Technical Report No. 255
CARBOHYDRATE RESERVES OF BLUE GRAMA
(BOUTELOVA GRACILIS} AT VARIOUS ENVIRONMENTAL

FACTORS UNDER GROWTH CHAMBER EXPERIMENTS

Unab G. Bokhari and M. |. Dyer
Natural Resource Ecology Laboratory
Colorado State University

Fort Collins, Colorado

GRASSLAND BIOME

U.S. International Biological Program

April 1974



TABLE OF CONTENTS

| Page

Title Page . . . ., . . .. .. .. e e e e e e e, i
Table of Contents . . . . . .. . . . S e e e e e e ii
Abstract . . . . . . .. ., ... ... e e e e e e e iii
Introduction . . . . . . ., .. . . .. e e e e e 1
Methods and Materials . . . . . . . . . P e e e e e e . 7
Results and Discussion . . ., , . . . . . . . e e e e e, 8
Response to 13/7°C Temperatures . . . . ., . . . . .. - 9
Response to 24/13°C Temperatures . . . . . . . e e .. 16
Response to 29.5/18°C Temperatures . . . . e e e e e 20
Growth Rate . . . . . . ., . .. ... .. e e e . 24
Conclusion . . . . . ., . ... ... e e e e e e e e 29
Literature Cited . . . . ., ., . . . . S e e e e e e e 32
Appendix T . . . . . .. .., . ... C e e e e e e . 34
Appendix IT ., . . . ., . ., . . . . . 35
Appendix III . . . ., . . . . . .. e e e e e e e e e . 36

Appendix IV . . . ., ., .. .. .. e e e e e e . 37



-iii-

ABSTRACT

Sods of blue grama (Bouteloua gracilisg) obtained from the Pawnee Site
were used in experiments to determine various plant functions under con-
trolled laboratory conditions that approximated field conditions at the
Experimentally Stressed Area (ESA). Three temperature regimes (29.5/18°C,
24/13°C, and 13/7°C day/night schedules) were maintained throughout the
experiment. A 12/12 photoperiod was maintained for all experiments. Tops,
crowns, and roots were collected and compared among four treatments (fertilized,
irrigated, irrigated pius fertilized, and control) for a growing period of
approximately 105 days. The dynamics of growth are described using labile

and nonlabile plant components during this interval.



INTRODUCT i ON

Results obtained when blue grama (Bouteloua gracilis (H.B.K.)} Lag.)
plants were exposed to various temperatures and water stressed conditions
in growth chambers at NREL during 1971-1972 indicated fluctuations in
total available carbohydrate (TAC) and nitrogen and phosphorus contents in
the shoots of these plants (Bokhari and Oyer 1973). Generally an increasing
trend in all these constituents was observed up to peak growth, followed
by a decline as the pltants approached maturity, No attempt was made to
follow this trend of carbohydrate fluctuations in roots or crowns. The
Present study was undertaken to investigate the translocation of carbohydrates
(flow of energy) from tops to crowns to roots under the Influence of
differential temperature and water stressed conditions. There is enough
information available in the literature on the phenomenon of carbohydrate
accumulation in the belowground parts of plants and its subsequent
utilization for top growth when new growth is initiated. The latter is
not fully understood. When conditions promote rapid growth, reserve
carbohydrates, mostly water-soluble, may either decline or remain at low
level. In grasses growing under natural conditions the role of reserve
carbohydrates is very important in continued functioning of the various
components at various trophic levels. As pointed out by White (1973), "adequate
carbohydrate reserves are important in perennial plants for winter survival,
early spring growth initiation and regrowth initiation after herbage
removal when the photosynthetic production is inadequate to meet these

demands." The effect of various environmental factors and herbage removal



treatments on various aspects of carbohydrate reserves of grasses, namely
time of storage, organs of storage, mobilization, and utilization of
reserves from these organs for top growth, is not fully understood.

For detailed discussion on the function of carbohydrate reserves in
grasses, the reader is referred to the reviews by Graber et al. (1927),

May (1960), Cook (1966}, Mc!iroy (1967), and White (1973).

Graber et al. (1927) defined reserve constituents: !'Those carbohydrates
and nitrogen compounds elaborated, stored and utilized by plant itself as
food for maintenance and for the development of future top and root growth."
Most investigators have considered carbohydrates as reserves; however,
recent studies (Davidson and Milthorpe 1966) have included nitrogenﬁus
compounds also as reserves. !n a complex and integrated grassland ecosystem
not only carbohydrates, but the nutrients especially nitrogen and phosphorus
should be included as reserves. The latter in turn would have a profound
effect on carbohydrate reserves and finally on the phenomenon of new growth
initiation in roots and tops.

