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During the last century, fire suppression, grazing, and climate change have

caused sagebrush grasslands to be altered in both function and foiiii; juniper and

sagebrush dominate the landscape at the expense of herbaceous plants.

Management effdrts to reduce juniper and sagebrush overstory in order to enhance

herbaceous components of the ecosystem are currently underway. However, such

changes may alter the invasion potential for exotic invasive plant species. We

examined what effects prescribed fire and woody removal exerted on the spatial

mosaic of nutrients essential for plant development, inorganic nitrogen, and if these

practices increased the risk of invasion by a noxious annual grass, Taeniatherum

caput-medusae (L.) Nevski (medusahead).

Four disjunct sites were selected in central Oregon, treated with prescribed

fire and harvesting to remove woody plants, and monitored from 1997 to 1999. We

collected monthly soil samples and assessed nitrogen and ammonium

concentrations to examine the spatial and temporal dynamics of under canopy

versus interspace resource islands. Simultaneously, we planted medusahead seeds



and monitored their populations monthly. We developed a matrix model of

medusahead's population dynamics to compare among the treatments.

Average ammonium and nitrate concentrations in canopies were higher than

interspaces for nearly all months of the year. However, this difference was not

always significant and was variable through time. We found that these resource

islands were enhanced by fire, but not by woody plant removal. After prescribed

fire, both ammonium and nitrate remained significantly higher under former

canopies than interspaces throughout the study.

T caput-medusae was a serious threat for invasion in undisturbed, burned

and juniper-removal areas in both 1998 and 1999. Results of the demographic

matrix model indicate T. cap ut-medusae's population growth rate is higher in

burned areas than control and juniper-removal areas. T. caput-medusaes seedbank

remained small but viable for at least two years under field conditions. 7T caput-

medusae populations in canopy areas were more fecund than those in interspace

areas.

Harvesting juniper trees did not enhance concentrations of inorganic

nitrogen in microsites whereas prescribed burning caused concentrations to

increase I 0-fold during the first four months after burning. Harvesting is not likely

to increase the risk of T. caput-medusae invasion above levels found in untreated

areas, whereas prescribed fire increased invasion risk. In areas where T caput-

rnedusae is already present or nearby, harvesting may be a better alternative for

woody plant removal than prescribed burning.
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Time-based Nitrogen Availability and Risk of Tueniatherum caput-
medusae (L.) Nevski Invasion in Central Oregon.

1 GENERAL INTRODUCTION

Climate changes over the last 12,000 years in the Inteiinountain region

extending from the Sierra Nevada and Cascade Mountains to the Rocky Mountains

of the western United States, have brought about large shifts in plant distribution

and composition (Miller and Wigand 1994). Periodic advances and retreats of

three overstory species common to the region, Artemisia tridentata Hook.

(sagebrush), Junierus sp. Nutt. (juniper), and Pinus ponderosa Dougl.(ponderosa

pine) occurred largely from climate shifts (Miller and Rose 1999). Since the

Holocene, perennial graminoid species have shared dominance with sagebrush and

to a lesser extent, Junzperus occidentalis Hook. and P. ponderosa. During wetter

periods graminoids dominated and in drier periods, woody species were favored

(Beiswenger 1991).

Anthropogenic pressure has caused large biotic and abiotic alterations in this

region over the last 150 years. Increased fire frequencies, grazing by livestock, and

the introduction of exotic annual plant species have altered succession and have

potentially changed the ability of the ecosystem to recover to its former state

(Westoby et al. 1989, Laycock 1991). The combination of those pressures

perturbed many ecosystems into a new steady state; one in which perennial grasses

are rare and woody shrubs are dense or composed largely of a monoculture of



annual grasses. Another potential trajectory for the ecosystem is the increase of

introduced annual plants (Laycock 1991). The removal of livestock from the

ecosystem generally does not return it to its pre-settlement state (West 1977). It

appears that both A. tridentata and J. occidentalis, once attaining a certain

threshold density in an area, alter ecosystem processes so that the ecosystem itself

and the way it functions are permanently changed (Doescher et al. 1984, Klopatek

et al. 1990, Miller and Rose 1999). Similarly, a "threshold" density of annual

exotics, such as Bromus tectorum L. and Taeniatherum caput-medusae L. Nevski,

often lead to a changed ecosystem, and one in which fire is favored while native

bunchgrasses and woody shrubs and are unable to re-establish (Mack 1986).

In locations without exotic annual grasses, the primary vegetation shift during

the last 150 years has been an increase in woody plant dominance, density and

distribution. During this time, the three dominant woody species have changed in

relation to each other. Finusponderosa has been restricted, largely due to

precipitation and fire suppression, to mountainous and plateau areas at higher

elevation than the two other overstory dominants (Bassett 1989). Artemisia

tridentata has increased in density and spread the most of the three species; now

occupying over 100 million ha of the 44.8 x 106 ha Inteiinountain sagebrush steppe

(West 1984). Western juniper woodlands occupy I million ha up-slope from

sagebrush steppe and down-slope from ponderosa pine forests in Oregon, Idaho,

and California (Eddleman 1987, Thompson 1990). Perennial graminoids have been

restricted in their density and range throughout the landscape.
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Boundaries between juniper woodlands and sagebrush-steppe ecosystems

continue to be re-defined as juniper advances down-slope, converting sagebrush-

grassland communities into juniper-dominated woodlands. During the 1880's, a

large advancement of these trees established in the sagebrush steppe, during a

period of above average precipitation (Miller and Rose 1999). Fire suppression

during the 1900's also enabled the juniper front to continue to advance (Fritts

1976). Juniper continues to expand into sagebrush-steppe, aspen forests, and

riparian zones in many locations today (Tausch and West 1988, Miller and Rose

1999).

Managers have the challenge of controlling the density of all woody plants

and of exotic plant invasion. Currently, prescribed fire programs are being utilized

as an ecnomic means to reduce the density of woody species while releasing the

herbaceous understory thus mimicing the natural wildfire regime in the

Intermountain West. Fire successfully kills the woody species, but it does not

necessarily return the ecosystem to a state dominated by native herbaceous

perennials. Vigorous establishment of animal invasives often cause increases in

density after fire at the expense of native perennial species. Thus, questions

regarding ecosystem function and returning fire inputs are still on the forefront.

The removal of juniper and sagebrush, by harvesting, is less common, but is

practiced on public lands, often in the foiiii of public wood cutting areas. These

areas provide wood for heating and a reduction in tree density. In some cases,

federal agencies have harvested juniper. The goal is to reduce tree dominance,
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allowing available nutrients, light, and space to be utilized by herbaceous plants

native to the system. The tree removal creates an open niche that the native herbs

could expand and fill, but this niche is also available to exotic species that are

either established or being introduced to the area. One mechanism by which such

management practices may affect subsequent vegetation is by altering the

distribution of nutrients.

In conjunction with the changes in woody species density and the

suppression of fire, nutrients available to flora have changed both spatially and

temporally. Several studies have found that the areas under woody canopies are

"sources" for nutrients and interspaces are more depauperate in these elements.

This phenomenon is readily found in other semi-arid and arid ecosystems where

nutrients are arranged in a patchy mosaic (Burke et al. 1989b, Rice 1993, Evans

and Ehleringer 1994, Schlesinger 1996). Exotic annual expansion may, in part, be

due to their ability for rapid uptake of available nitrogen as compared to their native

counterparts (D'Antonio and Vitosek 1992, Milchunas et al. 1995).

Information regarding the seasonal availability of these resource islands is

lacking. The presence of resource islands is important for plants during peak

growth seasons and throughout the year as well. In addition, available nitrogen is

more rapidly utilized by exotic than native species. Determining if the availability

of nitrogen is greater under canopies than between them will provide more

understanding of the invasion process in woody semi-arid ecosystems.
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We studied the role of microenvironments, canopy and interspace, on the

invasion potential of T caput-medusae (medusahead). We investigated if two

common management practices for woody plant reduction, prescribed fire and tree

harvesting, effected its invasion potential. Since nitrogen may enhance the growth

of exotic annuals, we chose to study available nitrogen relative to these

management practices.

In chapter two, we examined the spatial and temporal variation in the

amount of available nitrogen at four experimental sites in central Oregon. At the

site level, we examined the potential for soils under western juniper canopies to

become islands of high amounts of available nitrogen relative to their adjacent

intercanopy locations, and if there exists temporal variation of that nitrogen. We

also examined the temporal stability of available nitrogen in these

microenvironments when prescribed fire or tree harvesting were used as

management tools for woody plant reduction.

