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Abstract:

Four irrigation treatments -- 0, 6, 12, and approximately 25 mm/week -- were applied to a
homogeneous stand of Agropyron smithii to determine the response of individual plants to differences
in water availability. Sigmoid growth curves were observed. From these and records of green leaf area,
unit leaf rates for major growth stages were calculated. Across treatments these averaged. 78, 32, 4, and
7 mg dm”-2 day”-1 for early-rapid-growth, peak-of-green, early-quiescent-period and season's end,
respectively. Aboveground production of individual plants read from growth curves averaged 156, 151,
150, and 307 mg in dry 1979 and 301, 209, 431, and 343 mg in wet 1978 in the 0, 6, 12, and 25 mm
treatments respectively. Replacement of unit leaf rates with estimated photosynthetic rates suggested
that belowgrowth. production was at least half and probably not much more than twice aboveground
production. Production seems to be controlled both by water stress—-with slowing of growth at -5 bars
and halting at -20 bars—-and by another seasonally correlated factor, perhaps daylength.
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ABSTRACT

Four irrigation treatments -- 0, 6, 12, and
approximately 25 mm/week -- were applied to a homogeneous
stand of Agropyron smithii to determine the response of
individual plants to differences in water availability.

Sigmoid growth curves were observed. From these and
records of green leaf area, unit leaf rates for major
growth stages were calculated. _quosgltreatments these

averaged. 78, 32, 4, and 7 mg.dm .day for early-rapid-
growth, peak-of-green, early-quiescent-period and season's
end, Trespectively. Aboveground production of individual
\planfs read from growth curves averaged 156, 151, 150, and
307 mg in dry 1979 and 301, 209, 431, and 343 mg in wet
1978 in the 0, 6, 12, and 25 mm treatments respectively.
Replacement of unit leaf rates with estimated
photosynthetic rates suggested that belowgrowth production
was at least half and probably not much more than  twice
aboveground production. Production seems to be controlled
both- by water stress—--with slowing of growth at -5 bars
and halting at -20 bars—--and by another seasonally
correlated factor, perhaps daylength. ' A :




INTRODUCTION

Agropyron smithii ranges from Alberta and British

Columbia south to Texas and Arizona (Hitchcock 1950) and
is a dominant grass in 437,000 kmz of the North' American
Great Plains (Kuchler 1Y964). It is a major range grass in
the northern and central Gfeat Plains and is wused for
early pasture, hay, and erosion control (USDA 1972). Its
importance east of the Mississippl has been increased by
agricultural planting (Hitchcock 1950). Interest in 1its
ﬁanagement is therefore high. '

I have examined the effects of water availability on

the performance of Agropyron smithii because the manager

might modify water availability by a variety of processes
including cloud seeding (Hess 1974) or reallocation of
water by = pitting, water spreading, or irrigation
(Valentine 1980).\ Detailed measuréments of Agrbpyron
smithii growth allowed me to describe the seasonal pattern
of above- and below-ground growth, the control of tﬁat
growth by water availability and perhaps photoperiod, and
the growth responses to treatments bracketing those that
might be achieved by irrigation or cloud seeding:

repeated supplementation of rainfall to 6 mm per week, 12

mm per week, or at least 25 mm per week.




LITERATURE REVIEW:
EFFECTS OF WATER STRESS ON PLANT PERFORMANGCE

The growth of native forage species in the northern
Great Plains 1is often limited by 1lack of water. The
growth process is the most éensitive of plant processes to
moisture stress (Acevedo et al. 1971; 1979; Haiao 1973;
Fischer and Hagan 1565). Among the first effects of plaht
water stress are reduction in shoot:and leaf growth (Hsiaoe
1973). Brown (1977) and others have reported that a
continuing decline in plant water potential (Yp) causes a
substantial reduction in respiration (Henckel 1964),
carbon translocation (Hsiao 1973; Henckel 1964), cytokinin
titer (Itai and Vaadia 197i), and an increase in abscisic
acid ‘1eve1 (Ackerson 1980). When Qater stress Dbecomes
severe, proline accumulation occurs (Haglund 1980; Stewart
19738) and 002 aséimilation ceases (Hsiao 1973).
: Senéscence induced by drought may become visible at severe
water stresses. If water is added to the system after
severe stress, growth may fesume, but it will never return
to the rates of unstressed plants (Noggle and Fritz 1976;

Hsiao 1973; Fischer and ﬁagan 1965; Acevedo et al. 1971).
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Translocation of photésynthates-continues under water
stress (Wardlaw 1974) and 1is pfimarily to 'below—gréund
portions of the plant (Sosebee and Wiebe 1971; Moser
1977). The storage of resources 1n perennating organs
(roots and crowns) allows the plant to Trecall resources
for growth when moisture conditions improve. During
moderate water stress photosynthate accumulates in the
leaf -- or 1in other portions of the plant -- and, since
" accumulation occurs, growth may be more yigorous for a
short time after a period of water deficiency than before
(Boyer 1970). Translocation to storage depots is
generally most active in the fall and these will be drawn
on during either fall regrowth or in ipitiation‘of spring
growth (Trlica 1977). Caﬁbohydrate reserves therefofe
show a significant decline during spring growth, with the
extent and duration of the decline differing among species
(Trlica 1977). For example, wusing ll"C techniques in

Phleum pratense, Balasko and Smith (1973) found that at

initiation of stém elongation, mobile carbohydrates were
fouﬁd primarily in roots and lea#es; at flowering, the
stems and- inflorescences contained ~most of these-:
carbohydrates; and at anthesis, stems and roots contained
73% of the labeled soluble carbohydrates. The results of
such transport should be observable as changes 1in the
relative masses of plant parts. Sims and Singh (1978a)

report that, in a variety of grasslands, crown biomass
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decreased 1in the early season period of ianitial - growth,
increased thereaéter, and peaked after the 1live shoot
biomass peaked.