The principal carbohydrate reserves in grasses are sugars, fructosans, and
starch. Grasses native to cool, temperate climates accumulate fructosans
while warm season species accumulate sugars and starch as reserves. Cellulose
and pentosans are not considered reserves since they are mainly structural
material, they do not exhibit frequent fluctuations in concentration, and
they cannot be further utilized in the same way as carbohydrate reserves.

Marshall and Sagar (1965}, working with Italian ryegrass, found that
labeled CO2 was not mobilized from roots to the shoots following defoliation,
nor was it mobilized from shoots to roots when tops were removed, thus

indicating no significant role of root reserves for top regrowth.
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Seasonal fluctuations in reserves result from the Influence of various
environmental factors such as temperature, avai]abifity of water, and nutrients.
The accumulation of reserves in plants is a dynamic phenomencn which depends
upon the balance between photosynthesis and respiration. The level of
reserve is determined by growth rate, plant development stage (Hyder and
Sneva 1959), and environment (Troughton 1957).

Factors such as nutrients, temperature, water, solar radiation, and
photoperiod which determine the magnitude of the gross energy harvested
by the pPrimary producers have a direct influence on the energy ultimately
available for consumers and decomposers. There also appears to be a
significant synergistic interaction between the energy reserves and the
nutrient status of the plant. The extent of recycling of the latter
would in turn greatly influence the extent of the energy balance in the
system and vice versa (Hutchinson 1971). Taking into consideration
the whole complex of grassland ecosystem, the survival and continuity
which appear to be directly related and dependent on the energy storage
of the primary producers, the carbohydrate reserves in roots and crowns
deserve special considerations. Any grassland ecosystem model without
the input of energy from the belowground biomass may not reflect time
adequately. Conditions which determine the energy surplus (the difference
between photosynthesis and respiration) of the aboveground biomass differ
drastically from the conditions which determine the flow of this excess
energy from tops to roots, from roots to soil, and from roots to tops
for initiation of new top growth,

Diurnal fluctuations of reserves seem to be minor, though not
insignificant in terms of growth. The structure and function of the grass-
land ecosystem, especially that of a stable one, would be largely dependent
on the seasonal energy balance for continuity of this system rather than

diurnal fluctuations. At this time, when the effect of consumer and
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decomposer trophic levels on the energy flow and nutrient cycling in
grassland ecosystem is not fully understood, it is difficult to assume

the impact of some of these biotic factors on the energy balance of the
pPrimary producer. The energy and nutrient balance of the whole system can be
estimated when the contribution of the individual component at each

trophic level in terms of energy harvest from the primary producer leve)

is known. The effect of environmental stresses on the energy flow {in terms
of carbohydrate equivalents) among various species will be different.
Temperature optima for growth and photosynthesis of temperate-origin grasses
are less than that of tropical-origin grasses. Similarly the effect of
water on reserves varijes. Some workers have reported that drought increased
the carbohydrate reserves in several grass species (Brown and Blaser

1965; Blaser, Brown, and Bryant 1966); others have reported that drought
decreased carbohydrate reserves (Brown 1939; Bukey and Weaver 1939),

Under water stressed conditions when increased carbohydrate reserves are
reported, there may be transformation of carbon-containing nitrogenous
substances (Brown and Blaser 1970). As mentioned earlier, water stressed
conditions under extreme temperatures would have a direct effect on photo-
synthesis and, thus, would markedly reduce the carbohydrate reserves. Again
the effect of water and temperature stresses would vary at different deve lopment
stages. Drastic fluctuations in day/night temperature would have a drastic
effect on "reserves .' High night temperature wouid decrease reserves of
temperate-origin grasses more than high day temperature, especially in
growth chambers,

The effect of nitrogen (N) fertilizer on reserves is variable. The

ility of nutrients in the soll, the



water potential of the soil, the microbial activities, and the organic
matter content of the rhizosphere. Under favorable environmental
conditions moderate amounts of N application are belijeved to have a
stimulating effect on carbohydrate reserves. Increased photosynthesis
upcn N application was reported by Murata (1969). High amounts of N
application have been reported to result in reduced carbohydrate reserves.
Prianishnikov (1951) interpreted this to be because of the stimulating
effect of N on amino acids and amide synthesis, thus reducing the
carbon-containing skeleton for carbohydrate reserves.