In chapter three, we examined the risk of medusahead invasion after

prescribed fire and juniper harvesting at the same four sites. Seeds were planted for

two years, 1997 and 1998, in canopy and interspace microsites and were monitored

throughout their life cycle. Seedbags were planted in 1997 and 1998 to examine

medusahead seedbank persistence. Field measurements of seedbank longevity,

emergence, survival, and reproduction were used to construct a three step

demographic population model to project medusahead expansion using prescribed

fire, tree harvesting and control treatments.
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In Chapter 4, we discuss possible links between inorganic nitrogen and

medusahead invasion in relation to prescribed fire, tree harvesting and microsite

differences. We hope to uncover potential consequences of using prescribed fire

and juniper harvesting on exotic plant invasion and to use nitrogen as a potential

explanatory mechanism for invasion potential.
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2 AVAILABLE NITROGEN: A TIME-BASED STUDY OF

RESOURCES ISLANDS

2.1 ABSTRACT

The spatial and temporal heterogeneity of available nitrogen are critical

determinants of the distribution and abundance of plants and animals in

ecosystems. Evidence for the resource island theory suggests that soils in the

vicinity of tree and shrub canopies contain higher amounts ofresources, including

nitrogen, than are present in interspace areas. Disturbances, such as prescribed fire

and cutting of woody plants, are common management practices in juniper

sagebrush ecosystems, but it is not known if they affect resource islands. This

study examined the stability of resource islands for available nitrogen and their

retention after fire and woody plant harvesting. From August 1997 to October

1998, available soil nitrogen was measured monthly from canopy and interspace

plots within four juniper-sagebrush sites along a precipitation gradient in central

Oregon, USA. At each site, soil cores were collected from untreated plots as well

as plots in which woody plants were removed by cutting or prescribed fire in fall

1997.
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Untreated areas had higher nitrate (NO3) and aminonium (NH4)

concentrations under juniper canopies for nearly all months. Wetter sites showed

less of an effect through time than did the two drier sites.

Canopy plot nitrate and amrnonium concentrations were elevated after fire

for four months and remained significantly higher than interspace plots for the

duration of the study. Juniper harvesting did not affect relative differences in

nitrogen concentrations of canopy and interspace plots. In relation to inorganic

nitrogen, resource islands appear to be dynamic in this ecosystem, tending to be

more ephemeral in wetter sites, and more stable following fire disturbances than

woody plant harvest or non-disturbed areas.

Keywords:

Prescribed fire, resource island, available nitrogen, juniper, sagebrush, Juniperus
occidentalis.

2.2 INTRODUCTION

The resource island theory suggests that trees and shrubs facilitate higher

availability of nutrients in their vicinity as compared to interspace areas devoid of

vascular plants. Occupancy by woody species over extended periods in semi-arid

regions causes a spatial mosaic of nutrients across the landscape (Jackson and

Caldwell 1993). In such ecosystems, however, the extent to which the mosaic is

constant throughout the growing season and after disturbances is unknown.

Examining available nitrogen through time and in response to disturbance should
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provide understanding about the consistency of resources throughout the season. In

addition, understanding resource availability enables better predictions of plant

colonization and succession where resource islands occur.

The resource island effect is associated with many elements and processes,

including total N, inorganic N, organic P and S, microbial activity and infiltration

rates. It has been found in sagebrush steppe (Charley and West 1977, Wikeem and

Pitt 1982, Doescher et al. 1984, Burke et al. 1989b, Smith et al. 1989, Bolton et. al

1993, Jackson and Caidwell 1993, Halvorson et al. 1994, Smith et al. 1994,

Halvorson et al. 1995, Ryel et. al 1996), arid woodlands (Evans and Ehleringer

1994), coastal dunes (Alpert and Mooney 1996), chaparral (Rice 1993), true deserts

(Herman et. al 1995, Schlesinger et al. 1996, Whitford et al. 1997), and pine forests

(Kaye and Hart 1998). A few studies, however, have found the effect to be

ephemeral or non-existent (Bolton et al. 1990, Herman 1997) or existent for only

certain nutrients (Tiedemaim and Klemmedson 1995). Nevertheless, the effect is

widely accepted as a persistent characteristic of arid environments, as demonstrated

by its use in modeling plant colonization (Jackson and Caldwell 1992).

In the Intermountain West of North America, sagebrush ecosystems

naturally shift from grasslands to shrublands and back over time (West 1977,

Laycock 1991). Nutrient islands are likely more enhanced during the shrubland

phase and less pronounced in the grassland phase. Fire is a natural disturbance that

drives these changes. Extended suppression of fire during the 1900's coupled with

other factors (e.g. overgrazing by livestock, climatic shifts) contributed to an
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increase of Juniperus species in many sagebrush ecosystems (Miller and Rose

1999). This addition of another woody dominant species than sagebrush may

enhance the patchy distribution of nutrients in these ecosystems.

Land managers have begun using techniques such as prescribed fire and tree

harvesting to reduce juniper and sagebrush densities. These treatments tend to

release the herbaceous component of the community, allowing it to re-establish

dominance. This shift in dominance may produce concommitent shifts in spatial

and temporal distribution of nitrogen.

Perturbations that commonly occur in the system include natural and

prescribed fire and human harvest of the woody plants. Fire often affects nitrogen

in ecosystems by causing an increase in availability shortly after fire events.

Increases in spatial heterogeneity of nitrogen due to fire occur in sagebrush

ecosystems (Blank and Young 1994, Tausch et al. 1995), ponderosa pine forests

(Kay 1993), eucalyptus forests (Weston and Attiwill 1996), tropical dry savanna

(Singh 1994), Mediterranean shrublands (Carriera et al. 1994), evergreen

woodlands (Kauffman et al. 1994), Douglas-fir forests (Fyles et al 1991), and

chaparral (Rice 1993, Debano and Conrad 1978). It remains undetermined,

however, whether these changes in nitrogen availability are consistent with the

retention of tree-associated resource islands. Tausch et al. (1995) found that

resource islands were not evident after burning a juniper-sagebrush site, but took

only one post-fire measurement.
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Cutting and removing the standing biomass of trees and shrubs at a site,

while leaving the litter intact, will likely enhance the retention ofresource islands.

The retention of litter should maintain a high C:N ratio and maintain or increase the

microbial biomass for several years after harvest. Thus, available nitrogen levels in

canopy areas should remain the same or increase over time.

Beginning in August 1997, soil nitrate (NO3), ammonium (NH4), and

moisture were sampled for 13 months under western juniper (Juniperus

occidentalis Hook.) canopies and in interspace areas between plants at four sites in

central Oregon. We sought to determine the existence of the resource island effect

for inorganic nitrogen and to quantify its presence throughout the year.

Furthermore, at each of the four sites, we determined if disturbance altered nitrogen

availability in resource islands by monitoring concentrations of available nitrogen

after prescribed fires and juniper harvest.

2.3 MATERIALS AND METHODS

2.3.1 Site Locations and Sampling

Four sites, 1.5 ha each, were located on land holdings of the U.S.

Department of the Interior Bureau of Land Management and the U.S. Department

of Agriculture Forest Service and were selected based on similar soil types, plant

composition, and feasibility of prescribed fire projects (Figure 2-1, Table 2-I). The

sites were located along a precipitation gradient within the western juniper-

12



Figure 2-1: Triangles indicate site locations within Oregon, stars indicate major cities (from top to bottom) Portland, Salem,
Bend, and Burns, and lines delineate county boundaries.



Table 2-1: Physical site characteristics, precipitation amounts and treatment dates (a) and soil classification, plant community
and disturbance history (b) for four central Oregon sites arranged from top to bottom by increasing average annual precipitation
and decreasing pH. Average precipitation for each site is depicted by using the represent 30-year averages from the nearest
official climate station, Ashwood, Grizzly, Mitchell, Ochoco, Oregon respectively (OCS 1998). Juniper age is an average ring-
count of 20 trees (see text). Soil series and ecological sites are described by NRCS (1996) while ecological condition, grazing
and fire history were provided by the BLM Prineville District Office and the U.S. Forest Service Crooked River National
Grassland.

Elevation Precipitation (mm)
Site (m) Aspect Slope(%) pH 1997 1998 Annual Average Fire date Removal date
Wasco 2445 N-NW 1 8.1 329.9 508.2 324.1 3Oct97 13Oct97
Crooked 2935 W-NW 3 8 340.8 565.1 353.8 27Sept97 14Oct97
Mitchell 2960 E-SE 3 7.6 385.8 535.4 377.6 18 Oct 97 14 Oct 97
Ochoco 3090 W-NW 1 6.8 459.4 574.4 446.7 23Sept97 14 Oct 97

b)

Site Soil Series Dominant Species Range Site Ecological Last Grazing Last Fire
(NRCS) (NRCS) Condition (years) (yrs)

Crooked Simas cobbly silty
clay loam

A, tridentata ssp. tridentata,
Jun iperus occidental is,
Purshia tridentata

JD C!ayey 9-12" Fair/Good 2+ 12+

Mitchell Simas cobbly silty
clay loam

Jun iperus occidentalis, A.
tridentata ssp. trident ata

JD Clayey 9-12" Fair 10+ 40+

Ochoco Undescribed Juniperus occidentalis Excellent 5+ 20+

Wasco Simas cobbly silty
clay loam

A. tridentata ssp. tridentata,
Jun iperus occidental is

Droughty West
Exposure 9-14'

Good 5 30+



sagebrush ecosystem of central Oregon. Sites were located on medium-textured

mollisol soils dominated by Jun iperus occidentalis, Artemisia trident ata Nutt. ssp.

tridentata (basin big sagebrush), Agropryon spicatum (Pursh) Scribn. (bluebunch

wheatgrass), and Bromus tectorum (cheatgrass). Three of the sites are described as

basin-big sagebrush, bluebunch wheatgrass sites (USDA, SCS 1986) but have been

encroached by western juniper. The Ochoco site is undescribed but based on the

similarity of soils, vegetation, and climate, we assume that Ochoco has a similar

potential plant association to the other sites. Soils were formed from the eruption

and subsequent ash deposition of Mount Mazama 8,000 years ago (Baldwin 1964).

