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Flea beetles (Aphthona spp.) were released in the Little Missouri National Grasslands (LMNG) in western North

Dakota in 1999 to control leafy spurge. The changes in leafy spurge density and soil seedbank composition were

evaluated on two ecological sites 10 yr (2009) after Aphthona spp. release to monitor the effectiveness of the insects

on weed control and the associated changes in plant communities. In 2009, leafy spurge stem density averaged 2 and

9 stems m22 (0.19 to 0.84 ft22) in the loamy overflow and loamy sites, respectively, compared with 110 and 78

stems m22, respectively, in 1999. Leafy spurge constituted nearly 67% of the loamy overflow seedbank in 1999,

compared with 2% in 2009. In the loamy seedbank, the weed represented nearly 70% in 1999, compared with

approximately 15% in 2009. As leafy spurge abundance was reduced, native species richness and seed count

increased 10 yr after Aphthona spp. release. Late seral species represented 17% of the loamy overflow seedbank in

2009, an increase from 5% in 1999. However, Kentucky bluegrass, a nontarget weedy species, increased more than

250% in the loamy overflow seedbank. Late seral species were 38% of the loamy seedbank in 2009, compared with

13% in 1999. The number of native species increased from 31 in 1999 to 39 in 2009 in the loamy overflow

seedbank, but only changed from 32 to 34 species in the loamy site during the same period. The reestablishment of

native species has been slow, but seedbank analysis indicates the number and type of species found before the leafy

spurge infestation have increased. Planting native species in selected areas may have reduced the lag time in these

species return to the seedbank and reduced invasion from other nondesirable species, such as Kentucky bluegrass.

Nomenclature: Leafy spurge flea beetle, Aphthona spp.; Kentucky bluegrass, Poa pratensis L.; leafy spurge,

Euphorbia esula L. EPHES.

Key words: Biological control, invasive species, leafy spurge flea beetle, revegetation.

Soil seedbank analysis provides insight on the historical
and future composition of aboveground vegetation in an
ecosystem (Cavers 1994; Thompson and Grime 1979).
Seedbank composition assessment can help determine
whether restoration, such as seeding, is necessary to
improve the development and quality of an ecosystem
because aboveground vegetation does not always corre-
spond to seed composition within the soil (Cardina and
Sparrow 1996; Thompson and Grime 1979).

Aphthona nigriscutis and Aphthona lacertosa were intro-
duced to the United States in the mid-1980s (Julien and
Griffiths 1999) for biological control of leafy spurge
(Euphorbia esula L.) (Lym 1998; Lym and Carlson 2002).
Once established, Aphthona spp. have reduced leafy spurge
cover, density, and biomass (Kirby et al. 2000). Leafy
spurge was reduced nearly 70% during a 14-yr period after
Aphthona spp. were released in north-central Montana
(Lesica and Hanna 2004, 2009). Significant reductions of
leafy spurge root biomass occurred within 2 to 3 yr after
release in several areas of North Dakota (Kirby et al. 2000).
However, the long-term effect on native species recovery
following biological control of leafy spurge has generally
been slow (Butler and Wacker 2010) and may be site
dependent (Lesica and Hanna 2009).

A leafy spurge soil seedbank study was first conducted
in the Little Missouri National Grasslands (LMNG) in
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western North Dakota in 1999 (Cline 2002). Aphthona
spp. were released to control leafy spurge, and the change
in seedbank composition over time was evaluated. Forty-
three species germinated from the loamy overflow sites and
40 species from the loamy sites. The most abundant species
included leafy spurge (70%), Kentucky bluegrass (Poa
pratensis L.), prairie Junegrass [Koeleria macrantha (Ledeb.)
J.A. Schultes], little bluestem [Schizachyrium scoparium
(Michx.) Nash], and green needlegrass [Nassella viridula
(Trin.) Barkworth].

