5. COVWPETI Tl VE EFFECTS OF | NVADI NG SHRUBS AND | NVADED
GRASSES | N THE NORTHERN GREAT PLAI NS

5.1. ABSTRACT

Differences in conpetitive effects anong species may be rel ated
both to differences in nass and differences in growmh forns. | tested
whet her the conpetitive effect of invading woody species on invaded
grasses and on resources was related to mass or growth form | conducted
the experinment in mxed-grass prairie in western Canada for two years.
neasured the effect of woody species on grasses as the increase of
aboveground net primary productivity (ANPP) of grasses when shrubs
(Synphori carpos occidentalis) were removed. | neasured the effect of
grasses on woody species as the increase of shrub ANPP when grasses were
renmoved. In prairie where shrub invasion was recent and shrub abundance
| ow, shrubs suppressed grasses as nmuch as grasses suppressed shrubs,
even though shrubs had 6 tinmes nore standing crop. Shrubs reduced avail -
able soil nitrogen nmore strongly than grasses did, but shrubs and
grasses did not differ in their effects on Iight or soil water. In
brush, however, where shrub invasion has continued for a |longer tinme and
shrub standing crop was 37 tines grass standing crop, shrubs suppressed
grasses strongly, whereas grasses did not suppress shrubs. Thus, as
i nvasi on progressed, the interaction between shrubs and grasses changed

fromsymretric to asymmetric. On a per-gram basis, however, shrubs had
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snal l er effects on |ight attenuation, nitrogen uptake, and water uptake
than grasses, suggesting that the conpetitive effect of invading shrubs
is related nostly to shrub size. In spite of their snaller per-gram

ef fects on resources, woody stens all ow shrubs to accunul ate nore nass

and height, and to eventually displace grasses in spite of the grasses’

greater per-grameffects on resources.

5. 2. | NTRODUCTI ON

The invasion of native grasslands by woody species is a gl oba
pattern, occurring not only in subtropical savannas (Scholes & Archer
1997) but also in tenperate steppes (Bl ackburn & Tueller 1970, Archibold
& Wlson 1980, van Auken & Bush 1989, Fuller & Anderson 1993, Knight et
al. 1994). Elimnation of undesirable woody species from for exanple,
pastures is often difficult or unsuccessful (e.g., N ering & Goodw n
1974, Bragg & Hul bert 1976, Svedarsky et al. 1986, Archer 1989, Rich-
ardson et al. 1990, Harrington & Johns 1990, Bock & Bock 1992, Brown
1995, Bowes & Spurr 1996, chapter 4), showi ng that our know edge about
tree-grass interactions is still insufficient.

In both grasslands and forests, conpetition occurs across a w de
range of productivity (WIson 1991, Reader et al. 1993, W]l son 1998).
Conpetition generally shifts from bel owground to aboveground as produc-
tivity increases and the aboveground resource (light) becones nore

limting than the bel owground resources (water and nutrients) (WIson
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1993a, b, Wlson & Tilman 1993, 1995). Consequently, the invasion of
woody species into grasslands nmay be related to changes in the relative
avai labilities of above- and bel owground resources.

Conpetition between plants is the product of effects on and
responses to their neighbours, generally through resources (Gol dberg
1990). Competitive responses (the extent to which plants are suppressed
by nei ghbours) differ little between trees and grasses (W ]I son 1998).
Conpetitive effects (the extent to which plants suppress their nei gh-
bours) generally increase with plant size (Grace 1985, Gol dberg & Landa
1991) and are often larger in nmore productive comunities (Grace 1993,
Wl son 1999). Thus, trees nay replace grasses because trees can accunu-
| ate nmore mass.

Conpetition for aboveground resources (light) is fundanentally
different fromconpetition for bel owground resources (nutrients and
wat er) because light is supplied along one spatial dinension, whereas
soi|l resources are generally repl enished along three spatial dinmensions
(Reynol ds & Pacal a 1993, Hui sman & Wi ssing 1994, Schw nning & Wi ner
1998). Therefore, specific allocation patterns enable growh forms to
conpete better either for light or for soil resources (Tilnman 1990). For
exanple, the tall stature of trees allows themto preenpt |ight and
their woody tissue nakes them nore nitrogen-efficient. Grasses with
their fibrous roots, however, nmay be expected to take up nore avail able
soi|l resources (Caldwell & Richards 1986). Thus, trees may repl ace
grasses not only because trees have nore nmass, but al so because their

all ocation pattern allows themto preenpt light and use |ess nutrients.
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Cal cul ating per-gramconpetitive effects (conpetitive effect
di vided by biomass) pernmts the separation of the effect of size and the
ef fect of growmh formon conpetitive effects (Gol dberg 1990).
Contrasting growth fornms should have simlar per-grameffects if conpet-
itive effects are only related to mass. Variation in per-grameffects
woul d suggest that growh formcontributes to conpetitive effects. Thus,
grasses are expected to have larger per-grameffects on soil resources
because of their long fibrous roots, whereas trees are expected to have
| arger per-grameffects on |light because of their tall stature.

Per-gram effects do not seemto differ anbng species with a
simlar growth formor anong seedlings of different herbaceous growth
fornms (Col dberg 1987, Col dberg & Fl eetwood 1987, Peart 1989, Rdsch et
al . 1997). However, a native sumrer annual had | arger per-root |ength
effects than introduced winter annuals (Gordon & Rice 1993), established
trees had larger per-grameffects than shrubs (Harrington & Johns 1990),
and Quercus seedlings had | arger per-gramshoot effects than grass
seedlings (Wl ker et al. 1991). Thus, allocation patterns seemto con-
tribute to conpetitive ability when the conpetitors are sufficiently
different. This suggests that seedlings of woody species have initially
little conpetitive advantage over grasses. As woody species increase in
mass and hei ght, however, they should beconme nore conpetitive due to
mass and growth form

| explored the contributions of mass and growh formto conpeti -
tive effects by conparing the effects of shrubs and grasses on each

other and on three inportant resources, light, nitrogen (N, and water.
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Second, | exani ned whet her conpetitive effects change during invasion by
conparing the conpetitive effects between shrub stands with high and | ow

stem density.

