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The effect of gopher mounds and fire on the
spatial distribution and demography of a
short-lived legume in tallgrass prairie

Kelly S. Wolfe-Bellin and Kirk A. Moloney

Abstract: Many studies have reported that gopher mounds can increase species diversity and spatial heterogeneity of
plant communities, but few studies have experimentally linked these small-scale disturbances to spatial heterogeneity in
the distribution of individual plant populations. In this study, we directly tested for a spatial relationship between the
pattern of gopher mound production and the distribution of a short-lived legiedicago lupulinal., across a

tallgrass prairie remnant. In addition, we conducted a 3-year study examining the demographic respénieolfina

to mound and off-mound planting treatments, during which a spring fire occurred one year. We found that the spatial
distribution of M. lupulina was positively correlated with the distribution of mounds. Germination was significantly
greater off mounds in all years, while survivorship and fecundity were significantly greater on mounds in the 2 years
without fire. During the fire year, survivorship was significantly greater off mounds and fecundity was approximately
equal on and off mounds. We conclude that the positive spatial relationship belvdepulina and mounds is caused

by the direct dependence M. lupulina on mounds for survivorship in most years. Gopher mounds provide microsites
where plant competition and risk of herbivory are reduced. Overall, gopher mounds can directly produce spatial hetero
geneity in the plant community, but the strength of this effect may be significantly modified in some years, particularly
those in which a spring fire occurs.

Key words gopher mounds, fireMedicago lupulina disturbance, prairie, introduced species.

Résumé: Plusieurs études ont signalé que les buttes des géomys peuvent augmenter la diversité des especes et
I'hétérogénéité spatiale des communautés végétales, mais peu d’études ont relié expérimentalement ces perturbations a
petite échelle, a I'hétérogénéité spatiale dans la distribution des populations végétales individuelles. Dans cette étude,
les auteurs ont expérimenté directement I'existence d’une relation spatiale entre le patron de production des buttes par
les géomys et la distribution d’une Iégumineuse a court cycle de vidleldicago lupulinal., dans un vestige de

prairie & herbes hautes. De plus, pendant 3 ans, les auteurs ont examiné la réaction démograpiqueulina

suite a des traitements d’'implantation sur les buttes et hors des buttes, étude pendant laquelle un feu est survenu au
cours d'une des années. lls ont constaté que la distribution spatidié twpulina est positivement corrélée avec la
distribution des buttes. La germination est significativement plus forte en dehors des buttes, chacune des années, alors
que la survie et la fécondité sont significativement plus élevées sur les buttes, au cours des 2 années sans feu. Au
cours de 'année ou le feu est survenu, la survie était significativement plus importante en dehors des buttes et la fé
condité a peu pres égale sur les buttes et en dehors des buttes. Les auteurs concluent que la relation spatiale positive
entre leM. lupulina et les buttes est causée par la dépendance direckd. dupulina sur les buttes, pour sa survie, la

plupart des années. Les buttes des géomys fournissent des microsites ou la compétition végétale et I'herbivorie sont ré
duites. En général, les buttes des géomys peuvent engendrer directement une hétérogénéité spatiale dans la commu
nauté végétale, mais la force de cet effet peut étre significativement modifiée certaines années, en particulier celles aux
cours desquelles le feu intervient.

Mots clés: butte des géomys, felMedicago lupulinaperturbation, prairie, especes introduites.

Introduction Levin and Paine 1974; Connell 1978; Pickett and White
1985; see citations in Sousa 1984). The predominant theory
The impact of disturbance on plant community structuresuggests that maximum species diversity occurs under con
and diversity has been an important topic in the plant-ecolditions of intermediate disturbance rate and intensity (Grime
ogy literature for many years (e.g., Cooper 1926; Watt 19471973; Connell 1978; Huston 1979), with disturbance rate be

Received June 28, 2000.
K.S. Wolfe-Bellin® and K.A. Moloney. Department of Botany, 353 Bessey Hall, lowa State University, Ames, |A 50011, U.S.A.

1Author to whom all correspondence should be addressed (e-mail: kwbellin@iastate.edu).