The seedbank study was repeated in 2004, 5 yr after the
1999 Aphthona spp. release (Cline et al. 2008; Juricek 2006).
The same procedure and methods were used as employed in
the Cline (2002) study, except the flea beetles had spread
throughout the entire study area. Leafy spurge stem density
was reduced approximately 90% by the Aphthona spp.
during the 5 yr. Leafy spurge seed in the soil seedbank also
decreased 66% in the loamy overflow sites and 79% in the
loamy sites. The most-abundant species were still leafy
spurge and Kentucky bluegrass, and native plant species had
not recovered following leafy spurge reduction.

The purpose of this research was to reevaluate change in
the leafy spurge stand density and the soil seedbank

composition 10 yr following the leafy spurge control
program using Aphthona spp. in western North Dakota.
Evaluating the seedbank is the first step in gaining insight
into the potential secondary succession of long-term leafy
spurge–infested rangeland following Aphthona spp. release.

Materials and Methods

A soil seedbank study was established in the LMNG in
western North Dakota to evaluate species composition
change 10 yr following leafy spurge control by Aphthona
spp. The LMNG covers 500,000 ha (123,550 ac) in
western North Dakota and consists of many gullies,
ravines, and buttes (Hopkins et al. 1986). The predom-
inant soils include well-drained loams, clay loams, and
sandy loams. The soils derived from soft clayey shales and
sandstones are unstable and are highly susceptible to
erosion. The annual precipitation near the LMNG in
Medora, ND, fluctuated widely during the past 50 yr with
an average of 390 mm yr21 (15.35 in yr21) (USDC-
NOAA-NRCDC 1949–2010). Historically, grazing was
the primary land use in the LMNG (Hopkins et al. 1986),
but now, oil and gas development have increased
dramatically (NDIC-OGD 2011).

There were 24 sites established in 1999 for seedbank
analysis as described by Cline et al. (2008). A mixture of
3,000 A. lacertosa and Aphthona czwalinae and 3,000 A.
nigriscutis flea beetles were released for leafy spurge control.
Each site was geocoded with a global positioning system
and marked on topographic maps. Sites were also marked
with labeled polyvinyl chloride posts and two plastic
surveyor stakes. One stake was located in the center of the
site, and another stake was located at 90u to the right of the
center and perpendicular to the maximum water flow of
the slope.

There are numerous vegetation types in the LMNG.
Clements et al. (1929) identified nine major grassland
communities in the same general area where this study was
conducted. The mixed grass prairie vegetation type was the
most-abundant type encountered in this research. The
dominant plant species included blue grama [Bouteloua
gracilis (Willd. ex Kunth) Lag. ex Griffiths], western
wheatgrass [Pascopyrum smithii (Rydb.) Á. Löve], needle-
and-thread [Hesperostipa comata (Trin. & Rupr.) Bark-
worth], green needlegrass, prairie sandreed [Calamovilfa
longifolia (Hook.) Scribn.], and little bluestem (Cline
2002; Juricek 2006). Woody vegetation species among the
prairie species included common cottonwood (Populus
deltoides Marshall), silver buffaloberry [Shepherdia argentea
(Pursh) Nutt.], western snowberry (Symphoricarpos occi-
dentalis Hook.), and creeping juniper (Juniperus horizonta-
lis Moench).

The seedbank study was conducted on 12 loamy
overflow and 12 loamy sites, as defined by the U.S.

Management Implications
The leafy spurge (Euphorbia esula L.) biological control agents

