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ABSTRACT

Nitrogenase-dependent acetylene reduction, leaf, herbage, and root
growth, and total nonstructural carbohydrate accumulation of alfalfa (Med-
icago sativa L.) and birdsfoot trefoil (Lotus corniculatus L.) were compared
to learn how nitrogen fixation capacity and vegetative growth respond to
partial (75-85%) or total shoot and leaf removal, and floral debudding.
Treatments were imposed on greenhouse-grown plants during two succes-
sive harvest cycles.

Both species displayed an initial decline in total nitrogenase activity
within 2 days of harvest and a subsequent recovery of activity after 10 to
21 days. Rate of recovery varied with the amount of leaf area removed.
Periodic flower removal did not significantly alter total nitrogenase activity
of either species compared with the unharvested controls. In the first
harvest cycle, partial leaf area removal did not affect nitrogenase activity
of alfalfa, but activity of trefoil was reduced 56%. In the second harvest
cycle, partial leaf area removal reduced total nitrogenase activity of alfalfa
46% and that of trefoil 69%. Complete leaf and shoot removal reduced total
nitrogenase activity of alfalfa 78% after the first harvest and 86% after the
second harvest.

Recovery of nitrogenase activity after harvest paralleled leaf area ex-
pansion in both species. After the initial decline following the first partial
harvest, total nitrogenase activity and leaf area of alfalfa increased 170
and 500%, respectively. After the initial decline following the second partial
harvest, nitrogenase activity and leaf area of alfalfa increased 280 and
800%, respectively. Partly harvested trefoil and completely harvested al-
falfa showed similar response patterns. Release of bud dormancy and leaf
area expansion after flowering of nonharvested alfalfa apparently caused
an increase in nitrogenase activity, but patterns of acetylene reduction and
leaf area were not otherwise closely correlated in controls of either species.
Decline and accumulation of total nonstructural carbohydrates in both
species varied with defoliation treatment. Patterns of nonstructural car-
bohydrates in root tissue were not closely related to the changes in total
nitrogenase activity caused by shoot removal.

Nitrogen fixation in legumes requires a large expenditure of
energy from photosynthates for nodule growth and function.
TNA® estimated by the N3(C:H,) reduction assay (5) has been
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associated with photosynthate supply and partitioning in a number
of species. Supplemental light (10), grafting of a second shoot (21),
and CO; enrichment (6) enhanced TNA of soybeans (Glycine max
L. Merr.). Higher PAR and LA accompanied increased TNA of
several forage legumes (3, 4). Floral debudding and the associated
promotion of vegetative growth stimulated nodule growth (16)
and TNA (11) of pea (Pisum sativum L.). The TNA of soybeans
declined after CO; deprivation (9), shading (10), defoliation (10),
stem girdling (9), shoot excision (12), and prolonged darkness (12).
Similarly, TNA decreased after exposure of subterranean clover
to low light intensity (4), removal of pea shoots (13), and contin-
uous darkening of pea and alder (23). The depression of TNA by
such competing sinks as developing fruits (1, 7, 10) further indi-
cates the importance of photosynthate to No-fixation.

The removal of photosynthetic tissue from forage legumes at
harvest and the competition between vegetative regrowth and
nodules for reserve carbohydrates and current photosynthate may
adversely affect the capacity of nodules to sustain N-fixation.
Previous investigators reported a decline in nodule numbers fol-
lowing herbage removal for several forage species (2, 24, 25).
White clover (14, 17) and alfalfa (22) exhibited a pattern of initial
decline and eventual recovery in TNA after harvesting.

The objectives of this research were to determine the response
of No-fixation, leaf, herbage, and root growth, and TNC concen-
tration to: (a) the partial loss and subsequent regrowth of photo-
synthetic tissue; and (b) floral debudding in two successive harvest
cycles for alfalfa and birdsfoot trefoil (Lotus corniculatus L.).
Complete defoliation was also imposed on alfalfa to determine its
influence upon No-fixation. Alfalfa and trefoil were selected be-
cause of the difference in the level of carbohydrates stored in their
roots (18). These experiments provided a test of the capacity of
alfalfa with its extensive carbohydrate reserves and trefoil with its
relatively small carbohydrate reserves to sustain No-fixation after
the removal of a substantial portion of photosynthetic tissue.