5.3. METHODS

5.3.1. Location, design and site preparation

The experinment was conducted in the northern Great Plains
(49°18' N, 104°38'W, 120 km south of Regi na, Saskatchewan, Canada, in
natural m xed-grass prairie (Coupland 1950, Loonman 1980) in 1996 and
1997. | worked at the edge of snowberry stands (Synphoricarpos occiden-
talis). Inside the stands that | refer to as "brush" was dense snow
berry (40-70 cmtall) with a sparse grass understorey (grass canopy at
10-30 cm height). Grasses in brush were nostly Stipa viridula, S
curtiseta, and Agropyron subsecundum Qutside the stands were sparse
snowberry stenms (10-30 cmtall) scattered in grassland (canopy at 10-30
cmheight) that | refer to as "prairie". Prairie was dom nated by Stipa
spp. (including S. comata), Agropyron subsecundum Bouteoua gracilis,
Koel eria gracilis, and Poa spp

In these two habitats, | applied four renoval treatnments to
pl ots. Renoval treatnents were |: intact vegetation, i.e., no vegetation
renoved; S: shrubs renoved (including forb renpoval); G grasses renoved
(i ncludes sedge renoval ); and SG both shrubs and grasses renoved

("cleared plot"). Forbs and sedges had very | ow abundance at ny sites.
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No other growth fornms occurred. There were two intact-vegetation plots
in each habitat, one serving as a reference for grasses and a second as
an i ndependent reference for shrubs. Thus, there were five plots in each
habitat. Differences between vegetation and resources anmong plots
allowed nme to separate the effects of shrubs and grasses on each ot her
and on resources.

The plots, 2 mx 2 m were established in the first week of My
1996 by trenching to a depth of 15 cmto isolate roots within plots.
Trenching was repeated in May 1997 to cut newy grown roots. Plots were
randonmly assigned to treatnent conbinations within each habitat. The
experiment was conpletely replicated at five sites within a 1-kn? area

| used herbicides to renove shrubs and grasses. | used 7.5 g/ ha
of metsul furon (Aly, DuPont, Canada) on May 27 and 75 g/ha on June 11
June 26 and July 20, 1996 and May 30 and July 3, 1997 to kill shrubs and
forbs (Ahrens 1994, Bowes & Spurr 1995, 1996). | used 190 ni/ha cleth-
odi m (Sel ect, Rh6ne-Poul enc, Canada) on May 27, 1996 and May 9, 1997 to
kill annual grasses. | used 2.7 L/ha sethoxydi m (Poast, BASF, Canada)
on June 15 and 27 L/ ha sethoxydi mon June 26 and July 20, 1996 and May 9
and 30, 1997 to kill perennial grasses (Ahrens 1994). | carefully
applied 3.6 g/L gl yphosate (RoundUp, Monsanto, Canada) |ocally on June
2, 1997 to kill sedge patches. Sethoxydi mand netsul furon concentrations
were increased after the first application because the initial concen-
tration appeared to have been ineffective on visual inspection after 3
wk. Herbicide treatnments were repeated until nortality was close to

100% Dead plants remained in place and continued to cast shade.
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Met sul furon was added to =0.15 L/ n? water and cl ethodi m and
set hoxydi mwere added to =0.75 L/n? water. A surfactant (Na-hexaneta-
phosphate, 2 g/L) and blue food colouring were added to the nixtures. |
applied the mixtures with a 12-L backpack sprayer. In prairie, herbi-
cides were applied uniformy from above the vegetati on canopy. |n brush,
snowberry forms a dense canopy above the grasses and therefore, netsul-
furon was applied from above the brush canopy, whereas clethodi mand
set hoxydi m were applied bel ow the brush canopy. W did not add any water
to intact plots, because the anmpunts of water applied with the herbi-

cides to plots was negligeably small conpared to rainfall.

5.3.2. Effects of shrubs and grasses on each other

| assessed the effect of one growh form (nei ghbour growth form
on the other (target growh forn) by conparing the aboveground net pri-
mary production (ANPP) of the target growh formin intact vegetation
with the ANPP of the target growth formin vegetation where the nei gh-
bour growth form had been renoved.

| assessed the per-grameffect of growth fornms on each other by
cal cul ating regressions of target growh form ANPP on standing crop of
t he nei ghbour growth form Gass was considered as a target growth form
in one intact-vegetation plot and in the shrub-renoval plot in each
habitat at each site. Shrubs were considered as a target growth formin
the other intact-vegetation plot and in the grass-renmoval plot in each

habitat at each site.
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| measured grass ANPP in plots with grasses as target growth
formas the mass of current-year culns and bl ades with green bases plus
current year's litter. Gass litter renains attached for =0.5 yr (Sinms &
Coupl and 1979). | nmeasured shrub ANPP in plots with shrubs as target
gromh formas the total nass of current-year shoots (herbaceous stens
and twigs with their attached | eaves) plus shrub litter fromlitter
traps. lgnoring the radial growth of older stens resulted in <5% under-
estimation of actual stem nass (calculated from Table 2.2).

| measured grass standing crop in each plot as the nmass of culns
and bl ades with green bases. | neasured shrub standing crop in each plot
as the total nmass of live shoots (woody stens + herbaceous stens with
their attached | eaves).

Shoots and litter were harvested during August 28-29, 1996 and
Sept enber 4-8, 1997. Grass shoots, shrub shoots and grass litter were
harvested fromone 1 mx 15 cmstrip in each plot. The strip was =0.5 m
fromthe plot edge. In early spring, |oose grass litter in each plot
with grasses as target growth form (one half of the intact-vegetation
plots and all shrub-renmoval plots) had been renoved by hand. | did not
wish to disturb the plots by tearing out attached litter, so | spray-
painted the remaining attached litter. Painted litter was renoved after
harvest so that only litter produced during the current grow ng season
was collected. Shrub litter was collected in three litter traps (10 cm
dianmeter, 5 cm deep) per plot in each plot with shrubs as target growh
form (one half of the intact-vegetation plots and all grass-renova

pl ots) during the growi ng season each year. After sorting, shoots and
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litter were dried at 70°C to constant mass and wei ghed. A hail storm on
August 28, 1997 renoved al nbst all shrub | eaves and nany tw gs. There-
fore, | separated the naterial in the traps into | eaves, current-year
stenms and ol der stens, calculated their respective nmass per 0.15 n? and

added the result to the mass measured in the strips.

