
156 JOURNAL OF SOIL AND WATER CONSERVATIONMAY/JUNE 2015—VOL. 70, NO. 3

John D. Williams is a research hydrologist, Dave 
S. Robertson is a registered geologist and hy-
drologic technician, and Stewart B. Wuest is a 
soil scientist at the USDA Agricultural Research 
Service Columbia Plateau Conservation Research 
Center, Pendleton, Oregon.

Biofuel feedstock production potential 
in stream buffers of the inland Pacific 
Northwest: Productivity and management 
issues with invasive plants
J.D. Williams, D.S. Robertson, and S.B. Wuest

Abstract: Stream buffers increase the complexity of agroecosystems, providing wildlife 
habitat, sediment and nutrient sinks to improve water quality, and potentially lignocellu-
losic feedstock for biofuels. The establishment of stream buffers can be difficult, with weeds 
competing with desired species and increasing weed pressure in the production fields and 
contaminating feedstocks. Our objective was to evaluate the success of establishing two dif-
ferent feedstock alternatives, alfalfa (ALF; Medicago sativa L., cultivar Ladak) and tall wheatgrass 
(TWG; Agropyron elongatum Podp., cultivar Alkar), plus a mix of alfalfa and tall wheatgrass 
(MIX) at two sites within each of three precipitation zones in the Pacific Northwest (PNW). 
We evaluated productivity, stand establishment, and weed infestation using a split plot, ran-
domized complete block design. Establishment of targeted species was most successful and 
productivity was highest in the intermediate precipitation zone. Lignocellulosic feedstock 
produced by TWG (7.52 ± 2.07 Mg ha–1 [3.35 ± 0.92 tn ac–1]) and MIX (7.45 ± 2.00 Mg 
ha–1 [3.32 ± 0.89 tn ac–1]) produced significantly more lignocellulosic feedstock than ALF 
(1.68 ± 0.79 Mg ha–1 [0.75 ± 0.35 tn ac–1]) and SG (2.62 ± 0.99 Mg ha–1 [1.17 ± 0.44 tn 
ac–1]). The best competition against invasive annual species was obtained in the TWG and 
MIX treatments, with tall wheatgrass providing the bulk of biomass in either treatment. 
Productivity was acceptable where naturally occurring subirrigation was present and contrib-
uted to crop germination and establishment in the low precipitation zone, but weed pressure 
was substantial and caused near to complete crop failure in the driest plots. A high level of 
weed management will be required to produce monocultures of lignocellulosic feedstocks in 
stream buffers.

Key words: multifunctional agricultural systems—riparian buffer—stream buffer—tall 
wheatgrass—weed management

The rainfed cropland of the interior Pacific 
Northwest (PNW) is a plateau dissected 
by shallow to deep valley networks. 
Before the introduction of dryland grain 
production, valley bottoms included com-
plex multiple-zone riparian areas (Hoag et 
al. 2001). With European settlement, these 
areas were used for pasturing draft animals, 
and then with the adoption of mechanized 
farming, the streams were channelized and 
the surrounding area incorporated into culti-
vated fields. However, many valley bottoms 
were unsuitable for crop production because 
of water-saturated and salt-affected soils 
(Williams et al. 2000). Because these streams 

were largely deposition zones, substantial 
labor and machinery costs were required to 
clear sediment and maintain channels fol-
lowing frequent freeze/thaw flooding (Zuzel 
1994). With these additional expenses and 
low crop yields, removing these areas from 
crop production and enrolling them in con-
servation programs became economically 
justifiable for landowners.

Conservation and stream buffers can 
provide substantial ecological benefits as 
demonstrated by research conducted in the 
midwestern and southeastern United States 
and thoroughly reviewed by Lovell and 
Sullivan (2006) and Dabney et al. (2006). 

Stream buffer or riparian research in the 
western United States has been limited to 
range and forest lands (Arismendi et al. 2012; 
Herbst et al. 2012; Jencso et al. 2010; Liquori 
and Jackson 2001; Platts and Nelson 1985; 
Ryan and Dwire 2012). Harvesting forage 
or biofuel feedstocks from buffers has been 
proposed to increase the multifunctional 
nature of traditionally monoculture land-
scapes (Asbjornsen et al. 2013; Jordan et al. 
2007; Schulte et al. 2006). However, con-
verting crop land to conservation buffers can 
increase complexity in farm management, 
provide weed species the opportunity to 
flourish, and increase seed source area (Lovell 
and Sullivan 2006; Williams et al. 2011). This 
problem is especially troublesome in stream 
buffers in the PNW, where Williams et al. 
(2011) reported a decrease in soil cover by 
living vegetation and a shift to annual weeds 
species over an eight-year period. Weeds 
threaten a properly functioning ecosystem 
(Hann et al. 1997) and the quality of material 
harvested for lignocellulosic feedstock 
(Kumar et al. 2012).

The objective of this paper is to report the 
lignocellulosic feedstock potential in stream 
buffers in the inland PNW dryland cropping 
region and how practical considerations, site 
variability, and especially weeds impacted 
stand establishment. Our assessment focuses 
on perennial plantings of alfalfa (Medicago sativa 
L., cultivar Ladak), tall wheatgrass (Agropyron 
elongatum Podp., cultivar Alkar), and a mix of 
alfalfa and tall wheatgrass, compared to annual 
small grain crops grown in this region, e.g., 
spring barley (Hordeum vulgare L.) and spring 
or winter wheat (Triticum aestivum L.).

Materials and Methods
This research was conducted at six sites 
representing three precipitation zones 
in the PNW dryland crop production 
region (Schillinger and Papendick 2008). 
Treatments were alfalfa (ALF), tall wheatgrass 
(TWG), a mix of alfalfa and tall wheatgrass 
(MIX), and small grains (SG). Dryland alfalfa 
is commonly grown in the valley bottoms 
of this region for forage. Tall wheatgrass is 
well adapted to and used in stream buffers 
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of the intermountain region (Hull Jr. and 
Holmgren 1965; Williams et al. 2011), con-
sidered good quality forage, and has been 
evaluated as a biofuel feedstock (Scheinost 
et al. 2008; Zheng et al. 2007). Low and 
intermediate sites were located in Umatilla 
County, Oregon, and high precipitation 
sites were located in Whitman County, 
Washington (figure 1). Meteorological and 
edaphic descriptions are given in table 1.

Conditions and management differed at 
each site before the research plots were estab-
lished, thus site preparation and management 
differed accordingly. Briefly, low precipitation 
site one (L1) was unimproved rangeland com-
prised largely of weedy annual grasses and 
forbs, with few perennial native grasses and 
shrubs. Before treatment crops were seeded, 
shrubs were removed and existing grass and 
forb vegetation was rolled with a 36 cm (14 
in) ribbed-ring roller to get seeds on the 
ground to germinate. Low precipitation site 
two (L2) was abandoned cropland (15 years or 
more) with a mix of annual weeds consisting 
of grasses and forbs with few perennial grasses. 
Immediately before this project began, the 
intermediate precipitation site one (I1) was 
in a winter wheat–summer fallow rotation, 
and intermediate precipitation site two (I2) 
was in alfalfa and had been for 7 years. At sites 

Figure 1
Pacific Northwest inland dryland cropping region and research site locations.
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Table 1
Research sites in the dryland cropping area of the inland Pacific Northwest used to determine lignocellulosic productivity for biofuel feedstock 
(Donaldson 1980; Johnson and Makinson 1988). Site designation was based on mean annual precipitation (low [L], intermediate [I], and high [H]) 
(Schillinger et al. 2008).