The massive nature of the ash fall has resulted in uniform soils over a large area

(USDA, SCS 1986). Climate is continental and is characterized by hot, dry

summers and cold winters, with most precipitation occurring in the winter (Driscoll

1964). Monthly precipitation was monitored at each site with rain gauges and by

using averages from the nearest weather stations (Table 2-1).

Past disturbances, including cattle grazing and fire, differed slightly for

each site. Cattle grazed all four sites within the last 15 years, but were excluded for

the last nine years at the Mitchell site and the last 5 years at the Wasco and Ochoco

sites. Light grazing was peiiiiitted at Crooked River until exciosures were built in

fall 1997. Juniper age was used as an approximation of the minimum time since

the last fire. Trees were aged by counting annual rings on 20 randomly selected

trees cut along the fire line (Appendix F).
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Each 1.5-ha site was divided into three 0.5-ha treatment plots and randomly

assigned one of three treatments: prescribed fire, overstory removal of all woody

plants, and an untreated control. Prescribed fires were conducted in fall 1997

(Table 2-2). Drip torches were used to ignite the perimeter of the treatment area

beginning with the side closest to the prevailing wind. Flame length, rate of spread

(Alexander 1982) and overall fire behavior were quantified from video records of

each fire. Fire intensity varied within and between fires (Table 2-2).

Table 2-2: Fire behavior summary statistics for the four central Oregon sites.

Frontal Fire Intensity Rate of Spread
Site (Kw/m) (mlmin)
Wasco 108 0.95
CrookedRiver 304 1.85
Mitchell 80 0.80
Ochoco 517 2.01

Harvest treatments occurred in October 1997. All shrubs and trees were

removed by sawing their basal stems approximately 15 cm above the soil. Stems

and branches were removed from the treatment area, but leaves and litter on the soil

surface remained intact.

Soil cores were collected from six sample plots, randomly selected within

each treatment area. All plots were located at least 5 m from the edge of the
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treatment area. Three of the six plots were canopy plots, located within 15 cm of

the base of three randomly selected juniper trees with minimum canopy diameters

of 1.1 m. The other three plots were interspace plots, devoid of vascular plants and

at least 1.5 m from the nearest canopy. Interspace and canopy plots were

distributed in this manner to minimize spatial correlation of nitrogen values

(Halvorson et al. 1994). Soil cores were collected monthly from August 1997

through October 1998 within each of the sampling plots. Collections began 3

months before and continued until 12 months after treatment application. Data

were not collected in February 1998, when more than 1 m of snow covered three of

the four sites, and access was not possible. Soil cores were 3 cm in diameter, 10-13

cm in depth, and did not include litter layers. Once collected, soil cores were

sealed in plastic bags, stored on ice and processed in the laboratory within three

days. Soil cores were analyzed for NO3 and NH4 using a KC1 extracting technique

(Evans and Ehleringer 1994, Bolton et al. 1990). Approximately 15 g of each soil

core were used per extraction, combined with 50 ml of 2N KC1 and shaken for one

hour. Extractions were filtered through Whatman no. 1 filters that were previously

rinsed with distilled water and KCI. Nutrient concentrations were determined by

continuous flow analysis using a Lachat autoanalyser.
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2.3.2 Statistical Analysis

The study was designed as a completely randomized split plot with site as a

blocking factor (n=4), three treatments (fire, removal, and control), and two types

of subplots (canopy and interspace). Mean values for the three canopy and three

interspace subplots were calculated for each treatment within a site. Data were log-

transformed to normalize residuals. Results are presented as back-transformed

means and approximate median values on the original scale (Ramsey and Shafer

1997). Partial correlation coefficients for NO3 and NH4 across months did not

exceed 0.5 and as such ANOVA was used with NO3 and NH4 separate as opposed

to MANOVA with both response variables together.

Data were analyzed with ANOVA repeated measures and with ANOVA by

month using Proc Mixed (SAS 1993). We used repeated measures analysis to test

comparisons among treatments to assess retention of resource islands after

disturbance. Control data were analyzed separately by month to assess resource

island stability.
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2.4 RESULTS

2.4.1 Stability of resource islands

Overall, control treatments had higher soil concentrations of NO3 and NH4

under Juniperus canopies than in interspace areas. NO3 was 1.5 times higher

(13.58 vs. 9.10 ug/g) and NH4 concentrations were 1.4 times as high (14.47 and

10.56 ug/g) in canopies than interspaces (Table 2-3).

Differences between canopy and interspace concentrations varied among

months, but were either higher under canopies or were not significantly different

(Table 2-4).
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Table 2-3: Median soil NO3 and NH4 concentrations under canopies of western
juniper and in interspaces devoid of vascular plants in control treatments from four
sites in central Oregon.

Canopy and interspace concentrations of both nitrogen compounds tended

to track each other through time (i.e. when canopy concentrations were high, so

were interspace values).

20

NO3 (ug/g) NH4(ug/g)

Month N Canopy Interspace F P Canopy Interspace F P
Sept-97 12 1.09 0.99 0.19 0.67 1.62 1.35 0.02 0.88
Oct-97 12 1.22 0.71 7.38 0.02 1.51 0.95 3.22 0.10
Nov-97 12 1.13 1.04 0.7 0.42 1.22 0.93 14.46 <0.01
Dec-97 12 0.91 0.71 1.64 0.23 0.79 0.51 3.88 0.07
Jan-98 12 0.71 0.41 5.41 0.04 0.89 0.81 1.1 0.32
Mar-98 12 0.91 0.54 8.65 0.01 0.77 0.52 2.19 0.17
Apr-98 11 1.10 0.37 10.52 <0.01 1.29 0.58 7.15 0.02
May-98 12 1.32 0.83 4.19 0.07 0.92 0.84 0.45 0.52
Jun-98 12 0.84 0.66 25.41 <0.01 1.15 0.70 8.63 0.01
Jul-98 12 0.80 0.57 3.41 0.09 0.79 0.65 2.03 0.18

Aug-98 12 1.02 0.65 7.33 0.02 0.87 0.69 1.29 0.28
Sep-98 12 1.04 0.54 8.65 0.01 0.87 0.56 3.56 0.09
Oct-98 12 1.49 1.08 12.13 <0.01 1.78 1.47 18.12 <0.01



Table 2-4: Summary statistics (ANOVA) for a) nitrate and b) ammonium by month for treatment,canopy, and their interaction for four sites
in central Oregon.

Nitrate

Ammonium

df
Sep-97 Oct-97 Nov-97 Dec-97 Jan-98 Mar-97 Apr-97

Fstat P Fstat P Fstat P Fstat P Fstat P F stat P Fstat P
Treatment 2,11 0.37 0.704 0.35 0.717 19.13 0.003 37.64 <0.001 3.18 0.114 6.20 0.035 0.20 0.820
Canopy 1,35 0.13 0.870 3.67 0.056 30.06 <0.001 7.20 0.011 16.81 <0.001 7.06 0.012 31.36 <0.001
Trmt*Can 2,35 0.03 0.968 1.58 0.225 2.58 0.097 0.11 0.893 2.87 0.071 0.44 0.646 0.07 0.936

May-98 Jun-98 Jul-98 Aug-98 Sep-98 Oct-98
df Fstat P Fstat P Fstat P Fstat P Fstat P Fstat P

Treatment 1,11 1.61 0.276 0.33 0.733 0.85 0.472 1.59 0.280 1.60 0.215 1.90 0.229
Canopy 1,35 4.91 0.034 18.66 <0.001 10.63 0.003 16.53 <0.001 24.16 <0.001 68.33 <0.001
Tmlt*Can 2,35 0.48 0.646 0.56 0.579 1.21 0.311 1.26 0.299 0.89 0.559 1.73 0.193

df
Sep-97 Oct-97 Nov-97 Dec-97 Jan-98 Mar-97 Apr-97

Fstat P Fstat P Fstat P Fstat P Fstat P Fstat P Fstat P
Treatment 2,11 1.03 0.411 0.07 0.937 27.76 <0.001 22.59 0.002 23.66 0.001 5.10 0.051 1.97 0.220
Canopy 1,35 0.02 0.877 15.36 <0.001 8.97 0.006 14.71 <0.001 12.33 0.001 24.76 <0.001 23.88 <0.001
Trmt*Can 2,35 1.20 0.314 0.84 0.441 2.74 0.089 1.45 0.249 2.29 0.117 2.06 0.144 0.89 0.422