MATERIALS AND METHODS

Alfalfa (Medicago sativa L., cv. ‘Saranac’) and birdsfoot trefoil
(Lotus corniculatus L., cv. ‘Leo’) seedlings inoculated with Rhizo-
bium inoculum (supplied by Nitragin Co., Milwaukee, WI)* were
sown and cultured in a greenhouse sand bench. When the trefoil

* Mention of a trademark, proprietary product, or vendor does not
constitute a guarantee or warranty of the product by the United States
Department of Agriculture or the University of Minnesota and does not
imply its approval to the exclusion of other products or vendors that may
be suitable.
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and alfalfa were about 14 weeks old, the tops were removed and
the roots were trimmed to 12 cm. Seedlings were then transplanted
by pairs into 15 cm pots filled with sand. The center-to-center
spacing of pots of alfalfa was 20 cm within and between rows.
The center-to-center spacing of pots of trefoil was 28 cm within
rows and 32 cm between rows. Although trefoil plants were more
widely spaced, their decumbent growth habit resulted in mutual
and self shading similar to that of alfalfa. Finely ground limestone
was applied at the rate of 0.4 g/pot. Potassium and P were supplied
as 04 g KH;PO, and 0.2 g K.SO,/pot, but no N was added.
Supplemental fluorescent light at a quantum flux density of 190
uwE m™? s7! was provided during a 16/8 h light/dark cycle at 25/
20 C for alfalfa and 28/20 C for trcioil.

After transplanting, the alfalfa and trefoil were allowed to
regrow to 10% flowering before harvest. After this harvest, alfalfa
was allowed to regrow for 21 days and trefoil for 37 days.
Thereafter, each species was subjected to three treatments: control,
floral debudding, and partial shoot removal (hereafter, partial
harvest). Controls continued growth after the start of experiments
on day 0 without further harvests. Debudding was removal of
floral buds and flowers every third or fourth day starting at the
onset of sampling on day 0. Partial harvests were performed twice
during the experimental period. The first alfalfa harvest at 75%
bloom on day 1 reduced leaf area by 75%. A second harvest (day
36) at 100% bloom removed 85% of the leaf area. The first trefoil
harvest at 90% bloom on day 2 reduced leaf area by 85%. At 100%
bloom (day 35), the second harvest removed 75% of the leaf area.

Each treatment was replicated four times in randomized com-
plete blocks. Four pots (eight plants) per treatment were randomly
selected for each species at each sampling, which was often divided
equally between two successive days to facilitate handling of
material. Alfalfa was sampled on days 0, 2, 9, 18, 34, 37, 46, 55,
and 71. Trefoil was sampled on days 0, 4, 12, 20, 35, 39, 45, 57,
and 71.

In a companion experiment to the three already described, a
group of alfalfa plants from the original population was allowed
to regrow for 30 days following a fourth harvest. Total shoot
removal occurred at 85% bloom on day 1 of sampling and at 50%
bloom 24 days later. Every leaf was removed and only 2 to 3 cm
of stem remained as stubble. Four pots (eight plants) per sampling
were randomly selected. These plants were assayed on days 0, 2,
5, 12, 25, 26, 27, 29, 36, and 52. The time of sampling for all
experiments was standardized at about 4 h before the onset of
darkness.

The TNA per plant, estimated by the N2(C:H) reduction assay
(5), was the measure of the Nq-fixation capacity of individual
plants. Roots of plants from each pot were separated quickly,
washed free of sand in 20 C water, and gently blotted to remove
excess moisture. Detopped roots were placed in 1-liter jars
equipped with serum stoppers. Sixty cc of air were withdrawn and
replaced with an equal volume of C,H.. Root systems were
incubated at 20 C. At intervals of 32 or 48 min., 0.5 ml of the
gaseous atmosphere from the incubation chamber was withdrawn
by a syringe and injected into a Varian 3700 gas chromatograph
equipped with a 0.4 X 180 cm Poropak N column at 80 C oven
temperature. The injector temperature was 80 C and the carrier
gas was N at a flow rate of 30 cc/min. Rate of C;H, production
from C,H: was computed by a Varian CDS 111 microprocessor
from a standard curve that was established daily.