  MAP Zone MAT  Elevation Measured
Site Location (mm) (°C) FFD (m) MAP (mm)* Soil†

L1	 N	45°40′09″,	W	119°08′01″	 <300	 9.4	to	11.7	 150	to	180	 268	 277	±	143	 Kimberly	fine	sandy	loam	
	 	 	 	 	 	 	 			(Coarse-loamy,	mixed,	mesic	
	 	 	 	 	 	 	 			Torrifluventic	Haploxerolls)
L2	 N	45°55′00″,	W	118°49′20″	 	 	 	 431	 305	±	80	 Hermiston	silt	loam	(Coarse-silty,	
	 	 	 	 	 	 	 			mixed,	superactive,	mesic	 
	 	 	 	 	 	 	 			Cumulic	Haploxerolls)
I1 N 45°51′14″,	W	118°39′31″	 300	to	450	 9.4	to	12.2	 140	to	170	 538	 338	±	77	 Onyx	silt	loam	(Coarse-silty,	mixed, 
	 	 	 	 	 	 	 			mesic	Cumulic	Haploxerolls
I2	 N	45°49′55″,	W	118°37′55″	 	 	 	 523	 336	±	78
H1	 N	46°47′07″,	W	117°04′31″	 >450	 7.2	to	8.9	 130	to	150	 794	 565	±	23	 Thatuna	silt	loam	(Fine-silty,	 
	 	 	 	 	 	 	 			mixed,	mesic	Xeric	Argialbolls)
H2	 N	46°45′41″,	W	117°11′38″	 	 8.3	to	10.6	 110	to	130	 766	 565	±	23	 Latah	silt	loam	(Fine,	mixed,	 
	 	 	 	 	 	 	 			superactive,	mesic	Xeric	 
	 	 	 	 	 	 	 			Argialbolls)
Notes:	MAP	=	mean	annual	precipitation.	MAT	=	mean	annual	temperature.	FFD	=	frost	free	days.
*Mean	annual	precipitation	and	95%	confidence	interval	measured	from	2009	through	2012,	with	exception	of	L1	where	record	keeping	ended	in	
2001.	Records	were	only	available	from	one	location	in	the	high	precipitation	zone.
†Information	from	the	Web	Soil	Survey	(USDA	NRCS	2014).

L2, I1, and I2, the soil was shallowly (5 cm [2 
in]) disked or rototilled. The high precipita-
tion sites were located at the Washington State 
University Cook Research Farm (H1) and 
USDA Agricultural Research Service (ARS) 
Palouse Conservation Research Farm (H2).

Harvesting feedstocks from buffer strips 
has been proposed as a source of feedstocks 
requiring low inputs of herbicide and fertilizer 
(Jungers et al. 2013; Tilman et al. 2006). In the 
spirit of this concept and with awareness that 
regulation of herbicide use in riparian buffers 

was pending, all sites were treated with herbi-
cides 0 to 12 days before seeding, with plans to 
follow up with mechanical control (mowing) 
as needed. By the spring of 2011, it became 
apparent these efforts were not working, leav-
ing us with the option of using herbicides to 
salvage some of the perennial crop produc-
tion or abandon the plots. Weed control in 
the small grain treatment was exclusively with 
herbicides using standard agronomic practices 
and resulted in weed free crops. A list of her-
bicides and application rates used to control 
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Table 2
Herbicides used for weed control in evaluation of lignocellulosic feedstocks grown in stream buffers in the Pacific Northwest.

  Rate
Treatment Herbicide (kg ha–1)*

Alfalfa	 Gramoxone	Inteon	(paraquat	dichloride)	 2.24
Alfalfa	 Roundup	(potassium	salt	of	glyphosate)	 2.24
Alfalfa	 Sencor	DF	75%	(Metribuzin	technical)	 0.84
All	plots	 Roundup	Ultra	(isopropylamine	salt	of	glyphosate)	 0.56
Chemical	fallow	 Butyrac	200	(2,4-DB	amine)	 2.24
Chemical	fallow	 Glystar	Plus	(isopropylamine	salt	of	glyphosate)	 3.39
Chemical	fallow	 Huskie	(pyrasulfotole,	bromoxynil	octanoate,	bromoxynil	heptanoate)	 0.91
Chemical	fallow	 Landmaster	(glyphosate	+	2,4-D	amine)	 5.88
Chemical	fallow	 MCPA	(2-methyl-4-chlorophenoxyacetic	acid)	 0.42
Chemical	fallow	 Rifle	(dimethylamine	salt	of	dicamba)	 0.35
Chemical	fallow	 Roundup	(potassium	salt	of	glyphosate)	 2.24
Perennial	plots	 Butyrac	200	(2,4-DB	amine)	 6.73
Perennial	plots	 Landmaster	BW	(glyphosate	+	2,4-D	amine)	 3.78
Perennial	plots	 Roundup	(potassium	salt	of	glyphosate)	 1.54
Small	grain	 Axial	TBC	(pinoxaden,	florasulam)	 0.62
Small	grain	 Beyond	(ammonium	salt	of	imazamox)	 0.42
Small	grain	 Goldsky	(florasulam,	fluroxypyr	1-methylheptyl	ester,	pyroxsulam;	L	ha–1)	 1.17†
Small	grain	 Rhonox	(2-ethylhexyl	ester	of	2-methyl-4-chlorophenoxyacetic	acid;	L	ha–1)	 0.05†
Small	grain	 Tilt	(propiconazole)	 0.14
*Rates	most	frequently	applied	to	treatments	in	this	research.	Information	regarding	specific	dates	and	rates	of	applications	available	on	request	
from	corresponding	author.
†Goldsky	and	Rhonox	rates	are	in	liter	per	hectare.

weeds is provided in table 2; complete man-
agement details by date for each site describing 
mechanical weed control and fertilizer use are 
available on request. All herbicides were applied 
by persons appropriately licensed by the states 
of Oregon and Washington, with adherence to 
appropriate regulations.

Perennial crops were sown in 2009 at 
sites L1, L2, I1, I2, and H1. Perennial treat-
ments (TWG, ALF, and MIX) were seeded 
using a Brillion drill (Landoll Corporation, 
Marysville, Kansas) at sites L1, L2, I1, and 
I2 (table 3). Despite careful calibration, seed-
ing rates in the field roughly doubled as the 
drill moved over uneven ground at sites L1 
and L2. We were able to successfully cor-
rect the calibration for sites I1 and I2. Sites 
H1 and H2 were seeded with a double disk 
drill. Seeding at site H2 was delayed for one 
year because of an abnormally wet spring in 
2009 and resulting conditions that prevented 
entry with machinery until midsummer. 
Small grain was seeded using a Conserva 
Pak (Indian Head, Saskatchewan, Canada) 
medium disturbance hoe drill at sites in 
the low and intermediate precipitation 
zones whereas a double disk drill was used 
at the high precipitation sites. Plant variet-
ies, planting dates, fertilizer rates, herbicide 
applications, and mechanical weed control 

are available in on request from the authors. 
One purpose of riparian buffers is to limit 
entry of nutrients into streams, therefore 
fertilizer (nitrogen [N], sulfur [S], or phos-
phorus [P]) was not added to any treatment. 
Subsequent sampling showed that there was 
sufficient N at all sites to meet agronomic 
levels required for small grain production. 
Therefore, no fertilizer was added to any of 
the treatments.

Meteorological stations at sites L1, L2, I1, 
and I2 recorded instantaneous precipitation 
(mm), hourly air and soil air temperature 
(°C), solar radiation (MJ m–2), and wind 
speed (m s–2). Similar data were collected for 
both H1 and H2 sites at a station located on 
the Palouse Conservation Research Farm. 
Soil samples were collected each year in early 
spring and early and late summer at depths 
of 30, 61, 91, 122, and 152 cm (12, 24, 36, 
48, and 60 in) to determine soil water at 
distances of 2.5, 17.5, 32.5, and 47.5 m (8.2, 
57.4, 106.6, and 155.8 ft) from the stream 
channel. Volumetric soil water was calculated 
using gravimetric samples collected at all 
sites in combination with bulk density sam-
ples collected in the low and intermediate 
precipitation zones, and from published bulk 
density values for the soils in the high precip-
itation zone (Ersahin et al. 2002). Volumetric 

values were converted to depth equivalents 
(mm) for analysis. Soil water values were ana-
lyzed as seasonal (fall, spring, and summer) 
and composited annual values. Soils were 
sampled at the conclusion of the experiment 
to 30 cm and analyzed for percentage N, S, 
and carbon (C) (Angers and Mehuys 1993).