Generally, moisture -~ stress is the dominant
environmental factor affecting photosynthetic rates 1in
semi-arid regions (Moore 1977). Photosynthesis is less
sensitive to initial reductions in p than 1is 1leaf
elongation (Fischer and Hagan 1965; Acevedo et al 1971)
but it is severely inhibited with continﬁed declines in
water potential (ﬁoyer 1970). The photosynthate produced
is transferred 1in a ﬁrioritized manner to 1) initiation
and development of leaves, 2) increase in the dry weight
of shoots and elongation of internodes, énd 3)
accumulation of carbohydrate reserves (Begg and Wright
1964). The carbon allocation pattern changes with
phenological development and with root and rﬁizome growth
(Moser 1977).

Any 1influence that slows the growth rate might be
expected to delay the onset and reduce the intensity of
competitive stress among plants (Harpef 1977). In
addition to various environmental factors, ‘age of the
plant and time of year may affect the growth rate. The -
juveni}e plant is <capable of exponential increases in
size, but as it matureé the growth rate declines tLeopold
1975). Dahl and Hyder (1977) suggest that the end of the

juvenile stage can only be defined by the development of
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spikelet buds and that the differentiation to reproductive
status 1s preceded by a rapid elongation of the shoot

apex.




MATERIALS AND METHODS

Site and Plot Description.' The study site was a’

homogeneous stand of Agropyron smithii, 1located on an

alluvial fan of Kobar Silty Clay Loam soil. The USDA/SCS
classified the so0oil as a Brollic <camborthid fine,
montmorillonitic. The texture 1s a silty clay 1loam

through the horizon at 41 cm; loam through the C2

B3Ca
horizon at 84 cm; and very fine sandy loam in the C3
horizon Dbetween 84 and 152 cm.‘ The site has a slofe of
approximately 2%Z and a northerly aspect. It‘is located on
the U.S. Livestock and Range Research Station, Miles C;ty;
Montana (latitude 46°21'15" N, longitude 105°55'00"W). A
det;iled déscription of the study si;e and the
experimental plots is given by Weaver et ai (1981).

Water treatments on four expérimental- plots were:
control-—-no rainfall augmentation throughout the study

period; six millimeter-—-a minimum of 6 mm . wk—l

guaranﬁee; wet—-plots in which the so0il moisture at 25 and

75 cm was maintained between 0 and -2 -bars. The low water

stress condition could generally be maintained with
-1 )

25 mm . wk additions. Irrigations occurring between 1

May and 1 September are summarized in Figure 2 (p. 28).




7

Irrigation water was applied with sprinklers located
approximately 50 c¢m above the ground surface. Water
applications were made between 0300 and 0900 MDT to

minimize evaporation and wind effects on water

distribution. Irrigation was halted when winds exceeded
13 cm . sec_1 to avoid an irregular distribution pattern

and unacceptable overspray.

Drop sizes were determined using a method described
by 'Mason (1971). Shallow rectangular pans approximatgly
31 x 61 cm with a layer of ugcompacted flour on the bottom
were exposed, at canopy height, to sprinkliiang for 10-20
seconds and the dough balls produced were measured to
determine the drop size distribution and‘mean drop size.
The sprinklers tested (N=50) delivered drops in the range
of 0.5 to 3.0 mm with a mean of 1;81 0.1 mm. These sizes
are within the limits expected from summer rain showers in

the northern Great Plains (Edmond Holroyd, 1978).

Growth Measurement and Analysis. Plant growth was

measured in three treafments (control, six millimeter, arnd
wet) in 1977 and in all four treatments in 1978-79. In
each plot 20 individuals were marked approxiﬁately 0.75 m
apart, in a line across the center of each p%ot; Numbered

metal reference tags were tied to the base of each plant.

The growing leaves of Agropyron smithii were measured
at weekly intervals from approximately 1 May to 1
{

September of each year. On the first sampling date of




each year all except the lowermost leaf were ﬁeasuréd;
thereafter only the upper elongating leaves of the plant
were mgasured. Measurements originated at the tip. of thg
leaf and terminated at the ligule of the next leaf below.
This method of measuremment included the growth of the
entire leaf (blade and sheath) and therefore, the total
above-ground . growth. All measurements were made to the
nearest 1 mm.

Analysis of variance (ANOVA) was used to test for
significance of differences among treatmen?s. Rate
matrices of 3 treatments x 13 dates in 1977, 4 treatments
x 15 dates in 1978, and 4 treatments x 12 dates in 1979
were used. Each cell contained 20 individuals for a total
of 780, 1200, and 960 observapions in 1977, 1978, and 1979
respectively: The Kolmogorov—-Smirnov goodness—of-fit test
was employed to assess deviations of data distributions
from normality on selected data sets (Ostle and' Mensing
1975). The data sets used for the examination of
distributions were from the control and wet treatments,
the most diverse plots studied, on the assumption that if
the normality criterion was met in these plots 1t would
also be met in the remaining plots. The data were not
normally distributed (P>0.20) so a logarithmic
transformation was applied ¢to bgtter satisfy the
assumptions of ANOVA. This yielded data sets that fit

normal distributions well (P<0.01, Dixon and Massey 1969).