May-98 Jun-98 Jul-98 Aug-98 Sep-98 Oct-98
df Fstat P Fstat P Fstat P Fstat P Fstat P Fstat P

Treatment 2,11 0.33 0.733 1.27 0.346 1.17 0.372 0.83 0.480 1.6 0.215 2.77 0.141
Canopy 1,35 37,27 0.001 7.63 0.009 11.53 0.002 33.85 <0.001 24.16 <0.001 31.77 <0.001
Trmt*Can 2,35 0.78 0.469 1.55 0.228 0.07 0.929 0.82 0.451 0.89 0.559 1.21 0.310



The stability of available nitrogen resource islands varied among individual

sites (F-stat =3.91, p=.0087) and was more pronounced at the drier sites, Wasco and

Crooked River, than the wetter sites, Mitchell and Ochoco (Table 2-5).

Table 2-5: Mean difference between canopy and interspace concentrations (ug/g) of
available nitrogen for four sites in central Oregon. From left to right, sites are from
the least to the most annual precipitation.

Drier Wetter

Nutrient Wasco Crooked River Mitchell Ochoco

Inteispace concentrations of nitrate and ammonium were seldom higher

than canopy concentrations and only for single occurrences at any site. These

occurred when nitrate was significantly higher in the interspace for one month at

Mitchell and ammonium was higher on one occasion at Mitchell and Ochoco.

Absolute concentrations of both nutrients were double at Ochoco as compared to

the three other sites. Crooked River, Mitchell, and Wasco had similar absolute

concentrations. The variance for both nutrients was highest in canopy plots at

Ochoco (NO3 1.5 times higher; NFl4 = 1 .6 times higher than interspace areas).

Variance for interspace plots was similar among sites.
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Nitrate 1.78 1.57 L36 1.31

Ammonium 1.68 1.46 1.32 1.24



2.4.2 Resource island retention after disturbances

Disturbed plots retained their resource islands (canopy>interspace) for

available nitrogen after woody plant removal and after fire. Flowever, the type of

removal and time since removal influenced the strength of the response.

Concentrations of both nutrients were 2- to 4-fold higher under canopies and in

interspaces when compared to control areas the first month after prescribed burning

(Figures 2-2 and 2-3). After fire removed woody plants and litter, concentrations

of both nutrients were significantly higher in canopy than in interspace plots for all

months (Table 2-6).

Table 2-6: Summary statistics for treatment (fire, removal, and control), microsite
(canopy and interspace), and their interaction from a repeated measures ANOVA
using 13 months of data from four central Oregon sites. Denominator df for
microsite and treatment by microsite differ from Error 2 because of the Proc Mixed
best fit model.
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df F P
Treatment 2, 6 30.29 0.009
Error I (site) 6
Microsite 1, 617 54.58 <0.001
Treatment*microsite 2, 617 0.79 0.423
Error 2(site*treatment) 35



Although available nitrogen concentrations declined to those similar to

controls three to four months after the fire, the elevated available nitrogen under the

former canopies remained prominent through the remainder of the study.

All sites showed similar temporal responses to fire. Crooked River had the

greatest fire intensities and the highest concentrations of both nutrients in canopy

areas immediately after fire relative to controls (No3: Control = 2.93 ug/g, Fire =

18.68 uglg; NH4: Control = 4.86 ug/g, Fire = 13.35 uglg). The weakest island

effect occurred at Mitchell (No3: Control 1.65 uglg, Fire = 8.60 ug/g; Nfl4:

Control = 0.75 ug/g, Fire = 6.51 ug/g), where the fire was the least intense and the

patchiest.

At all sites, relative nutrient concentrations between microsite plots did not

differ significantly between the juniper cutting treatment and the untreated control

for either nutrient (canopy to interspace difference, L NO3 control = 0.823, removal

= 0.835; NH4: control = 0.896, removal = 0.915) at all sites. There was no

microsite or microsite-by-site interaction (p>O.l).
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2.5 DISCUSSION

2.5.1 Resource island stability

Overall, we found that western juniper trees created a relatively stable

resource island for available nitrogen in juniper-sagebrush ecosystems of eastern

Oregon. Soils associated with canopy microsites were richer in NO3 and NH4 than

were interspace microsites for nearly all months, even though concentrations of

both nutrients fluctuated over time. Although most studies in semi-arid shrublands

and woodlands report the prescence of resource islands (Burke 1989a, Bolton et al.

1990), a few studies have failed to detect them (Tiedemann and Klemmedson

1995). The failure to detect resource islands may be related to a lack of effect

occurring at a site or the measurement being taken at only one in time frame. Our

results indicate that a single measurement may not always detect the response.

Other studies in drier semi-arid ecosystems support our findings of high temporal

variation in amnionium and nitrate (Burke 1 989a) which describe seasonal or bi-

annual oscillations in available nitrogen but these studies did not examine microsite

differences in nutrient levels.

Several mechanisms have been proposed in regard to the formation of

resource islands in desert communities including clumping of microbial

communities (Garner and Steinberger 1989). Another mechanism, solely related to
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juniper ecosystems, involves wind scouring of interspace areas and deposition

under the canopies of juniper (Morgan 1986) which contributes to finer soil

textures (Hennessy et al. 1986) and may contribute to higher nutrient availability in

these juniper canopy areas. These phenomenon will certainly change the spatial

distribution of nutrients in prescribed fire and juniper harvest areas over a long time

scale.

Fluctuations in both nutrients in short time scales can result from numerous

factors. We did not quantify the mechanisms of these fluctuations, however, the

variation in nitrogen is consistent and may relate to fluctuations in soil moisture in

juniper-sagebrush ecosystems Hydrologically, nitrogen enters and leaves

ecosystems via precipitation, infiltration and runoff (Schimel et al. 1997). Our

results show similar, yet weak seasonal trends to these studies. Direct loss of

nutrients through soil erosion (Matson et al. 1991) is also temporally dynamic.

Periods of intense precipitation inputs tend to have higher nutrient losses due to

erosion. Biological activity fluctuates seasonally; decomposition, microbial

activity, (Garcia et al. 1998, Goodwin 1992) and floristic demands (Sturges 1986)

generally increase in spring when soils are moist and decrease during dry and cold

periods (Burke et al. 1989b, Lajtha and Schlesinger 1986).

Fluctuations of both compounds were higher in interspaces than under

canopies across months, partially due to the immobility ofNO3/NH4 under

canopies through microbial activity (Burke I 989). However, at the four study sites,
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the nutrients in both canopy and interspace plots fluctuated in a similar maimer

seasonally.

Not only do nutrient concentrations in resource islands fluctuate over time,

they also vary spatially as well. This is related to the average amount of

precipitation at a site. Drier sites had a larger canopy to interspace difference than

wetter sites in our study. This result is consistent with Burke et al. (1989b), who

found that nitrogen turnover varied according to the precipitation inputs in

sagebrush ecosystems. Similarly, Bolton et al. (1990) found that resource islands

are less pronounced in wetter sagebrush steppe ecosystems than in the drier, true

desert ecosystems. Garner and Steinberger (1989) proposed that there is a

gradation of increasing resource island effect from wet to dry environments,

primarily due to the concentration of biological activity under woody plant

canopies in drier environments (Bolton Ct al. 1993). Burke et al. (l989a) found

that nitrogen fixing microbial organisms were more clumped under canopies at

drier sites and more dispersed among microsites at wetter sites.

The resource island effect may become more pronounced in drier

environments if the soil surface has regular disturbances. Arid and semi-arid

communities tend to recover from disturbance more slowly than do wetter

ecosystems (West, 1977) and all of our sites have had grazing and fire in the recent

past. Studies have found that slower recovery of soil biological crusts in

interspaces at drier sites result in reduced nitrogen fixation (Evans and Ehieringer

1993, Evans and Belnap 1999) compared to wetter sites. These factors aid in
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understanding the existence of resource islands for only certain portions of the year

in higher precipitation systems and is more pronounced and consistent in drier

systems.

