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Abstract

Herbivory by rodents, lagomorphs and insects may locally constrain woody plant seedling establishment and
stand development, Recruitment may therefore depend either upon plant tolerance of herbivory, or low herbivore
abundance, during seedling establishment. We tested potential herbivory tolerance by quantifying growth, biomass
allocation, and survival of defoliated Prosopis glandidosa seedlings under optimal abiotic conditions in the absence
of competition. Realized tolerance was assessed by clipping seedlings of known age grown in the field with and
without herbaceous competition,

Al 18-d (= ‘young’} or 33-d (= ‘old’) of age, seedlings in the growth chamber were clipped just above the
first (cotyledonary) ncde, above the fourth node, or were retained as non-clipped controls. Potential tolerance to
defoliation was high and neither cohort showed evidence of meristematic limitations (o regeneration. Clipping
markedly reduced biomass production relative to controls, especially belowground, but survival of seedlings de-
foliated 5 times was still =75%. Contrary to expectasions, survival of seedlings defoliated above the cotyledonary
node 10 times was greater (P < (.10} for ‘young’ (75%) than ‘old" (38%) seedlings. Under field conditions,
survival of defolinted ! l-month-old P glandulosa seedlings was <59% after one defolintion and only <13% after
six defoliations,

Results indicate P. glandulosa is potentially tolerant of repeated shoot removal early in its life cycle. Seedling
tolerance to defoliation under field conditions therefore appears dependent upon abiotic stresses or resource limi-
tations rather than a lack of intrinsic adaptations for shoot replacement or a depletion of the scedlings” bud bank.
Curtailient of root growth, a conseguence of top removal observed in the growth chamber experiment, may reduce
the capacity of P glandulosa seedlings to acquire soil resources needed for meristem activation and shoot growth
under field conditions. The importance of resource availability to post-defoliation regeneration was implicated in
the field experiment, where survival. shoot efongation, and aboveground productivity of clipped seedlings was
greatest in plots without herbacecus interference.

In light of the marked increases in P. glandulosa abundance in grasstands in recent history, our results suggest
that (1) wtilization of Prosopis seedlings by herbivores may be infrequent or sporadic, (2) periodic episodes of seed
production and germination may sattate herbivore populations, and/or (3) Prosopis seedling establishment occurs
during periods of low herbivore density.

Introdoction landscapes in southwestern North America {Stmp-

son 1977 McKell 19%9). Its abundance has in-
The arborescent legume, honey mesquite [Prosopis creased markedly since the 1800s, apparently re-
slandulosa (Torry var, glandulosa) is & widespread flecting interactive changes in atmospheric €Oz con-

and important component of many arid and semi-arid centration, livestock grazing, and fire and climatic
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regimes {(Archer 1994; Archer et al. 1995). Germina-
non and establishment of Prosopiy can occur across
a broad wray of light, temperature, and moisture
regimes {Scifres & Brock 1969, 1971 and soil types
(Ueckert et al. 1979), Reductions in competition with
grasses, as might occur from livestock grazing, in-
crease #s growth rate (Polley et al. 1994, Bush &
Van Auken 19953, but seedling survival can be high
i both fightly- and heavily-grazed grasslands which
differ markedly in their herbaceous species composi-
tion and biomass (Archer 19963, Adult Prosepis plants
are wlerant of disturbance and regenerate rapidly from
lignotubers following chemical, mechanical or fire-
induced aboveground mortality (Wright & Stinson
L970; Scifres and Hahn 19713 As a result, Prosopis
glandnifosa has been an aggressive invader of grass-
fands and savannas, and is highiv persistent once
estabiished.

