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Abstract 

Honey mesquite (Prosopis glandulosa Torr.) is a problem plant 
in much of the southwestern USA because it reduces forage pro- 
duction for livestock, interferes with livestock handling and 
reduces off-site water yield. Aerial spraying a 1:1 mixture of 
clopyralid (3,6-dichloro-2-pyridinecarboxylic acid, mono- 
ethanolamine salt) and triclopyr (3,5,6-trichloro-2-pyridinyloxy- 
acetic acid, butyoxyethyl ester) at 0.28 kg ae ha1 + 0.28 kg ae ha 1 

usually achieves high above-ground (top-kill) and whole plant 
(root-kill) mortality, but limits multiple-use options of livestock 
and wildlife production because little mesquite foliage is left to 
provide screening cover for wildlife. In addition, most surviving 
plants resprout from basal meristems and will become multi- 
stemmed plants. Some managers treat mesquite in strips or 
blocks, leaving untreated areas for screening cover, but these 
areas become increasingly non-productive for livestock and 
wildlife forage. The objective of this study was to evaluate the 
potential of aerial sprays of clopyralid alone at 0.28 kg ha 1 to 
convert thickets of mature, multi-stemmed mesquite to savannas 
by reducing mesquite foliage amount to an intermediate level (by 
50-70%), yet preserving apical dominance and limiting basal 
sprouting. The clopyralid treatment was compared to an untreat- 
ed control and aerial sprays of 0.28 kg ha 1 clopyralid + 0.28 kg 
ha1 triclopyr on 2 sites. The clopyralid treatment reduced foliage 
amount tree 1, canopy area treed, and stand-level mesquite cover 
by > 57% when compared untreated areas, and 73% of surviving 
trees maintained apical dominance. Apical dominance was main- 
tained in > 70% of trees not totally top-killed if at least 20% of 
the original canopy survived and produced foliage following the 
spray year. Percent root-kill in the clopyralid-only treatment dif- 
fered between sites (34 and 10%). The lower root-kill on one site 
was attributed to rainfall that occurred 2 days before and one 
day after spraying. The clopyralid+triclopyr treatment reduced 
foliage on original canopies by > 96% and mesquite cover by 
82% on both sites. Root-kill was > 52% on both sites but only 
37 % of surviving plants maintained apical dominance. Results 
suggest that clopyralid at 0.28 kg ha 1 may be effective for con- 
verting mesquite thickets to savanna and may aid in multiple-use 
management. 
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Resumen 