Species composition of experimental, 
native, and invasive plants was evaluated 
by clipped biomass, in the second, third, 
and fourth years of the experiment for each 
(perennial) treatment. Aboveground bio-
mass was hand harvested and separated by 
species from within 0.5 m2 (5.4 ft2) quadrats 
(sample units). The quadrats were randomly 
positioned within transects at approximately 
8, 25, and 42 m (26, 82, and 138 ft) from 
the channel end of each plot. One sample 
at each distance was collected from each 
treatment replication at each site in 2010 
(3 quadrats with 4 replications per treat-
ment). Sampling errors in 2011 resulted in 
values only from two replications in sites 
L1, I2, H1, and H2 (3 quadrats with 2 rep-
lications per treatment). In 2012, samples 
were collected from two replications of each 
treatment at each site (3 quadrats with 2 rep-
lications for each treatment). Because many 
of the annual species senesce and lose iden-
tifiable attributes by midsummer, sampling 
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Table 3
Seeding rates for evaluation of lignocellulosic biomass production in stream buffers of the Pacific Northwest.

Precipitation    Rate (kg ha–1)
zone Treatment Site Species 2009 2010 2011 2012

Low	 ALF	 L1	and	L2	 Alfalfa	 26.90
Low	 MIX	 L1	and	L2	 Alfalfa	 13.46
	 	 L1	and	L2	 Tall	wheatgrass	 22.42
Low	 TWG	 L1	and	L2	 Tall	wheatgrass	 44.84
Low	 SG	 L1	 Winter	wheat	 	 67.25	 112.09
	 	 L2	 Spring	barley	 	 	 112.09	 126.43
	 	 L2	 Winter	wheat	 	 67.25	 112.09	 112.09
Intermediate	 ALF	 I1	and	I2	 Alfalfa	 13.45
Intermediate	 MIX	 I1	and	I2	 Alfalfa	 6.73
	 	 I1	and	I2	 Tall	wheatgrass	 11.21
Intermediate	 TWG	 I1	and	I2	 Tall	wheatgrass	 22.42
Intermediate	 SG	 I1	and	I2	 Winter	wheat	 	 67.25	 112.09
High	 ALF	 H1	 Alfalfa	 11.21
High	 MIX	 H1	 Alfalfa	 6.73
	 	 H1	 Tall	wheatgrass	 22.42
High	 TWG	 H1	 Tall	wheatgrass	 22.42
High	 SG	 H1	 Spring	wheat	 112.09
	 	 	 Winter	wheat	 	 112.09	 112.09
	 	 	 Spring	barley	 	 	 	 112.09
High	 ALF	 H2	 Alfalfa	 	 11.21
High	 MIX	 H2	 Alfalfa	 	 6.73
	 	 H2	 Tall	wheatgrass	 	 22.42
High	 TWG	 H2	 Tall	wheatgrass	 	 22.42
High	 SG	 H2	 Spring	wheat	 	 112.09
	 	 	 Winter	wheat	 	 	 112.09
	 	 	 Spring	barley	 	 	 	 112.09
Notes:	SG	=	small	grains	(winter	wheat,	spring	wheat,	and	spring	barley).	ALF	=	alfalfa.	MIX	=	alfalfa	and	tall	wheatgrass.	TWG	=	tall	wheatgrass.

was conducted beginning in early June and 
completed by mid-July. Species composition 
samples were weighed, oven dried at 60°C 
(140°F) for 24 hours, reweighed, and dry 
biomass was recorded. These data were col-
lected to determine the mix of likely species 
that will contribute to lignocellulosic feed-
stock and in what proportion they occur. 
Because substantial growth in tall wheatgrass 
and alfalfa can occur past these dates of sam-
pling, our results represent a best estimate of 
species composition in the feedstock.

Feedstock harvest was conducted between 
late August and early October following small 
grain harvest. Harvest methods evolved from 
2010 through 2012 as the abundance of har-
vestable material became apparent. In 2010, 
plots of wheatgrass were cut with a small plot 
combine, and the residue moving out of the 
rear of the combine was captured in tarps and 
weighed. This method was less than satisfac-
tory as the tall wheatgrass tended to wrap 
around the threshing cylinder of the com-
bine. In 2011, we attempted to use a forage 

chopper and a hay swather, but both required 
considerable time for unplugging and repair-
ing because of frequent plugging by the 
tall wheatgrass. In 2012, we used a side-bar 
hay sickle, side-cast rake, and baler to har-
vest, with fewer problems. Small grain crops 
were harvested with the plot combine from 
which grain and residue that passed through 
the separator was captured and weighed for 
lignocellulosic feedstock. Total aboveground 
productivity was calculated as the sum of 
lignocellulosic feedstock, small grain, residue 
(dead plant material), and living plant material 
that was not removed by the harvest machin-
ery. Plant material that remained loose on 
the ground after harvest was hand harvested 
from within randomly placed 1 m2 (11 ft2) 
sample quadrats. Total, lignocellulosic, and res-
idue production was determined in subplots 
bounded at 0 to 17.5, 17.5 to 32.5, and 32.5 
to 50 m (0 to 57, 57 to 107, and 107 to 156 
ft) from the stream channel, corresponding 
to species composition sample sites. Samples 
were wet weighed in the field and subsamples 

of that material returned to the laboratory to 
be dried and reweighed for determination of 
dry weight productivity.

Experimental Design and Data Analysis. 
The experimental design was a split plot, 
randomized complete block. At each site, 
treatments were replicated four times in 3.8 
by 50 m (12.5 by 165.0 ft) plots (figure 2). 
Data were analyzed as a split plot at each site 
with target species (ALF, TWG, MIX, and 
SG) treatments as the main. Subplots were 
defined by sampling distances from the stream 
channels. Soil water, biomass, and species 
composition measured at distances (specified 
above) were treated as a repeated measure 
because of correlations within transects 
parallel to the channel. Data were analyzed 
using a generalized linear mixed model anal-
ysis of variance (GLMM ANOVA) (Gbur 
et al. 2012; Littell et al. 2006; SAS 2012). 
Data were analyzed to evaluate assumptions 
of normality and transformed if necessary; 
count data were evaluated to determine 
whether they fit a Poisson distribution, and 
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adjustments were made to the GLM as rec-
ommended by Gbur et al. (2012).

Results and Discussion
Weather records at the USDA ARS 
Columbia Plateau Conservation Research 
Center reveal 2009 (382 mm [15 in]) and 
2012 (364 mm [14 in]) crop years were drier, 
and 2010 (447 mm [19 in]) and 2011 (573 
mm [23 in]) were wetter than long-term 
averages (1929 to 2008) of 417 ± 18 mm 
(16 ± 1 in [±95% confidence interval]). The 
years 2009, 2010, and 2012 were within the 
95% confidence interval of normal annual 
temperature; 2011 was approximately 1°C 
(1.8°F) cooler than normal. There is no evi-
dence to indicate these weather conditions 
negatively impacted the germination and 
establishment of the perennial treatments.

Soil chemical analysis of C, N, and S 
content showed no statistically significant 
differences between treatments after the 
treatments had been in place for four years 
(table 4). This result is not unexpected. 
Changes in soil organic C tend to be small 
when averaged over 30 cm (12 in), occur 
relatively slowly, particularly in cool or cold 
semiarid regions, and are not likely to be 
observed in short-term research (Gollany et 
al. 2011; Rasmussen et al. 1998).