Aphthona nigriscutis and Aphthona lacertosa were introduced to the
Little Missouri National Grasslands (LMNG) in western North
Dakota in 1999 to control the invasive weed. At the same time, 12
sites each on loamy overflow and loamy soils were established for
evaluation of change in leafy spurge density and soil seedbank. In
2009, 10 yr after Aphthona spp. release, leafy spurge stem density
had decreased by an average of 94% in the loamy overflow and
loamy sites. At the same time leafy spurge seed decreased in the
loamy overflow seedbank from 67% in 1999 to only 2% in 2009
and from 70% in 1999 to approximately 15% after 10 yr at the
loamy site. As leafy spurge was successfully controlled in the
LMNG, native species richness increased in the soil seedbank.
Prairie Junegrass was a prevalent native species in the loamy
overflow seedbank in 2009, and some late seral species that
appeared by 2009 included textile onion (Allium textile A. Nels. &
J.F. Macbr.), shy wallflower [Erysimum inconspicuum (S. Wats.)
MacM.], locoweed [Oxytropis campestris (L.) DC.], and prairie
groundsel [Packera plattensis (Nutt.) W.A. Weber & A. Löve].
However, from 2004 to 2009, there was a substantial increase in
Kentucky bluegrass (Poa pratensis L.) in the loamy overflow
seedbank. The increase in Kentucky bluegrass was most likely
enabled by the reduction in leafy spurge and above-average
precipitation, which provided a favorable habitat for growth and
invasion. Although Kentucky bluegrass may become a problem
species in the LMNG, an increasing trend in native species was
observed in the soil seedbank following the reduction of leafy
spurge. Desirable forb species and native grasses could be seeded
within 5 yr following leafy spurge reduction to reduce
opportunistic invaders, such as Kentucky bluegrass, and to
provide additional seed sources for more-rapid reestablishment
of the native flora.
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Department of Agriculture Natural Resources Conserva-
tion Service (USDA-NRCS) Ecological Site Description
System (USDA-NRCS 2007). Locations were originally
chosen in 1999 based on leafy spurge density (uninfested,
light, moderate, and heavy), soil type, and vegetation
composition (Cline 2002). The light, moderate, and heavy
leafy spurge infestations averaged approximately 87, 127,
and 224 stems m22 (8, 12, and 21 stems ft22),
respectively, from the loamy overflow sites and 46, 83,
and 183 stems m22, respectively, from the loamy sites.

Leafy spurge stem density was counted, and soil cores
were collected for seedbank analysis in mid-August 2009
from each of the 24 original sites. The sites were 255 m2

(2,745 ft2) and separated into eight equal transects
radiating clockwise from the center at 45u angles, with
transect three always pointing north from the center point
(Cline 2002). Stem density was determined by counting
the number of stems in four 0.25-m2 quadrats placed at 1-
m (3.281-ft) intervals on the cardinal directions. Addi-
tionally, four soil cores at 1-m intervals were excavated
from each of five transects that were chosen at random.
Each soil core was removed using a standard golf-hole
cutter to a depth of 5 cm (1.97 in) with a 10-cm diameter.
If a sampling fell on a previously selected transect, the
subsequent samples were taken on the same arc 1u to the
right or left of the previous sample in 2004 or 2009,
respectively. Soil samples were refrigerated at 3 C (37.4 F)
before seedbank evaluation for at least 14 d to overcome
dormancy, as suggested by Perez et al. (1998).

Seedbank analysis was conducted by seed germination
methods outlined by Ter Heerdt et al. (1996). A mixture of
steam-sterilized soil and commercial plant-growth media
(Sunshine Mix No. 1H, Sun Gro Horticulture, Bellevue, WA
98008) was added to 28- by 56-cm greenhouse trays to a 2.5-
cm depth and topped with a 3- to 5-cm-thick layer of sterile
silica sand. Four soil cores from each transect were combined
and washed with tap water through a coarse (4-mm) and fine
(0.2-mm) sieve to remove debris and unwanted plant
material, such as roots (which could produce shoots and
bias the study) and thatch. Tap water was added to the soil
samples to form a slurry, and the mixture was poured into a
tray as the top layer. All trays were placed in the greenhouse
and watered daily. Greenhouse temperature was maintained
between 20 and 28 C, and natural light was supplemented
with halide lamps at 450 mE m22 s21 for a 16-h photoperiod.
Once seedlings emerged, they were identified, recorded, and
removed. Unknown seedlings were transplanted to allow
further growth until proper identification was possible. The
study was conducted for approximately 24 wk.