Can. J. Bot.78: 1299-1308 (2000) © 2000 NRC Canada



1300 Can. J. Bot. Vol. 78, 2000

ing defined as the mean number of disturbance events p&owland 1952; Knapp and Seastedt 1986; Hulbert 1987;
unit time, and disturbance intensity being defined as the bioKnapp et al. 1998). Overall, plant species richness is greatest
mass damage inflicted by each disturbance event (Pickett intermediate fire frequencies, with richness decreasing at
and White 1985). However, recent studies suggest that otheme extreme under annual spring burn regimes because of
aspects of the disturbance regime may be more importarihe increased dominance of ,Cgrasses (Collins and
than rate and intensity for maintaining plant community Steinauer 1998) and also toward the other extreme with the
structure and species diversity in a number of ecologicatomplete absence of fire because of the accumulation -of de
systems. Collins and Barber (1985) and Collins (1987%) retritus (Knapp and Seastedt 1986). It is unclear how the ef
ported that the interaction between different types of naturalects of fire might affect the impact of gopher disturbances
disturbances was most important for maintaining communityon prairie plant species, but some clues might be obtained
structure and diversity in tallgrass prairie, while Moloney by examining the effects of these kinds of disturbances on
and Levin (1996) showed that the spatial and temporal archidemographic processes.
tecture of a disturbance regime may be as important as rate The direct relationship between the production of gopher
and intensity in determining plant community structure andmounds and the demography of individual plant species has
diversity. Even so, few studies have examined directly théhbeen examined in some studies. Reichman (1988, 1996)
relationship between the spatial and temporal architecture dbund thatBerteroa incanaa weedy annual, antragopogon
a disturbance regime and the distribution of plant specieglubius a weedy biennial, grew larger and produced more
within the plant community (Moloney and Levin 1996). seeds when growing on gopher mounds and burrows than in
We investigated the spatial and temporal effects of pocketindisturbed areas. Davis (1990) and Dauvis et al. (1995) found
gopher mound production and fire on the distribution andthe same result with a perennial fognstemon grandiflorys
demography of Medicago lupulina L. (black medic, which grew faster and reproduced earlier in the bare soil of
Fabaceae), a short-lived plant species, in a tallgrass prairgopher mounds than in undisturbed areas. In addition, Davis
plant community. We choskl. lupulina as a model species et al. (1994, 199D) investigated the combined effects of fire
primarily because it is short-lived and would show a moreand mound production, concluding th&at grandiflorus ulti-
rapid demographic response (and perhaps a more clear-comately depends on both mound production and fire for the
spatial response) to treatment effects than would a morbare space required for its long-term persistence.
long-lived species. Fire was included as a factor in the study Similar to the studies described above, we investigated the
because our study site was burned in the second year of themographic response M. lupulina to growth on and off
3-year demography experiment, but it serves as an interesgopher mounds, with and without the effects of a spring
ing contrast to the gopher mound treatments because gophieuirn prior to the growing season. However, we expanded the
mound production and fire represent two distinct, yet impor-scope of our study to include a consideration of the relation-
tant, types of disturbance with respect to their spatioship between the spatial distribution of mound production
temporal architecture in tallgrass prairie systems. and the demography and spatial distributionMaf lupulina,
Gopher mounds, which at our study site are produced bgince this may be of critical importance in determining the
the burrowing activity of the plains pocket goph&gomys ultimate success d¥l. lupulina, as well as a number of other
bursariug, are repeatedly constructed within a single grow species, in the prairie plant community (cf. Leach and
ing season in clusters ranging over spatial scales of 1-20 i@ivnish 1996; Moloney and Levin 1996). Our ultimate goal
(Klaas et al. 2000). Pocket gophers tunnel underground is to understand the role of gopher mound disturbance in
search of roots from preferred plant species (Andersen 1988&tructuring plant communities.
Behrend and Tester 1988) and periodically expel soil onto The specific goals in this study were to (1) characterize
the surface (Adams 1966; Hobbs and Mooney 1991the relationship between the pattern of gopher mound pro
Moloney 1993; Klaas et al. 2000). Previous research haguction and the distribution dfl. lupulina within a tallgrass
shown that gopher mounds provide bare ground suitable foprairie and (2) quantify the demographic response of
seedling recruitment (Gross and Werner 1982; Belsky 19861. lupulina to conditions on and off gopher mounds. The
Goldberg 1987; Goldberg and Gross 1988; Peart 198%emographic experiment was repeated for 3 years, with a
Martinsen et al. 1990). Annual plant species are found inspring burn occurring during the second year of the study,
greater abundance in areas with gopher activity (Laycockllowing us to (3) investigate among-year differences in the
and Richardson 1975; Schaal and Leverich 1982; Inouye etemographic response ®. lupulinato conditions on and
al. 1987), and plant species diversity and spatial heteregeneff gopher mounds, in which the most striking difference be
ity increase with gopher mound-building activity (Tilman tween years was the occurrence or absence of fire. While we
1983; Hobbs and Mooney 1985; Inouye et al. 1987; Huntlyattribute most of the measured among-year differences in
and Inouye 1988; Huntly and Reichman 1994). M. lupulina demography to the fire, we cannot eliminate
In contrast with the localized effects of gopher moundother possible among-year differences, such as weather con
production, fires commonly occur at 3- to 5-year intervals inditions. We predicted that the distribution ®. lupulina
managed systems and affect tracts of land at relatively broadiould be positively related to the immediate and long-term
spatial scales (e.g., see Leach and Givnish 1996). Fires todgatterns of gopher mound production, and that germination
are often used as management tools on grassland remnaméde, seedling survivorship to adulthood, and reproduction
to remove aboveground vegetation and dead plant litter, revould be greater whehl. lupulinagrew on mounds than off
duce the cover and encroachment of woody vegetation, inlmounds. In the year of the fire, however, the large-scale dis
crease the productivity and flowering of,@rasses, and turbance was predicted to override the demographic benefits
provide open space for seedling recruitment (Weaver ang@rovided by small-scale mound disturbances, neutralize the
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positive impact of mounds on demography, and cause ngegetation, while the northeast corner contains the Webster soil se
difference in germination rate, seedling survivorship, and refies (L. Burras, personal communication), indicative of wet-meadow
production on and off mounds. Both mounds and fire provide/egetation.