The transformation used was log (x+l1) to eliminate zero

values in the rate matrix.

Leaf Weight and Area Determinations. Leaves from randomly

collected Agropyron smithii plants were dissected 1into

sections equivalent to those used in growth determinations
(ie, a phytomer). The units isolated included the sheath,
blade, ana associated stem (=internode) of each leaf which
was cut away at the ligule of the leaf Dbelow. The‘ dry
weight of each section was determined to the nearest 0.1
mg. Leaves were then soaked in.detergent solution to
facilitate unrolling the blades, blotted dry, and mounted
.on clear laminating film. Length, area, and condition of
individually mounted leaves were recorded. The condition
was recorded as developing, fully developed and green,
fully developed with bréwn tip >'5 mm but < 75% of total
leaf surace, damaged (leaf area reduced because of 1loss)
or dead (75% or more of the leaf surface brown).

The area of individual leaves was calculated wusing
the method of trapezoidal area approximation (Beyer 1979),
on a Tektronix 4051 minicomputer interfaced "with a
Tektronix 4956 digitizing tablet. The areas were recorded
to the nearest 0.01 mm2 and lengths were recorded to:. the

closest 1 mm.
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Water Potential Meaéurements. Soil water potential (Y)s)
was determined in the field usiﬁg gypsum blocks (Taylor et
al 1961) buried at three locations inm each”plot at depths
of 10, 25, and 75 cﬁ. The blocks were read weekly and
mean values for each depth were determined to obtain a
mean S for each plot and depth at each measurement date.

Plant water potential Q) p was measured with a
Scholander~type pressure chamﬁer (Scholander et al 1965)
using procedures recommended by Ritchie and H;nkley (1978)
except as noted below. Measurements were made IWeekly,
within one hour of sunrise, on five plants selected from
predetermined locations randomly placed within each of the
treatments. The %) p presented are the méans for each
treatment. Dawn measurements were used becagse ¥? p
should be close to its maximum at that time (Slayter 1967;
Ritchie and Hinkley 1978). Plants were observed thpough a
dissecting scope, with magnification capabilities of 7-
30x, within seconds of being cut. Generally, 10x provided
sufficient magnification fér determination of the end

point. Pressure was increased at less than 1 bar . sec
A :

until water was expressed from the cut end.
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RESULTS AND DISCUSSION

Above Ground Growth Rates. In all treatments and years

Agropyron smithii plants show a sigmoidal growth curve

(Fig. 1) with an early season lag phase followed by a
rapid growth phase, and finally a quieséent or stationary
phase. This growth pattern has been observed in most
plants (e.g. Golubev 1971; Erickson 1976; Larcher 1975;
Evans 1912; and Milthorpe and Moorby 1974). Growth 1is
initiated each spring when conditions (light, water,
‘temperature) become suiﬁable. During ﬁhe lag phase (first
period) plant growth is limited by a sm#ll photosynthetic
areé, and must, therefore, be determined by food reserves.
The rapid growth phase (second period) begins when root
and leaf formation are adéquate for high -photosynthetic
rates _(Noggle and Fritz 1976). Since growth rate ;s an
index of - the plant's photosynthetic capabilities under
prevailing environmental conditioﬁs, the rapid growth
period indicates the season of optimum growing conditions
(Sims “and Singh 1978a; Hunt 1970). TFigure 1 suggests that
the rapid growth phase begins by 15 May or earlier.
Canopy - generation is rapid during thi; period but ceases
suddenly at its end. The quiescent phase (third period)

could be due to exhaustion of water or nutrients,

K




PLANT LENGTH (OW)

Figure
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180 ~0mm, 1977 "6mm. 1977 - TREATMENT. YEAR 25mm. 1977
Kw=2 Img/cm Kw=2 5 mg/cm KWWE)GHT CONSTANT) Kw=3 Smg/cm .
. K0=17Smmvcm . K0=175mmz/cm KO(AREA CONSTANT) Ko=199mmzcm  “o-°A

120

|80romm,

" A CUMULATIVE
LEAF (cm)

__-0A B PRESENT GREEN
LEAF (cm)

C MAXIMUM SOIL V
D DAWN PLANT V
A1

6 mm, 1978 25mm, 1978

Kw=3 Img/cm
KO=19 6mmz/tm

1979 6 mm, 1979 12mm, 1979 25mm, 1979

Kw=2 Gmg/cm Kw=2 8mg/cm Kw=2 SmgZcm Kw=2 7 mgZcm

» K=

179mm2/cm KO =18 Smm2Zcm K0 =16 Amm2Zcm KO =181 mm2/tm

MAY JUN JULAUG MAY JUN JUL AUG MAY JUN JUL AUG MAY JUN JUL AUG

Cumulative growth (cm, solid line), green leafF
length (cm, broken 1line), soil water status
AN, and plant water status (B) of Agropyron
smithli plants subjected to four water
treatments (supplementation of natural rainfall
to O, 6, 12, and 25 mm/week) in three years

(1977-1979 ) . Growth and green leaF expanse
expressed in mm (as measured) can be converted
to weight or area by application of the

constants provided (K and K ). The shading in
bar "A " indicates the lowest soil water stress
present in the upper 75 cm of the soil (clear =
0-5 negative bars, dots = 5-10 bars, hatching

10-15 bars, and solid * 15+ bars. Shading in
bar "Bl summarizes weekly measurements of dawn
plant water potential (clear = 0-2 negative
bars, dots - 2-10 bars, hatching - 10-20 bars,
and solid - over 20 bars). Unit leaf rate
calculations (Tables 1 and 2) are based on the

leaf areas indicated by triangles on the (green
leaf curve and time periods between circles on
the cumulative leaf curve.
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accumula;ion of toxic substances (inhibitors or  waste
materials), increased respiration relative to
photosynthesis, or to diversion of photosynthate from

vegetative growth to seed or storage reserves.

