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Abstract 

Downy brome (Brooms tectorum L.) is an alien grass that dom- 
inates disturbed ground in shrub-steppe ecosystems of the west- 
ern United States. Responses of downy brome to added nitrogen 
and water were evaluated using intact soil cores obtained from 
an old field. Gas exchange data were gathered at the leaf and 
canopy scales. Stomata1 conductance and net photosynthesis 
rates were greater at the leaf scale than at the canopy scale, 
decreased with time from germination, and were weakly affected 
by treatments. Water-use efficiency was weakly related to time 
from germination and treatments. Biomass was greater in the 
nitrogen-plus-water (7.4 g) treatment, compared with water (3.6 
g), nitrogen (4.5 g), and control (3.3 g) treatments. The leaf-area 
indes varied like biomass at the end of the esperiment. Shoot 
nitrogen was the same in the nitrogen (2.5%) and nitrogen-plus- 
water (2.5%) treatments, nearly twice the level in the control 
(1.5%) and water (1.3%) treatments. Nitrogen-use efficiency was 
highest in the control (67) and water (80) treatments and lowest 
in the nitrogen (41) and nitrogen-plus-water (43) treatments. The 
most significant conclusion of this work is that gas exchange was 
strongly related to the time from germination and little affected 
by water and nitrogen while growth characters were strongly 
affected only when water and nitrogen were added together. 

(Bromrrs tectorunt L.) have come to dominate resource-limited 
rangelands in the western United States (Klemmedson and Smith 
1964, Mack 1981, Billings 1990). Downy brome shoot and root 
biomass increased with additional nitrogen in the field (Hulbert 
1955). Biomass production was significantly related to stored soil 
moisture (Cline and Rickard 1973, Uresk et al. 1979). Cline and 
Rickard (1973) found that nitrogen was more limiting than soil 
water for shoot biomass production over several years of observa- 
tion in the field. Past studies have investigated the response of 
downy brome production to nitrogen and water, separately. There 
have been no studies investigating the interaction of nitrogen and 
water on the physiology and growth of downy brome. 

The purpose of this study was to investigate the growth and gas 
exchange response of downy brome to separate and combined 
additions of nitrogen and water. We examined growth and gas 
exchange responses to water and nitrogen as a function of the 
time from germination. Gas exchange observations were taken at 
leaf and canopy scales. 

Materials and Methods 

Study Area 

Key words: Bromas tectoram L., biomass, photosynthesis, con- 
ductance, water-use effkiency, nitrogen-use efficiency 

Plant resource use strategies in resource-limited ecosystems 
largely determine species composition (Tilman 1987). Species 
most efficient in nitrogen use dominated when nitrogen was most 
limiting in Minnesota (Tilman 1986, 1987). An understanding of 
resource-use strategies is relatively simple when only one soil 
resource is limiting, as in the above-mentioned studies in 
Minnesota. When more than one resource is limiting, such as 
water and nitrogen, as in the shrub-steppe, resource-use strategies 
become more difficult to understand. 

It is important to understand how various species use limited 
resources, especially when invasive species such as downy brome 

The study site is an old field on the U.S. Department of 
Energy’s Arid Lands Ecology Reserve of the Hanford Site in 
south-central Washington (119’ 43’ W, 46” 28’ N, 323 m.a.s.1.). 
The average annual precipitation is 16 cm, occurring mostly in 
the autumn and winter (Stone et al. 1983). The soil is classified as 
a Warden silt loam (Hajek 1966). and is more than 1 m deep. The 
site was used to grow wheat until 1943-45, when it was aban- 
doned. A few stray livestock were present until 1967. It continues 
to be dominated by downy brome, mixed with tumble mustard 
(Sisynbriwn altissintwn L.) and several other alien annual forbs. 
A few clumps of native Sandberg’s bluegrass (Poa sandbergii 
Vasey) have become established (Rickard and Vaughan 1988). 
The surrounding vegetation is sagebrush-bluebunch wheatgrass 
(Arternisia tridentata ssp.tridentata Nutt-Pselldoroegneria spica- 
ta (Pursh) A. Love) habitat as described by Daubenmire (1970). 
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The top 15 cm of soil was collected from the old field and com- 
pletely mixed for use in the laboratory. The soil contained 3.2 
ppm N03, 5 ppm S, 11 ppm P, and 361 ppm K. Ten 3.8-liter pots 
were lined with plastic, filled with soil, brought to 20% soil mois- 
ture with distilled water, and seeded. Seeds were planted in 10 
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locations around the pot, with 5 seeds per hole. One week after 
planting, a nitrogen treatment was established by adding 0.9 g of 
NH,N03 in solution to each of 5 pots. Pots were well watered 
during the experiment. There mere 5 replicate pots in each of the 
nitrogen-plus-water and water treatments. Plants were grown in 
environmentally controlled chambers, with a light period of 16 
hours and a night period of S hours. Day and night temperatures 
were 24 and 15” C, respectively. Photosynthetically active radia- 
tion, measured with a LI-COR 190SB Quantum sensor (Li-Cor 
Inc.), during the day, was 350 pmol photons m-?-s-t. 

