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Effects of Simulated Rodent Herbivory on Carey's Balsamroot
(Balsamorhiza careyana): Compensatory Leaf Growth

Abstract
Herbivores lypicall,"' hale negati\'c clGcts on plant fitncss. but mant plan|s can compensatc ibr herbivory by reallocating rc
sources to replacc losl ti\sue. We lcslcd whether a common herbrceous plant of rhe shrub neppe could compensare for lcaf
removal by rodcrts during sprinC when resource demands arc high becausc plant\ are simultaneously grorving leaves and flowel
stalks. \'e compared leafand flowcr stalk production b,"- Carey'\ balsamroot (Batnno&;u ( r;rc\anzr) on conlrcl and expcrime1-
lally clippcd plants (0. 20. or,10% of le.r\'es removcd). Clipped planls gre$ mofe ner lcaves than controis. carchins uD in lotal
number of lca!es bv six $eeks alier clipping. The nunber of flower \lalks did nor diffcr. bur r h iEher propoLrion of florcr hcrrils
on clipped plants lvere broken ofl by herbilores or lrilting. One year aller ciipping. contrcl aDd clipped ptants did no! diler
significandv in lcafnumber. leaf arca. or ilo$er produclion. our data suggc( that Carey\ balsamroor can compcnsare for parrial
lcafremoval by hcrbilores early in fie growing season. Encrg) and nutrienl norage in the srout taproot ofCarcy's balsamroor
n1a) confibute to it! abi]ilv to replace losl tissues. Despite thc apparent abilit,v oflhis shrub-\ieppc herb to tolerate rrpical levels
()1 rodent herbivor\'. planls attacked by rodenh rnay be morc susceptible to prcnature flower loss. rhus lorvering reproductivc
caprcity.

Introduction

Despite a heated debate about whcther herbivores
have positive or negative cff'ects on the plants they
eat (e.9., Owen 1980; Dyer 1980: McNaughton
1979. 1983; Belsky 1986: Paige and Whitham
1987; Paige 1992: Crawley 1993). a recent re-
view (Bergelson et a1., 1996) has provided sub-
stantial evidence that herbivores typically have
ncgiltive effects on their food plants. In addition
to the obvious effect ofremoving photosynthetic
tissue. herbivores can negatively affect plants by
altering their resource allocation. Plants whose
tissues are removed by herbivores may have less
energy and resoruces available for reproduction,
causrng a decrease in seed output (e.g.. Marquis.
1984), or may allocate more resources to defense
(Zangerl and, Bazztrz, 1992).

Aithough the effects of herbivory are usually
negative, some plants can compens3te for lost tis-
sue. That is. thcy show enhanced growth in rc-
sponse to removal of photosynthetic tissues by
herbivores. There are two basic ways in which
plants n ght do this: either by reallocating en-
erg l  i rom \ l r \ ra !e  lo  p roJu \ 'e  ncw I i . \ue \

(McNaughton, 1983). or by increasing their pho-
tosynthetlc rates (Nowak and Caldwell. 1911.1.
Senock et al. 1991).

The ability to conrpensate varies considerably.
both among and within species, as well as within
indiyiduals over time (Maschinski and Whitham,
1989). Water and nutrient availability (Chapin and
McNaughton 1989. Houle and Simard 1996), the
type and distribution ofherbivore damage among
plant t issues (Inouye 1982, Tolvanen et al. 1992,
Hjalten et al. 1993. Lehrila 1996) and the pheno-
logical stage ofthe plant (Biaisdell and Pechanec
I 949: Escarre ct al. 1996) all influence the extent
to which plants arc able to compensate for tis-
sues lost to herbivores.

Most studies of compensation have investi gated
responses ofgrasses, woody perennials, or shofi-
l i \ed .pec ie .  u i rh  s ing lc  repr ,o , . luc t i r  e  even l ' .
Herbaceous perennials with multiplc reproduc-
tive events pcr lit'etime have received less atten
tion (Doak 1991), and may respond differently
due to thcir diilerent life history and rnorpbological
characteristics (c.g., above ground tissues dic back
eacn wlnter).

