrre 3).

was not y-intercept, but slope. Clintonia antl
Lysichiton have succulent, elongate leaves very
different in length (C/lzloalo usually less than 2
dra:', Lysichiton often more than l0 dm). These
species had similar biomass regression equations
(P < 0.95 for both slope and aspect). The two
species of Streptopus, owing to their distinct
branching patterns, had significantly different
slopes and y-intercepts (P > 0.99).

. c

Figure 3. Rclar ion ofherb bionass io percentage ofground
covcr and lenl  or  shool  lenglh.

Most fern and lil,v species (Clintonia, Strep
topus, arrd Lysichiton) have a strong vertical com-
ponent and a highly variable relationship be-
tween ground cover and bionass. Shoots of many
of these species change orientation with lcngth,
from short and almost flat on the ground to large,
robust, and nearly vertical. This distribution fac-
tor naturally means a less precise relationship of
biomass to projected ground cover. For these
species, plant shoot height (or frond lcngth) was
the best predictor (Figures 3,4).

Regression equations for several fern and li ly
species.were among the most precise in this studv
(r" > 0.98, MSE < 0.01 g). As with other herbs,
the most significant difference betlyeen equations

Figure ,1. Relation of fcn tnd bryophyte biomass to frond
length and percentage of  grouid cover.

Biomass accumulat ion of  lern species var ied

widely per unit frond length. Athyrium ancl
Dryopteris, although similar in leaf morphology,
had s ign i f i , "an th  d i f fe ren t  b ioma.s  cquat ionr  as
at Athyrium ftonrl70 cm long has less than half
the biomass of a Dryopteris frond of thc same
\ength. Bd Dryopteris and Cymnocarpium, with
distinctly different leaf morphologr', had in-
significantly different biomass equations. Both
species grow under dense Tsuga. heterophyLla
canopies where vascular plants are few. All
regression equations differed significantly except
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those for the three least dense species (Gynnocar
pium dryopteris, Athyrium Jilix femina, a '
Asplenium uiride).

Bryophytes and. lichens. All nine bryophytes
and the one foliose l ichen sampled showed con-
sistent biomass-cover relationships (Table 3,
F igur .4 ) .  those fo r  lhe  l \ ^o  fea ther  moss  spec ies
(Hylocomium and Rhyidiatlelphus) antl the li,ter'
wott (Jungermannio) being curvilinear. Dense
carpets of feather mosses are generally older than
small patches, a difference in age structure that
may account for the nonlinear relationship
(higher percentages of cover representing large,
older clones), as it does in the small range of the
herb-cover equations.

All but one of the groups of regression equa-
t ions  ( fo r  Pogonatum macoun i i  a r rd
Rhytld.iadelphus loreus) had significantly dif-
ferent y-intercepts (P 5 0.95). Species that tend
to form thick, broad carpets under mature and
old-growth forests had the greatest biomass den-
sity; shorter, sometimes solitary species (jthizom-
nium glab re scens atd. Phgiothecium und ulatum)
that form small, diffuse clumps on specialized
substrates l ike logs and stumps, had the least.

Effects of Pheno ogy and Slte

The difference between estimates of percent-
age of ground cover and biomass made on 29
June, 28July, and 28 August (86.6, 87 5, and 86.2
kg ha 

- l) is well within the margin of error of
measurement. Ifthe data are typical ofthe study
area, most annual growth of understory vegela_
tion occurs before I July. Accordingly, no signifi-
cant relationship was found between the location
or date of sample collection, relative to the begin'
ning or end of the growing season, and the
prediction equations (Table 4). A detailed I-year
study of the phenology of biomass and nutrients
on a site in the northern end of the study area
confirmed that plant ground cover or biomass
changed litt le between 1 July and I September
(Hanley and McKendrick l9B5).

Because site was an insignificant factor in the
biomass-dimension regression (P < 0 95; Table
4), the equations should provide reasonable
estimates of biomass and productivity of plant
species in environments similar to those in
coastal Alaska. For relationships such as biomass
to percentage of cover, additional sampling of
specific habitats may yield more precise estimates

(Daubenmire 1968, Payne l9?4). Prediction of
biomass made from frond length or shoot length
of herbs and ferns tended to be the most robust
among sites.

TABLE 4. Effecrs of site, phenology, and year of measure-
mcnt on bionass regression equalions ofrepresen-
taiivc woody shrub, lern, and hcrb species

Source of rariation F Stat is t ic

Size class (diamerc.)
Sanpl ing s i te
Phenologl
Ycar of  sampl ins

Size cla$ (frond lensth)
Sampl ing s i te
Pbenology
Residual  error

Sampling !ite
Phenology
Year of  sampl ins

l/acciniun alaskaense

69.4
7.9
0.03
0.2
22.4

Blechnun spicant

Sampl ing Analys is

Vegetation tends to vary most in clearcuts,

with patches of vigorously grorYing and sprouting

shrubs occurring beside dense pockets of Tsugo

or Piceo regeneration with l i t t le understory.