Gas-exchange data were collected at steady-state with a null 
balance system (Data Design Group, La Jolla, CA). This system 
controls the CO2 and water vapor concentration and temperature 
inside a cuvette that can accommodate several leaves. The experi- 
ment was conducted under steady-state cuvette conditions of 340 
ppm CO? in air (21 % Oz), leaf temperature of 2S”C, vapor pres- 
sure gradient of 2.5 @a, and a photosynthetically active radiation 
level of 550 prnol photons m-kt. Data were collected 21, 35, 
and 56 days after germination on several leaf tips (approximately 
7 cm long) at the top of the canopy. Plants remained in a vegeta- 
tive state without going to flower throughout the experiment. 
Leaf area is expressed as single-sided values, and was determined 
immediately after gas exchange analyses using a Li-Cor 3100 
leaf-area meter. 

Canopy Gas Eschange Experiment 
Twenty intact soil cores (microcosms) were taken from the old 

field on 4 Nov. 19X8. The microcosms were encased in polyvinyl 
chloride tubes that were 40 cm deep and 25 cm in diameter. The 
tubes were pounded into the soil to extract the microcosms and 
the bottoms were taped shut. The microcosms were randomly 
placed in a growth chamber with a light period of 12 hours, and 
periodically rearranged. Microcosms were periodically 
rearranged to minimize variation associated with light patterns 
inside the growth chamber. Photosynthetically active radiation in 
the growth chamber averaged 265 ltmol photons m”s-l. Air tem- 
perature was maintained at 20°C in the light and 15°C in the 
dark. Downy brome seeds germinated naturally. 

Four treatments were created, each using 5 microcosms. 
Treatments were the control (1 liter distilled water added at the 
beginning of the experiment), nitrogen (soil enriched with 10 g N 
m-2 added as NH,NO, fertilizer and 1 liter distilled water added 
at the beginning of the experiment), water (I liter distilled water 
added biweekly), and nitrogen-plus-water (soil enriched with 10 
g N m-2 added as NH,NO, fertilizer and 1 liter distilled water 
added biweekly). One liter of water saturated the microcosms, 
with the excess draining from the bottom. 

The gas exchange system is an open one similar to that of 
Caldwell et al. (19S1, 19S3), but has improved flow control and 
vapor pressure measurement sensors. Carbon dioxide concentra- 
tions were measured with an Analytical Development Co. 225 
AIKIII infrared gas analyzer. Water vapor concentrations entering 
and leaving the gas exchange chamber were measured with 
DEW- 10 (General Eastern) dew-point hygrometers. Dew-point 
temperature was measured with platinum resistance thermome- 
ters. Other temperatures, including those of leaf, chamber air, 
heat exchanger fin, and air in lines just ahead of the dew-point 
hygrometers were measured with fine-wire, copper-constantin 
thermocouples. Average canopy temperature was measured with 
4 thin-wire thermocouples randomly distributed in the canopy 

and placed in leaf mesophyll tissue. Under gas exchange condi- 
tions, light was provided by a 300-W quartz-halogen projection 
lamp (Field et al. 1989) suspended over the gas exchange cham- 
ber. 