In this papel we address whether an herba-
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the inland nofth$,estem U.S. At our study slte,
rodents (probably mainly montane voles) some-
times chew o1T balsaffoot leaves. Preliminary
observations suggested that plants with extelsive
rodcnt herbivory responded by producing more
nerv leaves, and that these plants remained green
longer into the summer dry season than plants
that had not experienced rodent herbivory (Ernest,
pers. obs.). Thus, balsamroot may be able to com-
pensate fol rodent herbivory.

Previous u'ork on the congcnedc B. J.Jgittdl.-r
showcd that annual leafand flower stalk produc-
tion of plants uere reduced when plants were
experimentally clipped to the ground the previ-
ous ycar, and the extent of reduction depended
on the timing ofclipping (Blaisdcll and Pechanec
19,19). Therefore. we ask whether Carey's
balsamroot can compcnsate for herbivory if leaf
relroval occurs during the season in which the
plant is allocating energy torcproduction, and when
soil moisture is declining. If plants compensate
by  produc ing  more  lea \e \  in  thc  :a r re  g lou ing
season, does thc allocation of resources toward
this enhanced growth cause a dccreased energ.v
storagc in the roots, and thus decreased gro$th
orreproduction the fbllowing year? We pedormed
field simulations of herbivory to experimentally
test the hypotheses that (l) cl ipped plants can
compensate for lcaf removal by replacing lost
leaves, and (2) use of energy stores tbr compen-
sation causes clipped plants to suffer lower growth
or reproduction in the year firllowing herbivore
attack.

Methods

Study System

Carey's balsamroot (.Bulsdmorhiz.a careyana) is
endemic to the arid regions of the inland north-
westem U.S. and southwestern Canada (Hitchcock
and Cronquist 1998). It inhabits shrub-steppe,
where annual precipitation ranges from l5 to 50
cm rDauhenmi re  la78) .  A t  our . tudr  . i le  in  cen
ral washington (see Study Site, below), leaves
begin emerging in the spring (April-May). fol
lou'ed very closely by gro$'th offlowering stalks
and developnrent of floral buds. Flowers bloom
in May-June before leaf maturation is complete.
Leaves remain green into summer, butbegin daing
out by July-August. A11 above ground ponions
of Carey's balsamroot die back by early fal1.

Balsannoot is eaten by a variety of insect her-
bivores (Sheldon and Rogers 197U; Ernest. pers.
obs.) as u'ell as several mammals. Balsamrool
leaves are nipped otT at thc pctiole, removing the
entire leaf blade and leaving diagonal cuts char-
actedstic of rodent herbivory. Montane voles
(.Mitrotus mo t(ulLts) are the most likely rodent
herbivorcs of balsanuoot at oul study site (and
were trappcd nearplants with clipped leaves). The
number of leaves removed varies considerably
among plants. ranging from 0 to 60c/r or more
(Emcst. unpubl. data). Rodent herbivory also varies
considerably among years. In April May 1996.
28 of 30 plants had leavcs rcmoved by rodents
(percent ofleaves removed per plant ranging fiom
0 to 64, averaging 33), while in June 1999 none
of 50 plants had any leaves removed (Ernest,
unpubl. data). Widely fluctuating \olc population
densities (possibJy due to climatic tactors and
predation) are a likely lactor contributing to this
tcmporal variability in herbivore damage levels.

Study Slte

This study was carried out in shrub steppe habi
tat ofcentral Washington. on a west facing slope
in the L. T. Murray Wildlife Recreation Area,
Yakima County. WA (Tl6N R17E 52. elevation
800 820 m). The vegetation is dominated by bit-
terbrush, Priruhla trldentata. Other common plant
species include lupirLe (LupinLts sp.), buckwheat
( Erio gonum spp.), rabbitbrush ( C h r\: sot hamn u s
natrseosus), yarrow (Aclrl l lec milleJbl i un),
biscuitroot (lor??.rrirrm spp.), brtxJiaea, ( B rodiaea
sp.), blue-bunch wheatgmss (Pseudoroegneria
.rpicarc) and cheat grass (Bromus teLtorun).Prc
cipitation in Ellensburg (approx. 26 km nofiheast
of the study site) averages 23 cm pcr ycar. with
nearly 706/c tllling between Octobcr and March
(NOAA r996).