Many workers have reported the effect of defoliatlion or grazing on
carbohydrate reserves (May 1960). The carbohydrate reserve level in
the roots and tops depends upon the time and frequency of cutting, the
species, and the environmental factors. Frequent and intensive grazing
or cutting reduces the reserves in the root. Herbage removal reduces
the amount of carbohydrate reserves, rcot growth, and leaf area
(Alcock 1964). The importance of reserves in controlling regrowth after
herbage removal is a controversial topic. Some scientlsts (e.g., May
1960) believe that the role of reserves in initiating new growth or in
determining the rate of regrowth has not been firmly established while
others (Ehara, Maeno, and Yamada 1966; Pearce, Fissel, and Carlson 1969;
Smith and Marten 1970) have reported that reserves are definitely used
for regrowth following herbage removal,

Thus the importance of carbohydrate reserves in controlling regrowth
following herbage removal is not fully understood and Is stil) a
topical subject in grassland management. A critical level of carbohydrate
reserves for regrowth has not been determined in many grasses. Blue grama

grown in a growth chamber (at the Natural Resource Ecology Laboratory) was
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unable to initiate regrowth at carbohydrate reserve levels in roots and
crowns below 2.5% and 3.5%, respectively. However, when moderate amounts
of N (30 kg N/ha) were applied to the same plants, growth was initiated
within 2 weeks. From this it appears that merely the presence of carbohydrate
reserves in roots or crowns does not determine the rate of regrowth when
other factors are limiting. In this case failure of regrowth initiation
by carbohydrate reserves in the presence of adequate amounts of water
(at field capacity) and in the absence of N suggests that the phenomenon
of carbohydrate mobilization may be independent of the level of carbohydrate
reserves. It appears that utilization of carbohydrate reserves depends upon
the availability of a factor which is synthesized in the presence of
adequate amounts of N. The synthesis of this factor in turn may depend
upon the availability of energy that is supplied by the carbohydrate
reserves. Another alternate interpretation of the effect of moderate
nitrogen applications on carbohydrate mobilization or regrowth may be that,
in fact, N application has no effect on mobiltization of carbohydrate per
se, but rather on the tiller primordium where new growth Initiation is
intended.

We suggest that more research is needed to establish the role
of a critical amount of carbohydrate reserves for regrowth in vari-
ous grass species in conjunction with other factors. The triggering
mechanism, ff it really exists, wil) vary from species to species, and
its role or mode of action may be different at different times during
and after plant growth.

Those grassland management practices, which emphasize carbohydrate
reserves only, may not turn out to be so important, espectally when

theoretically adequate amounts of carbohydrate reserves fall to initiate

regrowth,



In the natural grassltand ecosystem the interrelated and integrated
effects of various biotic and abiotic factors on energy balance and nutrient
cycling seem to be inseparable, and if the system is operating at a steady
state, minor external disturbances in terms of environmental factors are
adjusted in favor of stabilization of the system, .

In this study blue grama plants were subjected to various temperature
regimes under four treatments in growth chambers. The objective of the
study was to investigate the influence of temperature, water stress, and
nitrogen fertilizer and their interaction effect on the carbohydrate reserves

in aboveground and belowground biomass at various phenological stages. Both

labile and nonlabile carbohydrate components are considered.

METHODS AND MATERIALS

Blue grama plants growing in one of the campus greenhouses were
brought to the Natural Resource Ecology Laboratory and were separated
into individual sods. Only ""healthy-looking" roots and leaves were used,
They were transferred to plastic pots (12.7 cm deep x 12.7 cm surface
diameter) containing a soil potting mixture consisting of soil from Pawnee
Site, sand, and peat moss {4:1:1). The Pawnee Site soil representing
various treatment areas was heterogenous in texture and fertility levels.
The soils were thoroughly mixed before being combined with sand and peat
moss. A total of 120 pots were filled with this soil mixture and placed
in the three growth chambers in groups of 40. These were watered to field
capacity to bring the water content to uniform level before planting, A
week later plants were planted in each pot and left in the same chamber
for another 2 weeks to precondition them to the chamber environments,
Treatments began at the end of the 2-week preconditioning period. Out of

the 40 pots, 10 received no treatment (control =€), 10 were given nitrogen



(N) at the rate of 150 kg N/ha in the form of ammonium nitrate, 10 received
water dally to maintain field capacity, and the remaining 10 were given
nitrogen and a daily watering. The control and the fertiljzed pots received
water at 3- to h-day intervals to prevent them from extreme drought conditions.