El "Mezquite" (Prosopis glandulosa Torr.) es una planta prob- 
lema en gran parte del sudoeste de Estados Unidos porque 
reduce la produccion de forraje para el ganado, interfiere con el 
manejo del mismo y reduce los rendimientos de agua del sitio. La 
aspersion aerea de una mezcla en proporcion 1:1 de clopiralid 
(acido 3,6-dicloro-2-piridinecarboxilico,sal monoetanolamina) y 
triclopir (acido 3,5,6-tricloro-2-piridiniloxiacetico, butioxietil 
ester) en dosis de 0.28 kg i.a. ha1 + 0.28 kg i.a. ha 1 usualmente 
logra una alta mortalidad de la parte aerea y mortalidad total 
(muerte de raiz)de la planta, pero limita las opciones de use 
multiple de ganado y produccion de fauna porque queda poco 
follaje de "Mezquite"para proveer una cubierta de proteccion 
para la fauna. Ademas, la mayoria de las plantas sobreviventes 
rebrotan de meristemos basales creando plantas multi-tallos. 
Algunos manejadores tratan el mezquite en franjas o bloques, 
dejando areas sin tratar para tener una cubierta de proteccion, 
pero estas areas poco a poco llegan a ser improductivas de forra- 
je tanto para el ganado como para la fauna. El objetivo de este 
estudio fue evaluar el potential de aspersiones aereas de clopi- 
ralid solo en dosis de 0.28 kg ha1 para convertir poblaciones 
densas de plantas de "Mezquite" maduras multi-tallos en 
savanas reduciendo la cantidad de follaje a un nivel intermedio 
(50-70%), pero preservando la dominancia apical y limitando el 
rebrote basal. El tratamiento de clopiralid se comparo con un 
control sin tratar y con aspersiones aereas de 0.28 kg ha 1 clopi- 
ralid + 0.28 kg ha1 triclopir, la comparacion se efectuo en 2 
sitios. El tratamiento de clopiralid redujo la cantidad de follaje 
arbol-1, el area de copa arbol1 y el nivel de cobertura de la 
poblacion de mezquite en > 57% en comparacion con las areas 
sin tratar y 73% de los arboles sobrevivientes mantuvieron la 
dominancia apical. La dominancia apical se mantuvo en mas del 
70% de los arboles en los que la parte aerea no se murio total- 
mente y que at menos 20 % de la copa original sobrevivio y pro- 
dujo follaje en et aiio siguiente de la aplicacion. El porcentaje de 
arboles muertos de raiz en et tratamiento de clopiralid solo difir- 
io entre sitios (34 y 10%). El porcentaje mas bajo de muerte de 
raiz en uno de los sitios se atribuyo a la lluvia que ocurrio 2 dias 
antes y uno despues de la aplicacion. El tratamiento de clopiralid 
+ triclopir redujo et follaje de la copa original en mas del 96% y 
la cobertura de mezquite en 82 %, la respuesta fue similar en 
ambos sitios. La muerte de raiz fue mas de 52% en ambos sitios, 
pero solo et 37 % de las plantas sobrevivientes mantuvieron la 
dominancia apical. Los resultados siguieren que el clopiralid en 
dosis de 0.28 kg ha"1 pueden ser efectivos para convertir las areas 
con invasiones densas de "Mezquites" en savanas y puede ayu- 
dar en et manejo de use multiple. 
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Honey mesquite (Prosopis glandulosa 
Torr.) is considered a problem plant in 
much of the southwestern USA because it 
reduces forage production for livestock, 
interferes with livestock handling and 
reduces off-site water yield (Dahl et al. 
1978, Bedunah and Sosebee 1984, Teague 
et al. 1997). Treatments that only top-kill 
mesquite, such as chaining, shredding, 
high-intensity fires, or herbicides such as 
triclopyr (3,5,6-trichloro-2-pyridinyloxy- 
acetic acid, butyoxyethyl ester), com- 
pound the problem by stimulating 
regrowth from stem bases, thus increasing 
stem numbers and the competitive effects 
of mesquite (Fisher et al. 1959, Scifres et 
al. 1974, Jacoby and Ansley 1991, Ansley 
and Jacoby 1998). 

A widely used aerial herbicide treatment 
for mesquite control is a 1:1 mixture of 
clopyralid (3,6-dichloro-2-pyridinecar- 
boxylic acid, monoethanolamine salt) and 
triclopyr applied at 0.28 kg ae ha' + 0.28 
kg ae ha'. This treatment achieves high 
levels of top-kill and root-kill (Bovey and 
Meyer 1985, Bovey and Whisenant 1991, 
1992), although most surviving mesquite 
have basal regrowth and will become 
multi-stemmed trees. While viewed as a 
"best management option" by many live- 
stock producers, this treatment initially 
leaves so little mesquite foliage remaining 
that live-tree screening cover for many 
wildlife species is inadequate. To achieve 
multiple-use goals of livestock and 
wildlife production, patterned spraying or 
mechanical treatments are often employed 
that leave alternating treated and untreated 
strips or blocks (Scifres et al. 1985, Scifres 
and Koerth 1986, Fulbright 1996, 1997, 
Rollins et al. 1997). However, areas left 
untreated become increasingly non-pro- 
ductive for livestock and wildlife forage. 