5.3.3. Effects of grasses and shrubs on resources

| tested whether growth formeffects on resources differed
bet ween habitats by conparing resource levels in each renoval treatnent.
| assessed the per-grameffect of each growth formon resources by com
paring the ratios of resource consunption:standing crop. | considered
three resources: light, available soil nitrogen, and soil water

| nmeasured light with a 40-cmintegrating photosynthetic photon
flux (PPF) probe (Sunfleck Ceptoneter, Decagon Devices, Pullmn, Wash-
ington, U S. A) 1-3 cm above the soil surface perpendi cular from al
pl ot edges and above the canopy on July 18 and August 24, 1996 and July
14, 1997, within two hours of solar noon on a cloudl ess day. Light neas-
urements in 1996 did not differ significantly between July and August.
Therefore, | analyzed in greater detail only 1996 data from August and
restricted |ight measurenments in 1997 to one date. In 1996 | al so neas-
ured light at the top of the grass foliage canopy (= 30 cm above
ground). Again, neasurenments were simlar in both nmonths and only August

data is presented. On 1996-08-24, naxi num PPD was 1434 pnol photons ni 2
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251 | cal-

s*1 and on 1997-07-14, maxi mum PPD was 1723 prmol  photons m
cul ated light penetration for each plot as the nmean of the four PPD
neasur enents divi ded by the PPD above the canopy - 100% Light attenua-
tion by vegetati on was taken as an index of |ight consunption and cal cu-
lated as 100% - |ight penetration

In each plot |I collected mneral Nwth ion-exchange resin bags
(3 cmx 3 cnm), each containing 2 cn® dry mnixed-bed (anionic and cat -
i oni c) ion-exchange resin (AG 501- X8, BioRad, Hercules, California,
U . S.A) with an ion-exchange capacity of 1.5 mol/cn® for anions and
cations (Binkley & Hart 1989). Thus, the total ion-exchange capacity of
each bag was 3 mol (3.3 nol/n¥?). Ampunts of cations and anions in soi
| eachate and t hroughfall of tenperate forests range from 16 to 1028 nmo
m2 yr-1 (Pastor & Bockhei m 1984, Johnson & Li ndberg 1992, Boxman et al
1994). Therefore, the ampbunt of resin was sufficient to take up all ions
contai ned in atnospheric deposition or soil solution during the neasure-
nment period without becom ng saturated. | did not treat resin against
m crobi al attack because the effect of nmicrobes on N capture is nuch
smal l er than the anpbunt of N in soil solution or deposition (Binkley
1984, G blin et al. 1994). Bags were washed in 2 mol/L NaC and rinsed
in double-distilled water to renpve dyes and background N fromthe
resin.

Bags were inserted 10 cminto the soil on May 22, 1996 and May
2, 1997 and renmoved on August 27, 1996 and August 28, 1997. The anpunt
of N collected by the resin was assessed by renoving the resin fromair-

dried retrieved bags and extracting the resin in 30 nL 2 nol/L Nad
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0.1 mol/L HO (Gblin et al. 1994) for 1 h. Nitrate in the extract was
converted to amoni um by reduction with Ti d 3 and amoni um was converted
to ammoni a by increasing the pH of the solution with 10 nol/L NaOH The
concentration of Nin the extract was then neasured using an ion-selec-
tive electrode (Orion, Boston, Massachusetts, U S. A ). | added known
amounts of nitrate and amonia to unused bags to deternine an extraction
rate (Nextracted (Mol /L) = 0.9618 Naddeq (Mol /L) + 0.0071, RZ2 = 0.92, n =
48). | cal cul ated actual N uptake of bags used in the field by applying
the extraction rate equation to anobunts of extracted N (Kochy & WI son
1997).

| calculated net N uptake in each vegetated plot in each habitat
and site as [Non resin in the cleared plot] - [Non resin in each vege-
tated plot]. Results did not change qualitatively when uptake was stan-
dardi zed, i.e., divided by the resource level in cleared plots.

| measured soil water fromthree soil cores (2 cmdianeter, 10
cm deep) per plot on May 27, July 18-20 and August 27, 1996 and on May
29, June 23, July 14, and Septenber 8, 1997. Soil fromthe three cores
was m xed and a =40 cnd soil subsanple was dried at 70°C to constant
mass and wei ghed. Soil water is expressed as g water/g dry soil - 100%
The | argest differences of soil water among plots were neasured in late
August 1996 and nid July 1997. Therefore, | restricted statistical com
pari sons and cal cul ati on of net water uptake to these dates.

| calculated net water uptake in each vegetated plot in each
habitat and site as [%water in the cleared plot] - [%water in each

vegetated plot]. Results did not change qualitatively when uptake was
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standardi zed, i.e., divided by the resource level in cleared plots.

5.3.4 Statistics

| exam ned the effectiveness of the renoval treatnments by com
pari ng separately for grass and shrub standing crop the four renoval
treatnments (I, S, G SG anong each other and between habitats and years
wi th anal ysis of variance (ANOVA) for block-factorial designs. Standing
crop of both growh forns differed nost strongly anong renoval treat-
ments in the second year (1997, Fig. 5.1, p. 95). For all data | per-
formed statistical tests separately for each year and as well as for
both years, where year was treated as an additional factorial effect in
ANOVAs and anal yses of covariance (ANCOVAs). The trends of the results
were simlar in each case, therefore | present results only fromthe
second year.