Environmental conditions in the three growth chambers were 13/7°,
24/13°, and 29.5/18°C day/night temperature, alternating with 12-hour
photoperiods at 2000 ft-c light intensity.

Sampling was started a week later, following the nitrogen application
(0 day). Subsequent samples were taken on the 45th, 65th, 90th, and
120th day counting from 0 day.

At each sampling time eight pots from each chamber {two from each
treatment) were taken; separated into shoots, crowns, and roots; dried
at 70°C for 48 hours; and heid for chemical analyses. Roots along with the
adhering soil particles were first dried and then separated by hand
from the soil. Dry weight of each plant part was recorded after drying
and ground through 40-mesh screen in a Wiley mill.

A 500-mg sampie was used for determining TAC by the Smith (1969)

method using 0.2 N stoh to hydrolyze the starches.

RESULTS AND DISCUSSION
The time-course responses of dry weight of plants from the four treat-
ments at different temperature regimes are given in Fig. 1, 3, and 5.
The magnitude of the range of fluctuations in carbohydrate reserves
of the three plant parts are given in Fig. 2, 4, and 6 while Fig. 7 to 9
show the rate of growth over a period of time. An analysis of variance was

made to determine the significance of differences in the growth, yield, and



carbohydrate reserves because of temperature, water stress, fertilization,
time, and all interactions among these factors. Al} the differences among
these interactions were highly significant (p<0.01) (Tables 1 to 3).

In comparing Fig. 1, 3, and 5 the data from four treatments reveal
two aspects of plant growth quite clearly: (i) irrigated plus fertilized
plants produced significantly more total yield under the three tempera-
ture regimes than did any of the plants under the remaining three
treatments, and (ii} growth rate of plants that received water plius
fertilizer was faster at 29.5/18°C than under 13/7°C or 24/13°cC.

Plants that received only water treatment recorded higher growth
rates than the control or the fertilized plants. The latter had the

slowest rate of growth.

Response to 13/7°C Temperatures

Dry matter production. The dry weight of shoots, crowns, and roots of
control plants under 13/7°C increased from 3.20, 2.32, and 1.34 g (0 day)
to 8.30, 3.42, and 2.67 g in 120 days, an increase of 160%, 47%, and 100%,
respectively (Fig. 1). During the same period the dry weight of the
same three organs of plants from fertilized treatment increased from 3.51,
2.15, and 1.27 g to 8.71, 3.47, and 2.58 g, an increase of 148%, 61%,
and 103%, respectively. Irrigated plants produced significantly greater
yields than the control or the fertilized plants. (fncreases of 200%,
80%, and 117% were recorded in 120 days for shoots, crowns, and roots,
respectively. The irrigated plus fertilized plants accumulated more
dry matter than the rest of the plants. The shoot, crown, and root

increases were 226%, 112%, and 138%, respectively.
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Table 1. ANovAY of dry welght/pot.

Source df sS MS F
Treatment (Trt) 3 265.66 88.55 5903.33  #snb/
Temperature (Temp) 2 61.60 30.80 2053.33  ®ux
Trt x Temp 6 24 .67 b1 274,00 #ax
Error 1 12 0.18 0.01%
Days (D) 4 740.59 185.15 12879.30  #xx
D x Trt 12 80.06 6.67 b6h 00  Hxw
D x Temp 8 18.94 2.37 164,87  xxx
D x Trt x Temp 24 10.71 0.45 31.30 #%x
Error 2 48 0.69 0.014
Position (P) 2 2035.07  1017.53 39388.26  #aw
Px Trt 6 135.63 22,60 874.84  xwx
P x Temp b 14.91 3.73 144,39 wnx
P x Trt x. Temp 12 23.36 1.95 75.48  wxx
Error 3 24 0.62 0.026
Days x Position 8 355.46 44 43 5017.98  #xx
D x P x Trt 2k 43.66 1.82 205.55  #xs
D x P x Temp 16 9.15 0.57 64.38  wux
D x P x Trt x Temp 48 13.50 0.28 31,62  dexx
Error 4 96 0.85 0.009
Total 359 3835.33

a ; .
a/ Analysis of variance.

b/ #*%%: Significant for o = 0.01.