2.5.2 Resource islands resilience

The use of fire or harvesting to remove woody plants, especially western

juniper, in the northern lnteiiiiountain West are common practices (Young and

Evans 1981). Yet, until this study, we did not know that elevated nitrogen

associated with canopy microsites can still be detected up to a year after the canopy

is removed. Following fire, we found consistently higher concentrations of

available nitrogen in canopy areas than in interspace areas both temporally and

spatially. Fire enhanced the availability of nitrogen in both canopy and interspace

areas for approximately four months after the fire. High concentrations of both

nutrients declined four months after the fires, but elevated inorganic nitrogen levels

in canopy versus interspace areas remained constant throughout the experiment.

The increase in nutrients after fire is often associated with the liberation of nitrogen

from the declining microbial component and nitrification (Heiiiian and Rundel

1989), release of nutrients under canopies from litter/organic matter combustion

(Kauffman et al. 1994), and cessation of uptake by woody plants and microbes in

the former canopy areas. The declining microbial component in both the interspace
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and canopy areas may partially explain the increase ofboth nutrients in the

interspace and canopy areas one month after the fire.

Temporal availability of inorganic nitrogen was different depending on the

type of disturbance: fire or woody plant harvest. These differences may influence

the successional trajectory of the ecosystem. Large releases of inorganic nitrogen

will favor those plants that can readily capture and utilize it. In juniper-sagebrush

ecosystems, ruderal annual plants are often favored with these releases (McClenden

and Redente 1992). After fires, fire tolerant or avoidant perennial and annual

species may be able to capture the readily available nitrogen, depending on the time

of year. Autumn fires may not provide available nutrients to winter or spring-

emergent herbaceous plants. In addition, fall burning is likely to enhance the

growth of exotic winter annuals such as Bromus tectorum and Taeniatherum caput-

medusae, that are able to quickly take up available nitrogen in the fall and grow

roots during the winter (Caidwell 1987). Hence, the fire-induced nitrogen flush

may drive the system to become an annual grassland if annual plants already exists

(Laycock 1991). Conversely, winter or early spring fires may make the nutrients

available at a time when the native perennials and herbs in the community are

better able to capture available nitrogen and compete with the annual ruderal

species. Late spring fires may kill the annual exotic grasses before they set seeds,

but the flush of available nitrogen may occur when most perennial herbs are

becoming dormant and therefore not capable of capturing the resource. The late

spring fires are more problematic to control and are rarely used in this ecosystem.
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Woody plant harvesting may cause subtle long-term changes that were not

examined in our study. Releases of available nitrogen after cutting and removing

trees will occur over a longer period than after fire and may be more fully used by

increases in microbial organisms (Burke et al. 1989) or by plants already

established in the area (Rose and Eddleman 1994). This technique should favor

established understory plants that were present before the removal.

Timing of removal treatment and successional development still needs

further research. It is anticipated that, over a longer time scale, available nitrogen

would become more homogeneous as litter disperses, decomposition occurs, and

other plants redistribute nitrogen in the ecosystem. The application of choice

should take into account the timing, the current composition and the risk of annual

exotic invasion and spread.

Future studies also should investigate the role of biological soil crust and its

relationship to resource islands. A key factor in understanding succession and

nitrogen cycling is the colonization of microbial communities in burned/disturbed

landscapes.

Inorganic nitrogen in juniper-sagebrush ecosystems is highly dynamic both

under canopies and in interspaces. Though we found a resource island to exist for

much of the year, it should not be assumed that these islands are a static resource

for plant use throughout the year. The islands are resilient to disturbances. After

cutting the juniper, canopy microsites did not behave differently than undisturbed

areas. In addition, four months after fire, when available nitrogen subsided to pre-
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burn levels, we found a canopy effect even though the canopies were no longer

alive. This indicates there may be a lag-time associated with the loss ofresource

islands after both fire and harvesting disturbances and that both pristine and

disturbed landscapes will behave similarly, aside from the post-fire nutrient flush,

in relation to inorganic nitrogen for at least one year after disturbance.
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3 TAENIA THER UM CA PUT-MED USAE RISK AND
EXPANSION

3.1 ABSTRACT

Managers often use prescribed fire or woody plant removal to reduce the

density of woody species such as Artemisia tridentata and Juniperus occidentalis to

reclaim and restore grassland communities in semi-arid ecosystems. The effect of

these practices on weed invasion and spread is poorly understood. To assess the

invasion potential of a noxious weed in Oregon, Taeniatherum cap ut-medusae

(medusahead), we conducted field studies and developed a three stage-structured

population model on landscapes that had been treated with prescribed fire and

woody plant harvesting. Soils under J occidentalis contain higher levels of

inorganic nitrogen than interspaces and prescribed fire can accentuate these

differences for months after the fire. We examined the role that canopy and

interspace microsites play on the invasion potential of T. caput-medusae. Studies

were located at four separate sites along a precipitation gradient in western juniper,

basin-big sagebrush ecosystems of central Oregon, USA. Prescribed fire caused

the highest risk of T caput-medusae invasion regardless of spatial location and

year, whereas harvest of juniper did not increase the risk of T caput-medusae

invasion above that of untreated areas and did not contribute significantly to higher

population growth of the species. Survival and emergence were high as has been

found in relation to other invasive species. Emergence was the most sensitive life
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history stage in our population model suggesting a strong influence on

medusaheads life cycle. Seedbanks (seeds >1 year old) represented a small

proportion of the total number of individuals in medusahead populations.

Keywords: Medusahead, Taeniatherum caput-medusae, juniper, Juniperus

occidentalis, sagebrush, Artemisia trident ata, population model, demography.

3.2 INTRODUCTION

Many arid and semi-arid communities shift between woody and herbaceous

dominance. The shifts are influenced by a variety of environmental and

anthropogenic factors (Archer 1989, Westoby et al. 1989, Laycock 1991, Jameson

1987). Between the Junzerus occidentalis Hook. (western juniper) and Artemisia

tridentata Nutt.(big sagebrush) ecosystems of the interior Pacific Northwest, a

dynamic boundary has existed over geologic time (Miller and Wiegan 1999), where

juniper has increased and decreased its range of extension often in association with

climatic shifts. However, the current spread of western juniper into big sagebrush

ecosystems most likely relates to a combination ofclimatic and anthropogenic

factors including past overgrazing by livestock and fire suppression (Miller and

Wiegant 1999, Miller and Rose 1999).

Recently, management practices to reduce woody plant dominance in these

ecosystems on federal land include prescribed fire (Federal Wildiand Fire Policy,

USDA,USDI 1996). In some locations, fire may not be an appropriate
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management tool due to safety or environmental concerns (e.g. smoke, soil

erosion), and manual harvesting of these plants has been considered as an

alternative tool (Vaitkus and Eddlemen 1986). Because the removal of woody

plants tends to release the herbaceous portion of the community, caution must be

used when manipulating these communities to prevent unwanted increases of

exotic annual grasses that may be resident in small numbers in the target area or

may invade from near-by populations (Everett and Ward 1984, Laycock 1991).

Currently, little is known about the role that these management tools might play in

promoting exotic plant invasions.

Studies have shown that woody plants can contribute to the foiiiiation of

nutrient patches within semi-arid communities (Schlesinger et al. 1996, Halvorson

et al. 1994, Burke et al. 1989, Evans and Ehleringer 1994). We demonstrated that

these nutrient patches exist for available nitrogen for most of the year at the

juniper-sagebrush sites in this study (Chapter 2). Once the woody plant overstory

is killed and removed from these communities, nutrient-rich patches might then

favor herbaceous plant recovery and establishment. Yet, this response may provide

an added advantage to exotic annuals, thus contributing to their establishment and

spread (Young 1970, McClendon and Redente 1991).

In this study, we investigated the invasion vulnerability of western juniper-

sagebrush ecosystems to the exotic invasive annual grass, Taeniatherum caput-

medusae (L.) Nevski (medusahead), when fire and manual removal of western

juniper and sagebrush were used to shift dominance from woody to herbaceous
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plants. Since woody plants are suspected to create nutrient-rich resource islands,

we tested whether any stage in T caput-medusae's life cycle was enhanced by

these woody plant microsites both with and without removing the woody plant

component. We conducted a seed bank longevity study to quantify viable seed

carry over between years. To understand the population dynamics of T. caput-

medusae in response to disturbance, spatial, and microsite variation, we used

results of these experiments to develop a population projection model for the risk of

T caput-medusae invasion.

3.3 MATERIALS AND METHODS

3.3.1 Site locations and sampling

The study was conducted at four 1 .5 ha sites along a precipitation gradient

within the juniper-sagebrush ecosystem of central Oregon, USA (Figure 3-1). Sites

were located on land holdings of the U.S. Department of the Interior, Bureau of

Land Management and the U.S. Department of Agriculture, Forest Service and

were selected based on similarities in soil type, floristic composition, and feasibility

for conducting prescribed fire projects (Table 3-1). In addition, sites were located

within 2 km of areas infested with T caput-medusae. All sites were characterized

by fine to medium-textured mollisol soils dominated by Juniperus occidentalis
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Figure 3-1: Triangles indicate site locations within Oregon, stars indicate major cities (from top to bottom) Portland, Salem,
Bend, and Burns, and lines delineate county boundaries.