There was significantly (p ≤ 0.05) more 
soil water in the high precipitation zone 
(529.4 ± 19.9 mm [20.8 ± 0.8 in]) than in 
the low precipitation zone (260.8 ± 8.7 mm 
[10.3 ± 0.3 in]), but no significant difference 
between high or low zone and the interme-
diate zone (370.7 ± 8.3 mm [14.6 ± 0.3 in]). 
There were, however, substantial differences 
in soil water between sites across precipita-
tion zones, with a ranking of sites in order of 
decreasing soil water H2 > H1 ≈ I2 > L2 ≈ 
I1 > L1 (table 5). Soil water content did not 
change with lateral distance from the stream 
channel, nor with location of plot upstream 
or downstream on the stream channel.

Treatments TWG and MIX produced 
significantly more lignocellulosic feedstock 
than ALF and SG (figure 3 and table 6). 
Within treatments, TWG and MIX pro-
duced significantly more biomass under 
intermediate and high precipitation than 
under low precipitation, whereas ALF and 
SG were indistinguishable among precip-
itation zones (table 5). High variability in 
lignocellulosic productivity resulted from 
complete failure of the intended crop at sites 
L1, L2, I2, and H1 as a result of dominance 

Figure 2
Intermediate precipitation zone site one (I1). All plots were distributed on one side of the 
stream channel.

by weed species (table 7). However, when 
weeds were included in the total above-
ground productivity analysis, productivity 
significantly differed among precipitation 
zones in increasing order from low (3.43 ± 
0.28 Mg ha–1 [1.53 ± 0.12 tn ac–1]), to high 
(5.57 ± 0.30 Mg ha–1 [2.48 ± 0.13 tn ac–1]), 
to intermediate (7.47 ± 0.33 Mg ha–1 [3.33 
± 0.15 tn ac–1]).

Species richness was significantly lower in 
the intermediate precipitation zone TWG (n 
= 8.5 ± 0.2) and MIX (n = 9.5 ± 1.1), with 
other treatments averaging 16.4 ± 0.7 spe-
cies (figure 4). In all, 69 species other than 
the intended crops were identified (species 
list available from authors). As a proportion 
of clipped biomass, tall wheatgrass contrib-
uted 86% and 88% in the TWG treatment 
and 68% and 69% in the MIX in high and 
intermediate precipitations zones (table 7). 
There was no significant difference in spe-
cies richness by distance away from stream 
channels (table 8).

Small grain yields ranged from 0 to 3.3 
Mg ha–1 (0 to 49 bu ac–1) in low precipita-
tion zone, 2.4 to 4.9 Mg ha–1 (35 to 72 bu 
ac–1)in the intermediate precipitation zone, 
and 2.1 to 5.1 Mg ha–1 (31 to 75 bu ac–1) in 
the high precipitation zone (table 9). Overall, 
the intermediate zone produced significantly 
more small grain (4.6 ± 0.6 Mg ha–1 [68 ± 
8 bu ac–1]) than the high (2.6 ± 0.6 Mg ha–1 

[39 ± 8 bu ac–1]) or low (1.4± 0.6 Mg ha–1 
[21 ± 8 bu ac–1]) zones.

Biomass remaining after harvest was sig-
nificantly greater in MIX and TWG than 
in ALF and SG (table 11). Tall wheatgrass 
tended to lodge (fall below the cutter bar) 
before harvest resulting in depressed values 
for lignocellulosic harvest, but left substantial 
cover for soil and water conservation. The 
amount of biomass after SG harvest, in all 
three precipitation zones, should be suffi-
cient to reduce soil erosion by either wind or 
water to less than one-tenth of the potential 
erosion in the PNW (McCool et al. 1995). 
Despite differences in biomass left after har-
vest, as noted earlier, these differences did 
not lead to changes in soil chemistry over the 
relatively short time frame of the research.

We expected to find higher productivity 
in the high precipitation zone, but despite 
having less soil water, the intermediate zone 
produced the most biomass. Substantial pro-
ductivity at I1 and I2 may have resulted from 
a marginally longer growing season at the 
lower elevation and latitude of these sites. 
We also discovered, after our treatments were 
established in H1, a drainage tile installed 
almost diagonally through the research site. 
These tiles have been installed in many of the 
valley bottoms in the high precipitation zone 
to enable earlier spring and summer entry 
into the area for management. Over half of 
the soil samples at this site were taken above 
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Table 4
Mean and standard error nitrogen (N), carbon (C), and sulfur (S) in the surface 30 cm in lignocellulosic biomass production treatments in stream  
buffers of the Pacific Northwest. Different letters in columns indicates significant difference at p ≤ 0.05.

 Precipitation zone

 High   Intermediate   Low

Treatment N (%)* C (%) S (%) N (%) C (%) S (%) N (%) C (%) S (%)

ALF	 0.16	±	0.00a	 1.91	±	0.05a	 0.02	±	0.00a	 0.10	±	0.00a	 1.01	±	0.01a	 0.01	±	0.00a	 0.09	±	0.00a	 0.94	±	0.03a	 0.03	±	0.00a
MIX	 0.16	±	0.00a	 1.90	±	0.02a	 0.02	±	0.00a	 0.10	±	0.00a	 1.04	±	0.02a	 0.01	±	0.00a	 0.08	±	0.00a	 0.88	±	0.02a	 0.03	±	0.00a
SG	 0.16	±	0.00a	 1.81	±	0.03a	 0.02	±	0.00a	 0.09	±	0.00a	 0.97	±	0.02a	 0.01	±	0.00a	 0.08	±	0.00a	 0.82	±	0.03a	 0.02	±	0.00a
TWG	 0.15	±	0.00a	 1.80	±	0.02a	 0.02	±	0.00a	 0.10	±	0.00a	 1.08	±	0.01a	 0.01	±	0.00a	 0.08	±	0.00a	 0.81	±	0.03a	 0.03	±	0.00a
Notes:	SG	=	small	grains	(winter	wheat,	spring	wheat,	and	spring	barley).	ALF	=	alfalfa.	MIX	=	alfalfa	and	tall	wheatgrass.	TWG	=	tall	wheatgrass.
*Analyzed	as	a	percentage	of	equivalent	mass	of	soil	sampled	(Wuest	and	Gollany	2013).

Table 5
Mean and standard error values for annual soil water measured in fall, spring, and summer 
in a 1.52 m soil profile, and fall-measured aboveground biomass of the two sites within three 
precipitation zones (low [L], intermediate [I], and high [H]). Different letters in columns indicate 
significant differences at p ≤ 0.05.

Precipitation  Aboveground
zone and site Soil water (mm) biomass (Mg ha–1)

H1	 495.2	±	20.7a	 4.66	±	0.81a
H2	 563.6	±	33.7b	 6.95	±	0.84b
I1	 277.8	±	7.9c	 6.60	±	0.75b
I2	 463.0	±	9.1a	 7.26	±	0.75b
L1	 189.1	±	8.9d	 1.84	±	0.97a
L2	 308.7	±	11.5c	 3.59	±	0.76a

Figure 3
Mean and standard errors for lignocellulosic production from across three precipitation zones 
of the inland Pacific Northwest.
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this feature, showing marginally more soil 
water than the I1 site, which raises the ques-
tion whether the productivity downslope 
from the tile was depressed.