The gas exchange chamber used for these experiments was a 
clear, acrylic plastic cylinder (65 cm tall and 30 cm in diameter), 
with a flat plastic top and a volume of 46 liters. The chamber was 
lined with clear fluorinated ethylene propylene (FEP) Teflon@ 
tape to minimize gas absorption by the acrylic plastic (Bloom et 
al. 1980, Dixon and Grace 19X1). The seal between the chamber 
and the polyvinyl chloride microcosm was made with an alu- 
minum ring having grooves lined with closed-cell foam. The alu- 
minum ring was also covered with Teflon tape. The chamber had 
an inlet for recirculating air 20 cm below a similar outlet port, 
each 6 cm in diameter. To reduce boundary layer resistance air 
was circulated with a fan, yielding an average wind speed of 2 m 
s-t. An air-conditioning unit was attached to the ports for temper- 
ature control. The air-conditioning unit housing was stainless 
steel and air tight. Temperature was controlled with Peltier chips, 
heat-exchange fins, and a circulating fan. The heat-exchange tins 
were made of nickel-plated copper. The heat exchanger and fan 
motor, located outside the air-conditioning unit, were water- 
cooled. 

Air was taken from above the roof of the laboratory by a com- 
pressor, and maintained at a pressure of, at least, ,276 kPa ahead 
of 2 air filters and a Tylan (FC-262) mass flow controller. The 
mass flow controller regulated flow to maintain a constant cham- 
ber dew-point temperature. All lines were of copper or Bev-A- 
Line tubing. Sample lines were diverted to measure the dew-point 
temperature and CO2 concentration of the air going into the 
chamber. Air was pumped out of the chamber through Bev-A- 
Line tubing for measuring dew-point temperature, and to the 
infrared gas analyzer for measuring CO, concentrations. 

Soil gas exchange processes were minimized by collecting data 
only when the soil surface was dry, and maintaining a positive 
overpressure of 5 to 13 cm of water (Leafe 1972). In previous 
experiments with this gas exchange system (Link et al. 1992) on 
similar downy brome microcosms, we observed a significant con- 
tribution of soil gases to system-level gas exchange data. An 
approsimate overprediction of 20% for canopy transpiration and 
an underprediction of 30% for canopy net photosynthesis was 
observed. These occurred with an overpressure of only 2.5 cm of 
water and with few plants (leaf-area index = 0.4). In these condi- 
tions, the contribution of soil gases can be significant. In the cur- 
rent experiment, overpressure was higher and leaf-area index was 
4 to 10 times greater, except for the initial observations. Thus, the 
error due to soil-gas exchange is estimated to be less than IO%, 
except for the initial observations when the plants were small. 

Gas exchange measurements were initiated 6 days after gerrni- 
nation. All microcosms were observed during a 3-day period; 
observations were repeated 3 and 5 weeks later. Microcosms 
were randomly chosen from the growth chamber for observation. 
Experimental conditions (chamber air temperature of 20°C. vapor 
pressure gradient of 1 .O kPa, photosynthetically active radiation 
at the top of the canopy of 925 pmol photons m-2s1, and a CO? 
concentration in the incoming air stream of 355 f 5 ppm) were 
held constant for all observations. Average canopy leaf tempera- 
ture was approsimately l.O”C cooler than chamber air tempera- 
ture. Before each observation, the infrared gas analyzer was cali- 
brated using a primary standard tank of 300 ppm CO,. Steady- 
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state conditions were achieved after about 45 min. Gas exchange 
variables were calculated using the equations of van Caemmerer 
and Faquhar (1981) as in Caldwell et al. (1983). For example, 
canopy conductance (g,) was computed as follows: 

gh = T, * ( I W, + wJW@q-w.3). 

where T, is the canopy transpiration rate, WI is the mole fraction 
of water in air (mol of H,O I mol of air) inside leaves with the 
assumption that this air is at 100% relative humidity based on the 
average canopy temperature, and w, is the mole fraction of water 
in air leaving the chamber. 