Research on the critical seedling establishment
phase of the £ glandulosa Hife cycle has focused pri-
marily on abiotic factors and herbaceous interference.
However, field observations suggest defoliation by
rodents, Iagomorphs and insects may also be a sig-
nificant source of mortality among Prosopis seedlings
{Glendening & Paulsen 19535 Simpson 1977; Nilsen
et al, 1987
herbivore-induced seedhing mortality, known o be a
determinant of adull plant distribution in other sys-
tems {McAuliffe 1986; Cooke 1987: Borchert et al.
1989; Myster & McCarthy 1989; Huntly 1991; Ter-
borgh & Wright 1994) may depend on the extent
to which Prosopis seedlings possess adaptations that
confer defoliation tolerance. If voung seedlings are
highly susceptible to defoliation because of meris-
tem, energy, or nuirient limitations, their recruitment
would be confined (o times or places where rodent,
lagomorph or msect herbivore activity are low, Alter-
nitively, seedlings may be well-adapted o regenerate
following top removal, but abiotic stresses or compe-
tition from assoctated plants may limit their recovery
under field conditions, To assess these possibilities,
we guantified biomass allocation, growth, and survival
of Prosopis seedlings subjected 1o repeated top re-
moval in complementary controlled environment and
field experiments. Our goal was to assess potential
toberance of seedling cohorts 1o repeated defolation
in a competition-free, controlled environment optimal
for plant growth. Realized tolerance was assessed by
clipping seedlings of known age under field conditions
with and without herbaceous competition.

Weltzin et al. 1997). The importance of

Materials and methods

Groweh chamber experiment

On 17 February 1989, we planted five scarified P
glandulosa seeds (0.5 ¢m deep) into each of 120
(10 cm x 10 em x 35 em) plastic pots filled with
commercial potting soil. This process was repeated on
4 March 1989 to produce a second cohort of Prosopis
seedlings. Seedlings were thinned o two per pot 12
days after planting each cohort.

Mercury and sodium bulbs provided an average
photosynthetically active photon flux density (PPFD,
400-700 nm) of 300 pmol m™7 ¢! gver a 13
hour photoperiod. Air temperature was maintained at
2H157°C (day/ighty. Soil water content was main-
tained near field capacity with distilled, deionized
water. Water soluble fertilizer (2 ¢ 11 of 20--10-20
N, P, K [Peters Professional ) was applied biweekly.

Potential tolerance to defolintion was assessed
on these seedlings grown at near-optimal conditions.
Seedlings were first clipped on 22 March 1989, when
the two cohorts were 18- (hereafler *young™) and 33-
thereafter "old’) days old, Seedlings received one of
three treatments: no clipping (= controly, partiat clip-
ping (PC}, or complete clipping (CC). Seedlings in
the CC treatment were clipped just above the cotyle-
donary node (cotyledons left intact), because prior
work (Scifres & Hahn 1971) indicated that seedlings
would not regenerate if ¢lipped below the cotyle-
donary node. Seedlings in the PC treatment were
clipped between the 4th and 5th node (ca. 4-6 ¢m
above the cotyledonary node). Seediings were subse-
quently clipped at t4-day intervals (i.e., on 5 April, 19
April, 4 May, and 19 May 1989}, Clipped leaves and
shoots were dried at [05°C and weighed.

Prior to each clipping event, we counted the total
number of leaves. and the number of long and short
shoot bads initiated, Long shoot buds produced shoots
with istinet nodes and elongated internodes. Short
shoots did rot elongate internedes, and lacked visible
lateral buds (Dahl 1995).

Seedling above- and belowground biomass was
determined on each clipping date by destructively har-
vesting a subset of seediings. At treatment initiation
{22 March 1989, we destrucsively harvested nine
seedling pairs from each cohort. On subsequent clip-
ping dates, we destructively harvested eight seedling
pairs from each of the six treatment combinations.
Leaves and stems were separated, dried at 105 °C and
weighed. Biomass of individual leaves (mg leal™")



was determined for clipped scedlings at each harvest
date. and for control seedlings at experiment lermina-
o, Roots were extracted from soil by hand washing
and ash-free biomass determined,

Seedling survival was assessed 14 days after cach
clipping event; seedlings were considered dead if they
had brittle stems and brown cambium. AH biomass
values are based on five seedlings.

To assess the impact of additional defoliations on
seedling growth and survival, we retained seedlings in
the CC treatments (= 83, and continued clipping
them at ca. 18-d intervals (11 clippings total} until 20
September 1980, whereupon they were harvested to
determine belowground biomass.