We evaluated an alternative strategy to 
achieve multiple-use goals: aerial spraying 
thickets of mature, multi-stemmed 
mesquite with clopyralid alone at 0.28 kg 
ha'. This treatment achieves moderate 
root-kill (30-50%) (Jacoby et al. 1991, 
Bovey and Whisenant 1991), but there is 
no quantitative information available 
regarding foliage responses of surviving 
plants. We have observed that most sur- 
viving plants have a ragged appearance 
called "stem flagging" in which portions 
of the tree canopies survive (Jacoby and 
Ansley 1991, Ansley et al. 1996). Stem- 
flagged mesquite often have little or no 
basal regrowth, yet canopy foliage is 
reduced substantially. The reduced 
foliage, coupled with few or no basal 
sprouts, shifts the physiognomy of multi- 
stemmed mesquite to an arborescent 

"savanna" appearance, similar to that of 
few- or single-stemmed mesquite that 
have never experienced a top-killing dis- 
turbance. Use of clopyralid at 0.28 kg ha' 
may enhance multiple-use goals by reduc- 
ing the competitive ability of mesquite 
and, thereby, increasing forage production 
for livestock and wildlife, yet leaving ade- 
quate foliage for wildlife cover. In addi- 
tion, apical dominance exerted by stem- 
flagged mesquite may limit multi- 
stemmed basal regrowth and thus extend 
treatment effects. 

The first objective of this study was to 
evaluate the potential of aerial sprays of 
clopyralid at 0.28 kg ha' to convert 
mesquite thickets to savannas by reducing 
mesquite foliage amount to an intermedi- 
ate level (by 50-70%), yet preserving api- 
cal dominance and limiting basal sprout- 
ing. We compared responses in this treat- 
ment to those in an untreated control and 
to aerial sprays of clopyralid + triclopyr at 
0.28 + 0.28 kg ha'. Our hypothesis was 
that the clopyralid treatment would reduce 
mesquite foliage amount by at least 50% 
and maintain apical dominance in surviv- 
ing trees to a greater degree than would 
the clopyralid+triclopyr treatment. A sec- 
ond objective was to determine amount of 
foliage in partially top-killed (i.e., "stem- 
flagged") plants needed to maintain apical 
dominance. Apical dominance was main- 
tained in multi-stemmed mesquite partial- 
ly top-killed by fire if 40% of foliage 
remained intact (Ansley et al. 1997b, 
Ansley and Jacoby 1998). We hypothe- 
sized that this relationship would be the 
same in mesquite partially top-killed by 
clopyralid. 

Study Sites 

Research was conducted on 2 private 
ranches in the northern Rolling Plains eco- 
logical area of Texas: Kite Trap on the 
Waggoner Ranch south of Vernon (33° 53 
'N, 99° 02' W; elev. 352 m), and Windmill 
pasture on the Y Ranch west of Crowell 
(33° 54' N, 100° 03' W; elev. 488 m). The 
sites are 80 km apart and differ in herba- 
ceous species composition and soils. Kite 
Trap has an equal mixture of cool- and 
warm-season grasses, while Windmill pas- 
ture is dominated by warm-season grasses. 
Primary cool-season grass species at Kite 
Trap are perennial Texas wintergrass 
(Nassella leucotricha Trin. and Rupr.) and 
the annual, Japanese brome (Bromus 
japonicas Thunb ex. Murray). Primary 
warm-season grasses are buffalograss 
(Buchloe dactyloides [Nutt.] Engelm.), 

meadow dropseed (Sporobolus aspen 
[Michx.] Kunth var. drummondii [Trin.] 
Vasey), silver bluestem (Bothroichloa 
laguroides [DC.] Herter. Subspp tor- 
reyana [Steud.]), and sideoats grama 
(Bouteloua curtipendula [Michx.] Torr.). 
Primary grass species at Windmill pasture 
are buffalograss, sideoats grama, and 
tobosagrass (Hilaria mutica [Buckl.] 
Benth), with lesser amounts of Texas win- 
tergrass and Japanese brome. 