Leaf and canopy scale gas exchange measurements will differ 
due to differences in environment and plant characteristics within 
the 2 systems. Inside the leaf cuvette. leaf temperature, boundary 
layer resistance, light levels and age of plant material are all 
homogeneous. Within the canopy system, a more heterogeneous 
envimnment is derived from the entire canopy. Temperature was 
the average of readings collected from 4 randomly located posi- 
tions. Boundary layer resistance is greater at the bottom than at 
the top of the canopy and this variation is due to differences in 
wind speed. Light levels are lower at the bottom of the canopy 
than at the top. Plant material varies with younger tissue concen- 
trated near the base of the canopy and older tissue near the top. 
This variation is averaged into gas fluxes at the canopy scale and 
accounts for some of the differences between canopy and leaf gas 
exchange rates. 

The xylem pressure potential of leaves was measured with a 
pressure bomb (Scholander et al. 1965). During measurements 
certain precautions were followed: 1) a humid atmosphere was 
maintained in the chamber with a damp towel, (2) measurements 
were made immediately after cutting leaf material, and (3) the 
chamber was pressurized slowly and consistently for all observa- 
tions. 

Leaf area was estimated nondestructively with each gas 

exchange observation. Stem heights, stem widths, leaf lengths, 
and leaf widths were measured on 5 randomly selected individu- 
als in 3 size classes. Then the number of individuals were count- 
ed in each size class, and the single-sided leaf area was computed 
for the canopy. 

Biomass and total nitrogen content were measured at the end of 
the experiment. Oven-dried biomass was detemined after plants 
were dried in a convection oven at 55’C for 48 hours. The per- 
centage total nitrogen of shoots was measured by the Colorado 
State University Soil Testing Lab (Ft. Collins, Cola.) using the 
micro-Kjeldahl technique. Nitrogen-use efficiency was computed 
as the ratio of shoot biomass to shoot nitrogen. 

Data Analyses 
Data are presented as means ?l standard error of the mean. 

Repeated-measures analysis of variance was used to test for time, 
treatment, and time-and-treatment interaction effects. Repeated 
measures analysis was used because the experimental units were 
not independent in time. 

Linear regression models (Y = a + b*time; Y = c + d*time + 
e*time?) were used to estimate parameters over time. To avoid 
pseudoreplication, because the experimental units were not indc- 
pendent in time, we estimated linear regression parameters for 
each experimental unit. Mean parameter estimates (b and e) were 
then computed for differing treatments. Error terms for the mean 
parameter estimates are reported as the standard error of the 
Itlea”. 

Treatment comparisons within each period were made with 
Tukey’s studentized range test (HSD). Comparisons between leaf 
and canopy scales in the water and nitrogen-plus-water treat- 
ments in comparable time periods were also made with the HSD 
test. Hypotheses were tested at the P = 0.05 level. 

Fig. 1 The effects of the time from germination and water and nitrogen treatments on leaf (a) and canopy (b) conductance of downy bmme. 
Bars are il standard error of the mean. Differing letters indicate significant differences (P = 0.05) by Tukey’s student&d range test @SD). 

. 
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Leaf conductance decreased with the time from germination 0, 
= O.OOCOl) and was unaffected by treatments @ = 0.56 [Fig. la]). 
Canopy conductance was significantly related to the time from 
germination @ = O.OOOl), with B significant time by treatment 
interaction @ 2 0.01 [Fig. lb]). Canopy conductance decreased 
with the time from germination. Treatment effects became signif- 
icant with increasing time from germination at the canopy scale. 
but not at the leaf scale. At the canopy scale, no treatment effects 
were detected until 37 days after germination. Canopy conduc- 
tance was significantly greater in the water treatment than in the 2 
nitrogen treatments (Fig. lb). Leaf conductance was significantly 
greater than canopy conductance in the water and nitrogen-plus- 
water treatments for corresponding times. 

Leaf net photosynthesis decreased with the time from germina- 
tion (p = O.OOOOI) and was unaffected by treatments @ = 0.42 
[Fig. 2a]). Canopy net photosynthesis was significantly related to 
the time from germination @ = O.OOQl). Canopy net photosynthe- 
sis was unaffected by treatments or related to the time from ger- 
mination until the plants were 37 days old (Fig. 2b). At this time, 
canopy net photosynthesis rates were lower than the earlier obser- 
vations. Rates of net photosynthesis were lower in the 2 nitrogen 
treatments than in the water treatment (Fig. 2b). Leaf net photo- 
synthesis was also significantly greater than canopy net photo- 
synthesis in the water and nitrogen-plus-water treatments for cor- 
responding ages. 