Coefficients of conservatism values (C-value) were
assigned to plant species based on an assessment by the
Northern Great Plains Floristic Quality Assessment Panel
(2001). The C-value ranges from 0 to 10, with 0 for plant
species that inhabit highly disturbed (early seral) areas and

10 for undisturbed, natural (late seral) areas. Early seral
species had a C-value of 3 or less, and late seral species had
a C-value of 4 or greater (Cline 2002).

The soil seedbank data were analyzed as a completely
random design using the Generalized Linear Models
procedure of SAS software (SAS Institute Software 2004,
Version 9.1.2, SAS, Inc., Cary, NC 27513). A Fischer’s
Protected LSD test at P , 0.1 (P , 0.05 was considered
too critical for use in this study) was calculated for mean
separation to evaluate the change in species composition
based on seven vegetation categories within the soil
seedbank 5 and 10 yr after Aphthona spp. release in
1999. Soil cores were excavated in the spring and fall of
1999, but only the fall data were used for comparison. A
factorial arrangement was used to compare seedling
densities in seven vegetation categories between two
ecological sites (loamy overflow and loamy). Seedlings
were placed into one of seven categories, including (1)
major invasives, (2) late-seral forbs, (3) early seral forbs, (4)
late seral grasses, (5) early seral grasses, (6) hydric/mesic

Table 1. Leafy spurge stem density across original 1999 density
categories and 5 and 10 yr after Aphthona spp. release on loamy
overflow and loamy sites in the Little Missouri National
Grasslands in western North Dakota.a

Year and leafy spurge density
classification Loamy overflow Loamy

––––––––––––– stems m22 –––––––––
1999

Uninfested 0 0
Low 87 46
Moderate 127 83
High 224 183
LSD (0.05) 12 11

2004

Uninfested 5 3
Low 1 0
Moderate 16 16
High 7 20
LSD (0.05) 10 9

2009

Uninfested 3 9
Low 2 10
Moderate 2 4
High 1 15
LSD (0.05) NS NS

1999 Mean 110 78
2004 Mean 7 10
2009 Mean 2 9

a The 1999 and 2004 data were originally published in Cline
et al. 2008 and are included here for ease of comparison.
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species, and (7) unknown species. There were 12 replicates
and five subsamples for each ecological site that were
analyzed separately.

Results and Discussion

Leafy spurge stem density decreased 98 and 89% from
the loamy overflow and loamy sites, respectively, in the
LMNG 10 yr after Aphthona spp. release in 1999
(Table 1). In 2009, leafy spurge stem density averaged 2
and 9 stems m22 in the loamy overflow and loamy sites,
respectively, compared with 110 and 78 stems m22,
respectively, in 1999, and 7 and 10 stems m22, respectively,
in 2004. By 2009, stem density was similar within the four
original leafy spurge categories (uninfested, low, moderate,
and high). These results are similar to other studies that have
reported Aphthona spp. substantially reduced leafy spurge
infestations throughout the northern Great Plains (Butler et
al. 2006; Kirby et al. 2000; Lesica and Hanna 2004; Lym
and Nelson 2002; Mico and Shay 2002).

Leafy spurge seed was reduced more than 96% from
3,358 seedlings 0.5 m22 in 1999 to 127 seedlings in 2009
in the loamy overflow seedbank as the aboveground stem
density decreased (Table 2). Leafy spurge constituted
nearly 67% of the loamy overflow seedbank in 1999,
compared with 17% in 2004 and 2% in 2009. For the
loamy sites, leafy spurge was reduced approximately 90%
from 1,429 seedlings 0.5 m22 in 1999 to 146 seedlings
0.5 m22 in 2009 (Table 3). Leafy spurge represented
nearly 70% of the loamy seedbank in 1999, compared with
approximately 11% in 2004 and 15% in 2009.