bare soil for seedling establishment, and space for growth of

newly emerging seedlings has been acknowledged as the psurvey of Medicago lupulinaand gopher mound

mary requirement for successful establishment of annualdistributions

(Ross and Harper 1972). Thus, we predicted greater successin July 1995, we surveyed for the presenceMf lupulina in

at each demographic stage fdr lupulinawhen growing on  each cell. Gopher mounds were mapped in a series of surveys dur
mounds compared with off, except for the year when fireing 1994-1998. The locations of all fresh mounds were recorded at
provided bare space for seedling establishment across tHeWeek intervals throughout the 1994, 1995 (Klaas et al. 2000),
entire landscape. In addition, similar demographic resultind 1996 growing seasons, and at 3- to 4-week intervals during the

. : . T . 1997 and 1998 growing seasons. We summed the total number of
have been found in earlier studies of individual plant SPECIeY hunds produced within each cell during the 1994 growing season

growing on gopher mounds (Reichman 1988, 1996; Dav'sollone, and for the period 1994-1998. Mounds produced during

1990; Davis et al. 199, 1991, 1995). 1994 were directly available thl. lupulina as bare soil during the
year it was surveyed and should be very closely related to the dis
Methods tribution of M. lupulinaif it is completely dependent upon the exis

tence of bare sites for successful establishment and growth. Mound
: production tallied over 1994-1998, on the other hand, was used to
Study organism estimate the long-term probability of disturbances occurring at dif

Medicago lupulinas a legume native to west Asia that is now-nat f t locati ithin the site. si the locati f h fivit
uralized throughout North America (Turkington and Cavers 1979). It erent locations within the sSite, since the focation of gopher activity

: - . landscapes remains relatively constant over years (Klaas et
commonly occurs in tallgrass prairies, where it grows as an annudicross - X .
or short-lived perennial (Turkington and Cavers 1979). Previougi: 2000). We expected to find a positive relationship between the
studies have reported thit. lupulinais more abundant on soil dis distribution of M. lupulinaand the 5-year pattern of disturbances if

turbances than in undisturbed vegetation (Reader and Buck 199 aedcluster?d nlatufFe ?f gthherdmound pkr]O('ileJnE::ion Ihas anhlinr(]jirect,
that M. lupulina density increases with decreasing vegetation-den nascape-ievel efiect on the demograpny upufing, whic

sity (Pavone and Reader 1985 and thatM. lupulina seedling could occur through changes in herbivore behavior caused by the
emergence and seedling density increase with decreasing vege esence of d|sturpance (e.g., Klaas et aI._1998). .

tion density (Hogenbirk and Reader 1989; Reader 1991; Reader LOJIStiC regressions were performed using SAS (version 6.12,
and Beisner 1991). These factors make it a suitable candidate for~S Institute Inc.) to determine whether the presendd dtipulina
examining the response of disturbance-sensitive species to the injithin each cell was related to mound number. Each cell was

pact of gopher mound and fire disturbance regimes in tallgras§€@ted as an independent experimental unit. In addition, we in-
prairie ecosystems. cluded the average relative elevation (range 0-6 m) of each cell as

a covariate to control for the effects of other environmental factors
on the distribution oM. lupuling, since the 6-m elevational gradi-

Study site : : : - ;
. _.entis clearly associated with a strong environmental gradient at the
The study was conducted in northwest lowa at Anderson Pralrl%tudy site. y 9 9

State Preserve (Em.”ﬁet County; 43N688°53W), an 80-ha rem- We performed two sets of logistic regressions. In the first, we
nant of tallgrass prairie mqr]aged by the Ic.)W‘? Departmgnt of Naturaéxamined the relationship between the distributiorVoflupulina
Resources. Anderson Prairie is located within the prairie pothele '€ 1995 and the distribution of mounds produced in 1994.-Spe
gion of the tallgrass prairie ecosystem found across north centr .