Mean annual rainfall at Kite Trap is 653 
mm. Soils are fine, mixed, thermic Typic 
Paleustolls of the Tillman series which are 
alluvial clay foams from the surface to 3-4 
m depth, underlain by Permian sand- 
stone/shale parent material (Koos et al. 
1962). Mean annual rainfall at Windmill 
pasture is 630 mm. Soils are fine-silty, 
mixed, thermic Typic Calciustolls of the 
Quanah series, and fine, montmorillonitic, 
thermic Typic Haplusterts of the Hollister 
series (NRCS-Vernon, pers. comm). Soils 
at Windmill pasture are not as deep as 
those at Kite Trap and are underlain by 
calcareous limestone or gypsum rock. 

Both sites were dominated by multi- 
stemmed, regrowth mesquite due to previ- 
ous top-killing treatments. Mean tree 
height was 2.4 m (± 0.3) at Kite Trap and 
2.2 m (± 0.1) at Windmill pasture. Mean 
number of basal stems tree' was 5.7 (± 
0.6) at Kite Trap and 6.3 (± 0.6) at 
Windmill pasture. Less than 20% of trees 
had >10 basal stems tree', and 38% of the 
mesquite at each site were classified as 
few-stemmed (1-3 basal stems tree'), pos- 
sibly due to ongoing recruitment of new 
plants after treatment. Basal stem diameter 
ranged from 5-10 cm at both sites. 
Livestock grazing was continuous at mod- 
erate stocking rate at Windmill pasture 
and sporadic with variable stocking rates 
for short intervals at Kite Trap. 

Materials and Methods 

Herbicide plots were established at 
Windmill pasture on 08 July 94, and at 
Kite Trap on 02 July 96 using fixed-wing 
aircraft (Hardcastle Ag-Air, Inc., Vernon, 
Tex. ). Treatments were (1) untreated, (2) 
clopyralid alone at 0.28 kg ha' (clopy- 
ralid), and (3) clopyralid + triclopyr at 
0.28 + 0.28 kg ha' (clopyralid+triclopyr), 
arranged in a randomized complete block 
design at each location with 4 replications 
per treatment. Plot size at Windmill pas- 
ture was 120 m x 610 m (7.2 ha) with 6 
spray swaths per plot (each swath 20 m). 
Plot size at Kite Trap was 100 m x 366 m 
(3.6 ha) with 5 swaths per plot. Herbicide 
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treatments were applied in 37.4 liters total 
volume ha' (4 gallons acre-') in a 1:7 
diesel fuel-to-water emulsion (4.7 liters of 
diesel ha'). At Windmill pasture, herbi- 
cide treatments were applied between 
0800 and 1000 hours with air temperatures 
22-27° C, wind speed 11-16 km hour' 
and soil temperature 27° C at 46 cm depth. 
At Kite Trap treatments were applied 
between 0700 and 900 hours with air tem- 
peratures 25-31° C, wind speed 3-11 km 
hour', and soil temperature 29° C at 46 
cm depth. Mesquite foliage conditions at 
both sites were rated as good to excellent. 
Soil moisture conditions were dry at Kite 
Trap. A 3.9-cm rain occurred 2 days prior 
to spraying and a 3.0 cm rain occurred 1 

day after spraying at Windmill pasture. 
In 2001, at 5 and 7 years post-treatment 

at Kite Trap and Windmill pastures, 
respectively, 60 randomly selected 
mesquite trees were evaluated in each plot 
to determine foliage responses at both the 
stand- and tree-level. Stand-level response 
variables included: percent of trees with 
complete above-ground mortality that had 
basal regrowth (top-kill), percent of trees 
with foliage on original stems only and no 
basal regrowth (SF-only), percent of trees 
with stem foliage and basal regrowth 
(SFBR), percent of trees with complete 
mortality (root-kill), percent aerial cover, 
vertical distribution of foliage with respect 
to original woody canopies, and percent of 
the total population (live+dead trees) and 
of live-only trees that maintained apical 
dominance. Tree-level response variables 
included percent foliage reduction per 
tree, foliage height, live canopy area 
(determined by measuring foliage radius 
(r) in 2 perpendicular directions, averaging 
the 2 values and calculating area by tr2) 
and height of basal regrowth. Foliage 
reduction per tree was a visual estimate of 
the amount of foliage present at 5-7 years 
after spraying as a percentage of foliage 
estimated to be present before spraying 
(based on the spatial distribution of the 
original woody canopy). Height of basal 
regrowth was measured in the 2 herbicide 
treatments only. 