Plants in the study rLrea appear to be B. ccr") qrc,
with multiple flowerheads and the leaves sparsely
hairy (Hitchcock and Cronquist 1998). Some char-
acteristics of plants in this population, such as
hairy involucres, are nlore typical of B. rrigitt rl.r
and hint at the possibil i ty of hybridization. A1-
though B al s amo r hiza carr:_rzrrr hybridizes readily
with sevcrirl olhet Balsatnorlliad species, it hy
bridizes with B. sagittatd only in contact zones
(Ownbey iurd Weber 19,+3). Specimens are housed
in the Centml Washington University herbarium.
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Exper menta Des gn

To minimize plant size effects, we sclected 60
medium-sized B u I s antor hi za c a re\ana plants
within an approximately 25m x l5m area on the
hil lside. Since plants were just beginning to de-
velop new leaves when they were selected. we
eslimated plant size by the diameter ofthe previ-
ous yea-r's leaves on the ground. Plants were num-
bcred with aluminum plant tags, then nndomly
assigned to onc of three h'eatment groups (de-
scribed below).

On 3 May 1998, we clipped 0% (control), 20cl.,
or 407c of the leaves of each plant to simulate
rodent herbivory. Leaves were clipped with scis-
sol.S along the petiole, approximatcly 6 cm above
the ground, removing thc entire leafblade. Natu-
ral levels of rodent herbivory on balsamroot on
plants in a nearbv ?Lrea ranged liom 0 to 647. (mean
= 33clo) of leaves renoved in April-May 1996
(Emest, unpubl. data). so the 207. and 407. clip-
ping ffeatments are $'ithin the range ofherbivorl
experiencedby balsamroot pl?ults in the study area.
Wedid not cage plants.leaving them in their natural
habitat and exposed to herbivory by rodents as
well as by insects. We monitored new rodent dam
age as well as insect herbivory on the leaves of
all plants.

We countcd the number ofleaves eaten by ro
dents (number of leaves clipped at the petiole),
number of uneaten green leavcs. number ofdead
Ieaves. number of flowering stalks, and number
of flowering stalks broken near the f'lower head
(either by herbivores or from wi lting) on May 19
and June 12, 1998. These dates represent approxi
mately 2 and 6 wceks, respectively, after the clip-
ping treatnent. Total leafproduction (used in the
numerator for the percent of initial number of
leaves) included both intact leaves and those clipped
by rodents. We also recorded number of leaves
with insect f'eeding damage on May 19.

The year following the expedmentalteatnent.
we contlnued to assess leafgrowth and rcproduc-
tion to see ifthere were lagged effects ofthe clip-
ping. No treatment was applied in 1999, and no
natural rodent herbivory was fbund on any plant.
On 3 June 1999. we counted the number oftlow-
ering slalks and the total number offlowerheads.
We recorded the levcl of insect herbivory on each
plant as ncrne, <17c, l- l\Vc,10-30Va, or >30Va ol
Ieaves with visible damage by chcwing insects.
On 9 July l999. we counted the number ofleaves
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and measured leaf size, using a LiCor portable
leaf area meter, for 10 randomly-selected leaves
on each plant. From these data. we calculated leaf
area per plant (# leaves x average leaf area).

Despite our attempt to select medium-sized
plants for this study, the number of leaves pcr
plrnt rzLried con\iLlerrbl) becau\c our e\l imale
of plant size (diameter of the circle of previous
year's dead leaves on the ground) was not a good
indicator To retain our initial goal of comparing
only medium sized plants (since plant response
can vary with plant size and age) and to keep plant
size similar among the three ffeatment groups.
we eliminated 8 plants (the smallest and largest)
lrom the analysis as outlie$ in size. In addition.
$e  \ 'a l \ ' u la ted  numbcr  o l  leures  as  I  p ro l ( ,n ion
of the initial number (on 3 May 19911. before clip-
ping) to enable comparison of response to clip-
ping among plants ofdift'erent sizes. Final sample
sizes were 49 in 1998 ( 16, 16, and l7 for control.
204/r , and, 40% , respectively) because of the planrs
deleted trom analysis as outl iers in size. and,ll
( I1, 14, and 16) in 1999 because rodenrs cherved
ofi some plant tags over the winter.