The mix of soil water levels recorded in 
the low and intermediate precipitation zones 
are representative of ephemeral and intermit-
tent streams in general and incised streams in 
the semiarid environment of the intermedi-
ate and low precipitation zones (Branson et 
al. 1981). As losing streams (streams that con-
tribute to, as opposed to gaining water from 
the surrounding soil profile), soil water in the 
profile immediately above the channel’s edge 
will be similar to the surrounding upland. 
Perennial flow in the low and intermediate 
zones originates in mountain headwaters 
well outside the cropland (observed) or from 
perennial springs supplied by deep ground 
water. A complete geologic survey of this 
region has yet to be completed, but there are 
anecdotal reports claiming these springs lost 
flow or dried when irrigation agriculture 
began drawing from confined basalt aquifers 
in the 1950s. Thus L2, located on an incised 
perennial creek in Juniper Canyon, ended up 
having at least as much soil water as I1 with-
out any springs above it.

Tall wheatgrass contributed substan-
tially to productivity in the MIX treatment 
(table 8). The ALF treatment was out pro-
duced by all but the SG treatment in the 
high precipitation zone. Although the lowest 
productivity might be expected in the low 
precipitation zone, variability in soil water 
was a defining characteristic at all sites (table 
4). Establishment of treatments was unsuc-
cessful at L1 because of weed competition 
and little soil water (table 5 and 7). Site L2, 
36 km (22.4 mi) north-northeast of L1, had 
only marginally more annual precipitation 
on average (28 mm [1.1 in]), but the plots 
in L1 were located on an abandoned terrace 
approximately 2 to 3 m (7 to 10 ft) above an 
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Table 6
Treatment mean and standard error for lignocellulosic feedstock grown at six sites, two sites within each of three precipitation zones (low [L], 
intermediate [I], and high [H]) of the inland Pacific Northwest. Different letters in precipitation zone rows indicate significant differences in same 
treatments between precipitation zones at p ≤ 0.05. Different letters in lignocellulosic columns indicate significant difference between treatments 
within precipitation zones at p ≤ 0.05.

 Precipitation Lignocellulose Precipitation Lignocellulose Precipitation Lignocellulose
Treatment zone (Mg ha–1) zone (Mg ha–1) zone (Mg ha–1)

ALF	 Low	a	 0.09	±	0.86a	 Mid	a	 2.59	±	0.82a	 High	a	 2.20	±	0.84a
MIX	 Low	a	 3.72	±	0.95b	 Mid	b	 10.68	±	0.82b	 High	b	 8.24	±	0.84b
SG	 Low		a	 1.48	±	0.72a	 Mid	a	 4.63	±	0.65a	 High	a	 1.55	±	0.84a
TWG	 Low	a	 3.33	±	0.95b	 Mid	b	 9.63	±	0.82b	 High	b	 9.88	±	0.84b
Notes:	SG	=	small	grains	(winter	wheat,	spring	wheat,	and	spring	barley).	ALF	=	alfalfa.	MIX	=	alfalfa	and	tall	wheatgrass.	TWG	=	tall	wheatgrass.

Table 7
Mean and standard error lignocellulosic feedstock harvested at each of two sites within three precipitation zones (low [L], intermediate [I], and high 
[H]) of the Pacific Northwest.

  Feedstock    Feedstock    Feedstock
  (Mg ha–1)    (Mg ha–1)    (Mg ha–1)
Treatment   Site 2010 2011 2012 Site 2010 2011 2012 Site 2010 2011 2012

ALF	 		L1	 0.00	 0.00	 0.00	 I1	 3.42	±	1.04	 4.02	±	1.11	 8.10	±	1.60	 H1	 —	 2.37	±	2.70	 0.00
ALF	 		L2	 0.49	±	0.77	 0.00	 0.00	 I2		 0.00	 0.00	 0.00	 H2	 2.60	±	0.96	 2.84	±	0.49	 3.87	±	1.68
MIX	 		L1	 0.00	 0.00	 0.00	 I1	 5.64	±	1.76	 9.87	±	3.76	 12.11	±	3.43	 H1	 —	 10.12	±	5.83	 11.90	±	3.55
MIX	 		L2	 1.46	±	0.93	 5.53	±	3.05	 12.18	±	4.91	 I2	 4.59	±	4.62	 18.92	±	5.01	 12.95	±	6.16	 H2	 4.46	±	1.71	 5.47	±	0.89	 7.37	±	1.35
TWG	 		L1	 0.00	 0.00	 0.00	 I1	 4.98	±	1.63	 10.88	±	4.30	 13.18	±	3.43	 H1	 	 11.65	±	5.05	 13.34	±	5.43
TWG	 		L2	 1.42	±	0.31	 6.40	±	4.48	 8.75	±	4.58	 I2	 1.79	±	0.43	 16.83	±	3.82	 10.12	±	3.81	 H2	 8.72	±	1.95	 6.48	±	1.58	 7.47	±	2.45
SB	 		L1	 —	 —	 —	 I1	 —	 —	 —	 H1	 —	 —	 0.53	±	0.34
SB	 		L2	 —	 3.40	±	1.52	 0.00	 I2	 —	 —	 —	 H2	 —	 —	 0.99	±	0.38
WW	 		L1	 0.00	 0.66	±	0.72	 0.00	 I1	 5.38	±	0.71	 4.61	±	1.05	 1.98	±	0.67	 H1	 —	 1.13	±	1.23	 —
WW	 		L2		 2.47	±	2.00	 3.21	±	1.11	 1.56	±	0.47	 I2	 5.62	±	2.17	 4.98	±	0.68	 5.06	±	0.65	 H2	 4.52	±	0.91	 1.08	±	0.26	 —
Notes:	SG	=	small	grains	(winter	wheat,	spring	wheat,	and	spring	barley).	ALF	=	alfalfa.	MIX	=	alfalfa	and	tall	wheatgrass.	TWG	=	tall	wheatgrass.	SB	=	
spring	barley.	WW	=	winter	wheat.	Values	presented	for	SB	and	WW	are	harvested	straw	and	do	not	include	grain.	A	value	of	0.00	signifies	crop	failure	
due	to	germination	and	establishment	failure	and	subsequent	dominance	by	weeds.	A	dash	signifies	no	crop	grown.

incised streambed where flow is best char-
acterized as ephemeral. Plots at L2 were in 
a more productive soil (silt loam) with two 
replications positioned on an alluvial fan 
approximately 1.5 m (4.9 ft) above the stream 
channel. The flow in the L2 channel is fed by 
deep basalt aquifers and is perennial despite 
being in the low precipitation zone. The 
other two replications at this site were posi-
tioned on a point bar <1 m (3 ft) above the 
stream channel. This second replication in L2 
was essentially responsible for all the material 
that was harvested in the low precipitation 
zone. Although mapped as a silt loam, the 
soils on this point bar were sodic, and it was 
not possible to establish winter wheat; spring 
barley was only marginally successful in one 
year. The productivity in the TWG and MIX 
treatments was nearly equal to these same 
treatments in the intermediate and high pre-
cipitation zones (table 7).

We planted 3 perennial plant species, but 
ultimately identified 66 species in our plots, 
58% of which were nonnative (table 8). 

Successful establishment would have resulted 
in a near monoculture (species richness of 1). 
Species richness numbers ranged between 10 
and 20 in all but the intermediate precipita-
tion zone MIX and TGW treatments (figure 
4). Sites in the intermediate precipitation 
zone were the most highly managed for weed 
control before this research began. For com-
parison, we sampled an untreated area, using 
the same protocol, in an area adjacent to the 
plots at the L1 site in an unimproved range-
land site (table 8), where we identified 16 
species, the same unintended species found 
in our treatments. Small grain yields in the 
low precipitation zone were normal (USDA 
NASS 2005; Schillinger and Papendick 
2008), but yields in the high zone were sub-
stantially lower than the generally accepted 
value of 5.6 Mg ha–1 (83 bu ac–1). The values 
might have been low because of the excep-
tionally wet and weedy conditions in H2 and 
what appears to have been tile drain drying 
in H1. In the intermediate zone, these values 
are well within the expected range for this 

zone (Camara et al. 2003). Variability was so 
great in the high and low precipitation zones 
that productivity differences were not statis-
tically detected between these two zones. 
This variability demonstrates the variabil-
ity in the landscape, particularly in the high 
precipitation zone where the steep gradients 
exist between the highly productive uplands 
and the water rich valley bottoms.