The ratio of intercellular ppC0, to ambient ppC0, was signifi- 
cantly related to the time from germination @ = 0.0004). with a 
significant time-by-treatment interaction 0, = 0.04 [Fig. 31). The 
ratio decreased significantly with the time from germination in 
the control and water treatments (b = -0.00408 f 0.00114; n = 
IO). The ratio in the nitrogen and nitrogen-plus-water treatments 
decreased from days 6 to 22, then increased by day 37. The mean 
curvature parameter (e = 0.000572 2 0.000039; n = 8) was signif- 
icantly different from 0. On any day, there were no treatment 
effects. 

Water-use efficiency, defined as the net photosynthetic rate 
divided by the transpiration rate, was significantly related to the 
time fmm germination 0, = O.OOOl), with a signiticant time-by- 
treatment interaction 0, 5 0.03 [Fig. 41). Water-use efficiency 
increased significantly with the time from germination in the con- 
trol and water treatments (b = 0.0631 5 0.0181; n = IO). Water- 
use efficiency in the nitrogen and nitrogen-plus-water treatments 
increased from days 6 to 22, then decreased by day 37. The mean 
curvature parameter (e = -0.0112 f 0.000695; n = IO) was signiti- 
cantly different from 0. There were no treatment effects on days 6 
or 37. On day 22, water-use efficiency was greater in plants in the 
nitrogen-plus-water treatment than those in the water treatment. 

Xylem pressure potentials were not measured on day 6. Xylem 
pressure potential was significantly related to the time from ger- 
mination (I, = 0.01) and treatments 0, 5 0.03) by repeated-mea- 
sures analysis of varinnce. Xylem pressure potential decreased for 
all treatments except the water treatment with the time from ger- 
mination (Fig. 5). Treatment effects were similar on day 22. On 
day 37, xylem pressure potentials in plants in the nitrogen and 
nitrogen-plus-water treatments were lower than for plants in the 
water treatment by Duncan’s multiple range test. When the same 
comparisons were made with Tukey’s HSD test effects were not 
significant. This is an indication that the effect of water compared 
with the nitrogen treatments on xylem pressure potential is test 
dependent. Because the repeated-measures analysis of variance 
indicated a significant effect using all the data we conclude that 
there is an apparent effect of water on xylem pressure potential 
compared with the nitrogen effects. 

Growth as indicated by leaf-area index was significantly related 
to the time from germination 0, = 0.0001) and treatments @ = 
0.001). with a significant time-by-treatment interaction @ = 0.01 
[Fig. 61). Leaf-area index increased linearly with the time from 
germination @ = 0.0001). Treatment effects were similar on days 
6 0, = 0.9) and 22 0, = 0.08). but on day 37, leaf-area index was 
significantly greater for plants in the nitrogen-plus-water treat- 
ment than for plants in the control and water treatments. 

Fig. 2 The effects of the time from germination and water and nitrogen treatments on leaf (a) and canopy (b) net photosynthesis of downy 
brome. Bars are fl standard error of the mean. Differing letters indicate significant differences (I’ = 0.05) by Tukey’s studentized range 
test (HSD). 
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Table 1. Comparison of mean f 1 standard error (n - 5) biomass, nitm- 
gen content, and nitrogen-use effiriency of downy bmme shwts akr 
37 days of growth in different treatments. Diftering letters indicate sig- 
nificant dilferences (P = 9.05) between treatments by Tukey’s studen- 
tized range test (HSD). 