Mesquite aerial cover was determined 
using the line intercept method in spring 
2001 (Canfield 1941). Canopy intercept 
was measured along three, 60-m line tran- 
sects in each plot. In addition, pre-treat- 
ment mesquite cover was determined from 
color-infrared aerial images of each site 
taken 1 year prior to treatment (field data 
were not available). Images were scanned 
and geo-referenced in Arcview GIS 
(Ansley et al. 2001), and cover was deter- 
mined using a variation of the line inter- 

cept method. Five computer-generated 
lines (each scaled to 60 m length on the 
images) were established in each plot at 
approximately the same position as where 
the field data were obtained. Intercept was 
measured manually along each line using 
the distance measure feature in Arcview. 
To compare the accuracy of field-deter- 
mined and image-determined cover, com- 
puter generated transects were located on 
aerial images of Kite Trap taken in 
September 2000 in each of the 12 plots 
where line-intercept was field-measured in 
2001 (assuming cover had not changed 
significantly from 2000 to 2001). These 
data were closely related (r2 = 0.94; y = 
0.97x - 0.98; n = 12). Post-treatment aeri- 
al images were not available for Windmill 
pasture. 

Vertical distribution of foliage within 
mesquite canopies was determined at the 
stand level by visually dividing the origi- 
nal woody canopy of each tree into 3 

equal horizontal layers (upper, middle and 
lower) and noting whether foliage was 
present or absent in each layer. Basal 
sprouting, if present, was assigned to the 
lower layer. Percent of trees having 
foliage in each canopy "layer" was then 
determined. 

Mesquite apical dominance was estimat- 
ed by establishing a level of basal 
regrowth above which it was assumed api- 
cal dominance was lost. During evalua- 
tions, it was noticed that many trees in 
untreated plots had a few basal sprouts 
(usually < 3), yet these trees were obvi- 
ously allocating most of their resources to 
growth of apical tissue. In addition, nearly 
all trees that were completely top-killed in 

the treated plots had numerous (> 5) basal 
sprouts. Therefore, to identify apical/basal 
dominance trends in partially top-killed 
trees, we defined trees with 5 or more 
basal sprouts as having "many" sprouts. A 
tree with "many" sprouts was assumed to 
have lost apical dominance in favor of 
basal regrowth. Trees without "many" 
sprouts were assumed to have maintained 
apical dominance. 

Statistical Analysis 
All mesquite response variables were 

analyzed using a split-plot analysis of 
variance with site as the whole plot and 
herbicide treatment as the subplot (4 repli- 
cates per treatment at each site). We used 
the replicate by site mean square as the 
error term to test for effects of site, and the 
pooled error to test for treatment effect 
and site by treatment interaction (SAS 
1987). If a site by treatment interaction 
was significant, differences between treat- 
ments were analyzed within each site 
(Freund and Russell 1981). Means were 
compared using LSD (P < 0.05). 
Percentage data were subjected to aresin 
transformation prior to analysis. 

Results 

Mesquite Stand-level Responses 
Analysis indicated a significant (P < 

0.05) main effect of treatment for 12 of the 
14 post-treatment response variables eval- 
uated (Table 1). Effect of site was signifi- 
cant for 2 variables, percent top-kill and 
percent of trees with foliage in the upper 

Table 1. Effect of treatment and site as sources of variation on variables measured at the stand and 
individual tree levels. P values are shown where effects are significant (P < 0.05; ns = not signifi- 
cant). 