. 7> . ifically, we included the following three variables in the model
North America. The tallgrass prairie ecosystem is extremely—fragand tested for the significance of each in predictMg lupulina

mented, with as little as one-tenth of one percent of it remaining i resence: (1) mound production in 1994, (2) elevation, and (3) an
some states and provinces of the eastern Great Plains (Samson ;[h ractioh term for 1994 mound productié)n X elevation., In the sec

g:?r)rz a1”9 ?e4r31. ngﬂﬁtgho?{etshse ﬂrg;ﬂgg%;au\%trﬁ Stﬁepqu?gtlgr 'Sai%agjrrreed nd ngistic regress.ion,' we tested the relqtiolnshlip between the dis
management of each remnant being ljnique Anderso); Prairie wq ibution of M. lupulinain 1995 and the distribution of long-term

. - : ound production, using the following variables: (1) mound-pro
grazed ‘by cattle. until the m|d-19703, but has never.been plowe uction from 1994 through 1998, (2) elevation, and (3) an interac
At the time of this study, the prairie was managed with controlledtion term for 1994-1998 mound production x elevation. For each set
fires set every 3-5 years in the early spring. Vegetation on the sit regressions, the best-fit model was determined Withl the Schwartz
Is representative of typical taligrass prairie remnants and consists %rriterion. ThelSchwartz Criterion indicates the fit of the model as

apfr(r)é?incfiﬁlyn 1?}%5'?”; s‘t)re(r:rlleﬁ' tTrk:e niltlveh g:asfsgd;%p?gor;]d each independent variable is added, adjusting for the number of ex
gera an andSorghastrum nutand..) Nash are abundant a planatory variables and the number of observations included. The

domlnant.. In addltlonB(omus inermisL. and Tr|f0||um.pratense|_.., lowest Schwartz Criterion value indicates the best-fit model.
two exotic plant species, were planted on the site when it was

grazed and are abundant today. The plant community also naturally
containsM. lupulina. The animal community on the site consists of Demographic experiments
small mammals and grassland birds typical of those found on prairie In addition to the surveys, we conducted an experimental study to
remnants, including the plains pocket goph@eémys bursarigs determine the demographic responseMf lupulina when planted

In April 1994, a permanent 0.64-ha plot was established at then and off mounds during three growing seasons. In two years,
study site (Klaas et al. 1998, 2000). The plot consisted of sixty-1996 and 1998, the study plot had not been burned for at least
four 10 m x 10 mcells arranged in a square with no buffers be 12 months before we began the experiment. In 1997, the plot and
tween cells. The plot was characterized by a moderate elevationaurrounding prairie had been burned in a spring fire approximately
gradient, with the southwest corner approximatélm higher in 1.5 months before we planted. In all 3 yeah, lupulina was
elevation than the northeast corner (Fig. 1). The soils across most @lanted in late May or early June on and off gopher mounds in a
the plot consist of the Nicollet and Clarion soil series (L. Burras, paired-treatment experimental design. Each year, we planted seeds
personal communication), indicating a long history of mesic prairieon 20 gopher mounds chosen at random from a pool of all mounds

© 2000 NRC Canada



1302 Can. J. Bot. Vol. 78, 2000

Fig. 1. Distribution of Medicago lupulinaand gopher mound Germination for each grid was calculated as the proportion of
production across the study site. The presencofupulinain the original 49 seeds that germinated during the first growing sea
each cell during 1995 is shown in gray. Gopher mounds pro son. Survivorship W_aS calculated for each grid at each survey
duced during 1994 are shown as open squares. Gopher moundsthroughout the growing season, and is reported as the percentage
prociced from 1995 through 1998 are shown as gray poits. & DI SUrivg of hose that germnated. Once the plants began
Cont_our lines are elevation of the site at 0-5'”.“ |r_1tervals, with and removed the racemes to prevent the dispersal of nonlocal seed
relative elevgtlon labeled at 1, 3, and 5 m. Grid lines on the MaPon the study site. At the end of each study, plants were collected
are at 10-m intervals. and dried at 65°C for a minimum of 7 days. Total biomass (above
N and below ground) of each plant was measured in 1996, while only
aboveground biomass was measured in 1997 and 1998.

Pairwise, two-tailed-tests were used to test for significant-dif
ferences within years between the on- and off-mound germination
rates and for differences between on- and off-mound plant biomass
at the end of each experiment. Survivorship on and off mounds at
each survey was also analyzed with pairwise, two-taifeabts, but
we corrected for repeated comparisons within experiments using
the Bonferroni method (in 199& = 0.05/5 = 0.01; in 1997¢ =
0.05/3 = 0.017; in 199& = 0.05/9 = 0.006).