Table 2. ANOVAY of % TAC.
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Source df 5SS MS F
Treatment (Trt) 3 669.43 223,14 1369.66  #sxb/
Temperature (Temp) 2 82.17 41.08 252,15  #s%%
Trt x Temp 6 39.81 6.63 40.70  #wx
Error 1 12 1.955 0.163
Days (D) 4 696 .44 174,11 1313.62  ##=»
D x Trt 12 189,65 15.80 119,21 s#x
D x Temp 8 20,87 2.61 19.69  ##%
D x Trt x Temp 24 22.24 0.93 7.02  waEk
Error 2 48 6.362 0.133
Position (P} 2 5628.36 281418 21212, 41 A
P x Trt 6 383.56 63.93 481,88  xxx
P x Temp 4 42,96 10,74 80.95  xxx
P x Trt x Temp 12 21.64 1.80 13.57  #kx
Error 3 24 3.18% 0.133
Days x Position 8 422 .47 52.81 383,38  wux
D xPxTrt 24 142,32 5.93 43,05  kxx
D x P x Temp 16 16.19 1.01 7.33 ks
D x P x Trt x Temp 48 23.91 0.50 3.63 wkk
Error &4 96 13.22 0.138
Total 359 8426.,74

a/ Analysis of variance.
b/ s,

Significant for o« = 0.01,



Table 3. ANOVAZ of growth rate.

-12-

Source df $S MS
Treatment (Trt) 3 36715.36  12238.45 862.12 a2/
Temperature (Temp) 2 7985.72 3992.86 281.27  whx
Trt x Temp 6 4739.64 789.94 55.65  #xx
Error 1 12 170.35 14,20
Days (D) 3 18178.29 6059. 43 145,18 #x4
D x Trt 9 4381.71 48686 11.67 s
D x Temp 6 3537.42 589.57 14,13 &
D x Trt x Temp 18 2991.53 166.20 3.98  wax
Error 2 36 1502.51 4,74
Position (P) 2 152891.56  76445.78  9664.45  snx
P x Trt 6 18438.52 3073.09 388.51 Kk
P x Temp 4 3534.09 883.52 111,70 #xx
P x Trt x Temp 12 6203.12 516.93 65. 35 Ak
Error 3 24 189,84 7.91
Days x Position 6 28731.95 4,788.66 165.00 *okk
D x P x Trt 18 11908.74 661,60 22,80 sk
D x P x Temp 12 3838.40 319.87 11.02 Kk
D x P x Trt x Temp 36 10461.06 290,58 10.01 s
Error 4 72 2089.5¢% 29.02
Total 359

a/ Analysis of variance.
-7

Significant for a = 0.01.
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These results indicate that if other factors are not limiting, then
blue grama plants were able to utilize the added nitrogen and water more
efficiently. Since fertilization in the absence of adequate water fajled
to increase the yield of blue grama, it appeared that blue grama plants
in the presence of adequate Qater had developed the capabillity to utitize
this added nitrogen for the production of more yield. Added nitrogen and
water enhanced shoot growth and leaf area and, thus, increased the photo-
synthetic activities of shoots. Increase in shoot production was followed
by increases in crowns and roots.

Total available carbohydrates (TAC). Fig. 2 glves the carbohydrate
reserves at 13/7°C from four treatments. The TAC of irrigated plus
fertilized shoots, crowns, and roots increased from 6.75% to 18.32% (in 90
days), from 2.52% to 5.25%, and from 1.65% to 3.75% (in 120 days), respectively.
However, the TAC of shoots dropped from 18.32% to 13.20% in 30 days following
the 90-day growth period (Fig. 2). A slight decrease in TAC of roots was
also recorded. Similarly the TAC of irrigated shoots Increased from 6.85%
to 15.75% in 90 days, followed by decreases that dropped to 11.30% at the
end of 120 days.

The TAC of crowns and roots at the same time increased from 2.45% to
4.87% and from 1.52% to a maximum of 3.20%, respectively. The latter dropped
to 2.85% in the next 30-day growing period. The TAC of fertilized and
untreated plant shoots increased from 6.35% to 3.25% and from 6.45% to 10.85%
in 90 days, respectively, followed by slight decreases towards the end of
the growing season. The TAC of crowns and roots of the same plants showed
slight increases as the plants approached maturity,

When compared with the dry matter yield of these plants under 13/7°C,

an inverse relationship appears to exist between TAC and dry matter production.
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The TAC in shoots of plants under the four treatments developed a tendency
of decreasing trend toward the end of growth period; however, there was

no significant change in the TAC of belowground parts during the same interval.
This indicates that either there is more translocation of carbohydrate
reserves to belowground parts or production of more fibrous materials as
the plant approaches maturity. The continuous increase In dry matter
production and at the same time a similar increase in TAC of belowground
parts suggest that both translocation and dilution phenomena occur
simultaneously. The significantly increased TAC contents In shoots,
crowns, and roots of irrigated plus fertilized plants further support
these assumptions with respect to dry matter production under the same
treatment. For blue grama plants added nitrogen and water have a very

favorable effect on growth.