The larger nonnatives, e.g., Russian this-
tle (Salsola iberica), kochia (Bassia prostrata [L.] 
A.J. Scott), and tumble mustard (Sisymbrium 
altissimum L.) were sufficiently abundant to 
outcompete our intended species in several 
plots. Weed infestation suppressed productiv-
ity at all sites in each precipitation zone but 
were especially problematic in the low pre-
cipitation zone and in the H2 site in the high 
precipitation zone. Although the intermediate 
precipitation zone provided the most harves-
table biomass, low minimum values resulted 
from weeds and rodent herbivory, especially 
at the I2 site, which had been severely grazed. 
We attribute much of this damage to a change 
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Table 8
Species identified as contributing 1% or more of aboveground biomass in stream buffers of the Pacific Northwest.

Species Common name Composition (%)

Low	precipitation	zone	alfalfa
Bromus tectorum	L.*	 Cheatgrass	 31
Medicago sativa	L.	 Alfalfa	 17
Sisymbrium altissimum	L.*	 Tall	tumble	mustard	 6
Salsola iberica	(Sennen	&	Pau)	 Prickly	Russian	thistle	 5
Amsinckia menziesii	(Lehm.)	 Menzies'	fiddleneck	 5
Calamagrostis canadensis	(Michx.)	P.	Beauv.	 Bluejoint	grass	 5
Thinopyrum ponticum	(Podp.)	 Tall	wheatgrass	 4
Chenopodium berlandieri	Moq.	var.	berlandieri	 Netseed	lambsquarters	 4
Plantago patagonica	Jacq.	 Woolly	plantain	 3
Amsinckia lycopsoides	Lehm.	 Fiddleneck	tarweed	 3
Rumex crispus	L.	 Curly	dock	 3
Polypogon monspeliensis	L.	 Annual	rabbitsfoot	grass	 2
Cirsium arvense	(L.)	Scop.	 Canada	thistle	 2
Polygonum douglasii	Greene	 Douglas	knotweed	 2
Solanum triflorum	Nutt.	 Cutleaf	nightshade	 1
Anthriscus caucalis	M.	Bieb	 Bur	chervil	 1
Hesperostipa comata	(Trin.	&	Rupr.)	Barkworth	ssp.	comata	 Needle	and	thread	grass	 1

Intermediate	precipitation	zone	alfalfa
Medicago sativa	L.	 Alfalfa	 48
Sisymbrium altissimum	L.*	 Tall	tumble	mustard	 11
Latuca serriola	L.*	 Prickly	lettuce	 8
Bassia prostrata	(L.)	A.J.	Scott*	 Forage	kocia	 5
Thinopyrum ponticum	(Podp.)	 Tall	wheatgrass	 5
Descurainia sophia	(L.)	Webb	ex	Prant	 Flixweed	 4
Triticum aestivum	L.	 Winter	wheat	 4
Solanum triflorum	Nutt.	 Cutleaf	nightshade	 3
Bromus tectorum	L.*	 Cheatgrass	 3
Cirsium arvense	(L.)	Scop.	 Canada	thistle	 2
Galium aparine	L.	 Stickywilly	 2
Descurainia pinnata	(Walter)	Britton	 Western	tanymustard	 2
Amsinckia menziesii	(Lehm.)	 Menzies'	fiddleneck	 1
Amsinckia lycopsoides	Lehm.	 Fiddleneck	tarweed	 1

High	precipitation	zone	alfalfa
Medicago sativa	L.	 Alfalfa	 57
Anthemis cotula	L.	 Dog	fennel	 7
Juncus bufonius	L.	 Toad	rush	 6
Lamium amplexicaule	L.	 Henbit	deadnettle	 5
Bromus tectorum	L.*	 Cheatgrass	 5
Melilotus officinalis	(L.)	Lam.	 Yellow	sweetclover	 3
Malva neglecta	Wallr.	 Common	mallow	 3
Vulpia myuros	(L.)	C.C.	Gmel.	 Rat-tail	fescue	 3
Epilobium brachycarpum	C.	Presl*	 Tall	annual	willowherb	 3
Latuca serriola	L.*	 Prickly	lettuce	 2
Thinopyrum ponticum	(Podp.)	 Tall	wheatgrass	 2
Agrostis exarata	Trin.	 Spike	bentgrass	 1

Continued
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Table 8 Continued
Species Common name Composition (%)

Low	precipitation	zone	alfalfa	and	tall	wheatgrass	mix
Bromus tectorum	L.*	 Cheatgrass	 31
Thinopyrum ponticum	(Podp.)	 Tall	wheatgrass	 29
Medicago sativa	L.	 Alfalfa	 11
Calamagrostis canadensis	(Michx.)	P.	Beauv.	 Bluejoint	grass	 9
Salsola iberica	(Sennen	&	Pau)	 Prickly	Russian	thistle	 3
Sisymbrium altissimum	L.*	 Tall	tumble	mustard	 2
Centaurea solstitialis	L.	 Yellow	star-thistle	 2
Amsinckia lycopsoides	Lehm.	 Fiddleneck	tarweed	 2
Hesperostipa comata	(Trin.	&	Rupr.)	Barkworth	ssp.	comata	 Needle	and	thread	grass	 2
Anthriscus caucalis	M.	Bieb	 Bur	chervil	 1
Capsella bursa-pastoris	(L.)	Medic	 Shepherd's	purse	 1
Amsinckia menziesii	(Lehm.)	 Menzies'	fiddleneck	 1
Rumex crispus	L.	 Curly	dock	 1

Intermediate	precipitation	zone	alfalfa	and	tall	wheatgrass	mix
Thinopyrum ponticum	(Podp.)	 Tall	wheatgrass	 69
Medicago sativa	L.	 Alfalfa	 23
Bromus tectorum	L.*	 Cheatgrass	 3
Triticum aestivum	L.	 Winter	wheat	 2
Sisymbrium altissimum	L.*	 Tall	tumble	mustard	 2

High	precipitation	zone	alfalfa	and	tall	wheatgrass	mix
Thinopyrum ponticum	(Podp.)	 Tall	wheatgrass	 68
Medicago sativa	L.	 Alfalfa	 24
Juncus bufonius	L.	 Toad	rush	 3
Epilobium brachycarpum	C.	Presl*	 Tall	annual	willowherb	 1

Low	precipitation	zone	tall	wheatgrass
Thinopyrum ponticum	(Podp.)	 Tall	wheatgrass	 41
Bromus tectorum	L.*	 Cheatgrass	 27
Calamagrostis canadensis	(Michx.)	P.	Beauv.	 Bluejoint	grass	 4
Salsola iberica	(Sennen	&	Pau)	 Prickly	Russian	thistle	 4
Sisymbrium altissimum	L.*	 Tall	tumble	mustard	 3
Centaurea solstitialis	L.	 Yellow	star-thistle	 3
Anthriscus caucalis	M.	Bieb	 Bur	chervil	 2
Plantago patagonica	Jacq.	 Woolly	plantain	 2
Amsinckia menziesii	(Lehm.)	 Menzies'	fiddleneck	 2
Trisetum spicatum	(L.)	K.	Richt.	 Spike	trisetum	 2
Polygonum douglasii	Greene	 Douglas	knotweed	 2
Rumex crispus	L.	 Curly	dock	 1

Intermediate	precipitation	zone	tall	wheatgrass
Thinopyrum ponticum	(Podp.)	 Tall	wheatgrass	 88
Cirsium arvense	(L.)	Scop.	 Canada	thistle	 5
Symphytum officinale	L,	 Common	compfrey	 2
Sisymbrium altissimum	L.*	 Tall	tumble	mustard	 2
Galium aparine	L.	 Stickywilly	 1