In order to test whether nei ghbour renoval affected target ANPP
| considered four of the renpbval treatnents (the two intact-vegetation
treatnments, the shrub-renoval treatnent and the grass-renoval treatnent)
as two orthogonal factors with two |evels each. One factor was target
growm h form (shrubs or grasses) and the other factor was nei ghbour
renoval (intact vegetation or the other, nei ghbour growth formrenoved).
Thus, the conbination shrub target growth form- intact vegetati on was
represented by one intact-vegetation plot, the conbination shrub target

growm h form - nei ghbours renoved was represented by a grass renoval
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plot, the conbination grass target growth form- intact vegetati on was
represented by the other intact-vegetation plot and the conbi nation
grass target growmh form - nei ghbours renmoved was represented by a shrub
renoval plot. This arrangenent allowed ne to conpare with an ANOVA for a
bl ock-factorial design the ANPP of shrubs in intact vegetation with the
ANPP of shrubs without nei ghbours and the ANPP of grasses in intact
vegetation with the ANPP of grasses wi thout nei ghbours.

| tested whether grasses and shrubs differed in their per-gram
ef fects on each other by regressing grass ANPP on shrub standing crop
and shrub ANPP on grass standing crop using In-transfornmed data. Analy-
ses of covariance had shown that regressions did not differ signifi-
cantly between habitats.

| conpared the effect of the four renoval treatnents (I, S, G
SG on light penetration, available soil N and soil water between habi -
tats with ANOVA for bl ock-factorial designs. Wen there was a signifi-
cant habitat x renoval interaction, | determnined which renoval treat-
nments differed between habitats by naking four orthogonal contrasts (one
for each renoval treatnent). Then | tested for each habitat which re-
noval treatnents differed fromeach other by using the sinple or Iinear
contrasts described in Table 5.1. \Wen there was a significant renova
treatment effect, but no significant habitat x renoval interaction,
conpared renoval treatnents across habitats using the sane contrasts
(Table 5.1). Since these contrasts were planned conparisons, | used a
significance level of a = 0.05 for each conparison

| conpared light attenuation, N uptake, and water uptake per
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Table 5.1. A-priori conparisons using contrasts to answer specific
guesti ons when the effect of rempval treatments or the habitat x
renoval treatnent interaction was significant. Treatnents conbined for
linear contrasts are bracketed. Renopval treatnments: |: intact vegeta-
tion, S: shrubs renoved, G grasses rempved, SG shrubs and grasses

renoved.

Cont r ast Question

O (I, S, G vs SG Does vegetation affect resource levels at all?
Yes O O

O (S, G vs | Does renoving a growmh form affect resource levels in
i ntact vegetation? Yes O 0O

O Svs G Do grasses and shrubs have sinmilar effects on
resource levels ? Yes O [

O Swvs | Do shrubs affect resource levels in intact
veget ati on?

O Gvs | Do grasses affect resource levels in intact

veget ati on?

gram bi omass anong i ntact vegetation, grasses, and shrubs and between
habitats. | cal cul ated per-gram consunption for each plot as resource
consunption divided by plot standing crop. | then conpared the per-gram
consunption anong i ntact vegetation (no renoval), shrubs (grass re-
noval ), and grasses (shrub renmpval) with an ANOVA for bl ock-factorial
desi gn and usi ng pl anned conpari sons anal ogous to tests 3-5 in Table

5.1.

92



| also calculated the per-grameffects as resource consunption
di vided by target standing crop, i.e., instead of using plot standing
crop | used shrub standing crop for shrub consunption and grass standi ng
crop for grass consunption. These results did not differ qualitatively
fromthe ones based on plot standing crop. Therefore, | present only
results based on plot standing crop

My experinment was conpletely factorial because all possible
treatment conbi nations occurred. The results were therefore anal yzed
wi th ANOVAs for bl ocked-factorial designs with sites as random effect
bl ocks (Lorenzen & Anderson 1993). Habitat and renoval treatnents were
fixed effects. The habitat treatments were consi dered randoni zed within
each site. Al renoval treatments, including target growth form x nei gh-
bour-renoval treatnments were randoni zed within each habitat. The main or
interaction effects of habitat and renoval treatnent and the main or
interaction effects of habitat, target growh form and nei ghbour-
renoval treatments were tested with their interaction effect with site
as the error termin ANOVA (Lorenzen & Anderson 1993). My design is
sonetines also called a blocked factorial split-plot design where the
main plots are habitats and the split-plots are renoval treatnents or
target grow h form x nei ghbour-renoval treatnents (Snhedecor & Cochran
1989).

Standi ng crop, ANPP, and |ight attenuation data were |In-trans-
fornmed and available soil N data were square-root transforned to neet
assunptions of honbscedasticity and normality. Al statistics were cal-

culated with JMP for Macintosh (version 3.2.1, SAS Institute 1997).
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5.4. RESULTS

5.4.1. Treatnent effects on standing crop

Her bi ci de application caused significant variation of shrub and
grass standing crop anong renoval treatnents, across habitats and years
(Fig. 5.1; grasses: F3’12 = 73.4, P < 0.0001; shrubs: F3,12 = 107, P <
0.0001). Herbicides significantly reduced shrub abundance in shrub-
renoval plots (Fig. 5.1; Svs |I: t = 11.7, P < 0.0001) and grass abun-
dance in grass-renoval plots (Fig. 5.1; Gvs |I: t = 6.25, P < 0.0001).
Her bi ci des did not reduce the abundance of the remaining growth form
(grass standing crop: Svs |: t = 4.25, P(one-tailed) = 0.9994; shrub
standing crop: Gvs |I: t = 0.187, P(one-tailed) = 0.6). Herbicides
significantly reduced shrub and grass standing crop in cleared plots
(SG over any other renoval treatnment (Fig. 5.1; sinple neans conpari -
sons, SGvs I, S, G shrubs: all P < 0.02, grasses: all P < 0.001).
Thus, the renoval treatments had the desired effects.

Shrub standi ng crop across renoval treatnents and years was
significantly higher in brush than in prairie (F1,4 = 11.7, P = 0.03),
whereas grass standing crop was significantly higher in prairie than in
brush (Fig. 5.1; F; 4 =29.6, P = 0.006).