Biomass 

k) 

3.28 * 0.43 a 
4.54 * 0.17 a 
3.57 + 0.21 a 
7.36 * 0.44 b 

Responses 
Nitrogen-use 

Nitmge” &iCie”Cy 

(%I sbmt bimnass ,e, 
shoot iv (g) 

1.51 *o.o,a 65.7*3.ia 
2.53 ,z 0.22 b 40.5 * 3.2 b 
1.26 2 0.06 a 80.2 * 4.2 a 
2.46 t 0.29 b 42.7 * 4.6 b 

Shoot biomass was significantly greater for the nitrogen-plus- 
water treatment than for the other 3 treatments (Table 1). 
Nitrogen fertilization resulted in significantly greater percentage 
total nitrogen content. Percentage total nitrogen in the nitrogen 
and nitrogen-plus-water treatments were the same, as was per- 
centage total nitrogen in the control and water wsattnents. The 
highest nitrogen-use efficiency values were in the control and 
water treatments, and the lowest nitrogen-use efficiency values 
were in the additional nitrogen treatments (Table I). 

Factors related to gas exchange and growth in this experiment 
were the nitrogen and water treatments, the time from germi%+ 
tion, and canopy shading. Gas exchange processes were strongly 
related to the time from germination and only weakly related to 
additional water and nitrogen, whereas growth was strongly influ- 
enced only by the addition of both nitrogen and water. The effect 
of the scale of observation was that gas exchange rates were 

Fig. 3 The effects of the time from germination and water and nitm- Fig. 5 The effects of the time from germination and water and nitm- 
gen treatments on the internal CO2 ratio (pi/pa) of downy bmme. gen treatments on xylem pressure potential of downy bmme. Bars 
Bars are f 1 standard error of the mean. are k 1 standard error of the mean. 

Fig. 4 The effects of the time fmm germination and water and nitm- 
gen treatments on water-use effkiency of downy bmme. Bars are 
fl standard error of the mean. Differing letters indicate signiti- 
cant differences (P = 0.05) by Tukey’s studentized range test 
(MD). 

greater at the leaf scale than at the canopy scale. This is due in 
part to differing experimental conditions, but the lower rates at 
the canopy scale are most likely a result of canopy shading. The 
finding that growth was strongly influenced by the addition of 
both water and nitrogen suggests that both are limiting for downy 
bmme under these experimental conditions. 

Reductions in stomatal conductance have been observed with 
plant age (Kramer 1983), water stress, and nitrogen deficiencies 
(Sheriff 1979, Field 1987, van Keulen et al. 1989). In well- 
watered conditions, Evans (1983) found a decrease in stomata1 
conductance with age, but found that nitrogen had no effect on 

0 22 37 

The fwm germination (days) 
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Fig. 6 The effects of the time from germination and water and nitro- 
gen treatments on leaf-area index of downy brome. Ban are *1 
standard error of the mean. Differing letters indicate significant 
differences (P = 0.05) by Tukey’s studentized range test @SD). 

wheat grown in growth chambers, which agrees with our results 
at the single leaf scale. Morgan (1988) also found no effect of 
nitrogen on leaf conductance in field-grown wheat except on 1 
day out of 7 over a growing season. Similarly, Toft et al. (1989) 
found no effect of nitrogen on leaf conductance in 4 cold-desert 
species. We found no effect of nitrogen on canopy conductance. 
In contrast. van Keulen et al. (1989) report that there have been 
many reports of a positive correlation between nitrogen content 
and stomata1 conductance. Because of the variety of responses of 
stomata1 conductance to nitrogen, Van Keulen et al. (1989) con- 
clude that the relationship between nitrogen and transpiration is 
difficult to predict. The pattern of canopy conductance mirrored 
that of xylem pressure potential for 37-day-old plants, with plants 
in the water ueatment having the highest canopy conductance and 
xylem pressure potential. This pattern indicates that water status 
is a stronger determinant of canopy conductance than nitrogen 
status. Reductions in stomata1 conductance with age may be relat- 
ed to decreased hydraulic conductance to water through the roots, 
and consequent decreases in xylem pressure potential in downy 
bmme (Link et al. 1990, Downs 1990). The clearest effect of 
canopy shading on conductance was that rates were about twice 
as high at the leaf scale as at the canopy scale. We conclude, 
under these experimental conditions, that the time from germina- 
tion is the strongest determinant of conductance, followed by 
canopy shading (at the canopy scale), and plant water status in 
downy bmme. 