Table 3-1: Physical site characteristics, precipitation amounts and treatment dates (a) and soil classification, plant community
and disturbance history (b) for four central Oregon sites arranged from top to bottom by increasing average annual precipitation
and decreasing pH. Average precipitation for each site is depicted by using the represent 30-year averages from the nearest
official climate station, Ashwood, Grizzly, Mitchell, Ochoco, Oregon respectively (OCS 1998). Juniper age is an average ring-
count of 20 trees (see text). Soil series and ecological sites are described by NRCS (1996) while ecological condition, grazing
and fire history were provided by the BLM Prineville District Office and the U.S. Forest Service Crooked River National
Grassland.
a)

Elevation Precipitation (mm)
Site (m) Aspect S!ope(%) pH 1997 1998 Annual Average Fire date Removal date
Wasco 2445 N-NW 1 8.1 329.9 508.2 324.1 3 Oct 97 13 Oct 97
Crooked 2935 W-NW 3 8 340.8 565.1 353,8 27Sept97 14Oct97
Mitchell 2960 E-SE 3 7.6 385.8 535.4 377.6 18 Oct 97 14 Oct 97
Ochoco 3090 W-NW 1 6.8 459.4 574.4 446.7 23 Sept 97 14 Oct97

b)

Site Soil Series Dominant Species Range Site Ecological Last Grazing Last Fire
(NRCS) (NRCS) Condition (years) (yrs)

Crooked Simas cobbly silty
clay loam

A. tridentata ssp. tridentata,
Jun ierus occidentalis,
Purshici tridentata

JD Clayey 9-12 Fair/Good 2+ 12+

Mitchell Simas cobbly silty
clay loam

Jun iperus occidental is, A.
tridentata ssp. trident ata

JD Clayey 9-12 Fair 10+ 40+

Ochoco Undescribed Jun iperus occidental/s Excellent 5+ 20+

Wasco Simas cobbly silty
clay loam

A. tridentata ssp. trident ata,
Junperus occidentauis

Droughty West Good 5
Exposure 914t

30+



Hook. (western juniper), Artemisia trident ata Null, ssp. tridentata (basin big

sagebrush), and Bromus tectorum L (cheatgrass or downy brome).

Soils were formed from ash deposition during the eruption of Mt. Mazama

8000 years ago (Baldwin 1964). The massive nature of the deposition resulted in

relatively uniform soils over a large area of central Oregon (USDA, NRCS 1986).

Climate is continental, with most precipitation occurring in the winter (Driscoll

1964), and is characterized by hot, dry summers and cold, moist winters.

Past disturbances, including cattle grazing and fire, differed slightly for

each site (Table 3-I). Cattle grazed all four sites within the last 15 years, but were

excluded for the last nine years at Mitchell and for the last 5 years at Wasco and

Ochoco. Light grazing was permitted at Crooked River until exciosures were built

in fall 1997, immediately before the experiment began. Juniper age was used as an

approximation of the minimum time since the last fire. Trees were aged by

counting annual rings on 20 randomly selected trees cut along fire lines prior to

each fire (Appendix F). A rain gauge was placed at each site.

Each I .5-ha site was divided into three, 0.5-ha treatment plots and randomly

assigned one of three treatments: prescribed fire, harvest of woody plants, and an

untreated control. Prescribed fires were conducted in fall 1997 (Table 3-1). Drip

torches were used to ignite the perimeter of the treatment area beginning with the

side closest to the prevailing wind. Flame length and rate of spread (Alexander

1982) were quantified from video records of each fire. Fire intensity varied within

and between fires (Table 3-2).
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Table 3-2: Fire behavior summary statistics for the four central Oregon sites.

Frontal Fire Line Rate of Spread
Sites Intensity (rn/mm)

(Kw/m)
Wasco 108 0.95
CrookedRiver 304 1.85
Mitchell 80 0.80
Ochoco 517 2.01

3.3.2 Seedbank longevity

We tested seedbank longevity using buried and surface seedbags. Bags

were made of nylon mesh (weight 120 mesh1linear inch, width of opening, 0.0051

inch) that allowed water and light to penetrate bags while providing a reliable

method for seed recovery. Seeds were visually checked under a microscope before

treatments for a filled and mature caryopsis. Seeds of questionable color (green or

brown) were discarded. Fifty T caput-medusae seeds were placed in each bag.

Each bag was placed 1 meter apart along a 10 m transect directly adjacent to the

treatment areas. At each site in July 1997 and July 1998, a seedbag was buried 5

cm below the soil surface and another was placed directly above the buried seedbag

on the soil surface at each of the plots on the transect. Four sets of the seedbags

were placed at each site in June 1997 and two sets were placed at each site in June

1998 for a total of 1,200 seedbags per site (Table 3-3). Seedbags were removed at

one of four dates corresponding to winter or summer of the first or second year

48



giving six sets of planting and removal combinations. Once collected, seeds were

counted and sorted as germinated or non-germinated.

Table 3-3: Placement and removal dates for seed bags planted above and below
ground at four central Oregon sites.

Set
A
B
C
D
E
F

Placement date Removal date

Those seeds that did not germinate in the field were planted in the

greenhouse at two times during the year: March 10-15 for winter removal and

September 5-10 for sun-uTner removals. Prior to planting, seeds were given a cold

stratification treatment (Nelson and Wilson 1969). Seeds were planted 5 cm apart

and 0.5 cm deep in 70% loaml30% potting soil mixture in 10-cm deep flats.

Greenhouses were maintained between 1 8-25° C with no artificial light. Flats were

watered daily, and germination was checked every three days for thirty-one days.

Those seeds that did not germinate at the end of this period were considered to be

non-viable (Nelson and Wilson 1969), but were possibly still dormant.

49

6/97 12/97
6/97 6/98
6/97 12/98
6/98 12/98
6/98 6/99
6/97 6/99



3.3.3 Emergence, survival and reproduction

Six, 3 5-cm2 demography plots were randomly located within each treatment

area at each site. All plots were at least 5 m from the edge of the treatment area.

Three canopy plots were located within 15 cm of the base of three randomly chosen

juniper trees with minimum canopy diameters of I m. Three interspace plots,

devoid of vascular plants and at least 1.5 m from the nearest drip-line (canopy)

were randomly located. Fifty de-awned seeds of I'. caput-medusae were planted

approximately 0.5 cm below the soil surface in each plot using a randomized grid

system. Seeds were planted in September 1997 and again in adjacent plots in

September 1998.

Plots were censused every three to four weeks. A mapping table, composed

of clear plexiglas with four threaded rods as legs in the corners, was placed above

each plot. The position of each emerged plant was marked on an acetate sheet;

similar to the technique used by Mack and Pyke (1983). At the end of the growing

season, average seed production per plant per cohort was estimated by counting the

seeds on 10 randomly-selected plants in each census cohort of each plot. Seeds

were counted on all plants in a cohort if fewer than 10 emerged or survived.
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3.3.4 Statistical analysis

Three demographic transitions (emergence, survival, reproduction) for T.

caput-medusae population dynamics were calculated for each combination of

microsite (canopy or interspace) and treatment (fire, control, cutting). Emergence

percentage was defined as the proportion of planted seeds that emerged. Survival

percentage was the proportion of the emerged seedlings alive until reproduction.

Reproduction per plant was defined as the mean number of filled seeds (lemma and

palea with a caryopsis) per surviving plant. All survival data were arcsine square-

root transformed to normalize residuals prior to analyses. Emergence proportions

did not require transformations. Emergence, survival, and reproduction were

compared among treatments and microsites using the MIXED procedure ANOVA

(SAS 1996). Time (two years) was also analyzed as a main plot in this split-split

plot experimental design.

Seed bank longevity (seedbag data) was analyzed as the main germination

percentage using two factors, site and time, as the explanatory variables in a

MIXED procedure ANOVA (SAS 1996).

3.3.5 Population growth model

To further understand the population dynamics and invasion risk of T. caput-

medusae in response to disturbance and microsites, we used a computer simulation
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model to evaluate the risk of T caput-medusae invasion. Models often enable a

simplification of systems in a way that underlying mechanisms can be studied

(Keen and Spain 1992) and have been used extensively in weed research (Mortimer

1987). These models often characterize existing populations, and could also be

used to evaluate invasion potential (Cousens et al. 1987). However, population

models have several limitations (Caswell 1989) and should not be used to predict

future abundances of populations. Here, we use a modeling approach to project the

relative risk of T. capuf-medusae invasion if seeds were at or emmigrated to the site

shortly after treatment. The demographic data collected for T caput-medusae were

applied to a three stage-based. Lefkovitch (1965) matrix model using

RAMA S/stage (Ferson 1991).

Populations were modeled in three time-steps per year to examine the effects

of the transitional probabilities on the overall growth rate of the population

(Maxwell 1990).