Field expertmeni

Realized tolerance of P glandulosa seedlings was as-
sessed in a field experiment conducted in Wilbarger
County in north-central Texas. The climate of the
region is characterized by hot summers and mild
winters. Average annual precipitation (682 mmy) is
distributed bimodally, with peaks in May {96 mm)
and Sepiember {118 mm). The field site (33748 N,
99229 W) was characterized by well-drained clay
loam soits dominated by the grasses Stipe lencotricha
and Buchlée dactvloides (see Wellzin et al 1997
for further details on climate, vegetaiion and soils).
Precipitation for the period encompassing the field ex-
periment was well helow-normal (1988 = 320 mm;
19849 = 564 mm).

In june 1988, we planted 20 scarified P glandulosa
seeds 0.5 cm deep within each of 60 1 m® randomly
located plots assigned at random o one of two vege-
tation interference treatments: no iaterference (ND or
full interference (F1). The NI treatment was designed
to minimize herbaceous interference {e.g., shading,
competition for water or nutrients) with Prosopis
growth, This was achieved through application of a
non-specitic contact herbicide (Roundup) and subse-
quent hand-weeding. The Fl treatment was considered
an indigenous control with full herbaceous interter-
ence. Fxclosures constructed of f-cm mesh hardware
cloth protected seedlings from potential vertebrate
herbivory.

On I8 May 1989, one-hall of the surviving
Prosopis seedlings (now 11 months old) in the NI
(N = 6% and FE(N = T8 weatments were clipped
just shove the cotyledonary node: the other half were
retained as unclipped controls. Seedlings in the defo-
Hation treatment were subsequently clipped at 14-day
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intervals after determination of the number and length
of newly-emerged shoots. Clipped leaves aad shoots
were dried at 105°C, and weighed.

Clipping treatments were continued and seedlings
monitored for survival through 8 August 1989. The ex-
periment was terminated on 9 October 1989, 61 days
after the last clipping event, when seedling survival
was determined for the last time. Plants were con-
sidered dead when their stems were brittte and their
cambium was brown,

Statistical analysis

For the growth chamber experiment. we used fixed-
effects, repeated measures anakyses of variange
(ANOVA; Zar 19963 o evaluate the effects of mi-
tal age. clipping treatment, and clipping date on
Prosopls shoot growth rate, belowgreund biomass ac-
cemulation, stem elongation and leafl number, and
meristemn activation. Means were computed using sur-
viving plants only. We used Fisher's exact text {Fisher
1958) o evaluate differences in secdiing survival at
each clipping date for each initial age-clipping treat-
ment combination {¢r == 0,10 because of low seedling
numbers).

Prosopis biomass accumulation and shoot efon-
gation in the fleld were dependent on pretreatment
stem length, so data were normalized by subtracting
the mean pretreatment stemn length. Normalized data
were analyzed in a fixed-effects, repeated measures
ANOVA model w evaluate effects of clipping and
herbaceous interference on rates of stem elongation
and preduction. Fisher's exact test {Fisher 1958 was
used to evaluaie effects of herbaceous interference on
clipped seedling survival at each clipping date.

Arcsine transformations (Steel & Torrie 19809
were performed on proportional data and square-root
transformations on alf other data except seedling sur-
vival. Applicable first- and second-order interactions
were incladed in all ANOVA models. To facilitate
interpretation of results, significant interactions that
contributed <2% to the model sum of squares were
combined with the error term and the model reana-
lyzed. Tukey's HSD multiple means comparison test
was used fo compare Ievels within factors for sig-
gificant {P = 0.05) main effects and first-order in-
teractions. Non-transformed least-squares means are
presented in all tables and figures.
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Results
Growth chamber experiment

Each seedling had a single stem on the initial clip-
ping date (22 March 1989} Mean (£1 SE) shoot
length of “young’ and “old” seedlings was 5.130.3 and
11.9:20.4 cm, respectively. “Young' seedlings had ini-
tiated leaves at 3-3 nodes along the main axis, whereas
old” seedlings had leaves at 8--11 nodes. Root bio-
mass was 0.04:40.02 ¢ and 0.06:£0.0F ¢ for *young’
and “old” seedliings, respectively.