High	precipitation	zone	tall	wheatgrass
Thinopyrum ponticum	(Podp.)	 Tall	wheatgrass	 86
Epilobium brachycarpum	C.	Presl*	 Tall	annual	willowherb	 3
Medicago sativa	L.	 Alfalfa	 3
Agrostis exarata	Trin.	 Spike	bentgrass	 2
Lamium amplexicaule	L.	 Henbit	deadnettle	 1
Latuca serriola	L.*	 Prickly	lettuce	 1
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Table 8 Continued
Species Common name Composition (%)

Low	precipitation	zone	rangeland
Bromus tectorum	L.*	 Cheatgrass	 49
Calamagrostis canadensis	(Michx.)	P.	Beauv.	 Bluejoint	grass	 12
Salsola iberica	(Sennen	&	Pau)	 Prickly	Russian	thistle	 9
Plantago patagonica	Jacq.	 Woolly	plantain	 8
Chenopodium berlandieri	Moq.	var.	berlandieri	 Netseed	lambsquarters	 5
Sisymbrium altissimum	L.*	 Tall	tumble	mustard	 2
Hesperostipa comata	(Trin.	&	Rupr.)	Barkworth	ssp.	comata	 Needle	and	thread	grass	 2
Amsinckia menziesii	(Lehm.)	 Menzies'	fiddleneck	 2
Apera interrupta	(L.)	P.	Beauv.	 Dense	silkybent	 2
Rumex crispus	L.	 Curly	dock	 2
Amsinckia lycopsoides	Lehm.	 Fiddleneck	tarweed	 1
Dactylis glomerata	L.	 Orchardgrass	 1
Capsella bursa-pastoris	(L.)	Medic	 Shepherd's	purse	 1
Polygonum douglasii	Greene	 Douglas	knotweed	 1

*	Species	present	not	planted	for	feedstock,	analyzed	for	biochemical	composition	to	evaluate	contamination	potential.

Table 9
Mean and standard error of species richness as a function of distance from stream channels. 
Different letters in rows indicate significant difference at p ≤ 0.05.

Precipitation  Distance from stream channel (m)
zone Treatment 8 25 42

Low	 ALF	 6.4	±	0.8a	 6.5	±	0.7a	 7.0	±	0.8a
Low	 MIX	 4.9	±	0.7a	 5.6	±	0.8a	 5.5	±	0.9a
Low	 TWG	 4.6	±	0.8a	 5.1	±	0.8a	 5.4	±	0.9a
Low	 Rangeland	 5.1	±	1.0a	 5.3	±	1.0a	 5.4	±	1.0a
Intermediate	 ALF	 4.9	±	0.7a	 3.9	±	0.7a	 4.8	±	0.4a
Intermediate	 MIX	 3.1	±	0.3a	 3.3	±	0.3a	 3.1	±	0.4a
Intermediate	 TWG	 2.7	±	0.3a	 2.5	±	0.2a	 3.2	±	0.4a
High	 ALF	 5.8	±	1.2a	 4.8	±	0.7a	 5.3	±	1.0a
High	 MIX	 5.0	±	0.3a	 5.3	±	0.6a	 5.3	±	0.6a
High	 TWG	 5.4	±	0.5a	 5.6	±	0.4a	 5.8	±	0.6a
Notes:	SG	=	small	grains	(winter	wheat,	spring	wheat,	and	spring	barley).	ALF	=	alfalfa.	MIX	=	
alfalfa	and	tall	wheatgrass.	TWG	=	tall	wheatgrass.

tall tumble mustard, prickly Russian this-
tle, bluejoint grass (Calamagrostis canadensis 
[Michx.] P. Beauv.), Menzies’ fiddleneck 
(Amsinckia menziesii [Lehm.]), forage kochia 
(Bassia prostrata [L.] A.J. Scott), prickly let-
tuce (Latuca serriola L.), dog fennel (Anthemis 
cotula L.), cheatgrass, Canada thistle (Cirsium 
arvense [L.] Scop.), and netseed lambsquarters 
(Chenopodium berlandieri Moq. var. berlandieri) 
are all large enough in stature to impact bio-
fuel production.

Kumar et al. (2012) analyzed six of these 
species (tall tumble mustard, Menzies’ fid-
dleneck, forage kochia, prickly lettuce, dog 
fennel, and cheatgrass), plus tall wheatgrass 
and alfalfa. Cheatgrass (316.5 L Mg–1 [75.85 
gal tn–1]) had the highest ethanol poten-
tial, marginally above tall wheatgrass (311.6 
L Mg–1 [74.68 gal tn–1]). The other species 
tested were forbs and ranged in potential 
from 181.9 to 238.7 L Mg–1 (43.59 to 57.21 
gal tn–1). Despite these levels of production 
potential, there were found significant differ-
ences in the total glucan and xylan in these 
species that can hinder biochemical sugar 
recovery for ethanol production. On the 
other hand, the thermochemical (e.g., gasi-
fication or fast pyrolysis) conversion process 
benefits from late fall harvest, which maxi-
mizes lignin content and produces a higher 
value product (syngas or pyrolysis oil) (Tanger 
et al. 2013; Zhang et al. 2010). A more thor-
ough examination is needed to determine 
how interspecies variability of individual 
elements (C and silica [SiO2]) affects the 
conversion process when feedstocks are 
not homogeneous. Currently, much of the 
research into variability of biochemical com-

in management in 2008 when the field that 
surrounded the research site was taken out of 
alfalfa production, thus making the 0.63 ha 
(1.5 ac) research site the only source of food 
for a rodent population that had for last seven 
years developed in 35 ha (85 ac) of habitat. In 
addition, the I2 site was negatively impacted 
by weed seed deposition from overland and 
overbank storm flows early in January of 
2009. Wheat planted the fall previous to the 
flooding recovered, but the weed seed load 
was substantial and directly impacted the 
perennial plot species composition.

Cheatgrass (Bromus tectorum L.) was the 
dominate species in the low precipitation 
zone ALF and MIX treatments. Tall wheat-
grass outcompeted cheatgrass in the low 

precipitation zone in two of the replications, 
but only because of substantial subirriga-
tion. Nevertheless, it was the second most 
represented species by biomass in the low 
precipitation zone. Of the treatment species, 
tall wheatgrass was the most successful and 
dominated the alfalfa in the MIX treatment 
in all three precipitation zones (table 8). Many 
of the nonplanted species contributed little 
to the annual productivity of the sites, with 
only 14 species contributing 5% or more to 
the species clipping biomass (table 8). Three 
of those species, (wooly plantain [Plantago 
patagonica Jacq.], henbit deadnettle [Lamium 
amplexicaule L.], and toad rush [Juncus bufo-
nius L.]) were not of large enough stature to 
contaminate harvested feedstock. However, 
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Figure 4
Species richness within treatments (alfalfa [ALF], tall wheatgrass [TWG], and a mix of alfalfa 
and tall wheatgrass]) in three precipitation zones (low, intermediate, and high) of the inland 
Pacific Northwest.
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Table 10
Mean and standard error grain yield harvested at each of two sites in three precipitation zones 
(low [L], intermediate [I], and high [H]) of the Pacific Northwest.