Shrub and grass standing crop, across habitats and renoval
treatnments, were each significantly higher in the first than in the
second year (shrubs: F1,4 = 24.6, P < 0.0001; grasses: F1,4 = 348, P <

0.0001). Differences anpbng renoval treatnments tended to be larger in the
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FIG 5.1. Effectiveness of four growmh formrenoval treatnents (I, S
G SG, based on standing crop in tw habitats (prairie, brush) over two
years. | (Y): grasses and shrubs at natural abundance, S (x): shrubs
renoved; G (o ): grasses renoved; SG (m): shrubs and grasses renoved.
Grey dots indicate the nean for each treatnment. Ellipses represent the

95% confi dence area (bivariate normal density) for each group nean.
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second year, but the renoval treatment x year interaction was signifi-
cant only for grasses (Fig. 5.1; F3 1, = 4.94, P = 0.02). For the sake
of clarity and brevity | report further results only for the second year

(1997) .

5.4.2 Effects of shrubs and grasses on each other

In general, shrubs had significantly hi gher aboveground net
primary productivity (ANPP) than grasses (Fig. 5.2; F1,4 = 22.0, P =
0.009). Across nei ghbour-renmoval treatnents, shrub ANPP in prairie was
lower than in brush, but not significantly. Grass ANPP in prairie was
significantly higher than in brush (Fig. 5.2; habitat x target growth
forminteraction: F1,4 = 23.7, P =0.008; prairie vs brush: shrubs: t =
2.87, P =0.06; grasses: t = 4.02, P =0.03). Habitat had no signifi-
cant main effect on ANPP (P = 0.6).

Rermovi ng the nei ghbour growth formgenerally increased ANPP of
the target growth form (Fig. 5.2; FL12 = 85.5, P =0.0008). Asignifi-
cant interaction anong habitat, renmmining growh form and nei ghbour
renoval treatnents (Fig. 5.2; F1,4 = 20.4, P =0.01) allowed ne to com
pare neans of shrub and grass ANPP between intact vegetation and vegeta-
tion where one growh form had been renpved, in both prairie and brush
Shrub renoval significantly increased grass ANPP in both habitats
(prairie: t = 8.15, P = 0.001; brush: t = 13.6, P = 0.0002); grass

renoval significantly increased shrub ANPP in prairie (t = 4.16, P =
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0.01) but not in brush (t = 0.54, P = 0.6). Across habitats, shrub
renmoval significantly increased grass ANPP but grass renoval did not

i ncrease shrub ANPP (renoval x remaining growmh forminteraction: F1,4 =
11.5, P = 0.03; neans conparisons: shrubs: t = 1.31, P = 0.3; grasses:

t = 6.11, P = 0.009).
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FIG 5.2. Effect of renoval and habitat treatnments on aboveground net
primary productivity (ANPP) of either shrubs or grasses (targets). I:
i ntact grass-shrub vegetation; G grasses renoved; S: shrubs renpved.
Bars represent neans of five sites + SE. Significant differences
bet ween renoval treatnments for each growth formin each habitat are
i ndi cated by asterisks (sinple linear contrasts on | og-transforned data;

* P<0.05 ** P<0.01, ***: p < 0.001).
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ANPP of both growth forns decreased as standing crop of the con-

trasting growth formincreased (Fig. 5.3; grasses: F; (g =

15.7, P

0.001; shrubs: F; 14 =7.39, P =0.01). The regression slopes did not

differ significantly fromeach other, i

assunmed to be parall el

.e.,

with a common sl ope of

-0.38 (zar

the regression |lines can be

1996). The

i ntercept of the shrub regression was significantly higher than that of

t he grass regression (conparison of

regression el evati ons,

Zar 1996).

Back-transformation of the |og-l1og regressions results in grass ANPP =

262 -

crop 0-38

| ar ger

shrub standing crop'o'38 and shrub ANPP = 361
suggesting that grass standing crop had a 361/ 262

per-gram effect than shrub standing crop

grass standing
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(grasses and shrubs) as a function of the standing crop of the con-
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shrubs: RZ = 0.29, In(y)

5.89 — 0.294 In(x).
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5.4.3. Effects of shrubs and grasses on resources

Li ght penetration to the grass canopy (Fig. 5.4a) was signifi-
cantly higher in prairie than in brush (F1,4 = 104, P = 0.0004). Shrub
renoval significantly increased |ight penetration to the grass canopy
(t = 7.82, P < 0.0001), whereas grass renoval did not increase |ight
penetration to that |evel (renpbval effect: F3’12 = 38.7, P<0.0001). A

5.62, P = 0.005)

significant habitat x renmpval interaction (F3,12
occurred because shrubs had a stronger effect on light in brush than in
prairie. Light penetration in cleared plots was <100% because of
remai ni ng dead stens and litter in the plots.

Li ght penetration to the ground (Fig. 5.4b), across renoval
treatnments, was significantly higher in prairie than in brush (F1,4 =
65.2, P = 0.001) and, across habitats, varied significantly anong
renoval treatnents (F3’12 = 188, P < 0.0001). A significant interaction
bet ween habitat and renoval treatnent (F3’12 = 3.72, P =0.04) allowed
nme to conpare neans of |ight penetration anong renoval treatnments separ-
ately for each habitat. In both habitats, shrub and grass renoval
i ncreased |ight penetration simlarly (prairie: t = 2.59, P = 0.03;
brush: t = 5.47, P = 0.0002).