All seedlings in all age/treatnent combinations
survived ar Jeast three clipping events {Table 1), In-
tensity of defoliation (PC vs CCy and seedling age
at initial defoliation (‘voung’ vs “oid’) did not affect
seeding survival after five clipping events (£ = 0.10).

Shoot growth rate was affected by an interaction
between defoliation and time (P < 0.05). The growth
raie of shoots of control seedlings was high and in-
creased during the experiment, while CC and PC
seedling shoot growth rates were low and constant
(Figure 1.

Root biomass accumulation was affected by a
three way interaction between defoliation teatment,
seedling age, and time (P < (.05) Root biomass
of control seedlings increased throughout the experi-
ment, whereas accumulation of root biomass in defo-
Hated seedlings was virtually nil (Figure 2). Complete
defoliation suppressed root biomass accumulation 10 a
greater extent than partial defoliation, but by 19 May
differences among “old” seedlings were not significant
(F = .05
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The incremental number of leaves produced and
length (cm) of shoot generated was also affecied by an
interaction between defoliation and time (P < 0.05).
Among clipped seedlings, the number of leaves pro-
duced per plant was comparable {o or greater than
controls (Table 2. Stems of clipped seedlings weie
substantiaily shorter than controls on most dates. As a
result, the number of leaves produced per unit of stem
length was greater in clipped than control plants.

Non-clipped seedlings typically were single-
stemmed. At the termination of the experiment, th
number of lateral stems per control plant averaged (.
and 0.4 among ‘voung’ and “old’ cohorts, respectively.
In contrast. the number of first-order long shoots (L.e.,
an elongated stem with at least one feaf) produced on
clipped plants ranged from 1.8 10 2.7 over the five
clipping dates and was comparable among cohorts
(P = 0.03). After five chppings, CC seedlings had
produced an average of 9.3 first-order fong shoots per
plant from the cotyledonary node (inchuding the origi-
pal stern), The number of short sheots (e, a single
jeaf emerging at a node) produced from the cotyle-
denary node of CC seedlings averaged 1.1 plant™
and did aot differ with seedling age or date {77 >
0.05). PC seedlings produced between 0 and 1.8 long
shoots node™' at each date. At the 4th node. 4X as
many long shoot meristems were activated than at the
cotyledonary node, regardless of seedling age at initial

&
2
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clipping. Similar to CC seedlings, PC seedlings pro-
duced fewer short than Jong shoots overall, and seldom
activated short shoots from the cotyledonary node,

By 19 May, mdividual leal’ biomuss generated
by ‘old” control planis averaged 64 mg leat™! while
‘young' control plants averaged 76 mg feal™ L In con-
trast, leaf biomass of chipped scedlings, which were
pocled across age cohorts and clipping treatments be-
cause they did not differ (P > 0.05), was 2.4 mg
leaf~'. Individual leal biomass of clipped seedlings
was greatest (6.2 mg leaf” Yyon 5 April. and generally
decreased with increasing numbers of clipping events.

The cotyledons of clipped seedlings generally per-
sisted fonger than those of non-clipped scedlings. By
19 May (ca. 3 months after seedling emergence). all
cotyledons had abscised from both cohorts of control
seedlings. In contrast, 50% and 63% had abscised
from *young” and ‘old’ PC seedlings, respectively, and
(3% and 25% had abseised from "yeung’ and *old” CC
seedlings, respectively.

Seedlings in the extended portion of the CC veat-
ment (Le.. that were clipped a total of 11 times)
were relatively tolerant of multiple defohation, de-
pending on seedling age at initial defoliation and the
number of clipping events. Contrary (o expectations,
survival of ‘voung' seedlings {75%) exceeded sur-
vival of *old’ seedlings (38%) after 10 clipping events
{P < 0.10; data not shown}. However, at experiment
termination (i.c.. after 11 clipping events), survival of
‘young” (63%) and ‘old” (38%) seedlings did not differ
(P = 0.100. Shoot growth rate and root biomass of
these seediings were comparable to seedlings clipped
5 times (data not shown).