The model was structured using four life history stages: adult, juvenile, seed

(seeds produced and emerging in the same year), and seedbank (seeds remaining in

the seedbank for more than one year) (Figure 3-2). Demographic stochasticity was

approximated from a normal distribution of the mean and standard deviation of

each transition estimate for that treatment and microsite combination (Appendix B).

The inclusion of density dependent parameters would cause growth rates to be

much lower and more realistic, but such density measures were not estimated in the

project and hence, are not included in the model. The modeled life cycle occurred

52



Seed

Juvenile

Adult

Seedbank

1 year

Figure 3-2, Within-year stages (rectangles) and transitions (arrows with two lower case letters) for the three time steps of
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over three time steps per year beginning with the seed stage and ending with the

seed production stage (Figure 3-2). The use of three time steps enables us to isolate

and assess the importance of each transition, emergence (sj, bj), survivorship to

adult (ja), the seedbanj( (sb, bb), and reproduction (as). Population growth

trajectories were estimated for six projections according to each treatment and

microsite combination (fire-canopy, fire-interspace, control-canopy, control-

interspace, harvest-canopy, and harvest-interspace). Seedbank populations were

determined from the seedbag longevity experiment and are the same for all three

treatments. Baseline data for model input are from the control data

(22.48seed/plant, SD = 13.7, seedbank estimates 0.8% from year 1 and 0.06%

remaining viable in the seedbank for another year). All models used an initial

population simulating the field design consisting of 0 adults, 50 juveniles, 0 seeds

in the seedbank, and 0 seeds in the seed stage. We modeled the system using a 20-

year trajectory (60 time-steps) with 1000 iterations (Appendix D).

3.4 Results

3.4.1 Seedbank longevity

Missing seeds and seedbags were substantially higher for the above ground

bags (Figure 3-3), presumably due to granivory. The majority (80%) of T caplit-

medusae seeds that remained intact (non-missing) germinated during the two-year
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seed longevity experiment (Figure 3-3), but evidence suggested a small persistent

seedbank exists. Dormancy of both buried and above ground T caput-medusae

seed resulted in a small seedbank regardless of the duration in the field, including

seedbags in the field from 6 months to two years (. buried = 5.98 seeds (12%),

X above 7.10 seeds (14%)). Dormancy did not change significantly over time

except for the oldest seeds, those two-years-old (p<O.O1), where the mean number

of dormant seeds dropped to 1.4 (3%) seeds and 1.3 (3%) seeds for buried and

surface bags, respectively.
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Figure 3-3: Number of dormant, unviable, missing and germinated seeds from
seedbags (50 seeds/bag) placed at four central Oregon sites during two periods
(1997 and 1998) over four time intervals. Bags were planted a) placed on the soil
surface or b) 5cm below the ground.



3.4.2 Emergence, survival, and reproduction

Both emergence and proportional survival were high regardless of

disturbance regime or site. Emergence was between 60 and 75% and survival

ranged between 85-95% for all treatment, site, and year combinations with no

significant interactions. A higher average emergence rate in 1999 (Figure 3-4a) was

the only significant difference for emergence rates regardless of site, microsite, or

disturbance treatment. For survival, a microsite by year interaction was the only

significant factor (Figure 3-4b).

In contrast, reproduction was significantly affected by site, disturbance, and

microsite for both years (p<O.0001) although there were no significant interactions

(p >0.05) among these factors (Figure 3-5). Reproduction was at least 80% greater

in the fire treatment than either the control or overstory removal disturbance

(Figure 3-5) treatments. Plants in canopy areas had at least 32% higher

reproduction than plants residing in interspace areas. Reproduction was

consistently higher at Crooked River (38.81 seeds/plant) than at the other sites

(25.41 seeds/plant).
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3.4.3 Population growth model

The lambda (2) values (i.e. population growth rates) produced by these

models are likely to be overestimate the population densities for each of the

projections since density dependence was not included in the models. The

population growth rate should be an accurate estimation of populations during early

invasions, or colonization periods, when density dependence and competition play

a small role in population densities. Density dependence is a difficult measure to

quantify and is usually an estimation. This study is largely focussed on the early

stages of invasion and as such, these models suffice without the use of density

dependence. For our purposes, we measured the relative difference in risk of

medusahead population growth rates between the treatments (harvest, fire, and

control) and microsite combinations (canopy and interspace). The population

growth rate (2) for T caput-medusae remained high (>9.5) for all treatment

combinations. The stage projection models indicate that the control and woody

plant removal treatments provided similar results with only the microsites resulting

in differences in the population growth rate. Control or woody plant removal

treatments yielded 2 values near 10.0 in the interspaces, while those under woody

plant canopies were 50 to 75% larger (15.0 and 18.3). Burning a site caused the

highest 2 (21.2) and was double that of the control and removal treatments for

populations growing in interspace microsites, and it increased 2 by another 55 to

80% to 28.3 for populations in canopy microsites.
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3.5 DISCUSSION

Although the risk of T caput-medusae invasion is high on these locations

and potentially high on sites with similar climate and soils, the risk of invasion by

T. caput-medusae is increased by prescribed fire, but not by harvesting and

removing juniper populations. Other studies have found increases in total biomass

(Rasmussen 1986), cover (Everett and Ward 1984), and exotic species after fire

(Young et al. 1972, Young and Evans 1978). Fire tends to increase the availability

of nutrients essential for plant growth (Everett 1984). The higher invasion risk is

due to the increased reproductive output in burned areas. Post-fire nutrient

enhancement was short-lived, only occurring in the first four months at these sites

(Chapter 2). Nutrients available for plant growth at this time ofyear may be critical

for nutrient storage in annuals and are converted into increased reproduction late in

the spring (Reichenberger and Pyke 1990).

After juniper harvesting, increases in T caput-medusae and other exotic

annual populations occur (Evans and Young I 987a, Evans and Young 1995, Young

et al. 1985, Washington 1996); this is partially attributed to the cessation of juniper

root mining essential nutrients (Klopatek 1987). However, our study, similar to

Young and Evans (1971), found no increase in risk for T. caput-medusae expansion

after removal over that of untreated areas. This may be due to the short duration of

our studies. Juniper harvesting will result in slow decomposition of woody roots.

This slow release of nutrients may allow surrounding plants and microbes to

capture these resources as they become available (Vaitkus and Eddlemen 1986).
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Microsites may contribute to 7'. caput-medusae success at invading

ecosystems. Juniper woodlands and sagebrush steppe ecosystems have higher

nutrient availability below canopies of woody plants than in interspace areas

(Schlesinger et al. 1996, Halvorson et al. 1994, Burke 1989, Evans and Elheringer

1994, chapter 2) that can be used by colonizing and establishing plants (Evans and

Young 1985). 7' caput-medusae is capable of capturing and converting resources

into higher fitness when grown under juniper canopies than interspaces. This is

counter intuitive since canopy microsite should provide less solar radiation and

greater root densities than interspaces. These canopy microsites may provide

nutrient-rich safe-sites where invading annual grasses could establish and sustain a

population until they are released to expand after wildfires. Wildfires would likely

provide the flush of nutrients similar to those noted after prescribed fires (Chapter

2).

The small persistent seedbank of T caput-medusae had no impact on its

invasion risk in the population model. Other studies with annual exotic grasses

have demonstrated that most grasses have much smaller seedbank than 7' caput-

medusae (Young et al. 1 969a). Usually annual grass seedbanks contribute a very

small part to the overall population growth rates after a population is established

(Sharp et al. 1957) due to high gelinination rates and predation pressure from

fungus and other granivores (evidenced by high removal rates of the above ground

seedbags in this study). However, these "remnant" seeds may be important when

catastrophic environmental events in one year eliminate the germinated portion of
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the population. In the subsequent year, these remaining seeds would sustain the

population.

Emergence and seed production were two stages of the life cycle that

influenced medusahead expansion. Emergence changed between years in this

study and can be affected by soil texture (higher on clay than loam soils)(Miller

1997). This is supported by Young et al. (1969b) who found that the limiting

factor for T caput-medusae invasions was seedling emergence.

Survivorship was not as influential as emergence in T caput-medusae

invasion potential. As with most invasive annuals, the flexibility in morphology

and high survivorship experienced in even the harshest years usually results in seed

production every year. However, it should be noted that both of the study years had

higher than average rainfall inputs in the spring (Oregon Climate Service 1999)

which may have affected T caput-medusae survival.

Reproduction, similar to emergence, is also important for T caput-medusae

success as an invader. Treatments for juniper reductions demonstrated the

plasticity in reproductive allocation for this annual. T caput-medusae is a highly

prolific seed producer so knowledge of how this species will respond to

management is needed. Those management treatments that minimize seed

production should be used when this exotic plant occurs in the community or is

nearby to reduce the risk of invasion.
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4 CONCLUSIONS

During the last century, fire suppression, grazing, and climate change have

caused sagebrush grasslands to be altered in both function and form; juniper and

sagebrush dominate the landscape. Restoration, reclamation and revegetation

efforts have increased in popularity and use by private and public land managers

over the last two decades. Generally, such efforts have included reduction of the

juniper and sagebrush overstory in order to enhance herbaceous plants in the

ecosystem.