Avail abl e soil N (Fig. 5.4c), across habitats, varied signifi-
cantly with renoval treatnent (F3’12 = 88.4, P < 0.0001). Shrub renoval
significantly increased available soil N (t = 4.89, P = 0.0004), but
grass renoval did not. Although trends among renoval treatnents did not

differ significantly between prairie and brush (P = 0.2), a significant
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FIG 5.4. Effect of renoval treatnment (R) and habitat (H) on Iight
penetration to the grass canopy (c. 30 cm above ground) (a), to the
ground (1-3 cm above soil surface) (b), available soil nitrogen (10 cm
depth) (c) and soil water (0-10 cn) (d). Renoval treatnents: |: intact
shrub-grass vegetation; S: shrubs renoved; G grasses renoved; SG
shrubs and grasses renmoved. Bars represent neans + SE (I: n = 10; S, G
SG n = 5). For each resource, renoval treatments that differ signifi-
cantly fromeach other are marked with different |letters above the bars
of the prairie treatnent. If R x Hwas significant, significantly dif-
ferent renoval treatnents within a habitat are indicated in both habi-
tats; renoval treatnents that differ significantly between habitats are
i ndi cated by uppercase letters in the brush treatnent. Results of ANOVA

n.s.: P>0.05 *: P<0.05 **: P<O0.01, ***: P < 0.001
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i nteracti on between habitat and renoval treatnments (Fig. 5.4c; F3,12 =
6.74, P = 0.007) revealed that available soil N in vegetation without
shrubs was lower in prairie than in brush (t = 3.71, P = 0.004), where-
as available Nin cleared plots (SG was higher in prairie than in brush
(t = 2.22, P=0.048). On the other hand, available soil Nin vegeta-
tion without grasses (G and in intact vegetation (1) did not differ
significantly between habitats (P > 0.3).

Soil water (Fig. 5.4d), across renoval treatnments, was signifi-
cantly lower in prairie than in brush (F1,4 =21.0, P =0.01) and,
across habitats, varied significantly anong renoval treatnents (F3’12 =
23.3, P < 0.0001). Soil water was significantly lower in intact vegeta-
tion than in vegetati on where one growh form had been renoved (t =

3.63, P =0.003) but did not differ between shrub and grass renoval (t

= 1.08, P=0.3). There was no significant habitat x renoval treatnent

interaction (P = 0.1).

5.4.4. Per-grameffects on resources

Li ght attenuation (100% - |ight penetration in each plot) per
gram standing crop (Fig. 5.5a), across habitats, varied significantly
anong renoval treatnents (F2,8 = 66.3, P < 0.0001). A significant
i nteracti on between habitat and renpval treatnents (F2,8 =9.92, P =
0.007) allowed ne to conpare neans anong renoval treatnents separately

for each habitat. Remmining grasses attenuated significantly nore |ight
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per gram standing crop than remaining shrubs (prairie: t =5.92, P =

0. 0004, brush: t 9.73, P < 0.0001) or than intact vegetation (prai-

rie: t =5.28, P

0.0007, brush: t = 11.6, P < 0.0001) in each habi -
tat. In contrast, remaining shrubs did not differ significantly in their
light attenuation fromintact vegetation in either habitat (P > 0.15).
Intact vegetation attenuated significantly nore |ight per gram standing
crop in prairie than in brush (t = 5.04, P =10.001). Sinmlarly, remain-
ing shrubs tended to attenuate nore |ight per gram standing crop in
prairie than in brush (P < 0.10). In contrast, remining grasses tended
to attenuate nore |ight per gram standing crop in brush than in prairie
(P < 0.10). Habitat had no significant main effect on per-gramlight
attenuation (P = 0.2).

N uptake (available soil Nin cleared plots m nus avail abl e soi
Ninl, S or Gtreatnments) per gramstanding crop (Fig. 5.5b), across
renoval treatments, was significantly higher in prairie than in brush
(F1,4 = 13.1, P = 0.02) and, across habitats, varied significantly with
renoval treatnents (F2,8 = 63.0, P < 0.0001). There was, however, no
significant habitat x renmpval treatnment interaction (P = 0.065), there-
fore, | conpared renoval treatnents across both habitats. Remaining
grasses consuned significantly nore avail able N per gram standing crop
t han remai ni ng shrubs (t = 8.86, P < 0.0001) or than intact vegetation
(t =10.7, P < 0.0001). Rermining shrubs did not differ significantly
in their N uptake fromintact vegetation (P = 0.6).

Soil water uptake (% water in cleared plots mnus %water in |,

G or Splots) did not vary significantly with either habitat or renpva
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treatnents or the interaction between these two factors (Fig. 5.5c; al

P> 0.2).

5.5. DI SCUSSI ON

5.5.1. Effects of grasses and shrubs on each other

In prairie, shrub renoval increased grass ANPP threefold, and
grass renoval increased shrub ANPP twofold (Fig. 5.2). Thus, in prairie,
both shrubs and grasses were suppressed by the other growth form The
suppressi on of shrubs by grasses is surprising because shrub standing
crop in prairie was six tinmes higher than grass standing crop (Fig. 5.1
c). Thus, in prairie undergoing shrub expansion, grasses and shrubs had
nore or less symetric effects. Symmetry energed even though shrubs had
much nore standing crop than grasses, inplying that grasses had a hi gher
per-gram effect on shrubs than shrubs had on grasses.

In brush, shrub renoval increased grass ANPP sixfold (Fig.

5.2), suggesting that shrubs strongly suppressed grasses. This was not
surprising since shrubs had 37 tinmes nore standing crop than grasses
(Fig. 5.1d). In contrast, grass renoval in brush had no effect on shrub
ANPP (Fig. 5.2), that is, grasses had a per-gram effect approaching
zero. Since shrubs had a per-grameffect greater than zero, shrubs had a
| arger per-gram effect on grasses than grasses had on shrubs. This is

t he opposite of what | observed in prairie. Thus, conpetition between

shrubs and grasses in brush was highly asymetric.
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My results suggest that the interaction between grasses and
shrubs is symretric during early stages of shrub expansi on but becones
asynmetri c when expansion has continued for a |longer tine and shrub mass
has accumul ated. The shift fromsymretric to asymetric conpetition may
reflect a shift fromconpetition for soil resources in prairie to conpe-
tition for light in brush (Weiner 1990, Wlson & Tilman 1991, W]l son

1993b) .