Unit Leaf Rates (mg.dm—z.day—ll; Aboveground production

per unit of green surface;, unit leaf rate (ULR), 1is

calculated by dividing the rate of production by green

leaf area. The necessary data -appear in Fig. 1 and the
process is demonstrated with formulae and sample
calculations in Table 1. The term ‘unit leaf rate' 1is

preferred over the once popular phrase 'net assimilation
rate’ (NAR) because it clearly relates to leaf growth and
doesn't suggest any relationship to total production

(Evans 1972 and Thomas 1980).
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Table 1. Calculation of unit leaf rate.

Unit leaf rate = rate of above ground production/per unit

of photosynthetic area (= ULR).
= ( W/ T) (1/A) where:
T = a specified time period

W = change in weight in mg during that
time period
= (change 1in leaf length read from
Fig. 1, upper curve) X (K, a weight
conversion constant (mg/cg) reported
in Fig. 1).

" area in dm2

(green length at the time considered
from Fig. 1, lower curve) X (K_, an
area conversion constant [mz’/gy] 2
reported in Fig. 1) X (1/10° dm™/mm™).

Examples:

Unit leaf rate for the early rapid growth phase of control
1977 is calculated as:

ULR =

60 mg, = (570 mm - 360 mm) (0.21 mg/mm)
dm”.da (day 158 - day 144) .
X 1

(300 mm) (1.75 mmzlmm)(0.000I dm2/mm23

Similarly unit leaf rate for the peak of green phase of
control 1977 is calculated as: .

ULR = 39 ng, = (570 mm - 360 mm) (0.21 mg/mm)
dm

.da (day 158 - day 144)

X : 12 2521
(465 npm) (1.75 mm“/mm) (0.0001 d°/mm™)
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At a giﬁen season ULR varies relatively little among

treatments and the variation shows no consistent pattern

(Table 2). Production averaged 78 mg.dm"z.day-1 in the
early season, 32 mg,dm'-z',day_1 at peak green area, 4
mg.dm-z.day-l approximately two weeks past peak green

area, and 7 mg.dm-z.day-y at the end of August (Table 2).

Because these rates differ relatively little - and
inconsistently among treatments, I deduce that the
principal effect of irrigation has been on the area of the
producing unit (leaf surface) rather than on its condition
(photosynthetic capacity).

Since ULR is primarily a function of photosynthesis
(Potter and Jones 1977), I speculate that the maximum net

photosynthetic rate of Agropyron smithii is equal to or

~greater than the ULR observed early in the log phase (78
mg.dm_zmday_L). Equality would occur if 1) storage depot
subsidies to shoot growth have ceased by the time the log
phase of g;owth has begun, 2) roots present in the earl§
season support the sparse canopy adequately so there is no
transport downward to support root growth, and 3) stem
respiration is a constant proportion of total respiration.

The decline in ULR later in the log phase of growth

z.day-l) and the low production rate per unit of

leaf surface observed late in the season (7 mg.dm—z.day_l)

(32 mg.dm

probably wunderstate the actual photosynthetic rates for

these seasons. The presumed understatement of production




Table 2.

Unit Leaf Rates of Agropyron smithii.

ULR (mg.dm-z.day—l aboveground)
Early After At
Rapid Peak Peak Season's
Growth Green Green ‘End
Control
1977 60 39 3 7
1978 87 26 1 3
1979 53 31 1 13
.6 mm
1977 69 43 9 8
1978 106 29 2 5
1979 64 40 4 6
12 mm
1977 -- - - -
1978 110 31 N 9
1979 46 29 6 7
Wet
1977 107 27 % - 3
1978 84 24 3 )
1979 69 28 4 6
Mean 78 32 4 7
Standard
Error 8 1 1

——- Measurements not tdaken

% Green material never peaked, but continued to increase
to the last measurement period in this year.
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is due to increased allocation of photosynthate to storage
areas. Reallocation is probably the major factor
determining the declines recoraed in the control, 6, and
12 mm plots where the canopy never closed. It is 1likely
that declines in wst plot ULR are due both to reallocation
and to competition for light -- ie reduced photosynthesis
<= after canopy closure.

The very lowest ULR (4 mg.dmﬁz.day—l) was observed
just after the end of the log phase when growth rates were
low but green leaf areas and available water were high.

Because it seems very unlikely that photosynthesis per

unit of leaf area should plunge at mid-season -- from high
rates to rates lower than end-of-season rates =-- I
speculate that, despite unit leaf rates, net

photosynthetic rates were, at a minimum, between the

preceeding and succeeding unit leaf rates (ie 32 and 7

mg.dm—z.day_l) and, at a maximum, equal to the early

season ULR (78 mg.dm_z.day—l). The excess photosynthesis
predicted, but not observed in above-ground production,
should appear as growth or storage in crowns, rhizomes,

and roots. This is consistent with the report (Sosebee

and Wiebe 1973) that, in Agropyron smithii, almost all

translocation during the quiescent phase is to the roots.