The LA of individual plants was measured with a Hayashi
Denko automatic area meter type AAM-5. Herbage and root mass
were measured after the plant material was oven-dried at 70 C for
at least 24 h. The TNC concentration of roots was analyzed by
Smith’s procedure (19).

RESULTS AND DISCUSSION

INTERSPECIFIC COMPARISONS

Control or Nonharvested Plants. The patterns of TNA for
alfalfa and trefoil generally differed throughout the experiment,

NITROGEN FIXATION OF PERENNIAL LEGUMES

899

although rates for individual plants of the two species were similar.
The TNA of alfalfa was about 6 umol C.H./h-plant for the first
38 days and rose to a maximum of 16 pmol C;H,/h.plant by day
72 (Fig. 1A). The TNA of trefoil rose from 4 to 12 pmol C;H,/h-
plant within the initial 13 days, linearly declined to 6 umol C;H./
h.plant over the next 33 days, and reached 9 pmol C;H,/h-plant
during the final 26 days (Fig. 2A).

Despite similar proportional increases in herbage growth for
alfalfa and trefoil over the sampling period, the patterns of LA
expansion differed between the species (Fig. 1, B and C; Fig. 2, B
and C). Leaf area of alfalfa expanded from about 300 to 950 cm?®/
plant within the first 35 days. Thereafter, senescence of leaves
followed by new growth from crown and axillary buds maintained
LA at about 800 cm®/plant. Leaf area of trefoil expanded more
slowly and steadily from 375 to 900 cm?/plant.

Root growth and TNC concentration also differed between the
two species. Alfalfa increased root mass from 1.5 to 14 g/plant
and TNC levels from 9 to 21% over the sampling period (Fig. 1,
C and D). Root mass and TNC levels of trefoil remained constant
at about 12 g/plant and 6%, respectively (Fig. 2, C and D).

Debudded Plants. The TNA of debudded alfalfa was about 5
pmol C,H,/h.plant for the initial 37 days and reached 12 pmol
C;H,/h-plant on day 72 (Fig. 3A). The TNA of trefoil increased
from 4 to 12 pmol C;H,/h-plant for the first 21 days, but subse-
quently declined to 5 umol C;H,/h-plant on day 72 (Fig. 4A).

Rates of herbage growth, LA expansion, root mass accumula-
tion, and TNC accumulation were relatively greater in debudded
alfalfa than in trefoil. During the experiment, herbage mass in-
creased 400% in alfalfa and 130% in trefoil (Figs. 3C, 4C). Trefoil
displayed no consistent LA expansion (Fig. 4B), but LA of alfalfa
expanded nearly 3-fold within the initial 37 days (Fig. 3B).
Thereafter, senescence of alfalfa leaves followed by new growth
from crown and axillary buds maintained a constant LA. Root
mass over the sampling period increased 940% for alfalfa and
130% for trefoil (Figs. 3C, 4C). The TNC concentration increased
from 9 to 20% for alfalfa and from 6 to 10% for trefoil within the
first 36 days (Figs. 3D, 4D). Neither species increased TNC levels
thereafter.

Partial Harvest. Trefoil exhibited a relatively greater decline in
TNA than did alfalfa after partial harvest. The first harvest of
alfalfa caused no reduction in TNA (Fig. 5A), but decreased TNA
of trefoil 56% within 2 days (Fig. 6A). The second harvest reduced
TNA of alfalfa 46% and that of trefoil 69% within 2 days.