The total number of seeds (including leafy spurge) in the
loamy overflow seedbank increased from 1999 to 2009
(Table 2) but decreased in the loamy seedbank (Table 3).
From the loamy overflow sites, 5,966 seedlings 0.5 m22

emerged in 2009, compared with 5,042 and 6,798
seedlings 0.5 m22 in 1999 and 2004, respectively. A total
of 977 seedlings 0.5 m22 emerged from the loamy sites in
2009 compared with 2,052 and 2,788 seedlings 0.5 m22 in
1999 and 2004, respectively.

Species richness in the LMNG increased 33 and 35% in
the loamy overflow and loamy seedbank, respectively, 10 yr
after Aphthona spp. release for leafy spurge control
(Tables 2 and 3). A total of 57 species emerged from the
loamy overflow seedbank in 2009, compared with 43
species in 1999 and 54 species in 2004. From the loamy
sites, 54 species emerged in 2009, compared with 40
species in 1999 and 51 species in 2004. The increasing
trend in species richness came from an increase in late seral
forbs at both ecological sites from 1999 to 2004, which
went from an average of 6 to 13 species.

There was a greater tendency for increased species
richness and seedling emergence in the loamy overflow
sites, compared with the loamy sites, 10 years afterT
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Aphthona spp. release (Tables 2 and 3). The increase in
richness was likely due to more-favorable growing
conditions in the overflow sites than was present at the
loamy sites. Loamy overflow soils are characterized by
greater moisture availability from surface runoff and
subsurface water movement, greater organic matter
content, and higher fertility than loamy site soils (Hanna
et al. 1982; Malo and Worcester 1975; Wolf 1987). Cline
(2002) also reported twice as many seedlings emerged from
the loamy overflow seedbank than the loamy seedbank
because of a more-favorable habitat for growth and seed
production.

Kentucky bluegrass seedling density increased more than
250% in the loamy overflow seedbank, 10 yr after
Aphthona spp. release, from 1,066 seedlings 0.5 m22 in
1999 to 1,226 and 3,783 seedlings 0.5 m22 in 2004 and
2009, respectively (Table 2). The rapid increase of
Kentucky bluegrass in the soil seedbank was most likely
due to reduced competition from leafy spurge, which
provided the grass with an opportunity to invade.
Precipitation and heavy grazing may also have contributed
to the invasion or provided the grass with a favorable
habitat for growth and seed production. Kentucky
bluegrass tends to favor a wet environment (Stubbendieck
et al. 2003), and precipitation was greater from April to
June in 2009 (150 mm) than it was in 2004 (50 mm), the
year of soil collection (NDAWN 2011, averaged between
Beach and Dickinson, ND). In contrast, Kentucky
bluegrass seedling emergence from the loamy seedbank
was similar across study years and averaged less than 150
seedlings 0.5 m22 (Table 3).

Late seral forbs constituted approximately 3% of the
loamy overflow seedbank in 1999 and 2009, with a short-
term peak to 25% in 2004 (Table 2). Even though the
total number of late seral forb seed was similar 10 yr after
Aphthona spp. release, there was a trend for increased
species richness. Six late seral forb species appeared in the
loamy overflow seedbank in 1999 compared with 14 and
13 species in 2004 and 2009, respectively.

In contrast, late seral forb species increased in the loamy
seedbank during the 10-yr study from 5% in 1999 to 21%
in 2009 (Table 3). Harebell (Campanula rotundifolia L.)
and hoary puccoon [Lithospermum canescens (Michx.)
Lehm.] were absent in 1999 but constituted 5 and 11%
of the total seedbank, respectively, by 2009.

Early seral forb seedling emergence increased in both the
loamy overflow and loamy seedbank during the 10-yr
period of the study (Tables 2 and 3). Late-seral forbs
averaged over both sites constituted less than 10% of the
seedbank in 1999 but increased to 18 and 37% in the
loamy overflow and loamy sites, respectively, by 2009. The
largest increase of any early seral forb in the loamy overflow
site was from a Brassicaceae species, which was absent in
1999 but was 5% of the total seedbank in 2009. This plant

could not be positively identified but was likely a early seral
invasive forb. Woodland draba (Draba nemorosa L.) was
absent at the start of the study, but constituted 22% of the
loamy seedbank by 2009.