Estimation of production. The following paragraphs review
two methods for estimating aboveground production and two

methods for calculating total production. Table 3
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summarizes these methods and Table 4 compares the results
of all methods.

Leaf measurements made between mid-May and the end of
August permit us to calculate net aboyeground production
for any sub-period by either of two methods. First,
production can be estimated by multiplying the change in
plant length during any period (mm, 'Fig. 1) by the weight
per unit of length (Kw’ Fig. 1). Such estimates fare
summarized in Table 4.

Second, for any very short period aboveground
production 1s the producf of unit leaf rafe (ULR, mg.dm-
2.day-¥) and leaf surface (mm, Fig. 1 lower curve). Unit
leaf rate is, of course, the product of leaf extension
rate (mm.day_l, from the slope of the upper curve of Fig.
1) and the weight of a unit of length (mg.mm_1 Fig. 1)
divided by the green leaf area producing it (lower curve,
Fig. 1). For 1longer periods, one can estimate total
production by plotting instantaneous production, estimated
in this matter, over a series of periods and- integrate
under the curve. Identical estimates must result if the
same data base 1is used. Either estimate is more accurate~
than those made by harvest methods because material 1lost
before harvest to either grazing or senescence is included
(Sims and Singh 1975).

Aboveground production might occur befofe or gfter

the measurement season. We doubt that post season
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Table 3. Calculation of seasonal production, a
demonstration of methods.

Method 1, read it directly from production graphs of Figure 1.

Seasonal production = P (mg/plant/season) =
change in leaf length (mmfinal-mminitial’ from

Fig. 1, upper curve) X Kw (a constant converting'mm to mg,
(presented) in Figure 1).-

Method 2, calculate it from graphs in Figure 1.
Instantaneous production (mg/plant/day) = ULR x green leaf area

ULR (mg/dmz/day) is read from Table 2 or calculated from
Fig. 1 by methods illustrated in (Table 1). '

green leaf area = gregn leaf length (mm, from lower curve,
Fig. 1) X Ka (mm”/mm, presented in Fig. 1).

Seasonal production = instantaneous production (mg/plant/da) x
days

This was estimated by plotting instantaneous rates over time
and integrating under the curve by cutting out the area
and comparing its weight with weights of known areas.
Three sets of rates were considered.

If we assume ULR = those actually observed (Fig. 1 and Table
1), production calculated from method 1 equals that
calculated by method 2.

If we assume (see text) that the initial ULR persists until
the peak of green leaf area and end-of-season ULR
applies for the remaining time, the seasonal production
by method 2 exceeds that calculated by method 1
significantly. Table &4 summarizes the differences in
production for the rapid growth and quiescent periods;
.we Dbelieve the unobserved production contributes to
below ground growth Table 5. .

If we assume (see text) that the initial ULR persists until
the peak -of green leaf area and that ULR after that
time is actually ten times end-of-season~ULR
(approximately initial growth rates) production is
further increased, but without violation of possible
root growth rates. ' :




Tab

le 4. Production (mg/plant) oflindividuals of Agropyron smithii grown under
four irrigation regimes.

ParameterZ Aboveground Mioimum total Mdximum Total
3 production production production
Season P E ©Q T P ) Q T P E Q T

Treatment and year

0 mm 1977 76 44 19 139 76 55 31 162 76 55 312 443

1978 78 202 16 301 78 523 16 61 78 523 160 761
1979 70 74 12 156 70 100 34 20 70 100 343 513.
6 mm 1977 86 53 49 188 86 62 49 197 80 62 485 633
1978 88 112 9 209 88 351 30 469 88 351 301 740
1979 67 46 38 151 67 81 38 186 67 81 380 528
12 mm 1977 - - - - - - - - - - - -
1978 94 302 35 431 94 621 35 750 94 621 350 1065
1979 71 53 26 150 71 73 26 170 71 73 260 404
Wet 1977 42 357 11 510 142 1324 11 1477 142 1324 110 1576
1978 69 241 33 343 69 588 33 690 69 588 250 907

1979 85 202 20 307 ‘ 85 323 29 437 85 323 292 700

Irrigation regimes were an unirrigated control (0 mm), a plot guaranteed 6 mm per week. (6
mm), a plot guaranteed 12 mm per week (12 mm), and a plot in which soil water potentials
were maintained above -2 bars with irrigiations of 25 mm per week or more.

-Aboveground production was estimated by multiplying leaf length (mm) produced in the period

by the weight per mm. Total production was estimated by integrating under a curve of leaf
production rate <created by multiplying observed green leaf areas by either a minimum or
maximum estimate of the photosyynthetic rate.

Production was estimated for the period before measurements began in May (preseason = P)
for the period of exponential growth before the peak-of-green (E), for the qulescent period
after peak—-of-green (Q) and for the total season (T).

7

0¢




21

production was significant because the soils dried and the

plants turned brown (Fig. 1L). Preseason growth was
observable as green plkant material present when
measurements were initiated. Preseason aboveground

production 1is easily estimated by the first method.
Estimates are presentated in Table 4. Our data cannot

provide the rate estimates needed for the second method.