Recovery of TNA after both harvests was more rapid in alfalfa
than in trefoil (Figs. 5A, 6A). Alfalfa exhibited essentially no
decline of TNA in the first regrowth cycle after harvest, but TNA
of trefoil required 11 days of regrowth to return to the pretreatment
value. After the second harvest, alfalfa returned to the pretreat-
ment TNA value within 10 days, but trefoil required 21 days. The
differences in rapidity of recovery of TNA after each harvest
closely mirrored the interspecific differences in LA expansion and
herbage growth (Figs. 5 and 6). Altbough the root mass of trefoil
remained constant at about 9 g/plant, the root mass of alfalfa
increased from 1.3 to 5 g/plant during the experiment (Figs. 5C,
6C). Both species exhibited a slow decline and recovery in TNC
concentration following partial harvest (Figs. 5D, 6D).

The greater decline in TNA for trefoil than alfalfa following
partial harvest (Figs. SA, 6A) may be related to the lower TNC
level of trefoil (Figs. SD, 6D), a characteristic that has been
reported previously (19). Perhaps the higher TNC concentration
of alfalfa roots than that of trefoil roots might allow the mobili-
zation of more reserve carbohydrates to the nodules to offset the
decrease in photosynthate supply by leaf removal. The contrasting
patterns of TNA between the control plants of the two species
further suggest that differences in photosynthate supply and par-
titioning between alfalfa and trefoil could mediate N-fixation
capacity.
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Nodule Numbers and Mass. Numbers and mass of trefoil nod-
ules were always greater than those of alfalfa before and after the
second harvest interval (Tables I and II). Nodule numbers, but
not mass, of alfalfa decreased significantly 10 days after harvest
(Table I), observations which agree with the results of Vance et al.
(22) on alfalfa seedlings. The decline in nodule numbers after
harvest is similar to reports with other species (2, 24, 25), although
the maintenance of nodule mass suggests that alfalfa preferentially

partitions photosynthate to nodule growth so that the capacity for
nitrogen fixation is only temporarily impaired. Twenty days after
harvest, numbers and mass of nodules were similar to the pretreat-
ment values. Nodule mass of the harvested alfalfa plants doubled
between the onset and termination of the second harvest interval,
and nearly tripled on controls and debudded plants (Table I).

In contrast with alfalfa, nodule number of harvested trefoil
declined significantly between the onset and termination of the
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second harvest interval, but nodule mass remained unchanged.
Number and mass of trefoil nodules for the control and debudded
-plants remained unchanged after second harvest (Table II), in
contrast with the significant increases in nodule mass that occurred
on similarly treated alfalfa (Table I).

Although there was little difference in TNA between species
within each treatment (Figs. 1 to 6), the large differences in nodule
mass (Tables I and II) illustrate that alfalfa had a greater nitro-
genase activity per unit mass of nodule than trefoil. Perhaps
senescing trefoil nodules remained attached to roots longer than

alfalfa nodules, or differences in nodule morphology resulted in
alfalfa nodules being more efficient than trefoil nodules.

INTRASPECIFIC COMPARISONS

Control and Debudded Plants. Rates of TNA and patterns of
LA, herbage growth, root growth, and TNC concentration were
similar for control and debudded alfalfa (Figs. 1 and 3). During
the initial 38 days TNA averaged 6 to 7 umol C:H,/h-plant for
controls and 4 to 5 umol for debudded alfalfa (Figs. 1A, 3A).
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Thereafter, TNA increased to about 16 pmol C.H,/h-plant for
controls and 12 pmol C,Hy/h-plant for debudded plants by day
72. The increase in TNA of controls was coincidental with pod
development, which was absent on the debudded plants. Leaf area
expanded to about 950 cm?/plant for controls on day 34 and 700
cm?/plant for debudded alfalfa on day 37 (Figs. 1B, 3B). Leaf
senescence followed by new growth from crown and axillary buds
maintained LA at about 800 cm”/plant for controls and 600 cm?/
plant for debudded plants during the rest of the experiment.

Herbage mass increased 350% for controls over the sampling
period and 400% for debudded alfalfa (Figs. 1C and 3C). Root
mass increased 840% during the experiment for controls and 940%
for debudded alfalfa. Both treatments attained maximum TNC
levels of 20% (Figs. 1D and 3D).