We studied the most common methods in which shrub and tree removal is

accomplished; prescribed fire and overstory removal. It was unknown what effects

these efforts would have on the spatial mosaic of nutrients essential for plant

development. Particularly, for this and other dry ecosystems, it was unknown how

the resource islands would change in relation to these two disturbances over time.

It was also unknown if altering the ecosystem would cause it to be more vulnerable

to weed invasion.

We answered these two main questions: are resource islands existant and

resilient to disturbance and are areas at a higher risk of weed invasion after

prescribed fire and juniper harvesting. Specifically, we chose to use the most

limiting nutrient for plant development, inorganic nitrogen, and a highly invasive

noxious weed, Taeniatherum caput-medusae, This study is the first to look in

detail at the temporal dynamics of inorganic nitrogen in resource islands. It is also
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one of the first to measure the invasion potential of a weedy species in a

preventative context rather than with an eradication approach.

Four disjunct sites were selected in central Oregon in order to investigate

spatial variability and to have a large scope of inference. Year-to-year variability

generally plays a significant role in ecological phenomenon and as such we

measured the invasion potential of T caput-medusae for two years.

Resource islands occured in nearly all months of the year for the most

limiting nutrients for plant development, ammonium and nitrate. However, these

islands are variable through time and given any individual time period, there is a

16% and 10% chance that no differences would be detected between the canopy

and interspace microsite for ammonium and nitrate, respectively. The resource

island theory is commonly used in modeling practices for this and other semi-arid

ecosystems (Everett 1984, Kaye and Hart 1998) and is believed to be a fairly stable

condition throughout the year. We found that for inorganic nitrogen, these islands

generally exist, but are not static and fluctuate throughout the year.

We also determined that resource islands are enhanced by fire. After fires

at the four sites, both nutrients were significantly higher under canopies than

interspaces for all months. Juniper removal, on the other hand, had little effect on

resource islands. Hence, since inorganic nitrogen or medusahead risk were not

different between untreated and harvested areas, this may be a useful treatment to

use for reducing weed invasions. Flowever, it is possible that the project was not

long enough to temporarily detect changes that may occur due to decomposition,
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litter deposition, and soil and water movement that are probably important in

inorganic nitrogen dynamics.

T. caput-medusae was a serious threat in undisturbed, burned and juniper-

removal areas in both 1998 and 1999. Results of our demographic model indicate

T caput-medusae 's population growth rate is higher in burned areas than control

and juniper-removal areas. Managers should be cautious when using prescribed

burning to reduce woody plant density if medusahead infestations are nearby.

Managers should also consider alternative woody plant harvesting and reduction

techniques that reduce the invasion risk of T. caput-medusae, such as a harvesting

operation. If prescribed fire is the preferred tecimique, then a weed monitoring

program should be instituted on the site each year for several years to detect and

control 1'. caput-medusae (and other noxious plants) before it is able to reproduce

at the site. This study uncovered potential consequences of using prescribed fire

and juniper harvesting on weed invasion and used available nitrogen responses to

these manipulation as explanatory mechanisms for medusahead's invasion

potential.
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5 APPENDIXES

APPENDIX A: Summary statistics for a) emergence, b) survival and c)
reproduction.
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a) Emergence
Level Factor Df F-stat P-value
Whole Plot Site 3

Treatment 2 1.38 0.3321
Error A (site) 6

Sub-Plot Canopy 1 0.70 0.4057
Trmt*Canopy 2 1.01 0.3690
Error B (site*trmt) 9

Sub-Sub Plot Year 1 6.07 0.0174
Trmt*Year 2 0.66 0.5201
Canopy*Year 1 0.41 0.5273
Trmt*Canopy*Year 2 0.63 0.5370
Error C (replicate(site*trrnt*can)) 18
Total 47

Emergence Mean SE
Treatment Control 33.88 1.85

Fire 31.23 1.85
Removal 34.35 1.85

Canopy Inter 32.46 1.65
Can 33.85 1.65

Year 1998 35.27 1.58
1999 31.04 1.76

b) Survival
Level Factor Df F-stat P-value
Whole Plot Site 3

Treatment 2 0.83 0.4815
Error A (site) 6

Sub-Plot Canopy 1 0.40 0.5285
Trmt*Canopy 2 0.07 0.9297
Error B (site*trmt) 9

Sub-Sub Plot Year 1 1.16 0.2865
Trmt*Year 2 1.98 0.1493
Canopy*Year 1 6.11 0.0170
Trmt*Canopy*Year 2 0.24 0.7903
Error C (replicate(site*tiint*can)) 18
Total 47



APPENDIX A (Continued)

c) Reproduction
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Level Factor Df F-stat P-value
Whole Plot Site 3

Treatment 2 54.05 0.0001
Error A (site) 6

Sub-Plot Canopy 1 64.55 0.0001
Trmt*Canopy 2 0.69 0.5076
Error B (site*tiiIlt) 9

Sub-Sub Plot Year 1 0.07 0.7950
Trmt*Year 2 0.97 0.3859
Canopy*Year 1 1.63 0.2078
Trmt*Canopy*Year 2 1.29 0.2835
Error C (replicate(site*tin t*can)) 1 8

Total 47

Reproduction Mean SE

Treatment Control 21 .78 3.23
Fire 43.09 3.23
Removal 20.13 3.23

Canopy Inter 22.95 2.98
Can 33.71 2.98

Year 1998 28.19 2.55
1999 28.47 2.97

Trmt*can Control-inter 16.76 3.43
Control-can 26.79 3.43
Fire-inter 36.53 3.43
Fire-can 49.64 3.43
Rem-inter 15.56 3.43
Rem-can 24.70 3.43

Survival Mean SE

Treatment Cont 90.31 3.7
Fire 88.54 3.7
Removal 86.29 3.70

Canopy Inter 87.21 3.40

Can 89.55 3.40

Year 1998 87.56 3.20
1999 89.32 3.50

Can*Year lnter-1998 88.62 3.88
lnter-1999 95.00 4.35

Can-1998 94.28 3.88

Can-1999 92.04 4.35



APPENDIX B: AVERAGE VALUES USED IN RAMAS/STAGE.

a) Data used for model building.
Emerg/planted S.D. Survival S.D.(%) (%)
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Reproduction (seed/pt) S.D.
Control 68.04 18.5 90.3 0.099 22.48 8.70
Fire 63.38 20.3 89.45 0.608 4377 9.26
Removal 69.14 18.4 88.37 0.108 18.93 11.74

Crooked River 60.16 17.1 87.96 0.110 38.81 13.54
Mitchell 73.54 17.8 81.59 0.084 29.76 13.77
Wasco 62.90 21.9 90.49 0.127 21.65 14.39
Ochoco 70.94 71.4 92.01 0.104 24.81 13.44



APPENDIX C: SEEDBAG DATA

a)
Six Months Ndf Ddf F-statistic p-value
Site 3 71 8.06 .0001
Year 1 71 18.95 .0001
Site*Year 3 71 0.43 .7332

b)
1 Year Ndf Ddf F-statistic p-value
Site 3 72 9.34 .0001
Year 1 72 15.88 .0002
Site*Year 3 72 1.32 .2757

c)
1.5 Years Ndf Ddf F-statistic p-value
Site 3 36 6.79 .0010

d)
2 Years Ndf Ddf F-statistic p-value
Site 3 35 11.20 .0001
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APPENDIX D: INPUTS FOR EACH TRANSITION BY TIME-
STEP (THE AREAS FILLED WITH AN X HAVE A VALUE).

Transition Time step 1 Time step 2 Time step 3
Sj 0 0 X
Sb 0 0 X
Sj 0 0 X
Ja X 0 0
As 0 X 0
Bb I I X
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APPENDIX E: MEANS AND STANDARD ERRORS FOR SITE,
TREATMENT, AND CANOPY COMBINATIONS.
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Crooked River N X STDEV
Emergence 18 32.11 7.49
Mortality 18 4.83 4.65
Survival 18 1.22 0.19
Reproduction 18 36.61 15.72
Mitchell
Emergence 18 41.05 7.72
Mortality 18 5.11 3.35
Survival 18 1.23 0.14
Reproduction 18 28.66 14.09
Ochoco
Emergence 18 35.72 7.66
Mortality 18 2.88 3.37
Survival 18 1.32 0.22
Reproduction 22.65 14.39
Wasco
Emergence 18 31.47 10.95
Mortality 18 2.16 2.58
Survival 18 1.35 0.19
Reproduction 18 24.81 13.44