Stat stica Analyses

One wayANOVAS showed no significant differ-
enr'e\ umong lhc lhree treulmenl groups in num-
ber of leaves or number of f'lowering stalks be-
tbre the clipping treatment was applied.

We pedormed parametric analyscs on all 1998
data. We log-transformed the number of leaves
(% of initial) to improve the fir ro a normal distri
bution and homogeneity of variances. Because
we counted numbers of leaves, intact tlowering
stalks, and broken flowering stalks on two dates
in 1998, we perfbrmed a separate Repeated Mea-
sures ANOVA (Systat, SPSS 1997) for each de
pendent vadable, with treatment (control vs. 20%
clipped vs. .107o clipped) as the main factor and
date as the rcpeated t'actor. Where the maln treat-
ment eflect was significant, we applied a one
\\"ayANOVA to each date, and used planned con-
trasts ofcontuol vs. clipped (207o and 40./a pooled)
and 207o vs. 40./. to tesl for diflerences among
the treatment levels. We used a one-way ANOVA
fbr the 1998 insect herbivory levels.

For the 1999 data, we performed one way
ANOVAs fbr number ofleaves, Ieaf size, and to
tal leaf area per plant. Log-hanstbrmation ofnum-
ber of llowering stalks and number ofUower heads



in 1999 did not improve the distribution or the
va ances, so thesc data wele analyzed *ith non-
parameffic Kruskal-Wallis tests. Thc insect her-
h i r  o r l  l c r  c l :  fo r  lQgoucrerecordeJa\cu leg , , r i -
cal data. so we used a Goodness-of fit test for
independence between level of insect herbivory
and trcatment. To maintain suftlcient cell ticquen-
cies for the G-test, we combined adjacent cat
egorics (<1% ol leaves damaged combined with
I l0% to tbrm 'lo*"; lG30% and >307c com
bined to fomr ''high").

Results

Untreated Brrlsarno rhizt care,lanu plants had on
average ,12 leaves with an average leaf sizc of
104 cmr and an estimatcd total leaf area per plant
of,137,1 cm2 . Natural levels of rodent hcrbivory
were low during the study. Rodents clipped 2.9clr
(range 0 to l6clo) of leaves per plant on 5/19/98.
0..1 % (range 0 to 8%) on 6/12198. and no leaves
in  1999.

Clipped plants. compared with controls, grcw
more new leaves fbllowing the experimental treat-
ment in 1998 (Figure l). As expectcd. the clip-
ping treatment initially created significant difl-er-
ences in number of leaves among the three
treatment groups (one-way ANOVA, n = ,19, P =
0.000). The numbel of leaves still dift'ered sig-
nificantly among treatment groups on 19 May.
two weeks after clipping (Table I ). Control plants
had significantly more leaves than clipped plants.
and plants with 20% of leaves clipped had sig-
nificantly more leavcs than plants with 407r of
leavcs removed. Within six weeks (by 12 Junc).
clipped plants caught up with controls in number
of leaves. showing no significant differences
(Tab le  1 ) .

Numbefofflower stalks (Figurc 2) didnot differ
iimong treatments in 1998 (Repeated Measures

T
5/19/98

Time (days)
Figurc L M can number of leales (+f standard error. as pef-

cent of inilial leaf nunber. on control plants and
rrearmenr planls (20E ar 10'/. of thcir leaves

clipped on 5/3/98). Number ofleaves dilTered sig-
nificrntiy among all three groups inncdialcly (0

\reeks) md 2 *eeks ailcr tlcalmcnt. but no! at 6
\leeks post fcalmcnl,

ANOVA. P = 0.1159). However, a higher propor-
tion offlo\\"er stalks was broken on clipped plants
than on controls (Figure 3). Clipped plants were
beginning to show more brokcn stalks by two
weeks post-clipping, but the difference was not
significant until six weeks post-clipping (Table
2). The proportion of broken flower stalks did
not differ significantly between the 207o and 40clr
treatments. The level of insect herbivory (percent
of leaves *ith insect chewing damage) did not
ditler among trcatments (ANOVA. P = 0.3,18).