Although control and debudded trefoil had similar rates of
TNA per plant, they exhibited contrasting patterns of TNA, LA,
herbage growth, root growth, and TNC concentration (Figs. 2 and
4). The TNA of controls reached about 12 pmol C;H,/h-plant on
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Table 1. Number and Mass of Nodules on Control, Debudded, and Partly Harvested Alfalfa Plants Sampled
Before the Second Harvest, and During or After Herbage Regrowth

Debudded Harvested
Control Control Control
Sampling Day ontro
Number* Mass® Number® Mass® Number® Mass*
mg mg mg
34 298 + 61 70 £ 18 185 + 41 2+7 323 + 56 72+6
46 198 + 14 57+ 11
55 283 + 64 87 +£23
71 465 + 117 189 + 21 119+9 364 + 56 147 £ 16

340 + 68

# Mean of eight plants + SE.

Table II. Number and Mass of Nodules on Control, Debudded, and Partly Harvested Trefoil Plants Sampled
Before the Second Harvest and Again After Herbage Regrowth

) Control Debudded Harvested
Sampling Control Control
Day
Number* Mass® Number® Mass* Number* Mass®
mg mg mg
35 753 + 281 423 + 222 1,009 + 270 378 £ 52 1,613 + 562 461 + 167
71 1,007 + 842 502 + 315 726 + 237 539 + 256 782 + 288 318 + 87

® Mean of two plants + SE.

day 13 and subsequently decreased, but debudded trefoil achieved
a maximum TNA of 12 pmol C;H,/h-plant more slowly and
maintained it from day 20 to 36 before declining (Figs. 2A and
4A). Leaf area of control trefoil expanded about 140% during the
experiment, with debudded plants displaying no consistent
changes of LA (Figs. 2B and 4B). Herbage mass increased 440%
for controls and only 130% for debudded plants (Figs. 2C and
4C). Controls maintained root mass of about 12 g/plant and TNC
levels at 6% (Fig. 2, C and D), but debudded trefoil doubled root
mass and TNC concentration during the experiments (Fig. 4, C
and D).

In contrast with results from floral debudding of peas (11), our
periodic floral debudding of alfalfa and trefoil did not greatly
alter TNA compared with controls. Our results suggest that reg-
ulation of N-fixation in these two forage legume species is less
strongly associated with flowering than in the pea. Because pod
development was concurrent with the period of increasing TNA
in alfalfa controls, N.-fixation was apparently less sensitive to
competitive sinks for photosynthate than in soybeans (10), peas
(1), and cowpeas (7).

In contrast with the insensitivity of trefoil TNA to floral debud-
ding, debudding of trefoil clearly favored the partitioning of dry
matter to the root compared with the shoot. These observations
support the concept (15, 18) that trefoil TNC accumulation is
limited by the preferential utilization of photosynthate for contin-
ued shoot growth and flowering. Termination of flowering by
debudding (Fig. 4) or by onset of fall dormancy (18) favors the
partitioning of photosynthate to trefoil roots.

Partial and Total Harvest of Alfalfa. Compared with controls,
partly and totally harvested alfalfa exhibited marked reductions
in TNA that were proportional to the severity of harvest (Figs. SA
and 7A). No reduction in TNA followed the initial 75% shoot and
leaf removal, but the second harvest with 85% shoot and leaf
removal caused a 46% decline of TNA within 2 days. Decrease of
TNA following total shoot removal was 78% 2 days after the first
harvest and 86% 1 day after the second harvest.

The TNA of alfalfa experiencing partial and total harvest
increased with growth of new leaves (Figs. 1, 5, and 7). Between
days 10 and 35 after the 75% shoot and leaf removal, TNA
increased 170% as LA expanded 500% and herbage regrew 560%

(Fig. 5, A, B, and C). Between days 38 and 72 after the 85% shoot
and leaf removal, TNA rose 280% as LA expanded 800% and
herbage regrew 980%.