Typical ly, l5 or more 4 - m' plots or 60 or more

I m2 plots are needed for a precise estimate of

total understory biomass (Figure 5). The same

precisior in mature forests may require only l0

to 15 4-m'? plots or 30 to 40 I -m'? plots, yet

may yield more accurate estimates because of

depaupp ra te  rege la l  i on .  Mos l  undc r ' t o r )  spec ies

in mature forests are bryophytes and herbs,

usually growing at low densit ies. Only B to l0

4-m' plots \{ere needed for precise estimates

under old-growth biornass (Figure 5), which had

substantial ly more vegetation than the mature

stage and less variat ion than the clearcut stage.

If  we assume that each I -  m'? or 4 - m'? plot

represents an independent estimate of understory

b iomass  l o r  a  g i ven  s l and .  and  l ha t  e r ro r s  i n

estimates are normally distr ibuted, the number

?0
0.5
0
0.3

88
2
1

10

i6

0
0.3

2 l
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TABLE 5. Comparison ofslopes and inrerceprs ofbionass equations for different species deriled frorn full and reduced tegres'

s ion models.

Biomass co Inponent

Spec ies  be ing  compared

F F

Rubus sp et toltilis, M enziesia fe nugi ne a

ractiniun partifuliun, Ilenziesia fenugineo

Ilacciniun alaskoease, Ribes lailonn

lacciniun alaskaense, Rubus spectabilis

Twig and foliage

Menziesia feruginea, Ribes luiflorun, Rubus spectobilis,
I/accinium otaskaense, I/. parttfttiun
I  a '  " tntun 7t , ' i fo l iun.  r ' l .nzt .s id lPf tur iaPa

Menzie sia fe ruginea, Ilacciniun aloskae nse

Rubus spectabilis, Ribes latiJlorunt

Rubus spectabi/^, I/accinium alaskanse

Shool  length

Stnptupu'  tn,"u" .  S.  onpb' i ln l iu"  ClLntonin
unillo ra, Lysichiton ome ricanunt

Clintonid uniflora, Lysichiton dmeri.anun

Str.ptopus dnple,ifolius, S. roseus

Clintonia unifort, Step topus omp Lerdolius

Caraus canod.ensk, Coptis atpLeniifolia, 'l iareLla ttifoliata

Conrus canatlensis, Tiarella trifoliata

Coptis aspleniifolia, Ru bus p e,latus

Rubus pedatus. l iareLlo trifaliata

Cornus conadensn. Maianthcnum dilatata

M aidnthemutn dilatata, C optis asple nilfu lia

Cornus ctnadensk, Rubus pedotus, Tidre a trifoliatd

4t60
3t62
4t42
3/43
4t7l
3t43
4t102
3/103

t0t257
6!261
114l
3142
,t/181
3/182
4/55
3/56
4t2t6
3t2t7

ai11
5/80
4/4t
342
4.36

4t29
3/30

6/60
4162
4143
3144
1131
3i 38
4140
3/41
4/36
3137
4130
3/31
6163
4/65

5 .13 "

2.79..

0.03

0.80

2.37

2.20

0.57

0.5?

L l 3

0.32

6.46*.

0.06

0.07

0.02

2 . t 2

0.40

0.29

3.82-

0.39

0 .10

I1 .2 t "

0.70

3.3.1'

0.88

0.30

8.34"

0.68

1.08"

2.05

6.76-.

9 .16 . '

6.70"

6 .61 . r

28.54'-

32 .51 "

5.27"

0.03

22.69"

. Signilic.rnt at P = .095
' .  Signi f icant  at  P = 0.99

i  Degrees of  f reedomr nunber of  paranerers in model inumbet of  observat ions
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of samples for a given level of precision can be
estimated from sample variance (Cochran 1963).
Estimates are inflated because of the nonranoom
distribution of forest vegetation, but still provide
a useful index of sampling requirements for
various sites.

A strong pattern of change in sampling re-
quirements with stand age is suggested by the
variance estimates for 60 stands studied. For the
same level of precision, recently logged sites re-
quire more plots, by 2 or more orders of
magnitude, than mature or old-growth forests. In
general, understory biomass varies in proportion
to accumulated understory biomass (r = 0.70,
P > 0.99).

Vegetation structure should be considered
before assessing how best to estimate biomass
by means of regression equations. Forest under-
story vegetation in coastal Alaska is patchy and
nonrandom in distribution, as in other forest
regions (Kershaw 1963); therefore, plot size and
sampling intensity have important bearing on the
adequacy of the sample (Kershaw 1963, l9?3;
Daubenmire 1968).