Field experiment

Survival of non-clipped (control) seedlings was [00%
in plots with no herbaceous interference (NI and n
plots with full herbaceous interfereace (FI). Defolia-
tion of seedlings significantly reduced their surviva)
(Table 33. After the first and second clipping events
the number of | 1-month-0id Presopis seedlings thal
initiated new shoots was statistically comparable on
plots with and without herbaceous interference { P o=
0.30). After the third and subsequent clipping events
more seedlings regenerated in NI plots than F plots.
Prosopis shoot elongation was affected by chpping
date and the interaction between clipping treatmers
and herbaceous interference (P < .05} Shoot elon
oation of clipped seedlings was greater (£ < 0.05}ir
NI plots (0.054 em day™?) than in FI plots (0.033 cnr
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day™ '), In contrast, stem clongation of non-clipped
seedlings was statistically comparable (7 = 0.03%)
on NI (0.088 cm day™'y and FI (0.072 cm day ™
plots. Productivity of clipped seedlings was greater
(P < 0.05) on NI (8.2 mg day ™'y than FI (6.8 mg
day ™y plots.

Discussion

Mature woody plants are often highly tolerant o de-
foliation or top removal, the response varying with
lifeform, growthform, season. frequency and extent
of defoliation, and environmental conditions prior to
and following herbivory {e.g.. Garrison 1953; Merz
& Boyce 1956; Wright & Stinson 1978; Haas et al,
1973; Archer & Tieszen 1980: Bergstrom & Dannell
F987; Du Toit et al. 1990 Bilbrough & Richards 1993;
Frnest 1994). By comparison, little is known of the
defoliation impacts at the seedling stage of the woody
plant Life cycle. Survival of P glandulosa seedlings
in the growth chamber was high (=75%) after 5 con-
secutive clipping events (Table 1), and exceeded 38%
after as many as 11 clipping events. These results in-
dicate P glundulosa is potentially tolerant of repeated
shoot removal early in its life cycle. Seedling toler-
ance e defoliation under field conditions therefore
appears dependent upon abiotic stresses or resource
limitations rather than a lack of intrinsic adaptations
for shoot replacement. The importance of resource
availability to post-defoliation regeneration was impli-
cated in the field experiment, where survival, shoot
elongation, and aboveground productivity of clipped
seedlings was greatest in plots without herbaceous
interference.

We expected the detrimental effects of herbivory
to be most pronounced on younger, smaller plants
whose bud bank and energy/nutrient stores would he
less well-developed. However, survival of “voung’

secdlings exceeded that of "old’ seedlings after as
many as 10 clipping events. This counter-inudtive
odtcome has also been observed with Acacia sene-
gal seedlings (Seif el Din & Obeid 1971) and may
reflect the decline in physiological performance as-
soctated with the advanced senescence observed on
cotyledons of the older seediing cohorts relative 1o
vounger seedling cohorts (ef,, Ampofo et al. 1976),

Cotyledons (Seif el Din & Obeid 1971; Ampofo
ctal. 1976 Andersson & Frost 1996) and leaves (cf,
McNaughton 1979, Nowak & Caldwell 1984; Bel-
sky 1986) retained after defoliation play a key role
in bud activation, shoot growth, and the maintenance
of root biomass and activity, Delayed senescence and
stimulated photosynthesis of leaves remaining on par-
tially defoliated plants has been reported for various
plant growth forms (Briske & Richards 1993). The
leaf area retained by PC scedlings presumably en-
abled plants in this treatment to maintain higher rates
of shoot and root growth than CC plants. Cotyledons
may have similarly contributed to anexpectediy high
rates of seedling survival, especially for the ‘young’
CC cobort. This interpretation is supported by obser-
vations of cotyledon life-span, which increased with
increasing intensity of defoliation (contro! < PC <
CC), and decreased relative to age at initial defoliation
Cold” < ‘young'). In other experiments. P glandu-
tosa cotyledon abscission has been observed 15-20
days afier seedling emergence: however, when shoots
were removed cotyledons remained functional untl
new shoots emerged ca, 2 weeks later (Scifres & Hahn
1971). Further, when cotyledons were removed with
shoots, seedlings did not regenerate.