Results

Survey of Medicago lupulinaand gopher mound
distributions

Medicago lupulinawas present during the 1995 floristic
survey in 36 of the 64 cells, all located in the two-thirds of
the plot with relatively high elevation (>1.5 m; Fig. 1). In
1994, 383 gopher mounds were produced in the plot, primar-
ily in cells with relative elevation >1 m (Fig. 1). The two
cells with greatest mound production in 1994 each contained
32 mounds, while 21 cells contained no mounds. Over the
1994 through 1998 growing seasons, 3012 gopher mounds
were produced, with high mound production across most of
the plot except for the east edge, where relative elevation
produced during the spring or fall prior to planting (on-mound was fairly low (Fig. 1).
treatment), W.Ith the constraint that on-mound treatments be- sepa The logistic regression models that most accurately pre-
rated by a minimum of 3 m. Each on-mound location was pairedyjqie the distribution oM. lupulina contained two independ

with an off-mound location 1.5 m west of the mound (off-mound ¢ iables: d ducti d elevati Table 1). Th
treatment). On-mound treatments were bare of litter and other vegE"'t Variables. mound production and eievation (Table 1). The

etation at the time of planting. Off-mound treatments, however €Xplanatory power of the models decreased when mound

were covered by varying amounts of standing vegetation and litterProduction and _elev_ation were entered s_ingly and when the
with the amount closely related to fire treatment. In the years-with mound x elevation interaction term was included (Table 1).

out fire, off-mound standing vegetation was tall and dense, within the model based on 1994 mound production, regression co

plant litter 3.8 + 0.7 (mea + 1 SE) cm deep in 1996 and 3.0 = efficients were positive for both mound production and eleva

0.2 cm deep in 1998. In the year of the fire, standing vegetationjon, indicating that the probability of findingv. lupulina

was only a few centimetres tall at the time we planted, and off-jncreases with elevation and amount of disturbance (Table 2).

moé:ghlg;e[)re\;\;;ser?fglinoit.l(h(ienrqegfetgf.referred to as a grid) consisteI fact, an examination of the odds ratios for the model in

of 49 M. lupulinaseeds plantedhia 7 x 7array. Seeds were spaced _Iudlng only 19.94 !’“OU”d d_ata shows that the probability of
finding M. lupulinain a cell increased by a factor of 1.3 for

at 5-cm intervals and planted 1 cm deep. Planting depth and spa - ;
ing were chosen because they produced maximum germinatiof@ch additional mound in the cell and by a factor of 2.9 for a

during greenhouse planting trials. The location of each seed wad-m increase in relative elevation (Table 2). For the logistic
marked with a small plastic stake for ease in relocating seedlinggegression model based on 1994-1998 mound production,
Seeds were obtained from a commercial seed source in Pennsylvanimound production and elevation were again positively re
The grids were planted during the following time intervals: 1-6 lated toM. lupulina presence (Table 2), although the relation
June 1996; 1-3 June 1997; and 16-19 May 1998. Germination waship between 1994-1998 mound production and the presence
recorded on 13 June 1996, 27 June 1997, and 1 June 1998. Wf \. |upulinawas weaker than that for 1994 mound produc
1996, the experiment was continued for only one growing seasogqy (Taple 2). If we compare the odds ratios for the two
(because the site was burned in spring 1997), with survivorship remodels, we find that the odds ratio for elevation in the 1994—

corded five times between 27 June and 29 September 1996. T . . . .
1997 and 1998 experiments were continued for two growing se::fggs mound model is slightly higher than that in the 1994

sons. In the 1997 experiment, survivorship was recorded 18 Julf'ound model (3.4 vs. 2.9) and that the odds ratio for mounds
1997, 23 August 1997, and 23 July 1998. In the 1998 experimentS much lower (1.03 vs. 1.32; Table 2). However, the de

survivorship was recorded five times between 18 June and 17 O&rease in the mound odds ratio reflects the change in the
tober 1998, and four times between 30 May and 7 September 199%wumber of mounds included in the model (3012 mounds for
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Table 1. Criterion for selecting the best-fit logistic regression Table 2. Results of best-fit logistic regression models for predict
model out of all possible parameter combinations, calculated for ing Medicago lupulinapresence within a@ m x 10 mcell, us

each mound production data set. ing mound production and elevation as independent variables.
Independent variables ~Mound production data sets Parameter Parameter estimate SE P Odds ratio

included 1994 mounds 1994-1998 mounds 1994 mound production data set
Mounds 70.2 87.2 0 —4.0389 1.0634 0.0001
Elevation 65.1 65.1 Bl 0.2790 0.1076 0.0095 1.322
Mounds, elevation 56.7 64.0 p2 1.0712 0.3136  0.0006 2.919
Mounds, elevation, 60.4 68.1 1994-1998 mound production data set

mounds x elevation 0 —4.6578 1.2391 0.0002

Note: Values are the Schwartz Criterion. The lowest value indicates theBl 0.0307 0.0145 00335 1.031

' . B2 1.2394 0.3094 0.0001 3.453

best-fit model for each set of logistic regressions.