5.5.2. Effects of shrubs and grasses on resources

Li ght penetration in intact vegetati on was significantly higher
in prairie than in brush (Fig. 5.4a,b). In both habitats, shrub renoval
i ncreased |ight penetration to the ground as nmuch as did grass renoval
(Fig. 5.4b). This shows that, in both habitats, shrub and grass canopies
reduced light to a simlar degree even though shrub | eaves are flat and
wi de, whereas grass |eaves are erect and |linear. However, shrubs in
brush were taller than grasses and light at the grass canopy |level (Fig.
5.4a) and beneath (Fig. 5.4b) was presunmably bel ow the |ight saturation
poi nt of open-prairie grass species. Grasses did not pre-enpt |ight
avai |l abl e to shrubs because grasses are of simlar height or smaller
than shrubs in both habitats. Therefore, regardless of the sinilar
ef fects of shrubs and grasses on |ight penetration, shrubs pre-enpt

i ght because of their size.
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Available Nin intact vegetation did not differ significantly
between prairie and brush (Fig. 5.4c: renoval |). In contrast, available
N is frequently higher under woody plants than under grasses (Petranka &
McPherson 1979, M les 1985, Brady 1990, Jackson et al. 1990, Zak et al
1990, Callaway et al. 1991, MPherson et al. 1991, Wsser & Arnbruster
1991, WIson 1993a, Belsky 1994, Vieira et al. 1994, Wlson & Kleb
1996). The differences in our region are typically snmall, however, and
are not always significant (Li & WIson 1998). Available Nin plots from
which all vegetation had been renoved (Fig. 5.4c: SG renoval) was signi-
ficantly higher in prairie than under brush. This may reflect higher
| evel s of organic natter and higher rates of mineralization under
prairie than forest (Dornmmar & Lutwi ck 1966, Bettany et al. 1973, Sever-
son & Arneman 1973, Schlesinger 1991). In both prairie and brush, shrub
renoval significantly increased available soil N, whereas grass renova
did not (Fig. 5.4c). This might sinply reflect the nass difference
between the two growh forms (Fig. 5.1).

Soil water was significantly lower in prairie than brush (Fig.
5.4d), as typically occurs in conparisons of grasses and woody pl ants
(Petranka & McPherson 1979, Mles 1985, Zak et al. 1990, Jackson et al
1990, Brady 1990, Callaway et al. 1991, MPherson et al. 1991, Wsser &
Arnmbruster 1991, Belsky 1994, Vieira et al. 1994, Koéchy & Wlson 1997).
In nmy system higher soil mnoisture probably reflects the | ower topo-
graphic position of brush. Soil is also noister under woody vegetation
than prairie at the sane level (WIlson & Kleb 1996), suggesting that

brush increases soil nmoisture, either through snow trapping (Tinoney et
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al. 1993), hydraulic lift (Caldwell et al. 1998), or reduced evapotran-
spiration (Selleck & Schuppert 1957, Mtchell et al. 1993). Soil water
had sinmilar effects in both habitats but varied anbng the four renopva
treatments (Fig. 5.4d). The increase of soil water, however, did not

di ffer between shrub and grass renoval (Fig. 5.4d).

Resources differed in the extent to which they were reduced by
grasses or shrubs. Available N was nmuch greater in plots from which al
vegetati on had been renoved than in plots fromwhich only one growth
form had been renoved. This suggests that the remaining growmh formin
each plot took up N that would otherw se have been consuned by the
renmoved growh form and that each exerted strong demand for N (Wl ker
et al. 1991). For water, the available amunt is the difference between
the water remaining in intact-vegetation plots and in plots from which
both growth fornms had been renoved, because the water taken up by intact
vegetati on may be close to the maxi numthat can be extracted by vegeta-
tion. Based on this, each growh formtook up equal or nore than half
the available water (Fig. 5.4d), suggesting that, as for N, the water
upt ake by the remaining growth formin each plot conpensated for the
renmoval of the other growth form In contrast to N, the demand for water
by grasses was stronger in prairie than in brush, presumably because
grass mass in brush was very |low. Wter uptake nmay be overestimated,
however, because in plots with both growth forns renoved, |ess water my
have been intercepted by the renmaining stens, therefore | ess water my
have evaporated and nore water nay have entered the soil. In prairie,

shrubs and grasses were equally tall and light levels (=1000 pno
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2 571 at grass canopy) were sufficient for maxi mum phot osyn-

photons m
thesis of both shrubs and grasses, except for the C, grass Boutel oua
gracilis. This suggests that for C; species, light conpetition in
prairie was low. In brush, the taller shrubs were still Iight saturated,
but open-prairie grasses under the shrub canopy nmay experience subop-

2

s'l).

ti mal photosynthesis (=300 punmol photons ni In summary, the
contrasting responses of resources to vegetation renoval suggest that
conpetition in prairie was strongest for N, whereas in brush it was
strongest for |ight.

Current nodels of grass-shrub interactions in tenperate grass-
| ands enphasi ze conpetition for water (e.g., Sala et al. 1997, Wltzin &
McPherson 1997), even though in tenperate grasslands the bal ance of
rainfall and evapotranspiration is high (Walter 1984), so that Nlimts
productivity nmore often than water (Tilnman 1990, WIson & Shay 1990,
Peltzer et al. 1998).

Conpari sons of the resource reductions by shrubs and grasses in
nei ghbour -renmoval plots suggest that the decreases were not a sinple
function of standing crop. Specifically, shrubs had 3-9 tines nore
standing crop than grasses (Fig. 5.1c,d), but attenuated as much |ight
and took up equal amunts of water (Fig. 5.4a,b,d). Furthernore, the
very high nass of shrubs relative to grasses did not correspond to the
snal l er differences between themin N uptake (Fig. 5.4c). Therefore,

di fferences between shrub and grass effects on resources suggest that

the growh forns differed in their per-grameffects on resources.
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5.5.3. Per-grameffects on resources

Grasses attenuated significantly nore |ight per gram of nass
than did shrubs (Fig. 5.5a). This was because shrubs and grasses reduced
light to a sinlar degree (Fig. 5.4b), but shrubs had nore standing crop
than grasses (Fig. 5.1) because of their woody stens. Grasses al so took
up significantly nmore N per gram of nass than did shrubs (Fig. 5.5hb).
Simlar results as for Nwere found for water in prairie (Fig. 5.5c),
al t hough the results were not significant.