Late seral grass-seedling emergence increased in both the
loamy overflow and loamy sites 10 yr after Aphthona spp.
release (Tables 2 and 3). The largest increase in late seral
grass was from prairie Junegrass, which averaged less than
3% of the seedbank in 1999 but was 13.5% in 2009.
Species richness remained the same, and only green
needlegrass, little bluestem, and sand dropseed were present
at all three evaluations.

Early seral grasses represented 6% or less of the total
seedbank regardless of ecological site during the 10-yr study
(Tables 2 and 3). Species from the unknown and hydric/
mesic categories were difficult to identify and represented a
small percentage of the seedbank for both ecological sites
(Tables 2 and 3).

Leafy spurge was successfully controlled in the LMNG,
10 yr after Aphthona spp. release, whereas native species
seed increased in the soil seedbank. However, from 2004
to 2009, there was a substantial increase in Kentucky
bluegrass in the loamy overflow seedbank and a decreasing
trend in native species richness. The increase in Kentucky
bluegrass was most likely enabled by the reduction in leafy
spurge and above-average precipitation, which provided a
favorable habitat for growth and invasion. Nonnative
grasses also became dominant when biological control
agents were used to control diffuse knapweed (Centaurea
diffusa Lam.) in Colorado (Bush et al. 2007).

The transition of one major invasive species (leafy
spurge) to another (Kentucky bluegrass) in the LMNG is
not ideal but may have some positive attributes (Lesica and
Hanna 2009; Stephens et al. 2009). First of all, leafy spurge
is listed as a noxious weed in North Dakota, whereas
Kentucky bluegrass is an invasive species that is often
considered naturalized throughout North America (USDA-
NRCS 2004). Kentucky bluegrass provides habitat and
forage for wildlife, is included in seed mixes for road ditch
revegetation, and prevents soil erosion because of a dense,
vigorous root system (USDA-NRCS 2002). Ranchers may
benefit from the transition because leafy spurge is not
palatable to livestock, and the forage value of Kentucky
bluegrass is good in the spring. However, decreased plant
richness in grassland communities has been linked to lower
production and forage yield (Naeem et al. 1994; Tilman
et al. 1996), reduced stability following a disturbance
(McNaughton 1977; Tilman and Downing 1994), and
increased invasion from exotic species (Tilman 1997; Tracy
and Sanderson 2004).

The Aphthona spp. biological control agents reduced
leafy spurge successfully in the LMNG, and the weed
should remain suppressed as long as the insects are present.
However, change in the plant community has been slow,
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depending on changes in the relative recruitment rates of
the various species. Land managers may face a decision
whether to reseed with native species or wait until the
plants return naturally. Reseeding native species in such a
large area as these study sites likely would not be cost
effective. However, reseeding in selected areas may allow
the natives to establish and repopulate the seedbank more
quickly than observed here. If this type of seeding had been
done approximately 5 yr after Aphthona spp. release, when
leafy spurge began to decline, the rapid invasion by
Kentucky bluegrass may have been avoided.

Literature Cited

Bush, R. T., T. R. Seastedt, and D. Bucker. 2007. Plant community
response to the decline of diffuse knapweed in a Colorado grassland.
Ecol. Restor. 25:169–174.

Butler, J. L. and S. D. Wacker. 2010. Lack of native vegetation recovery
following biological control of leafy spurge. Rangeland Ecol. Manag.
63:553–563.

Butler, J. L., M. S. Parker, and J. T. Murphy. 2006. Efficacy of flea
beetle control of leafy spurge in Montana and South Dakota.
Rangeland Ecol. Manag. 59:453–461.

Cardina, J. and D. H. Sparrow. 1996. A comparison of methods to
predict weed seedling populations from the soil seedbank. Weed Sci.
44:46–51.