Response to 24/13°C Temperatures

Dry matter. In Fig, 3 the results at 24/13°C are given. The dry weight
of shoots, crowns, and roots of plants under the four treatment conditions
exhibited greater increases over the plants from the same treatment at 13/7°C.
Controi plants increased 222%, 60%, and 124%, and fertilized plants
increased 157%, 62%, and 135% for the respective plant parts.

The shoot dry weight values of the untreated plants were higher than the
fertilized plants while the reverse was true for crowns and roots. At the
same temperature regimes the plant dry weight values for the Irrigated and

the irrigated plus fertilized plants were much greater than for untreated and

fertilized plants.
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The irrigated and the irrigated plus fertilized plant Increases in dry
matter production for the three plant parts were 270%, 112%, and 183% and
378%, 138%, and 19#%,‘respectively, for shoots, crowns, and roots. Irrigated
plus fertilized plants were more efficient in dry matter accumulation than
irrigated plants,

Total available carbohydrates (TAC). In Fig. 4 the TAC at 24/13°C from
the four treatment groups is given. |In general, the TAC of shoots, crowns,
and roots at 24/13°C is greater than at 13/7°C (Fig. 2 and 4), The shoots of
irrigated plus fertilized plants increased in TAC contents from 7.23% to
20.20% (in 90 days), dropping to 15.32% within the next 30 days. The
TAC of crowns and roots showed a gradual increase until! the end of the growing
period with a slight decrease in TAC of roots following the 90-day growth
period.

On the other hand, the TAC component of irrigated shoots increased from
7.23% to 17.25% (in 90 days), dropping to 13.75% toward the end of experimental
period. The TAC of crowns and roots showed gradual Increases, reaching a
maximum of 6.35% in the case of crowns and 4.15% in the case of roots
in 120 days.

The TAC contents of shoots, crowns, and roots from untreated and
fertilized plants were of significantly lower magnitude than those of the
other two treatment groups.

The TAC of untreated and fertilized plant shoots increased from 6.69%
to 11.87% and 7.12% to 10.83% in 90 days, followed by decreases within the
next 30 days and dropping to 8.75% and 7.83%, respectively.

The TAC of crowns and roots of untreated plants followed gradual

increases from 2.48% to 3.55% and 1.50% to 2.75%, respectively.
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Similarly for crowns and roots of fertilized plants, increases of
2.47% to 3.42% and 1.50% to 2.58%, respectively, were recorded,

Here also the irrigated plus fertilized plants under 24/13°C were able
to produce more yield and TAC than the plants from the other three
treatments. Plants from all four treatments under 24/13°C exhibited
significantly greater dry matter production and TAC content in shoots,
crowns, and roots than the plants under 13/7°C. It appears that at higher
temperature regimes blue grama plants are able to utilize the added nitrogen
and water more efficiently. More carbohydrate reserves were accumulated in

crowns and roots under 24/13°C than under 13/7°C.

Response to 29.5/18°C Temperatures

Dry matter production. 1In Fig. 5 the results at 29.5/18°C for the plants
from the four treatments are glven. Here the dry mattef production in
all three parts of the plant was greater than for the two previously
mentioned temperature regimes. Dry matter of the shoots, crowns, and roots
of untreated plants increased 210%, 56%, and 106%, respectively,
while fertilized plants at the same time showed increases of 150%, 51%, and
110%. Again the shoots and crowns of untreated plants had accumulated
more dry matter than did the fertilized plants.

The increases in the weight of shoots, crowns, and. roots from the
irrigated plants were 317%, 127%, and 245% and for the irrigated plus
fertilized plants were 372%, 148%, and 243%.

Total aﬁail&ble carbohydrates (fAC). In F;Q. 6 the TAC contenf at
23.5/18°C is given. When the results in this figure are compared with the

dry weight results in Fig. 5, an inverse relationship between the dry matter
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production and the carbohydrate reserves becomes evident toward the end of
the experimental period. This relationship is also true for the other
two temperature regimes.

The TAC content of shoots from fertilized plus irrigated plants
increased from 7.12% to a maximum of 24.60% in 90 days.and then declined
within the next 30 days to 16.81%. The TAC of crowns and roots increased
gradually from 2.46% to 7.87% and 1.55% to 4,23%, respectively, in 120 days.