Note: RegressionPy, = (exgPorBimnd+BAeled)y/(1 + exBOHBL mngiB2(elev))
whereP,, is the probability ofM. lupulina presence in a cell, mnd is the

1994—1998 vs. 383 far994 a|0ne) not a change in the under numbt_er of mounds produced per cell in 1994 or 1994-1998, and elev is
lying relationship; i.e., one mound in the 1994-1998 model iselevatlon n metres.
the equivalent of 0.127 mounds in 1994 and 932~ 1.03

(cf. Table 2). In the 1998 experiment, a no-fire year, plants were collected

i , at the end of the second growing season and survivorship
Demographic experiments L o was again very low. We could detect no significant differ

Medicago lupulinaseedling germination was significantly gnce jn plant biomass between the on- and off-mound-treat

greater in the off-mound treatments than in the on-mounqyents. Individual plant biomass was 0.183 + 0.064 g on

treatments for all 3 years (Fig. 2). Survivorship, however, 4 nds and 0.095 + 0.035 g off mounds.
differed between mound treatments for years with fire ancIn Reproduction occ_urred only on mounds during the first

without fire (Fig. 3). In 1996 and 1998, both years Without%rowing season in the two no-fire years (1996 and 1998: Ta-

fire, survivorship was greater in the on-mound treatment thaq 3) "pyring the second growing season of the 1998 exper-
in the off-mound treatment throughout the first growing sea;ant (second season data were not collected in the 1996
son (Fig. 3), although this result was only significant for the

last two surveys in the 1996 experiment (79-day SurVey_experiment), reproduction occurred both on and off mounds,
. g ith slightl ion in th -
pairedt = 3.70 P = 0.002: 108-day survey: pairdd- 3.24, with slightly greater reproduction in the on-mound treatment

P = 0.004: a-criterion = 0.01). In 1998, Survivorship was than off-mound (Table 3). In the 1997 fire-year experiment,

X X o reproduction occurred on or off mounds during the first
greater on mounds throughout the first growing season (Fig. 3},\ing season, and reproduction was low both on and off
but the dlﬁerence was not st_atls;_tlcally significant when themounds during the second season (Table 3).
Bonferroni-correctedi-value criterion was used. Plants from
the 1998 experiment were also surveyed throughout the 1999
growing season. They exhibited low survivorship during thepjscussion
second year and, as in the first year, survivorship was greater
on mounds than off, but with no statistical significance. On Much evidence linking gopher mound production and plant
30 May 1999, survivorship was 6.75 + 2.03% on mounds andcommunity composition has been reported in the plant-ecol
3.80 + 1.43% off mounds. By 7 September 1999, survivorshipgy literature (e.g., McDonough 1974; Spencer et al. 1985;
was 2.22 + 1.09% on mounds and 1.30 + 0.56% off mounds. Williams et al. 1986; Inouye et al. 1987; Peart 1989; Hobbs

For the 1997 experiment, the year with a spring burnand Mooney 1991). Only a small body of work, however,
survivorship was significantly greater off mounds than onhas directly linked the presence of gopher mounds to the life
mounds for both surveys conducted during the first growinchistory success of individual plant species (exceptions in
season (21-day survey: pairee —6.48,P = 0.0001; 57-day clude Hobbs and Mooney 1985; Reichman 1988, 1996; Da
survey: pairedt = —4.28,P = 0.0004;a-criterion = 0.017; vis 1990; Martinsen et al. 1990; Davis et al. 1995), and few
Fig. 3). This was opposite the trend for the two experiments inprevious studies have considered the spatial context of the
years with no fire. In the second growing season, survivorshipelationship (exceptions include Hobbs and Mooney 1985;
for the 1997 plants was very low and not significantly differ Thomson et al. 1996). In addition, we know of only two sets
ent between mound treatments, although still slightly greateof demographic studies that have examined the potential for
off mounds (2.78 + 1.37%) than on mounds (0.59 + 0.43%). a significant interaction effect between broad-scale distur