Precipitation 2010 2011 2012 2010 to 2012
zone, site, grain yield grain yield grain yield grain yield
treatment (Mg ha–1) (Mg ha–1) (Mg ha–1) (Mg ha–1)

L1	SB	 —	 —	 —	 —
L2	SB	 —	 3.31	±	1.42	 0.00	 1.66	±	1.66
L1	WW	 0.83	±	1.14	 0.67	±	0.75	 0.00	 0.50	±	0.25
L2	WW	 2.77	±	1.97	 3.27	±	1.01	 2.39	±	0.72	 2.81	±	0.25
I1	SB	 —	 —	 —
I2	SB	 —	 —	 —
I1	WW	 2.38	±	2.06	 4.43	±	1.08	 3.79	±	1.35	 3.53	±	0.61
I2	WW	 4.67	±	2.35	 4.87	±	0.85	 4.06	±	0.33	 4.53	±	0.24
H1	SB	 —	 —	 2.15	±	1.68	 2.15
H2	SB	 —	 —	 3.66	±	1.42	 3.66
H1	WW	 —	 2.06	±	2.22	 —	 2.06
H2	WW	 5.06	±	1.44	 2.77	±	0.66	 —	 3.92	±	1.15
Notes:	SB	=	spring	barley.	WW	=	winter	wheat.	A	value	of	0.00	signifies	crop	planted	but	failed.	A	
dash	signifies	no	crop	planted	or	grown.

Table 11
Mean and standard error aboveground 
biomass remaining after harvest in three 
precipitation zones of the Pacific North-
west. Different letters in columns indicate 
significant differences at p ≤ 0.05

 Aboveground biomass
Treatment after harvest (Mg ha–1)

MIX	 6.53	±	0.48a
TWG	 4.96	±	0.48a
ALF	 3.08	±	0.45b
SG	 2.72	±	0.35b
Notes:	SG	=	small	grains	(winter	wheat,	
spring	wheat,	and	spring	barley).	ALF	=	
alfalfa.	MIX	=	alfalfa	and	tall	wheatgrass.	
TWG	=	tall	wheatgrass.

position has been at the intraspecies level 
(Tanger et al. 2013).

Converting cropland into perennial pro-
duction has been proposed to eliminate or 
reduce the problem of diminishing native 
ecosystems (Fargione et al. 2008). Creating 
stream buffers where crop yields can be 
highly variable in an otherwise consistently 
productive system, as demonstrated by the 
yields we recorded (table 10), is an oppor-
tunity for a single solution to two issues. 
However, this admirable objective is not 
easily attained in inland PNW, where ter-
minating annual crop production tends to 
provide invasive annuals more room to grow 
unhindered. With highly variable weather, 
abundant reserves of weed seeds in the soil, 
contributions by windblown plant skeletons, 
and intermittent flooding by overbank flow 
with related changes in soil water and chan-
nel form that create a system of dynamic 
nonequilibrium (Richardson et al. 2007), 
establishment of desired perennial species in 
stream buffers can be problematic (Baer et 
al. 2008; McIver and Starr 2001; Williams 
et al. 2011). Although stream buffers in this 
region once had been populated by riparian 
species, the sites in this study were essentially 
abandoned cropland on floodplain terraces 
adjacent to incised stream channels. The 
degree of incision observed in this study var-
ied in depth from 1 m (3 ft; sites I2 and H2) 
to 3 m (10 ft; L1 and L2), with the stream 
surface and associated water table below the 
root zone of the desired species.

Controlling weeds at these sites is cru-
cial until desired (perennial) plants are 
able to develop a strong root system. Weed 
control is challenging in semiarid rainfed 
conditions where noncrop native vegeta-
tion communities develop with large open 
spaces between bunch grasses and shrubs. 
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The open interspaces provide ideal habi-
tat for invasive annuals, as evidenced by the 
species list that was compiled during this 
research. With more active management, 
specifically herbicide applications, it is likely 
that tall wheatgrass or tall wheatgrass–alfalfa 
mixes would have eventually outcompeted 
the weeds, once they are well established 
and the weed seed bank is depleted. We 
believe ongoing cultivation up to the time 
of planting of buffer vegetation was a major 
contributing factor to suppression of weeds 
and the high crop productivity in the inter-
mediate precipitation zone. Efforts to control 
weeds by mowing were not effective at 
site I2, L2, or before abandonment at L1. 
Williams et al. (2011) found attempts to con-
trol annual weeds through burning were not 
effective, and in fact, led to an increase in 
species diversity due to annual weed infesta-
tion over an eight-year period after a stream 
buffer seed mix was planted. One reason for 
this increase in diversity is the sheer number 
of annual weed species well adapted to take 
advantage of open spaces in these disturbed 
lands. Because bunch grass represents the nat-
ural physiognomy in this region, open spaces 
are abundant for invasive species to germi-
nate and establish. Annual autumn mowing 
and harvest of a crop such as tall wheatgrass 
would make herbicide applications more 
effective. Doing so would expose weeds, 
which in this region germinate during fall 
and early winter and are actively growing 
while tall wheatgrass and alfalfa are both 
dormant in January and early February. A 
late fall or early winter application of 2,4-DB 
amine and glyphosate mix provides substan-
tial annual weed control. Because adequate 
soil water exists in the intermediate and 
high precipitation zones, abundant growth 
of the perennials (alfalfa and tall wheatgrass) 
could, conceivably, eventually fill these areas, 
reducing the refuge for annual weeds and 
the subsequent seed source for contamina-
tion of the adjacent crops. One would hope 
that herbicide applications could be reduced 
once the perennial crops are established in 
these buffers with the added benefit of a 
commensurate reduction in herbicide use in 
the surrounding cropland.

Future herbicide applications on stream 
buffers or crops in these areas will have to 
conform to contemporaneous regulations 
resulting from the August 15, 2014, rein-
statement of US District Court ordered 
no-spray buffer zones for the protection of 

threatened salmonids in California, Oregon, 
and Washington. These restrictions did not 
apply to the five ephemeral or one peren-
nial channel(s) along which this research was 
conducted because they do not directly sup-
port salmon. However, it is likely suitable 
buffer sites in the PNW with similar poten-
tial would be subject to these restrictions 
(Federal Register 2014; Oregon No-Spray 
Buffers 2014; Salmon Mapper 2014). Of the 
herbicides used in this research, only bro-
moxynil is restricted within specified buffer 
zones, 18.3 m (60 ft) for ground pesticide 
applications and 91.4 m (300 ft) for aerial 
pesticide applications.

Summary and Conclusions
We evaluated three perennial biofuel feed-
stock plantings used as stream buffers within 
the PNW. We compared productivity, stand 
establishment, and weed infestation among 
the treatments and in comparison with small 
grain crops. The following observations are 
applicable to the three-year time period dur-
ing which the research was conducted. The 
TWG and MIX treatments produced sig-
nificantly more biomass than did the small 
grains. Tall wheatgrass successfully outcom-
peted annual weeds in the intermediate 
and high precipitation zones, and in the 
TWG and MIX treatments, produced the 
most biomass. There were no significant 
differences between treatments for species 
richness, a measure of weed infestation. 
Although substantial biomass was produced 
by tall wheatgrass, productivity would have 
been greater with better rodent and weed 
control. A cost benefit analysis of increased 
management is necessary to determine if the 
inclusion of harvestable products in stream 
buffers would provide sufficient incentive 
and financial reward for producers to create 
buffers without financial support.

Harvest of biofuel feedstocks from stream 
buffers will require rule changes in the poli-
cies governing federally funded conservation 
buffers. Although such changes were under 
discussion in 2003 (Walsh et al. 2003), har-
vest as a management tool is still classified as 
an impairment to ecological function and 
remains restricted (Smith 2012). Ecological 
evaluations of multifunctional landscapes are 
being undertaken east of the 100th merid-
ian. For example, the Agricultural Watershed 
Institute (Decatur, Illinois) are combining 
mixed species in conservation plantings for 
water quality improvement and wildlife 

(avian, terrestrial, and aquatic) habitat, while 
testing productivity (mass and frequency of 
harvest) of biofuel feedstocks. To our knowl-
edge, nothing similar is being conducted in 
the semiarid western United States. Before 
policy can be changed, similar research is 
needed to establish management practices 
that will control weeds while meeting new 
restrictions on the use of herbicides and the 
original intent of establishing stream buffers.
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