The irrigated plant shoots exhibited a similar trend which showed
increases in TAC content from 6.81% to 20.50% in 90 days, dropping to
15.25% at the end of 120-day growth period. The TAC of crowns and roots
exhibited a similar trend as that of irrigated plus fertilized plants but
with a somewhat lesser magn | tude.

The TAC content of fertilized and untreated plants was significantly
lower than the other two treatment groups (Fig. 6). Fertillzed and untreated
plant shoots reached a maximum of 9.87% and 12.84% TAC, respectively, in 90
days. The TAC contents of crowns and roots from the same plants were 3,38%
and 2.43% (fertilized) and 3.67% and 2.87% (untreated), respectively, at the
end of 120 days.

These results indicate very clearly that the most favorable response
of blue grama plants to added nitrogen and water are obtained at high
temperature regimes. Blue grama is a warm season species, and thus such
a response would be expected under the conditions of this experiment. The
response ofjmany grasses to added nitrogen is quite controversial (White
1973). Faﬁorable response to nitrogen under conditions of deficient soil
nitrogen has been reported (Murata 1969). High amounts of added nitrogen

were reported by Prianishnikov (1951) to reduce carbohydrate reserves.
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In this study added nitrogen in the presence of adequate water was
found to have a stimulating effect on growth and carbohydrate reserves.
The results of this study are not in agreement with the work of Trlica
and Cook (1972) who reported that added water reduced carbohydrate reserves
in crowns and roots of crested wheatgrass and Russian wild rye. This
discrepancy could be caused by several factors. In this experiment blue
grama plants were grown under controlled environmental conditions, and as
such, factors that might have been limited in the field under adequate
soil water were not limited in this study, Blue grama is a warm season
species, and thus its response to water and nitrogen might be altogether
different than cool season species. Again plants grown under a continuous
watering schedule in the presence of adequate nutrients appear to not
only enhance the shoot growth, but also increase translocation of

carbohydrate reserves to belowground parts.

Growth Rate

Growth rates, expressed in g/pot/day, are given for blue grama plants
in three temperature regimes and four treatments (Fig. 7 to 9). Higher growth
rates of shoots were obtalned by plants in the irrigated and fertilized plus
irrigated treatments. Control- and fertilized-plant shoots at 13/7°C
obtained a maximum growth rate of 0.06 g/pot/day on the 65th day while irrigated
and fertilized plus irrigated plant shoots reached a maxImum growth rate
of 0.08 g/pot/day at the same time, an increase of 33% (Fig. 7). The crowns
and roots from control and féftilize&-pléﬁis reached a ﬁaxlmum of 0.01
g/pot/day, respectively, in 90 days. The maximum growth rate of crowns for
irrigated and fertilized plus irrigated plants during the 65-day growth
period was 0.03 g/pot/day. However, roots of fertilized plus irrigated

plants obtained a higher growth rate (0.03 g/pot/day) than the irrigated
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plants (0.02 g/pot/day). At 24/13°C temperature the shoot growth rate
under the four treatments was significantly greater at peak growth than
for 13/7°C temperature. The shoots of control plants at peak growth
(90 days) recorded a growth rate of 0.07 g/pot/day while the fertilized
plant shoots reached a maximum growth rate of 0.05 g/pot/day during
the same interval, a decrease of 40% (Fig. 8).
The shoots of irrigated plants at this temperature (24/13°C) had
a growth rate of 0.12 g/pot/day, and the fertilized plus irrigated plants
recorded a growth rate of 0,16 g/pot/day at the same time, an increase
of 33%. The maximum growth rates of crowns and roots under the four treatments
at this temperature (24/13°C) were nearly the same as for 13/7°C, except for the

crows of fertilized pius irrigated plants whers a slightly higher growth

rate (0.04 g/pot/day)-was recorded,

Under the 29.5/18°C temperature regime, shoot, crown, and root growth
rates were higher for all four treatments in contrast to 24/13°C or 13/7°C
températures. Maximum shoot growth of control, fertitized, Irrigated, and
fertilized plus irrigated plants at peak growth (90 days) was 0.08, 0.06,
0.12, and 0,14 g/pot/day, respectively. Increases of the same magni tude
in growth rate of crowns and roots were also recorded. There was no
significant difference in crown and root growth rates between contro)
and fertilized plants. The same was true for irrigated and fertiiized plus
irrigated crowns and roots.