In 1996, a no-fire year, plant biomass at the end of the firsbance and the more localized effects of gopher mound pro
growing season was significantly greater (paited3.49,P =  duction on the demography and distribution of a plant species
0.003) for plants in the on-mound treatment (0.056 + 0.014 g{Rice 1987; Davis et al. 1991 1991). With this project,
than off-mound treatment (0.008 + 0.001 g). For the 1997Ave explored these issues using a number of approaches in
fire-year experiment, survivorship was very low by the endcorporatingM. lupulinaas a model plant system. Our results
of the experiment in 1998 and no significant difference be suggest that the spatial context of the disturbance regime and
tween plant biomass in the on- and off-mound treatmentshe interaction between mound production and broad-scale
was detected. Average individual plant biomass on mounddisturbance, ofvhich fire is an example, are critical for uneler
was 0.042 + 0.007 g, and off mounds it was 0.030.824 g.  standing the demography and spatial distributioboflupulina
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Fig. 2. Medicago lupulinaseedling germination in on- and off- Fig. 3. Medicago lupulinasurvivorship on and off mounds dur
mound planting treatments during the 1996, 1997, and 1998 de ing the first growing season in 1996, 1997, and 1998. Age zero
mography experiments. Error barsear 1 SE. indicates the first survey when germination was recorded (13
80 - June 1996, 27 June 1997, and 1 June 1998). Open circles are on
[J On mounds mounds, closed circles are off mounds. Error baes#rl SE.
201 Off mounds Asterisks denote significantly different survivorship between on-
and off-mound treatments per survey, using Bonferroni-adjusted
S o-values for the criteria.
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and, by extension, may be important in understanding the x
distribution of other prairie plant species.
Spatial relationship to disturbance
We found a general correlation between the distribution of
M. lupulina and the presence of gopher mounds using a lo- 0 . . . . . . .
gistic regression approach. Of particular interest is the fact 0 20 40 60 80 100 120 140
that the relationship was independent of the effects of the
dominant environmental gradient occurring at the site, at Age (in days) from germination

least as represented by the lack of an interaction effect with
elevation in the regression model. This strongly suggests that
M. lupulina is dependent upon small-scale disturbances for
its demographic success at Anderson Prairie and that it has@emographic response to disturbance
greater probability of occurring in areas with higher rates of Prior to this study, we hypothesized thdt lupulina ger
disturbance. We caimfer that this relationship occurs because mination rate, seedling survivorship to adulthood, and repro
of the demographic response to disturbanceMylupuling, duction would be greater on mounds, while in years with
and we examined this more directly through the field experi fire, all three would show no differences on and off mounds.
ments included in this study. However, we found that germination was significantly greater
Elevation was also a significant predictor of the distribu off mounds in all years, independent of any among-year dif
tion of M. lupulina, with M. lupulina more likely to be ferences. Although the germination result was unexpected, it
found at higher elevations within the study site. The prairiecan be explained by the conditions under which the seeds
pothole region, within which Anderson Prairie is located, iswere planted. Seeds in the off-mound treatment were planted
generally characterized by little elevational relief, and, as an soil under 3.4 £ 0.2 cm (m@at 1 SE) of litter in the 2
consequence, a slight elevational difference can cause inyears without fire and under 0.7 + 0.1 cm of litter in the year
portant soil moisture differences. At our research site, cellsvith fire, while seeds in the on-mound treatment were al
at lower elevations contained soils and vegetation associatedays planted in bare soil. The environment under the litter
with wet meadows. It is likely that both pocket gophers andwas probably more humid, providing better conditions for
M. lupulina are excluded from these sites. Over the 5 yeargermination andgeedling emergence than the bare, dry soil on
of this study, only a few mounds were produced in these lomounds (cf.Pavone and Reader (1985 who found greater
cations and only during very dry weather. Fossorial mam germination byM. lupulina in moss-covered sites with high
mals cannot burrow in wet soils, and growth Mf lupulina  microsite humidity than in dry sites without moss).
may also be prevented by high moisture, increased light In contrast with the germination pattern, we found greater
competition with tall vegetation growing in wet soils, or survivorship on mounds versus off mounds in years without
some other environmental factor correlated with elevation. fire, as expected. This can be attributed to the following two
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Table 3. Medicago lupulinareproduction in each growing season of the 1996, 1997, and 1998 demography
experiments.