Net photosynthesis declines with leaf age, as does stomata1 
conductance (Field 1987, Henson et al. 1990). We observed 
reductions in net photosynthesis varying with the time from ger- 
mination, water. and nitrogen status at the canopy scale and vary- 
ing only with the time from germination at the leaf scale. We 
found a reduction in canopy net photosynthesis only by day 37. 
The reductions in canopy net photosynthesis on day 37 may be 
related to reductions in photosynthetic capacity due to tissue age 

and water stress. The pattern of xylem pressure potential mirrors 
the patterns in canopy net photosynthesis and canopy conduc- 
tance, suggesting that xylem pressure potential is correlated with 
canopy net photosynthesis and canopy conductance, at least for 
37-day-old plants. Plant age must account for some of the 
decrease in canopy net photosynthesis, because canopy net photo- 
synthetic rates declined in the water treatment from day 22 to day 
37. while xylem pressure potential increased and the leaf-area 
index was unchanged. 

Changes in net photosynthesis can be interpreted in terms of 
the changing ratio of intercellular ppCOz to ambient ppC0, 
(Field 1987). On day 22, lowered canopy conductance and &a- 
tively high values of canopy net photosynthesis were reflected in 
decreased ratio values, suggesting that stomata1 factors were 
dominant in limiting net photosynthesis. By day 37, ratio values 
continued to decrease in the control and water treatments, but 
increased in the nitrogen and nitrogen-plus-water treatments. This 
result suggests that nonstomatal factors are dominant in the nitro- 
gen treatments, and stomatal factors are dominant in the control 
and water treatments in limiting net photosynthesis (Field 1987). 
Evans (1983) found an increase in ratio values and a decrease in 
net photosynthesis in high and low nitrogen treatments in wheat 
as the plants aged. The effect of the additional nitrogen was to 
reduce the rate at which net photosynthesis decreased, compared 
with the low nitrogen treatment (Evans 1983). Leaf nitrogen is 
reduced as plants age (van Keulen et al. 1989), which may, in 
part, account for lower net photosynthetic rates on day 37 in the 
water treatment, as compared to rates on day 22. We measured 
leaf nitrogen only at the end of the experiment. We conclude, 
under these experimental conditions, that the time from germina- 
tion is a stronger determinant of net photosynthesis than either 
water or nitrogen St&s, though the effects of time may merely be 
manifestations of reduced nitrogen levels. 

Field (1987) reviewed the relationship between water-use efti- 
ciency and leaf age and found that, in some cases, the ratio of net 
photosynthesis to stomata.1 conductance remains constant as 
leaves age while in others the ratio varies with age. Field (1987) 
suggests that the lack of an age effect on water-use efficiency 
means that the stomata establish a consistent compromise 
between carbon gain and water loss. We found water-use effi- 
ciency to be variable with the time from germination in all treat- 
ments, suggesting that for downy brome at the canopy scale, 
stomata do not establish a consistent compromise between carbon 
gain and water loss. 

We observed lower nitrogen-use efficiency in the nitrogen 
treated plants than in the control and water treatments that agrees 
with the observation that nitrogen-use efficiency generally 
decreases with increasing nitrogen ccmtent (Vitousek 1982: 
Lajtha and Klein 1988). A high nitrogen-use efficiency indicates 
that more biomass has been produced per unit nitrogen (Chapin, 
III and Van Clew 1989). Percentage nitrogen, the inverse of 
lO@nitrogen-use efficiency, was the same in the nitrogen and 
nitmgen-plus-water treatments. The additional water in the nitro- 
gen-plus-water treatment allowed the plants to grow more, but 
had no effect on nitrogen concentration. 