Cavers, P. B. 1994. Seed banks: memory in soil. Can. J. Soil Sci. 75:11–13.
Clements, F. E., J. E. Weaver, and H. C. Hanson. 1929. Plant

Competition: An Analysis of Community Functions. Volume 398.
Washington, DC: Carnegie Institution of Washington. 340 p.

Cline, D. A. 2002. Evaluation of Biological Agents on Leafy Spurge
(Euphorbia esula L.) and the Soil Seedbank Composition in the Little
Missouri National Grassland. M.S. thesis. Fargo, ND: North Dakota
State University. 51 p.

Cline, D., C. Juricek, R. G. Lym, and D. R. Kirby. 2008. Leafy spurge
(Euphorbia esula) control with Aphthona spp. affects seedbank composition
and native grass establishment. Invasive Plant Sci. Manag. 1:120–132.

Hanna, A. Y., P. W. Harlan, and D. T. Lewis. 1982. Soil available water
as influenced by landscape position and aspect. Agron. J. 74:999–1004.

Hopkins, R. B., J. F. Cassel, and A. J. Bjugstad. 1986. Relationships
between breeding birds and vegetation in four woodland types of the
Little Missouri National Grasslands. Fort Collins, CO: Rocky Mountain
Forest and Range Experiment Station, U.S. Department of Agriculture,
Forest Service, General Technical Report RM-270. Pp. 1–11.

Julien, M. H. and M. W. Griffiths, eds. 1999. Biological Control of
Weeds: A World Catalogue of Agents and their Target Weeds. 4th ed.
New York: CABI. 223 p.

Juricek, C. J. 2006. Integrated Pest Management and Vegetation Impact
Using Aphthona spp. for Leafy Spurge (Euphorbia esula L.) Control.
M.S. thesis. Fargo, ND: North Dakota State University. 78 p.

Kirby, D. R., R. B. Carlson, K. D. Krabbenhoft, D. A. Mundal, and
M. M. Kirby. 2000. Biological control of leafy spurge with introduced
flea beetles (Aphthona spp.). J. Range Manag. 53:305–308.

Lesica, P. and D. Hanna. 2004. Indirect effects of biological control on
plant diversity vary across sites in Montana grasslands. Conserv. Biol.
18:444–454.

Lesica, P. and D. Hanna. 2009. Effect of biological control on leafy
spurge (Euphorbia esula) and diversity of associated grasslands over
14 years. Invasive Plant Sci. Manag. 2:151–157.

Lym, R. G. 1998. The biology and integrated pest management of leafy
spurge (Euphorbia esula) on North Dakota rangeland. Weed Technol.
12:367–373.

Lym, R. G. and R. B. Carlson. 2002. Effect of leafy spurge (Euphorbia
esula) genotype on feeding damage and reproduction of Aphthona
spp.: implications for biological control. Biol. Control 23:127–
133.

Lym, R. G. and J. A. Nelson. 2002. Integration of Aphthona spp. flea
beetles and herbicides for leafy spurge (Euphorbia esula) control.
Weed Sci. 50:812–819.

Malo, D. D. and B. K. Worcester. 1975. Soil fertility and crop responses
at selected landscape positions. Agron. J. 67:397–401.

McNaughton, S. J. 1977. Diversity and stability of ecological communities:
a comment on the role of empiricism in ecology. Am. Nat. 111:512–515.

Mico, M. A. and J. M. Shay. 2002. Effect of flea beetles (Aphthona
nigriscutis) on prairie invaded by leafy spurge (Euphorbia esula) in
Manitoba. Gt. Plains Res. 12:167–184.

Naeem, S. L., J. Thompson, S. P. Lawler, J. H. Lawton, and R. M.
Woodfin. 1994. Declining biodiversity can alter the performance of
ecosystems. Nature 368:734–737.

[NDAWN] North Dakota Agricultural Weather Network. 2011.
Monthly Data Table. http://ndawn.ndsu.nodak.edu/monthly-table-
form.html. Accessed: October 3, 2011.