Variable Trt Site 
x 

Site 

Stand Level 
Trees with basal sprouts only (top-kill) (%) 0001 
Trees with stem foliage only (SF-only) (%) .0001 ns 
Trees with stem foliage and basal sprouts (SFBR) (%) ns ns 
Trees root-killed (root-kill) (%) .0001 ns 
Mesquite cover, pre-treatment (%) ns ns 
Mesquite cover, post-treatment (%) .0001 ns 
Live trees with foliage in upper canopy layer (%) .0001 .0355 
Live trees with foliage in middle canopy layer (%) .0001 ns 
Live trees with foliage in lower canopy layer (%) .0006 ns 

of total population (live+dead) with "many" basal sprouts .0001 ns 
of live-only trees with "many" basal sprouts .0001 ns 

Tree Level 
Foliage reduction per tree (%) .0001 
Foliage height (m) .0001 ns 
Live canopy area per tree (m2) .0001 ns 
Height of basal regrowth (m) ns ns 
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Table 2. Mesquite percent top-kill, stem foliage only (SF-only) trees and stem foliage+basal 
regrowth (SFBR) trees in response to herbicide treatments, 2001 (Kite Camp and Windmill sites 
pooled). Values in parentheses are 1 standard error (n = 8; 4 reps x 2 sites). Means with similar 
letters are not significantly different (P < 0.05). 

Treatment Rate Top-kill SF-Only SFBR 

(kg ha ---------------(%)---------------- 

Untreated - 0 (0) c 87.5 (4.1) a 12.5 (4.1) a 

Clopyralid 0.28 17.1(2.2) b 51.7 (6.4) b 9.4 (1.8) a 

Clopyralid + Triclopyr 0.28 + 0.28 35.8 (3.6) a 5.8 (1.8) c 4.0 (0.7) a 

canopy layer. There was a significant site 
by treatment interaction for percent root- 
kill and percent foliage reduction per tree. 

Percent top-kill was twice as high in the 
clopyralid+triclopyr treatment than the 
clopyralid treatment (Table 2), and was 
greater at Kite Trap (20%) than Windmill 
(15%) (Table 1). Percent of trees with 
stem foliage only and no basal sprouts 
(SF-only) was over 8 times greater in the 
clopyralid than the clopyralid+triclopyr 
treatment (52 vs. 6%) (Table 2). Percent 

Pre-treatment mesquite cover ranged 
from 44 to 50% across all treatments 
(Table 4). Cover increased in the untreated 
plots by an average of 6 percentage units 
from 1993 (Windmill) or 1995 (Kite Trap) 
to 2001, an average of about 0.8 to 1 per- 
centage unit year-'. Mesquite cover in 
2001 was slightly over half that of pre- 
treatment cover (23 vs. 44%) in the clopy- 
ralid treatment and 1 /5th pre-treatment 
cover in the clopyralid+triclopyr treatment 
(10 vs. 50%). The clopyralid treatment 

Table 3. Mesquite percent root-kill and foliage reduction per tree in response to herbicide treat- 
ments on 2 sites, 2001. Values in parentheses are 1 standard error (n = 4). Means with similar 
letters within a column and site are not significantly different (P < 0.05). 

Site Treatment 

Foliage 
Reduction 

Rate Root-kill Per Tree 

(kg ha 
Kite Trap Untreated - 

Clopyralid 0.28 
Clopyralid + Triclopyr 0.28 + 0.28 

Windmill Untreated - 
Clopyralid 0.28 
Clopyralid + Triclopyr 0.28 + 0.28 

of trees having stem foliage and basal 
regrowth (SFBR) did not differ among 
treatments. Root-kill was similar for the 2 
herbicide treatments at Kite Trap, but was 
different at Windmill pasture (Table 3), 
explaining the site by treatment interac- 
tion. Root-kill was over 52% in the clopy- 
ralid+triclopyr treatment at both sites. 
Root-kill in the clopyralid treatment was 
greater at Kite Trap (34%) than at 
Windmill (10%). 

---------(%)---------- 

0(0)b 5.3(1.4)c 
33.8 (7.8) a 74.4 (7.0) b 

52.1(4.5) a 98.2 (0.7) a 

0(0)c 8.8(2.8)c 
10.0 (1.8) b 58.8 (1.9) b 

56.7 (5.8) a 96.4 (1.5) a 

reduced mesquite cover by 57% (54 to 
23%) when compared to the untreated 
control. 