Totally harvested alfalfa displayed a relatively greater increase
in TNA following its initial postharvest decline than did control
or partly harvested plants, but like partly harvested plants, the
extent of recovery in TNA after total harvest was relatively less
than LA expansion or herbage regrowth. Between day 5 and 25
following the first total harvest, TNA rose 500% as LA expanded
1,300% and herbage regrew 900% (Fig. 7, A, B, and C). After the
second total harvest, TNA rose 600% as LA expanded 5,500% and
herbage regrew 1,000% between days 29 and 52.

Root mass and TNC concentration exhibited the expected
responses to shoot removal and were much less for partly and
totally harvested alfalfa than for controls. During the experiment,
root mass increased 840% for controls, 300% for partly harvested
alfalfa, and 180% for totally harvested alfalfa (Figs. 1C, 5C, and
7C). Concurrently, TNC levels of controls rose from about 9 to
21%. Those of partly harvested alfalfa exhibited only a brief
decline after harvest but otherwise remained similar to the pre-
harvest value (Figs. 1D and 5D).

In contrast, TNC concentrations of totally harvested alfalfa
declined to less than half of preharvest values after shoot removal
and returned to their original values during herbage regrowth
(Fig. TD). The absence of competition for photosynthate between
roots and shoot regrowth enabled the unharvested alfalfa to
partition more carbohydrates to the root in comparison with
harvested plants. The residual photosynthetic tissue of the partly
harvested alfalfa apparently limited the utilization of reserve
carbohydrates for regrowth so that there was less decline in TNC
levels than in totally harvested alfalfa.

DISCUSSION

The decline of TNA of alfalfa and birdsfoot trefoil with herbage
removal and its recovery with the onset and extent of vegetative
regrowth (Figs. 5-7) were similar to that observed in white clover
(14, 17) and illustrate the interdependence of N-fixation of per-
ennial legumes and canopy photosynthetic capacity. There is now
substantial evidence that herbage removal in alfalfa causes tem-
porary senescence of nodule tissue with nodule renewal dependent



904

T T T T T T T T

A

g

a
L]

]
T
1

TNA (umoles C,H,/ h /plant)
£y ~

0 il 1 1 1 1 1 i
(o] 10 20 30 40 50 60 70
-‘ T T ‘r T T T T B
,_IO- .1
€
o
o 8f <
“\
€
o 6f -
~
(=]
Z 4} J
<
-4
2F 4
o A 1 1 1 1 1
[} 10 20 30 40 50 60 70

CRALLE AND HEICHEL

Plant Physiol. Vol. 67, 1981

T T T T T T T T

c
aol ; -
Ex
S
3
s IS 1
o
§ lor l I __Root h
b3 l --------- 'l.:'- J
S5k '&.L"" !-_‘ / -
0 k../rr/.u/f./.:*"beoe
[o] 10 20 30 40 50 60 70
l& T T & T T T T T D

Percent TNC

® b =& o
T T ¥ T
1 1 1 i

FS
T
1

A Il 1 1 1 1 1 I
o 10 20 30 40 50 60 70

DAY

FiG. 7. Total nitrogenase activity, leaf area, herbage and root growth, and total nonstructural carbohydrate accumulation for alfalfa experiencing
total shoot removal in two successive cycles of harvest and regrowth. Arrows indicate time of harvest. Each point is a mean of four replicates + SE.

upon vegetative regrowth (22). The observations that carbohy-
drates remobilized from roots support vegetative regrowth (8, 20)
raise the question of the possible participation of reserve carbo-
hydrates in sustaining N,-fixation after herbage removal and
during regrowth. The evidence in Figures 5 to 7 clearly shows that
the changes in TNC after harvest and during regrowth were
markedly different in phase and amplitude than those of TNA
and LA, suggesting a secondary role of root nonstructural carbo-
hydrates in sustaining of N-fixation after harvest. This position
is further supported by observations of maintenance of stored
starch in nodules temporarily experiencing harvest-induced senes-
cence (22). Furthermore, the repeated observations (Figs. 5-7)
that leaf and herbage regrowth were always relatively greater than
the recovery of TNA after harvest suggests that nodules are weaker
sinks for photosynthate and remobilized TNC than aerial re-
growth,