Belowground production  must occur in Agropyron
smithii grasslands since belowground masses exceed
aboveground masses (Weaver et al 1981). Consideration of

the second method of estimating ﬁrodugtion outlined above
and the wunit 1leaf rate discussion suggests a ‘way of
estimating this belowground production: one should
integrate across time the producﬁ of green leaf area (Fig.
1, lower curve) and its production :ate.- For aboveground
production the production rate was the unit 1gaf rate
(ULR) <calculated as above. _ For total prﬁduction a
production rate including belowground transport is needed.
Two possibilities, labeled maximal and wminimal, are
outlined and applied below. |

A minimal estimate of ﬁotal prodﬁction was made by
summing production in three subseasons; thé p:eéeason,Athe
period before maximum green leaf area, and‘ the period
after maximum green leaf area. Preseason produétion> iél
assumed to be entirely aboveground and therefore’

calculated as the product of aboveground growth (mm) and
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weight per unit of length (Kw=mg/mm), Early season
production 1s calculated as the integral of green leaf
area (Fig. 1) and a maximal unit leaf rate (Table 2)
calculated from the curves in Figure 1. This assumes that
the observed drop in ULR during the log growth phase 1is
due to increasing transport to belowground organs. Late
season production is calculated as the integral of green
leaf area (Fig. 1) and the ULR at season's end. The
results appear in Table 4. Qur minimal estimate of total.
production is about 150% of measured aboveground
production.

While we suspect that the preceeding proceduré‘
underestimates total production, we Dbelieve that the
following procedure will give us a maximal es;imate of
total production. We assume, as above, that preseason
production is entirely aboveground (for lack of data to do
otherwise) and therefore underestimate total production if
actual carbon transport is downward énd,overestimate it if
carbon transport is upward. We assume again " that
calculation of early season production based on early
season ULR and éctual green leaf areas is correct. Our
maximal estimate differs, then, only in 1late season
production which we estimated as tén times thel minimal
estimate for two reasons: 1) it is generally believed
that most late season photosynthate is stored (Sosebee and

Wiebe 1973); and’2) eérly season unit leaf rates are about
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ten times late season unit leaf rates (Table 2) so, 1if
photosynthetic rates do not actually fall, 90%Z of the
photosynthate would be transported below ground. We call
our estimate maximal because, while it 1s based on acﬁual
green leaf areas, estimated photosynthetic rates may Dbe
high since water and nutrient resdurces per unit of 1leaf
area are probably less available late in the summer than
in the spring. Maximal production estimates presentéd in
Table 4 are about 3007% of aboveground production ¥ates

measured by method 1.

Belowground production. Belowground production (root,

rhizome, and crown) is easily calculated by substracting
aboveground production from total production and is
presented in Table 5. In the preseason our assumptions of
no downward transport implies that there will be an
absence of root growth. To the exfent that net carbon
flows are upward, belowground production may actually be
neggtive. During the 1log phase transport downqard is
calculated similarly for ©both minimal and maximél
estimates; therefore similar belowground production‘ is
observed, 1ie an average of 43 +6 SE % of total net
production (Table 6). Quiescent phase transport averages
19 + 3 SE % of total net production in the minimal
estimate and 92 + 1 SE % in the maximal estimate. The
latter seems more reasonable since 98, 96, 95, and-56% of

the roots are belowground in our 0, 6mm, 12mm, and wet
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Table 5. Belowground production1 (mg/plant) calculated
using minimum or maximum estimates of
photosynthetic rates. ' '

Parameger2 Production, minimum Production,'maximum
Season P E Q T P E Q T
' 1
.mg/plant

Treatment and year

0 mm : 1977 0 11 12 23 0 11 293 304
1978 0 316 0 316 . 0 316 144 460
1979 0 26 22 48 0 26 331 357
6 mm 1977 o .9 0 9 0 9 436 445
1978 0 239 21 260 0 239 242 531
1979 6 35 0 35 0 35 342 377
12 mm 1977 - = - - - - - =
1978 0 319 0 319 0 319 315 634
1979 0 20 0 20 0 20 234 254
Wet 1977 0 997 . 0 967 0 997 99 1066
1978 0 347 0 347 0 347 217 564
1979 0 101 9 130 0 101 272 393
1

Belbwground production = total production (Table 4) minus above
ground production (Table 4).

Production was estimated for the period before measurements
began in May (preseason = P), for the period of ' exponential
growth Dbefore the peak-of-green (E), for the quiescent period
after peak—of-greenn (Q), and for the total season (T).

Irrigation regemes were an unirrigated control (0 mm), a plot
guaranteed 6 mm per week (6 mm), a plot guaranteed 12 mm per
week (12 mm) and a plot in which soil water potentials were
maintained above - 2 bars with irrigations of 25 mm per week or
more.
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Table 6. Belowgroun& pro,duct:ion1 (Z of total) calculated
using minimum or maximum estimates of

photosynthetic rates.

Parameﬁer Production, minimum Production, maximum
Season P E- Q T P E Q T
2
% of Total

Treatment and year

0 mm " 1977 0 20 38 14 0 20 94 69
1978 0 60 0 51 0 60 90 60

1979 0 26 65 24 0 26 96 70
6 mm 1977 0 15 0 5 0 15 90 70
1978 0O 68 70 55 0 68 97 72
1979 0 43 0 19 0 43 90 71
12 mm 1977 .- - - - - - - -
1978 ' 0 >51 0 43 0 51 90 60
1979 0 27 0 12 0 27 90 63
Wet 1977 . 0 73 0 65 0 73 90 68
1978 0 59 0 50 0 59 87 42
1979 0 6 8 6 0 6 1 3

Belowground production = total production (Table 4) minus above
ground production (Table 4). Belowground production 1is
expressed as a percentage of total production reported in Table
4. ’

Production was estimated for the period before measurements
began in May (preseason = P), for the period of exponential
growth before the peak-of-green (E), for the quiescent period
after peak-of-green (Q), and for the total season (T).