On a per-gram basis, grasses not only attenuated nore |Iight and
took up nmore N than did shrubs but also nore than did intact vegetation
(Fig. 5.5a,b). This may sinply reflect the |arge anounts of shrub nass
renoved (Fig. 5.1c,d) which nade resources avail able for uptake, but it
al so suggests that grasses are physiologically able to take up far nore
resources in pure stands than they are able to when growi ng with shrubs.

The hi gh resource uptake efficiency of grasses relative to
shrubs may be caused by differences in allocation patterns. Gass stand-
ing crop consists only of photosynthetic |eaves, whereas shrub standing
crop al so includes unproductive stens. Therefore, grasses can allocate
phot osynt hates conpletely to resource uptake, that is, to produci ng new
roots and | eaves, whereas shrubs nust allocate a portion of the photo-
synthates to the buil ding and nmai ntenance of stens. Synphoricarpos | eaf
mass i s =16% of standing crop (based on data used for Table 2.1). If
resource uptake is divided by photosynthetic tissue nass, shrubs have

hi gher or equal per-gram uptake than grasses. Simlarly, the |eaf-area
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to root-length ratio of forbs was larger than that of a grass in a chalk
grassland (Mortinmer 1992). High rates of N uptake per standing crop in
grasses may al so reflect the high root:shoot mass ratio of grasses (6:1,
Caldwel | & Richards 1986, W/Ison 1993a) relative to woody vegetation
(1:1 to 1:3, George & McKell 1978, WIlson 1993a). However, addi ng root
mass to aboveground nmass assuming a root:shoot ratio of 6:1 for grasses
and 1:1 for shrubs still |eaves grasses with higher per-grameffects

t han shrubs.

My study is probably the first to show that per-grameffects at
t he popul ation level differ between growh forns but that the relative
size of per-grameffects is sinmlar across habitats. In ny study, per-
gram ef fects of established shrubs on resources were snaller than those
of established grasses. In contrast, tree seedlings had higher per-gram
shoot effects than grass seedlings on available soil N (Wl ker et al
1991). This may be because the tree seedlings had | ower mass and a
hi gher root:shoot ratio than the grasses.

Wthin the sane growth formor in pot experinments, per-gram
effects tend to be sinmilar (CGoldberg 1987, Gol dberg & Fl eetwood 1987,
Peart 1989, Rdsch et al. 1997), but a field renoval experinment showed
that established trees had twi ce the per-grameffect than established
shrubs on herbaceous vegetation (Harrington & Johns 1990) and a native
summer annual had |arger per-root-length effects than introduced winter

annual s on soil water potential (Gordon & Rice 1993).
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5.5.4. Gass-shrub conpetition

Grasses generally consunmed nore resources per gram standing crop
(Fig. 5.5), but grasses in brush were strongly suppressed by shrubs
(Fig. 5.2). This suggests that shrubs were better conpetitors when their
standing crop was | arge enough to bal ance the hi gher per-gramresource
consunption of grasses, that is, when shrub mass was about 3-8 tines
that of grass nass (Fig. 5.5). In fact, based on the regressions of
target ANPP on nei ghbour standing crop (Fig. 5.3), shrubs had a 1.4
tinmes larger per-grameffect than grasses on target growh forns, or,
1.4 tinmes nore grass nmass than shrub nmass is needed to reduce target
ANPP by one unit, at which point the grass-shrub interaction would be
symmetric.

VWhat is the contribution of grass to the exclusion of woody
species fromprairies? The responses of resources to growth-formrenova
suggest that, of the three nost likely to be conpeted for by grasses and
shrubs, N was in nuch higher demand in prairie than either water or
light (Fig. 5.4). Thus, the ability to conpete for N should be an inpor-
tant determ nant of success in nmy system Gasses had very high N uptake
per gram of mass, relative to shrubs (Fig. 5.5), because of their high
root:shoot ratios and absence of woody tissues. Thus, at equal nasses,
and especially in the case of young woody plants establishing anong
grasses, grasses nay be superior conpetitors. The situation changes,
however, as shrub nass increases. In prairie undergoing invasion, where

shrub nmass is six tinmes that of grass (Fig. 5.1c), conpetition between
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the growth forns is synmetric. In established brush where shrub mass is
37 times that of grass (Fig. 5.1d), conpetition is asynmetric because of
the I arge mass of shrubs relative to grasses. Shrubs grow taller and
shift conpetition fromsoil resources to light (King 1990, W/Ison
1993a,b). This is sinmlar to the shifts in interaction between trees and
grasses in a subtropical savanna where oak seedlings initially escape
root conpetition by grasses, then conpete for water, and finally escape
root conpetition as the oak roots extend beyond the grass rooting |ayer
(Weltzin & McPherson 1997).
Shrub invasion can be described as a positive feedback | oop

(W1 son 1998). Individual shrubs that have becone established in prairie
have a small effect on resources because they are | ow and cannot pre-
enpt |ight and because they have small standing crop so that they
acquire little N. Prairie grasses may be adapted to N limtation, but
when the shrubs have grown tall enough to shade the grasses the reduc-
tion of light nay severely reduce grass production (WIlson 1993a,b, Li &
W1l son 1998). The effect of shrub shading nmay particularly affect C4
grasses which tend to have a higher |ight conpensation point than shrubs
(Larcher 1984). The effect of grasses on shrub production appears to
decrease as the shrubs grow denser. Once woody speci es have energed from
t he grass canopy, their growh rate increases dramatically (H Il et al
1995). In dense brush, grasses no |onger have any effect on shrub pro-
duction (Fig. 5.1; Li & WIlson 1998).

The interaction of shrubs and grasses would be affected by fac-

tors that reduce or increase bionass of one growh formmnore than the
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other, or that would increase or reduce one of the main resources. Thus,
wild fires, bison browsing, cattle grazing, N deposition fromthe atnos-
phere, droughts, and wet periods have different effects on shrubs and
grasses and, in interaction or alone, may re-set the bal ance between

shrubs and grasses (Archer 1996, WIson 1998, chapter 2).
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