Factors other than LA are apparently involved in mediating
TNA of perennial legumes. In control and debudded alfalfa (Figs.
1 and 3), TNA remained unchanged during the initial 35 days of
the experiment, but LA increased several-fold in both treatments.
This suggests that leaf aging with resultant loss in photosynthetic
efficiency, mutual shading, or the diversion of photosynthate to
root growth in lieu of nodules were significant constraints to
nodule activity. In control and debudded trefoil (Figs. 2 and 4)
increased TNA occurred without concurrent changes in LA, sug-
gesting a possible interrelationship of nodule function with tem-
porary storage of photosynthate or with the carbon metabolism of
leaves of this species. After release of crown and axillary bud
dormancy, a significant increase in TNA of control alfalfa between
days 37 and 46 (Fig. 1) occurred simultaneously with leaf regrowth
to replace that lost by senescence (Fig. 1B). These observations
suggest that endogenous controls on photosynthate partioning and
availability are important in nitrogen fixation of forage legumes.

Despite the implication that storage carbohydrates of roots may
be of limited importance in sustaining nitrogen fixation of forage
legumes, the evidence that TNA and nodulation of trefoil are
more severely affected than that of alfalfa by successive harvests
(Figs. 5 and 6, Tables I and II) suggests that the decline of nodule

function after harvesting or grazing may be a factor in the well
known (15, 18) poorer persistence of trefoil. Perhaps the short
duration of an apical meristem in trefoil nodules causes nodule
function of this species to be particularly sensitive to herbage loss.
The evidence suggests the possible greater role of pools of readily
metabolized carbohydrates in the roots or crowns of alfalfa than
in trefoil, and the possible greater reliance of trefoil upon residual
photosynthetic tissue to sustain N,-fixation after harvest.

These experiments clearly show that the response of N.-fixation
of perennial forage legumes to the interruption of current photo-
synthate supply caused by herbage removal varies with species
and with severity of harvest. The dependence of TNA upon partial
herbage removal and subsequent herbage regrowth was greater
for birdsfoot trefoil than for alfalfa. Total herbage removal re-
duced N-fixation of alfalfa more than did partial herbage re-
moval. No-fixation of unharvested controls or of plants subjected
to floral debudding was independent of LA except at release of
vegetative bud dormancy late in flowering. N,-fixation of both
species varied with harvest treatment, but it differed in phase and
in amplitude from the changes in TNC resulting from herbage
removal and floral debudding. Mechanisms of partitioning of
current and stored photosynthate are important to the adaptation
of No-fixation of forage legumes to short-term interruption in
photosynthate supply.

Acknowledgment—We gratefully acknowledge the skillful analytical assistance of
K. I. Henjum.

LITERATURE CITED

1. BETHLENFALVAY G, DA PHILLIPS 1977 Ontogenetic interactions between photo-
synthesis and symbiotic nitrogen fixation in legumes. Plant Physiol 60: 412-
418

2. BUTLER, GW, RM GREENWOOD, K SOPER 1959 Effects of shading and defoliation
on the turnover of root and nodule tissue of plants of Trifolium repens, Trifolium
pr and Lotus uligi NZ J Agric Res 2: 415-426

3. DAY JM, PH DART 1969 Light intensity, nodulation and nitrogen fixation. Report
of the Rothamsted Experimental Station, Part 1, Harpenden, England, p 105

4. GiBsoN AH 1976 Recovery and compensation by nodulated legumes to environ-
mental stress. In PS Nutman ed, Symbiotic Nitrogen Fixation in Plants.
Cambridge Univ Press, Cambridge, England

5. HARDY RWF, RFP HoLsTEN, EK JacksoN, RC BURNs 1968 The acetyleneeth-




Plant Physiol. Vol. 67, 1981

6.

ylene assay for nitrogen fixation; laboratory and field evaluation. Plant Physiol
43: 1185-1207