As evident from Fig. 9, maximum shoot growth under the four treatments
was obtained at 29.5/18°C. On the other hand, maximum crown and root growth
at 29.5/18°C was recorded only in irrigated and fertilized plus irrigated
plants. The crown and root growth rate of control and fertilized plants

under the three temperature regimes remained almost the same.
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These results indicate that maximum shoot, crown, and root growth rates
of blue grama plants can be achieved at temperatures greater than 24/13°¢
day/night temperatures. Growth rate can be enhanced in the presence of
adequate water and nitrogen fertillization. There seems to be a synergistic
effect of soil water and nitrogen on plant growth rate, The interaction
effects of temperature, water, and nitrogen on plant growth rate are
highly significant at high temperature regimes. Added water and nitrogen
at low temperature regimes (13/7°C) appear to have no appreciable effect
on growth rate. These results in general suggest that high temperatures
accompanied by adequate water, soil nutrients, and other nonlimiting factors
increase not only growth of plants, but also result in the accumulation

of greater amounts of carbohydrate reserves in belowground parts,

CONCLUSION

Variation of carbohydrate reserves on diurnal and seasonal time scales
is a common phenomenon in plant tissue maintaining a dynamic system of energy
balance (White 1973). The magnitude of energy balance at any time among
various parts of plants Is dependent on various environmental factors such
as temperature, soil water, nutrient status of the plant, and origin of the
plants, 1In this study high temperature regimes and adequate water ptus N
treatment showed a very favorable effect on TAC of shoots (Fig. 2, 4, and 6).
When accompanied by adequate soil water, nitrogen applications under N
deficient conditions in the sojl appear to enhance growth, even at high
temperatures. Being a warm seasch grass, the temperature optima of blue

grama are higher than a coo! season grass. Under conditlions of low soil water N
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applications have adverse influence on growth as well as on carbohydrate
reserves. According to Prianishnikov {1951), excess nitrogen tends to
decrease carbohydrate reserves when other factors do not limit plant
growth. He attributes this to the enhanced utilization of carbon compounds
for amino acid synthesis. This study does not bear out these previous findings,
Here we indicate that an addition of N appears to have no such detrimental
effect on carbohydrate reserves or on growth when accompanled by adequate
water and suitable temperature conditions. The adverse effect of N

on growth and TAC under drought conditions are evident in this study.

Blue grama plants do not appear to respond to N under high water stress
conditijons.

Blue grama plants show an inverse relationship between carbohydrate
content and growth as plants approach maturity. This observation is
apparent under all three temperature regimes. At a low temperature regime
this tendency becomes quite apparent before plant maturity.

The distribution of carbohydrate reserves among the three principal parts
of the plants seemed to follow a natural cycle throughout the experimental
period with the shoots undergoing significant fluctuations close to peak growth.
This was true in all temperature regimes under all four treatments. Carbo-
hydrate reserves in crowns and roots did not exhibit such fluctuations, but
rather gradual increases were recorded throughout the experimental period,

The fluctuations of the carbohydrate reserves in shoots plus the
gradual Increases in crowns and roots indicate that during and after

peak growth the excess carbohydrates are translocated to the belowground
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parts of plants as food reserves. Another explanation for the decline
of TAC in shoots could be the accumulation of more fibrous materials,
thus exerting a dilution effect simultaneously. The amount of carbo-
hydrate reserves in the three parts of plants at any given time during
the 120-day growth period was greater at high temperature regimes, espe-
cially in the fertilized plus irrigated plants. This would suggest
enhanced photosynthetic activity in excess of respiration which results
in an excess of carbohydrate translocation to belowground parts.

The growth of belowground parts was correlated to its carbohydrate
reserves under any given temperature regime, thus indicating a steady
energy flow in these parts. However, the magnitude of this balance was
greater at high temperature regimes in the fertilized plus irrigated
plants followed by irrigated, unirrigated, and fertilized plants in that
order.

The dry matter and total available carbohydrates components for
shoots, crowns, and roots were converted to energy quanta to ascertain
the energy flow levels in plants at various intervals. These data are
available in Bokhari, Singh, and Smith (1974}. Some of the results
are presented here (Appendices) for information that can be used
internally in the program. The gross dry weight of plants per pot
(Appendix I) was converted to gross energy by multiplying with a factor
of 4.3 kcal g-‘ dry weight. The TAC data (Appendix II) were converted
to labile energy by multiplying with a factor of 3760 cal g‘1 glucose
(Appendix III). To obtain tthe nonlabile fraction of energy (Appendix 1V),
labile energy was subtracted from gross energy. Thus the tables ijn
Appendices III and IV show the magnitude of labile and nonlabile energy
in shoots, crowns, and roots of blue grama under various temperatures,

water stress, and fertilizer conditions.
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