In 1999, wc detected no significant differences
between clipped and contol plants in number of
lea\es, leaf size, total leaf area per plant (Table
3;, number of flower stalks. total number offlower
heads per plant (Table 4), or level of insect hcr-
b ivory (G= 1 .78 .2  d . f . ,  P> 0 .25) .
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TABI-El .  Stat is i ical  rnr lys is of  number of  lealcs in 1998 (as proport jon of in i t ia l ) .  Cl ip
rcpresents main effecr ofthe clipping lrealmcnl.

A\OVA

Rcpcatad Mcasure!

Onc $ a,"-. 5/19
planncd contra\rs

One $av.  6/12

clrp

contrcl !\. clip
20{ !s . .10c. ,

clrp

l . :16

1.,16
1.,16
1.,16
r..16
2,.18

9.03.r
1 .648
3.320

t2.219
r9 .599
1.622
0.91'1

0.000
0.206
0.0,15
0.000
0.000
0.031
0..108
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Figurc l. llcan number offlo$ering stalks (+/ sr.rndard ef-
ror) produced by control plants and lrcalnenr plants
120'i at 10+ of their lea\,es clippcd on 5/3/98).
No signitlca. ! dilierences among treatnren! eroups
at tnv date.

conttol 20o/. 40o/o

2 weeks 6 weeks
Figure l. \,lean (+/ standard error) percentofflowering \talks

brokeD or $'ilted on control plants :md tfeatmenl
plants (209.  or  . l0Z of  their  lea\es c l ipped).
Clippcd plal1t! had significantly highcr propoftion
of stalks broken than conrrol pllnls bo$ 2 and 6
$eeks afier trcatment. but there r\as no diffcrence
bcl$een the two neatment lcvcls.

t
6112198

t
5/3/98

TABLE l. Statistjc al analyse s of perce nt of flo$ cr hcads broken in I 99E. "C lip" rcpi: sents
Ihc n]ain el1ect ofthe clipping trcarmenr.

,A.r-OVA

Repeated Nleasures clrp

da|e x clip

2.,11
1.,13
t.13

,1.051
7 .013
0.293

0.02,t
0 .01  l
0.7.1E

One wa\'. 5/I9 cl rp 0.0662.898

Onc way.6/12
planneo conrraslS

cl ip

207. !s . '107
1..15
1,.15

1.5:9
6 .109
0 .858

0.038
0 .017
0.359

TABLE L Sunrnarizcd dah and statistical analrscs oI planl gro$th trait,i measurcd on 7/9/99. Al1 are olre $a) ANOVA s ($'ith
Do planncd conpari$ns since nrain eltccts $ere noi significant).

Plant  t ra i l
Control 20'n clip '10.2 clip

ANOVA results

d f t P

conkol2jo/o 40ya

leaf sizc (cmr)

iotal leaf area lcnr)

18.6  t  6 .9
97.7 r 8.6

.17.11.8 1 755. I

52.3 1,1.9
99 .1 !6 . )

53.16.,t  t  658.8

.15.9 r 5.9
E9.8 r 5.9

,1359.71702.0

1.029 0.167
0.619 0.5,t.1
0.666 0.52t)

2 .38
2.38
2.38

TABLE -1. Sum rarizcd dala und stati\iical analtses of planl reprodudile traits mcasui:d on d3l99

Nleans (1sel Kruskal-Wallis tests

d f  K W  PPlant irait
Control
rn=10)

107. clip
(n=13)

,l0,ti clip
( n = 1 2 )

no. flo\rer nalks 11 .51 .1 .5
l 6 . l  1 6 . 6

1 1 . 2 1 : . 1
15 .2  t  3 .8

8 .01  2 .6
11 .5  I  ' 1 . 0

1 .578
1 .351

0..15.1
0.508
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Discussion

This study provides evidence that balsamroot can
compensate fbr rodent herbivory in springby grow-
ing back more leaves to replaca those thlt are lost.
This apparently has no elJect on number ofleaves
or total leaf arca the following year. Nor does it
seem to affect number offlowers produced in the
same year or thc following year. Plants clipped
at the higher treatment level (40%) showed trends
toward smaller leaves and fewer flower stalks and
flower heads. While these were not significant.
small sample sizes in 1999 may have precluded
detection of any real dift'erenccs. The higher per-
cent of bloken flower stalks on clipped plants
suggests that plants attacked by mammalian her-
bivores may be mole susceptible to loss offlow-
ers due to herbivory or wilt. and thus may sufler
lower seed production.