[NDIC-OGD] North Dakota Industrial Commission—Oil and Gas
Division. 2011. North Dakota Historical Monthly Oil Production.
https://www.dmr.nd.gov/oilgas/stats/stateoilchart.pdf. Accessed: Au-
gust 30, 2011.

Northern Great Plains Floristic Quality Assessment Panel. 2001.
Coefficients of Conservatism for the Vascular Flora of the Dakotas
and Adjacent Grasslands. Reston, VA: U.S. Geological Survey,
Biological Resources Division, Information and Technology Report
USGS/BRB/ITR-2001-0001. 32 p.

Perez, C. J., S. S. Waller, L. E. Moser, J. L. Stubbendieck, and A. A.
Steuter. 1998. Seedbank characteristics of a Nebraska sandhills
prairie. J. Range Manag. 51:55–62.

Stephens, A.E.A., P. G. Krannitz, and J. H. Myers. 2009. Plant
community changes after the reduction of an invasive rangeland weed,
diffuse Knapweed, Centaurea diffusa. Biol. Control. 51:140–146.

Stubbendieck, J., S. L. Hatch, and L. M. Landholt. 2003. North
American Wildland Plants: A Field Guide. Lincoln, NE: University
of Nebraska Press. 507 p.

Ter Heerdt, G.N.J., G. L. Verweij, R. M. Bekker, and J. P. Bakker.
1996. An improved method for seedbank analysis: seedling emergence
after removing the soil by sieving. Funct. Ecol. 10:144–151.

Thompson, K. and J. P. Grime. 1979. Seasonal variation in the seed
banks of herbaceous species in ten contrasting habitats. J. Ecol. 67:
893–921.

Tilman, G. D. 1997. Community invasibility, recruitment limitation
and grassland biodiversity. Ecology 78:81–92.

Tilman, G. D. and J. A. Downing. 1994. Biodiversity and stability in
grasslands. Nature 367:363–375.

Tilman, G. D., D. Wedin, and J. Knops. 1996. Productivity and
sustainability influenced by biodiversity in grassland ecosystems.
Nature 379:718–720.

Tracy, B. F. and M. A. Sanderson. 2004. Relationships between forage
plant diversity and weed invasion in pasture communities. Agric.
Ecosyst. Environ. 102:175–183.

[USDA-NRCS] United States Department of Agriculture—Natural
Resources Conservation Service. 2002. Plant Fact Sheet: Kentucky
Bluegrass, Poa pratensis L. http://plants.usda.gov/factsheet/pdf/
fs_popr.pdf. Accessed: October 3, 2011.

[USDA-NRCS] United States Department of Agriculture—Natural
Resources Conservation Service. 2004. Plant Guide: Kentucky
Bluegrass, Poa pratensis L. http://plants.usda.gov/plantguide/pdf/
pg_popr.pdf. Accessed: October 3, 2011.

[USDA-NRCS] United States Department of Agriculture—Natural
Resources Conservation Service. 2007. Electronic Field Office

Setter and Lym: 10-yr change in soil seedbank N 159

https://doi.org/10.1614/IPSM-D-12-00031.1 Published online by Cambridge University Press

https://doi.org/10.1614/IPSM-D-12-00031.1


Technical Guide (eFOTG). http://www.nrcs.usda.gov/technical/
efotg/. Accessed: February 11, 2010.

[USDC-NOAA-NRCDC] United States Department of Commerce—
National Oceanic and Atmospheric Administration—National Cli-
matic Data Center. 1949–2010. Climatological Data North Dakota.
http://www.rcc-acis.org/. Accessed: November 9, 2011.

Wolf, J. K. 1987. Influence of Landscape Position on Soil, Water,
Runoff, Soil Erosion and Crop Yield. Ph.D dissertation. Fargo, ND:
North Dakota State University. 107 p.

Received April 4, 2012, and approved November 19, 2012.

160 N Invasive Plant Science and Management 6, January–March 2013

https://doi.org/10.1614/IPSM-D-12-00031.1 Published online by Cambridge University Press

https://doi.org/10.1614/IPSM-D-12-00031.1