HaveLka UD, RWF HARDY 1976 Legume nitrogen fixation as a problem in
carbon nutrition. /n WE Newton, CJ Nyman, eds, Proc First Int Symp
Nitrogen Fixation, Vol 2. Washington State Univ Press, Pullman, WA

. HERRIDGE DF, JA PATE 1977 Utilization of net photosynthate for nitrogen

fixation and protein production in annual legume. Plant Physiol 60: 759-764

. HopGkiNsoN KC 1969 The utilization of root organic compounds during regen-

eration of lucerne. Aust J Biol Sci 22: 1113-1123

. HuanG CY, JS BOYER, LN VANDERHOEF. 1975. Limitations of acetylene reduc-

tion (nitrogen fixation) and metabolic activities of soybeans having low water
potentials. Plant Physiol 56: 228-232

. LAWN RJ, WA BRUN 1974 Symbiotic nitrogen fixation in soybeans. 1. Effect of

photosynthate source-sink manipulations. Crop Sci 14: 11-16

. LAWRIE AC, CT WHEELER 1974 The effects of flowering and fruit formation on

the supply of photosynthetic assimilates to the nodules of Pisum sativum L. in
relation to the fixation of nitrogen. New Phytol 73: 1119-1127.

. MEDERsKI HJ, JA STREETER 1977 Continuous, automated acetylene reduction

assay using intact plants. Plant Physiol 59: 10761081

. MINCHIN FR, JA PATE 1973 The carbon balance of legume and the functional

economy of its root nodules. J Exp Bot 24: 259-271

. MousTAFA E, R. BALL, RRO FIELD 1969 The use of acetylene reduction to study

the effect of nitrogen fertilizer and defoliation on nitrogen fixation by field-
grown white clover. NZ J Agric Res 12: 691-696

. NELsSON CJ, D. SMITH 1968 Growth of Birdsfoot trefoil and alfalfa. III. Changes

in carbohydrate reserves and growth analysis under field conditions. Crop Sci

NITROGEN FIXATION OF PERENNIAL LEGUMES

20.
21
22

23.

24,

25.

905

8:25-28

. ROPONEN IE, Al VIRTANEN 1968 The effect of prevention of flowering on the

vegetative growth of inoculated pea plants. Physiol Plant 21: 655-667

. SINCLAIR AG 1972 Non-destructive acetylene reduction assay of nitrogen fixation

applied to white clover plants growing in soil. NZ J Agric Res 16: 263-270

. SMITH D 1962 Carbohydrate root reserves in alfalfa, red clover, and birdsfoot

trefoil under several management schedules. Crop Sci. 2: 75-78

. SMITH D 1969 Removing and analyzing total nonstructural carbohydrates from

plant tissue. Wis Agric Exp Stn Madison, Rep 41: 1-11

SmitH LH, GC MARTEN 1970 Foliar regrowth of alfalfa utilizing *C-labeled
carbohydrates stored in roots. Crop Sci 10: 146-150 A

STREETER JG 1974 Growth of two soybean shoots on a single root. J Exp Bot 25:
189-198

Vance CP, GH HEeicHEL, DK BARNEs, JW BRryAN, LE JoHNsON 1979 Nitrogen
fixation, nodule development and vegetative regrowth of alfalfa (Medicago
sativa L.) following harvest. Plant Physiol 64: 1-8

WHEELER CT, AC LAWRIE 1976 Nitrogen fixation in root nodules of alder and
pea in relation to the supply of photosynthetic assimilates. /n PS Nutman, ed,
Symbiotic Nitrogen Fixation in Plants. Cambridge University Press, Cam-
bridge, England

WHITEMAN PC 1970 Seasonal changes in growth and nodulation of perennial
tropical pasture legumes in the field. II. Effects of controlled defoliation levels
on nodulation of Desmodium intortum and Phaseolus atropurpureus. Aust J
Agric Res 21: 207-214

WiLsoN JK 1942 The loss of nodules from legume roots and its significance. J
Am Soc Agron 34: 460-471 :