Irrigation regimes were an unirrigated control (O mm), a plot
guaranteed 6 mm per week (6 mm), a plot guaranteed 12 mm per
week (12 - mm) and a plot in which soil water potentials were
maintained above — 2 bars with irrigations of 25 mm per week or
more.
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treatments respectively (Weaver. et al 1981).‘ Sunming
across season one calculates that between 33 + 6 SE %
(minimal estimate) and 64 + 3 SE % (maximal estimate) of
total net production 1s deposited 1in the beiowground

compartment.

[¢

Factors controlling production and growth.. :Three

observations support the conclusion that water
availability is one major determinant of production.
First, increased water availability slows the rate of loss
of green leaf areas and results in maintenance of a larger
photosynthetic surface (Fig. '1) which might function late
in the rapid growth phase or after any rainstorums
occurring during the quiescent phase. The amount of green
leaf material on the average plant peakedﬂbefore the end
of the rapid growth phase of growth and was maintained for
two to thfee weeks before it began to decline. In dry
1979, the decline in green leaf material was most_fapid in
the dry plot and progressively less rapid in the 6 mm, 12
mm, and wet ©plots. The same is true in dry 1977 when
super—adequate water supplies, due to heavy watering and
small populations, resulted in no decline in the wet plot.
Even in the wet summer of 1978 when declines vere similar
in the control, 6 mm, and 12 mm treatments, the drop was
least in the wet treatment.

Secondly, in relatively dry years (1977 and 1979)

leaves began to die (Fig. 1), - and growth stopped earlier
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in the dry control treatment Lhan in the wet treatment
(Fig. 2). Extending the period in which groch-occurs has
a dual .positive effect —- first,‘ on the length of the
productive period and second, on any returns on additions
to photosynthetic surface dpe to increased production,' ié
to a 'compound interest effect’'. In céntrast to the wet
treatment, the 6 mm and 12 mm‘treatmgnts had little or no
effect on the length of the active growth period (Fig; 2).
I tentatively conclude that the 6 mm and 12 ﬁm t;eatmenfs
produced little 'additional plaﬁt ma;erial despite the
additional water available.

Thirdly, 1in all seasons, growthffates deplined with
increasing plant water stress (Fig. 3). Maximum above-
ground growth occurred when plant water stresses were less
than ;5 bars and cessation of gro&th occurred at plant
water stresses near —-20 bars. The scatter éssociated with
higher stressés (Fig. 3) was probably caused by small
spurts of growth after rainstorms. While such growth would
have occurred in non-=stress moments it would have been
associated in our records with low plant water potentiais
(indicative of high stresses) read at the beginning and
end of the measurement period.

While growth always ceased when watervwas exhauéte&,
the fact that it always slowed markedly in mi@—July, even
though water was mnot limiting, suggests that other.

factors, perhaps season, also limit growth. The reader
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Figure 2.

(overleaf) Relationship of growth rate (nm/day)
to water. availability for Agropyron smithii
plants subjected to four water treatments
(supplementation to 0, 6, 12, or 25 mm/week)
for three years (1977-1979) . A) Water added
(mm): clear and shaded bars indicate summer
rainfall and ifrrigilation respectively. B)
Shading 1indicates soil water stresses of 0-5
(clear), 5-10 (dotted), 10-20 (hatched), and
over 20 (solid) negative bars. C) Shading
indicates  dawn plant water potentials of 0-2
(clear), 2-10 (dotted), 10-20 (hatched), and-
over 20 {(solid) negative bars. D) Mean growth
rates (mm/day) of initial plants with thelr
gstandard errors. E) to convert growth rates to
welght or area multiply by the weight constant
(K in mg/mm) or area constant (K in square
mm/mm) respectively. E) Growth rates of
tillers in mm/day. ' ‘
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PLANT WATER POTENTIAL QGWPaD

Figure 3. The effect of water potential and season on
unit leaf rate. The dashed lines are hand fit-
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should verify from Figure 2 that growth slowed in the wet
plot in mid-July in all years despite moist soils that
kept plant water potentials between 0 and -5 bars-.
Comparison .0f the wet and control pléts shows that
cessation of growth is pfobably not due to achievement of
a maxlmum plant size, to internal shading,: or to
exhaustion of- nutrients, since 1in 1978 it occurred
concurrently in dry plots and in wet plots (wﬁich, with
larger plants, had more internal sha&ing and had consumed
more nutrients). l

I hypothesize, therefore, that the potential for

above—grouhd growth, and therefore production, is reduced

at mid-summer ——- perhaps due to daylength-induced
preparation for fall and winter. Three lines of evidence
support the daylength-control speculation. First, above-

ground 'growbh ceases when no other factor seems to 1limit
it. Second, the fact that growth rates associated with a
given water stress fall as the season progressés (Fig. 3)
suggests that photosynthate is being diverted from growth
to storage (Trlica 1977, ‘Moser 1977% and Brown & Blaser
1970). I- do not accept.the alternative hypothesis that
photosynthetic capacity of healthy green leaves declines
with season. Thirdly, wunder experimental conditions a

variety of range grasses, including Agropyron smithii,

Bouteloua gracilis, Andropogon scoparius, and Stipa
' A}

comata, all grew more rapidly under energetically equal
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short night conditions than under long night conditions
(Weaver and Forcella 1983).