The e f fec t  o f  p lo t  s ize  on  b iomass es t ima l ion
of coastal Alaskan vegetation has been evaluated
on 0.1-m'?, I m'?, and 4- m'? plots. The
0.1-m'z plots recommended by Daubenmire
(1959) are ideal for herb and moss biomass, quick
to measure and reasonably precise for estrmates
of percentage of ground cover when 30 to 40 are
located on a site. Species with coarse-grained
spatial patterning, like woody shrubs, have lower
variance on I - m' plots. For herbs, 4 rn' plots
give less variance than I m'?plots but require
more time for similar precision. The 4-m'plots
are most accurate and field efficient for clurnps
of large woody shrubs such as Menzi,esi,a fer-
ruginea ot l/accinium aLaskaense. 0verall, 4 - m'?
p lo t r  here  the  most  e f f i c ipn t  fo r  es l imdt ing
understory biomass. In recently clearcut sites, 2.6
times more I - m'? than 4 m' plots are needed
for measuring biomass to within l0 percent of
the mean, yet 30 I - m'? plots may take twice as
much time to measure as l0 4-m" plots. This
ratio is maintained or exceeded with older age
classes. If highly precise measurements of large
woody shrubs are required, even larger plots may
be needed.

Discussion
The tendency for complex, multilayered

canopies to accumulate the most biomass and for
prostrate monolayer species to have modest ac-
cumulation per unit area or stem diameter holds
between and within l ife forms. Tolerance of
species to lowJevel solar radiation is also related
to biomass. Herbs growing under dense overstory
canopies (i.e. Moneses uniflora, Gymnocarpium
dryopteris)h^ve the least biomass, woody shrubs
growing  in  ear l )  seres .  as  in  lhe  r ipar ian  zone
or in recent clearcuts, have the most biomass
(Rubus spectabilis, Sambucus canadensis),

Even if appropriate equations are selected for
a given species, other sources of error may com-
promise  the  prec is ion  o f  es t i rna tes .  In
nondestructive sampling, the principal sources
are: l) application of an equation to plants in a
different phenological stage than that of the
plants used to develop it,2) differences between
microenvironments or the genetics of samples
used to develop the equation and of plants to
which it is applied, and 3) inadequate or biased
sampling design.

The first two sources of error may be easily
evaluated for equations developed in this study.
Plot data taken in southeast Alaska between I
July and I September at sea level (or equivalent
dates at higher elevations) should be within the
range o f  samples  used to  deve lop  the  regress ion
equations. The biomass equations are most likely
to apply to data taken within the coastal AIaska
Picea sitchensis Tsuga heterophylla forest region.
Equations for plants invading recently disturbed
sites have the greatest potential for error, as
c learcu ts  less  than l0  years  o ld  and f r imar )  .uc -
cessional sites with robust shrub and herb growth
were not sampled as thoroughly as other age
classes.- 

Understory species colonize and expand,
decay and become extinct over the life of a forest
stand (Alaback 1982a, 1982b\. When the
overstory canopy opens after windthrow, for ex-
ample, or when it becomes more dense after
canopy closure, leaf area and twig production
change first. Eventually the distribution and den-
sity of shoot size classes within a clone change,
through new sprouts or the death of old shoots
(Tappeiner 1971, White 1979). Shrub biomass
samples for this study were primarily collected
from vigorous plants in clearcut or old-growth

Biomass Regress ion  Equat ions  fo r  Lnders to r l  P lan t .  l0 i



areas; therefore, i f  the equations are used for
shrubs dying back under a rapidly closing

canop,y, overestimates nav result.  conversely,
fol iar biomass and productivi ty of unusually
vigorous shrubs growing in recently disturbed

sites ma1' be undercsl imated.
Thc advantage in using cover-based biomass

'qua t i uns  f o r  "h rub "  i -  l ha l  man r  '  u \e r  c i l ima tec

can be made in the t ime required for a few
measuremcnls of basal shoot diameter or canopy

volume. In recently clearcut vegetation, measure-

ment of shrub shoot diameter comnonl) took 10-

l o  15 . f , ' l d  l h , '  t i n r c  requ i red  l o  ma l "  es l ima l cs

of percentage of covcr. Separate biomass-cover
regression equations are needed for each sere
and site i f  biomass estimates arc 10 be accurate.

The third source ol crror, the size of
nondestructive samples lbr est imating understory

i.egetation biomass, has been given l i t t le atten-

t ion despite i ts importance. Biomass often has

an exponential relat ionship to plant abundance,
so that more plots are needed for est irnating
biomass than arc needed for est imating frc-
quencv or covcr. During the f irst year of a study

of forest succession in soulheast Alaska, 40 to 60

I n'?piots were sampled in cach stand (Alaback

l982a, l982b), but l0 to 15 4 m' plots, more
field eff icient and yielding similar precision, were

used in thc last 2 years of the studv.
ln clcarcuts or other recently disturbcd areas

where vegetation tends to be patchy. othcr sam-
pl ing schemes may be necessarl ' ;  100 or more
plots may be needed for achieving thc same ac-

curac,v that 20 to 30 plots yield in mature or old-
gronth forests. Doublc sampling ma) be more
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