Biomass responded only to the combination of water and nitro- 
gen, suggesting that both arc limiting. Nitrogen limitation to 
growth has been demonstrated in wheat (Law101 et al. 1988. 
Morgan 198X), in other Bromus species (Gamier et al. 1989, Hull 
and Mooney 1990). and in downy brome (Cline and Rickard 
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1973, Richard 19S5). Our observation that nitrogen is limiting 
agrees with previous studies. In the field, Cline and Richard 
(1973) concluded that 71% of growth could be explained by 
nitrogen and 12% by soil water in downy brome. Uresk et al. 
(1979) found only a weak relationship between soil water and 
growth rates. We observed that additional water alone had no 
effect on growth. The effect of additional nitrogen-plus-water on 
growth was more than could be explained by simple additive 
effects, implying a synergistic or nonlinear effect on growth. 
Additional water may facilitate the allocation of carbon to various 
organs thereby stimulating growth with additiona nitrogen 
(Kramer 1983). Under the conditions of this experiment nitrogen 
and water were both severely limiting to downy brome shoot bio- 
mass production. The addition of both is required to increase 
shoot production. 

While nitrogen is positively correlated with net photosynthetic 
rates (Field 1957, van Keulen et al. 19X9, Hull and Mooney 
1990). and biomass, there are exceptions to this association. No 
strong relationship has been observed between nitrogen applied 
in the field and net photosynthetic rates of wheat (Gregory et al. 
1981, Migus and Hunt 1980, hlorgan 19SS), even though bio- 
mass increased. This was attributed to self shading (Migus and 
Hunt 19SO. Robson and Parsons 1978) that reduces net photosyn- 
thetic rates of the additional foliage associated with additional 
nitrogen (Evans 19S3, Morgan 1988). A small gain in photosyn- 
thesis was found for nitrogen treatments in canopy studies of 
Fesruca armdinacea (Gastal and Belanger 1993). They also con- 
clude that self shading limited carbon gain. Additional nitrogen 
retarded senescence, which Evans (1983) indicated accounted for 
the difference between nitrogen treatments in that study. Thomas 
and Thorne (1975) showed that increased carbon gain by flag 
leaves of wheat high in nitrogen was from increased leaf longevi- 
ty and larger leaf area, and not from increased photosynthetic 
capacity. We feel that the addition of water to a high nitrogen 
treatment facilitates shoot growth, thereby increasing the total 
carbon gain of the plant, even when net photosynthetic rates are 
unaffected. Because of the greater leaf-area index in the nitrogen- 
plus-water treatment, the soil water reserve was more rapidly 
reduced compared with the water treatment, thereby reducing net 
photosynthetic rates through water stress. 

This study has relevance to shaded field conditions. Light lev- 
els in this experiment are similar to light levels experienced by B. 
tectorm in forested ecosystems in the Pacific Northwest (Pierson 
et al. 1990). Pierson et al. (1990) found that B. tecform plants 
grown in the shade were smaller, grew slower, and flowered later 
than plants grown in full sun. Their plants were grown in an 
unheated greenhouse without water and nitrogen limitation. We 
did not observe flowering in our experiments which supports the 
observation that low light delays inflorescence growth. The char- 
acteristics of slow growth and late flowering have been observed 
for numerous grass species grown in the shade (Langer 1979). 
Pierson et al. (1990) concluded that B. tectonan was unsuccessful 
in shaded forest habitats, in part, because it could not acclimate 
photosynthetically to low light, had low growth rates and high 
susceptibility to grazing stress. Our observation of lower shoot 
biomass with water or nitrogen stress suggests that B. tecform 
will be even less successful under normal levels of water and 
nitrogen in forested ecosystems than reported by Pierson et al. 
(1990). 

Conclusion 

Under the conditions of these experiments, downy brome gas 
exchange processes were strongly related to the time from germi- 
nation and only weakly related to added water and nitrogen while 
biomass was strongly influenced only by the addition of both 
nitrogen and water. Stomata1 conductance and net photosynthesis 
decreased with time. The effect of the scale of observation was 
that gas exchange rates were greater at the leaf scale than at the 
canopy scale, with the lower rates most likely a result of canopy 
shading, Leaf area index and biomass were greater in the nitro- 
gen-plus-water treatment than in the water, nitrogen, and control 
treatments. The finding that growth was strongly influenced by 
the addition of both water and nitrogen suggests that both are lim- 
iting for downy brome. An examination of the physiological and 
biochemical responses of B. tectorm to additional water and 
nitrogen will improve our understanding of how B. recrorm 
responds to limiting resources. 
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