While the capacity for growth was reduced at
midsummer, drought-stressed plants apparently retain some
capacity to respond to late summer showers. Plants from
both dry control plots and 6 mm plots grew after showers
in 1977 and 1979 (Fig. 2). In the 6 mm plots leaf
extension rates were 150, 217, 170, and 400 percent
greéter (P%0.0l) than those of the control plots iﬁ. mid-
July 1977, early August 1977, late August 1977, and early
July 1979{ respectively. Though growth continued
throughout the summer in 12 mm and wet plots, 'no effects
of summer showers could be detected. Late season growth
responses in.the wetter plots'may have been magkéd by the
irrigation treatments, or prevented by a physiological
state (e.g. carbohydrate balance) 1induced by regular

watering.

Growth response to water supplements. Leaf extension

increased with 1increasing water availability; When
compared with the control (100 %), the average 6 nm
treatment culm was 107 %, the average 12 mm treatment culm
was 106 %, while the average 25 mm treatment culm was 207
% in dry 1977 and 1979 and 135 % in wet 1978 (Fig. 1;
Table 7). Statistical analysis ——ANOVA after logarithm;c

transformation -- of the growth data summarized in Figure

2 show that plants in the control, 6 mm, and 12 mm plots
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Table 7. Total aboveground yields, on culm length (mm)
and biomass (mg) bases, of average Agropyron
smithii plants from plots subjected to four
water regimes. Each datum is reexpressed (in
parentheses) as a percentage of the control.

Treatments
Control 6 mm 12 mm Wet
Total length production (mm)

1977 606 (100%) 735 (111%) Cm——— 1455 (220%)

1978 1245 (100%) 1340 (1006%) 1365 (110%) 1680 (135%)

1979 585 (100%) 600 (l102%) 600 (102%) 1140 (195%)

Total mass production (mg)

1977 139 (100%) 188 (135%) —-——— : 510 (367%)

1978 301 (100%) 209 (69%) 431 (l43%) 343 (1147%)

1979 156 (100%) 151 (97%) 150 (96%) 307 (197%)
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grow less than those in the wet plots (P<0.0001) inm all

years. Plants from the control plots grew less_than those
| in the 6 mm and 12 mm treatments in all years (P<0.02).
Although growth rates were not different in the 6 mm and
12 mm treatments in wet 1978, they did differ in dry 1979
(P<0.0001).

When leaf 1length 1is multiplied by specific 1leaf
weights (Kw) there is no clear pattern of yield increase -
with increasing water availability (Taﬁle 4 or Table 7).
Despite 1increases 1in growth described above, we cannot

therefore confidently conclude that per—-plant yields were

increased by 6 mm or 12 mm 1irrigation regimes. Total
yields would increase, however, if plant densities
increased (see below). Per-plant yield increases due to

the wet treatment are obvious.
‘ Tillers were present in every plot inm every yeér°
Although measurements were not taken in the 12 mm plot in
1977, it is assumed that since tillers appeared 1in the
remaining three treatments under study, they were also
presént in the 12 mm plot. Tilleré, as used here, are
defined as lateral vegetative shoots, arising from a leaf
axil, and growing wupward within the 1leaf sheath, Iie
iatravaginally (Moser 1977 and Thomas 1980). Tiller‘
growth -- which was ﬁeasured only in 1978 and 1979 --

while 1less than that of parent plants had a simi1ar

seasonal pattern (Fig. 2). Tiller growth declined more
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raﬁidly, however, in response to drought stress than did
the growth of parent plants.

The reader will note (Table 7) that production of the
average culm was less in 1979 than in 1977. This may be
due, 1in part, to the fact that 1979 was drier than 1977,
but is probably due also .to increased competition,
undoubtedly associated with increasing plant densities
which were observed, especially in the wet plots.

The reader will realize that the effects of water
supplements are a prodﬁct of individual responses

(discussed here) and population size (to be discussed

elsewhere) and in so doing will conclude -- due to the
omission of expected (and observed) increases in
population density -- that this paper understates the

benefits of added water.
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CONCLUSIONS

The results discussed above suggest five ma jor
conclusions:

1) The cumulative growth of individual plants (gm/plant)
followed the usual sigmoidal curve.

2) Green leaf area generally exhibited a belléhaped
curve which peaked about the time the aboveground mass
peaked and sometimes before significant plant or soil
water stress developed.

3) Aboveground production per unit of leaf area was
largest early in the season, fell to a low soon after the
peak of green leaf area, and rose slightly in the 1late.
summer. The_ first growth must have Dbeen built with
"reserves from the previous season. The decline in  unit
leaf rates through the log growth phase to the post—-peak-
of-green—-stage was probably due to allocation of
increasing amounts of photosyntate to root growth and
belowground storage. By growth analysis it is estimated
that one to two thirds of net photosyﬂthate is devoted to
belowground growth; this 1is not,incénsistant with the
observation that .55-95% of the plant 1is beigwéround.

Seasonal changes in allocation of photosynthate may be
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triggered by exhaustion of water and/or changes ‘in
daylength.
4) On a plant length basis, per—-plant growth increased

6-7% after light shower treatments (guarantees, of 6-12
mn/week) and 33-107%Z when soils were kept moist. On bg
plént weight  basis, however,' aboveground"yieldé were
significantly increased only by the wet treatment.

5) Yield effects ofnwater treétments are a product of
per—plant effects‘ (diécussed here). and plant 'densitf
’effects (the subject of another étudy). It is dqubtful
thaf water supplementé ever feduced plant densities-.
Until the density effects are multiplied in, one caﬁ only
conclude that the effects reported here gnderstate the

magnitude of water treatment effects.
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