How does balsamroot compensate for herbi
vore damage to leaves? Thc most l ikely explana-
tion is that plants vhose tissues are eaten grow
back new leaves by reallocating resources stored
in the root. Members ofthe balsamroot genus have
a stout taproot, rangjng in diameter up to 10 cm
and reaching an average depth of 1.7 m in B.
saglttata (Weaver 1919). A lairly rapid decline
in protein content of B. s.'lglllald leaves through
the growing season suggests that plants tlanslo
cate proteins to the roots fbr storage (Blaisdell et
al. 1952). Because we did not want to disturb plarts
at the end of the first season afier the clipping
treatment. $,c did not measure root mass or total
proteins and carbohydrates. However this would
be lrn important next step to see if clipped plants
showed a decrease in root mass or shift in com-
position as they sent resources upward into de-
vcloping leaves. Compensation may also occur
if balsanroot leaves that remain intact inclease
their rate ofphotosynthesis when other leaves on
the plant are clipped. This type of compensation
is more difficult to document because it may re
quire days or weeks to implemcnt (Senock el al.
r991).

Rodent herbivory may influence the suscepti-
bility of the plant to attack by other herbivorcs
bccause compen.atory gro\\th ma1 require re-
sources that are normally allocated to plant de-
fense. However.level ofinsect herbivory did not
seem tobe affectcd by the clipping featnent. Finer
measurements of insect damage on clipped and

control plants would help address this potential
eflect of rodent herbivory.

The only negative effect ofherbivory we mea-
sured during this study $'as the higher propor-
tion of broken flower stalks on clipped plants.
This may be an indirect cost of compensation: if
lcafrcgrowth taxes energy stores. plants may not
send sufficient resourcas to t'lowering stalks to
suppodthese structures. Another possibility is that
if clipped plants increase nutrient transt'er to re-
productive structures during compcnsation. her-
bivores may preferentially browse flowering stalks
on these plants.

The ability ofbalsamroot to compensate likely
varies with tactors not tested here. One factor is
extent of herbivore damage. Balsamorhia.a sqgittqta
clipped to the ground (by investigators) during
the early to mid- growing season (late May - early
June in ldaho) had lower yields a year tbllowing
treatmentthan did controls (Blaisdell and Peohaoec
19,19). The extent ofreduction in yield varied with
timing ofthe clipping in relation to plant phenol
ogy: yield was reduced most when plants were
clipped during or immediately following full
bloom. Other factors that may influence compen-
satory capacity include plant size, age. genotype
(Houle and Simard 1996). nutrient availability
(Houle and Simard 1996), and water stress
(Maschinski and Whitham, 1989). We tried to
minimize the influence ofplant size and age, and
nutrient and water availabil ity by selecting all
medium-sized plants on the same hillside. Nev
ertheless, these factors nlay be important in
bJl\amruol \ \ompen\alor) re\pun\e.

In this study, we have shown responses of
balsan'[oot to manual ctipping. We suggest that
plants would respond in a similar fashion to ac-
tull rodent herbivory. There is considerrble con-
troversy about the effects of simulated vs. actual
helbivory because patterns of damage by herbi-
vores could be different, and herbivore salivamay
have additional effects on the plants. Most of the
demonstrated diff'erences between simulated and
real herbivory have been for insectherbivore sys-
tems (e.9., Hadey and Lawton 1991). An experi-
mental assessment of the efttcts of bison saliva
on grasses showed no effect on photosynthesis
or carbon allocation (Detling et al. 1980). Birch
trees respond in similar tashion to mechanical
damage and moose herbivory (Danell et al. 1985).
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Although we cannot discount eflects of rodent
salivr on balsantroot's compensatory abil ity, we
fecl that our clipping closelv simulated the pat-
tem of leaf relnoval by rodents.

This study shows compensation in number of
leaves produced $,ithout any significant shift in
leaf size. and no effect on reproduction in terms
ol number of flowering stalks or tlower heads.
We have not mcasured size of flower heads or
seed production. Studies are in progress to as-
sess cflects of clipping on seed set and seed vi-
abil ity.
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