Clipped seedlings produced mostly long shoots
throughout the growth chamber experiment. Initia-
tion of long shoots after defoliation has been widely
reported for woody species (Scifres & Hahn 1971
Willard & McKell 1978 Archer & Tieszen 1980 D
Toit ef al. 1990; Bilbrough & Richards 1993) and the
ability of shrabs to initiate long shoot growth is an
important component of browsing tolerance {Wandera
et al, 1992). Aithough tong shoots constituie a poten-
tially greater energetic investment than short shoots.
such tissue would enable damaged Prosopis seedlings
0 gain vertical stature more rapidly after defolia-
tion. Even se, clipped seedlings had shorter internodes
and moere leaves per unit shoot length than control
seedlings (Table 2). This suggests that seedlings re-
sponded to clipping by preferentially allocating re-
sources to photosynthetic tissug over structural tissue.



Meristematic limitations may affect the capacity of
sene grasses (Richards & Caldwell 1985} and shrubs
{Hobbs & Mooney 1983) to respend 1o top removal.
One would expect this constraint 1o be especially acute
in seedlings. This does not appear o be the case for
Prosopis. The 18-dey-old seedlings in the most severe
clipping regime (CC) initiated > 10 shoots plant™"
over the 6-momh period. all from buds activated at
the cotyledonary node. No shoots originated from the
cambium of the hvpocotyl or from the cortical collar
at the root/shoot interface, which is reported o be the
primary mode of regeneration in juvenile and adult
Prasopis plants (Haas et al. 1973), The high mortality
of Prosopis seedlings observed under field conditions
after four clippings (Table 3) thus appears to reflect
environmental imitations on shoot developmment rather
than a depletion of the bud bank.

Competition between grasses and Prosopis seed-
lings is primarily below ground (Van Auken & Bush
1097, However, one-yaar-old Prosopis seedlings can
access soil moisture at depths not effectively ex-
ploited by grasses (Brown & Archer 1990), thus
facilitating their co-existence and minimizing compe-
ttion (Brown & Archer 1989; Bush & Van Auken

1991). In our fiekd smdy, survival and growth of

non-clipped seedlings were comparable on plots with
extant and reduced herbaceous interference, suggest-
ing that Prosopis and herbaceous plants may have
been partitioning soil resources. However, root initi-
ation, elongation, and survival are dependent upon the
supply of photosynthate (Coyne et al. 1995y and each
of these parameters is typically affected adversely by
shoot removal (Briske & Richards 19953, Under field
conditions, where water and putrients are scarce and
patchy, curtailment of root biomass production and
elongation associated with top removal would reduce
the capacity of P glandulosa seedlings to acquire soil
resources needed for meristem activation and shoot
growth, Thus, clipping-induced reductions in root bio-
mass {Figure 2} were likely responsible for the high
rates of mortality observed among seedlings defoliated
in the tisld (Table 3).

Although our growth chamber experiment indi-
cated that P glanduiosa is well-adapted to cope with
defoliation early in its life cycle, the realization of its
potential tolerance to shoot removal under field condi-
tions was relatively low, A variety of small mammals
{e.g., Lepus spp., Pers},gm;i?se.s spp.. Dipodamys spp.,
Cynomyvs spp.; Vorhies & Taylor 1933, 1944; Arnold
1942: Glendening & Paulsen 1935, Simpson 1977
Nilson et al. 1987, Welizin et al. 1997) and insects
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(e.g.. Geometridae, Psychidae, Noctuidae as reviewed
in Stmpson 1977) are known (o feed on Prosopis stem
and leaf fissue. Activities of these organisms could
therefore impose a significant constraing to £ gian-
dulosa seedling establishment. The fact that P glan-
dutosa sbundance has increased markedly over the
past century therefore suggests that (1) utilization of
Prosopis seedlings by herbivores is rare, infrequent,
or sporadic, (23 pertodic mast production of seed and
episodes of widespread dispersal and germination {as
by livestock [Brown and Archer [9891) produces more
seedlings than herbivores can consume {i.e., preda-
o satiation}, andfor £3) Prosopis seedlings establish
during pertods of tow herbivore density and grow (0
sufficient size f© ‘escape’ or better tolerate defolia-
tion before herbivore densities increase. Additional
experiments are needed to test these hypotheses.
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