No. flowering plants/total no. plants Racemes (me&al SE)
Year On mounds Off mounds On mounds Off mounds

1996 experiment (no fire)
1st growing season 28/297 0/221 4.8+0.8 0
2nd growing season — — — —
1997 experiment (fire)

1st growing season 0/33 0/160 0 0
2nd growing season 1/3 2/13 — —
1998 experiment (no fire)
1st growing season 7162 0/46 3.310.5 0
2nd growing season 12/17 8/15 17.7+4.6 19.6+6.2

Note: Values are the number of flowering plants of the total number of surviving plants at the end of the growing season
and the mean number of racemes produced per flowering plant. Data were not collected in the second growing season of the
1996 experiment, because the site was burned in spring 1997.

factors: (1) less competition for light on mounds and (2) re due to differences in weather or another factor with year-to-
duced herbivory by small mammals on mounds. The plants ilyear variability, it seems most likely that the spring fire played
the off-mound treatments produced less biomass than those &mn important role. We attribute thgreater survivorship off
the on-mound treatments, and sometimes appeared etiolatetbunds in 1997 to an interaction among a variety of factors,
due to growth under low light conditions. This is consistentincluding differences in water availability and risk of-re
with Ross and Harper’s (1972) conclusions that space and lighturial on and offmounds in years with and without fire, cou
are the critical factors early in the life of a seedling for survival pled with diminished differences in competition and herbivory
and growth (see also Moloney 1990). Other studies have alsan and off mounds in the year of a fire. The soil of gopher
reported thaM. lupulina exhibitsgreater survivorship on bare mounds is more friable and has a greater water infiltration
soil and in uncrowded areas with little shading (Turkingtonrate than intermound soil (Grant et al. 1980; Grant and
and Cavers 1979; Pavone and Reader 298®mgenbirk and McBrayer 1981), leaving the surface soil on mounds drier
Reader 1989). Additionally, greater survivorship on moundshan that of intermound areas. In fact, soil samples collected
could be caused by reduced herbivory on mounds. Klaas @n mounds in 1997 contained less soil moisture than those
al. (1998)found that meadow voles, the most abundant herbiveollected off-mounds. In years without fire, tall surrounding
orous small mammals at our study site, tend to avoid gopheregetation partially shades mounds, preventing excessive
mounds, which should result in lower rates of herbivory forwater evaporation from the mound surface, but in the year of
seedlings growing on mounds versus off mounds. In additiona fire, soil moisture is reduced across the whole prairie
Reader (1992 1992) found that greater seedling (Knapp et al. 1998) and no tall vegetation surrounds mounds
survivorship in areas of sparse vegetation was caused prio prevent rapid evaporation of surface soil moisture. In ad
marily by reduced herbivory rather than lack of plant com dition, as noted earlier, the risk of mortality due to reburial
petition. is greater on mounds than off. Finally, the conditions that
Although seedlings growing on mounds exhibit highernormally make mounds better sites for seedling survivorship
rates of survivorship than those off mounds in most yearsare no longer factors in the year of a spring fire. There is no
they could face an increased risk of mortality because of thétter layer in intermound spaces, and vegetation is shorter,
production of fresh mounds. Gopher mound production igoroviding similar conditions on and off mounds. Also,
spatially autocorrelated (Klaas et al. 2000), so the chance oheadow voles avoid prairies during the first growing season
a mound being reburied is greater than that of an undisafter a fire (Vacanti and Geluso 1985), reducing the differ
turbed site. In this experiment, we found that on-moundences between on- and off-mound rates of herbivory. All
treatment grids were reburied 5 times as often as off-mounthese factors may contribute to the observed pattern of
treatment grids (from 1996 through 1998, 10 on-moundgreater survivorship off mounds in the year of a fire.
grids and 2 off-mound grids were at least partially buried). Populations of short-lived species persist only if germina
The mortality of 39M. lupulina plants growing on mounds tion, seedling establishment, vegetative growth, and repro
was directly caused by the production of a new moundduction occur in every generation. Three of these life cycle
while the mortality of 17 off-mound plants was caused bystages (germination, seedling establishment, and vegetative
new mound production. The increased risk of mortality duegrowth) occurred both on and off mounds, but one stage (re
to reburial on mounds, however, must be outweighed by th@roduction) was strikingly greater on mounds than off
benefits of reduced competition and reduced risk of herbivorymounds in years without fire. In these years, only plants
since survivorship on mounds in years without fire was-gengrowing on mounds reproduced during the first growing sea
erally greater than that off mounds. son. This first season is critical for survival of short-lived
Interestingly, survivorship was significantly greater off species, and previous research has shown Fhalupulina
mounds in the year of the fire, rather than simply remainingplants that do not flower during the first season rarely flower
equal to the on-mound treatments, as initially predicted. Whileluring a second season (Turkington and Cavers 1979)- Inter
the difference in survivorship results among years could bestingly, in this studyM. lupulinathat survived into the sec
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ond season flowered both on and off mounds. Totabecause mounds provide space for the maintenance of short-
reproductive output was greater for the plants on mounddjved species that could not otherwise compete with the domi
however, because survivorship on mounds was greater andnant long-lived perennial vegetation.

greater proportion of the surviving on-mound plants flow

ered. In the year of the spring fire, fecundity was quite low
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