Vertical foliage distribution within the 
original woody canopy structure on sur- 
viving trees differed among treatments 
and, in the upper canopy layer only, 
among sites. As expected, nearly all of the 
untreated trees at each site had foliage pre- 
sent in the upper and middle canopy lay- 
ers, but foliage was absent in the lower 

Table 4. Pre- and post-treatment mesquite canopy cover in response to treatments (Kite Camp and 
Windmill sites pooled). Values in parentheses are 1 standard error (n = 8; 4 reps x 2 sites). 
Means with similar letters within a column are not significantly different (P < 0.05). 

Pre-treatment Post-treatment 
Treatment Rate Cover 

Untreated 

(k - 

- (5.1) a 53.9 (4.9) a 

Clopyralid 0.28 43.8 (3.5) a (2.0) b 

Clopyralid + Triclopyr 0.28 + 0.28 50.4(4.0)a 

layer in almost one-third of the trees 
(Table 5). About 70% of live trees in the 
clopyralid treatment had foliage in upper 
and middle canopy layers, while only 12 
and 18% of live trees in the clopyralid+tri- 
clopyr treatment had foliage in the upper 
and middle layers, respectively. A greater 
percentage of live trees in the 
clopyralid+triclopyr treatment had foliage 
in the lower canopy layer than occurred in 
the other 2 treatments. The significant site 
effect (Table 1) occurred in the upper 
layer only. A greater percentage of trees at 
Windmill pasture (66%) than at Kite Trap 
(55%) had foliage present in this layer. 

Mesquite Tree-level Responses 
Foliage reduction per tree was >96% in 

the clopyralid+triclopyr and >58% in the 
clopyralid treatment at both sites (Table 
3). Differences between the 2 herbicide 
treatments were greater at Windmill pas- 
ture than at Kite Trap, possibly explaining 
the site by treatment interaction that was 
just significant (P = 0.049) (Table 1). Live 
foliage height and canopy area were sig- 
nificantly reduced by both herbicide treat- 
ments, but to the greatest extent by the 
clopyralid+triclopyr treatment (Table 6). 
Basal regrowth height was not different 
between the 2 herbicide treatments and 
averaged 0.9 m after 5 (Kite Trap) or 7 
(Windmill) years post-treatment. 

Basal Sprouts and Apical Dominance 
(Objective 2) 

Percent of the total population of trees 
(live + dead) with "many" (>5) basal 
sprouts was slightly greater in the clopy- 
ralid+triclopyr treatment than the clopy- 
ralid treatment (Table 7). However, per- 
cent of live plants with many basal sprouts 
was considerably greater in the clopy- 
ralid+triclopyr than the clopyralid treat- 
ment. The reciprocals (100% - % with 
many basal sprouts) of these data suggest 
that apical dominance was maintained in 
73 and 37% of surviving trees in the 
clopyralid and clopyralid+triclopyr treat- 
ments, respectively. None of the untreated 
trees had "many" basal sprouts, but about 
13% had "few" basal sprouts (the SFBR 
plants in Table 2). 

Partially top-killed trees from the clopy- 
ralid treatment were used to determine the 
amount of foliage needed on original 
woody canopies to maintain apical domi- 
nance. At both sites, over 70% of trees (y 
axis) that had >20% of foliage remaining 
on the original woody canopy structure 
maintained apical dominance (Fig. 1). As 
foliage remaining decreased below 20%, 
responses differed among the 2 sites in 
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Table 5. Vertical distribution of foliage on surviving mesquite in each treatment (Kite Camp and 
Windmill sites pooled). Values in parentheses are 1 standard error (n = 8; 4 reps x 2 sites). Means 
with similar letters within each group are not significantly different (P < 0.05). 

Treatment Rate 

(kg ha 1)- 

Untreated - 
Clopyralid 0.28 
Clopyralid + Triclopyr 0.28 + 0.28 

Trees with Trees with Trees with 
Foliage Foliage Foliage 

in Upper in Middle in Lower 
Layer Layer Layer 

----------(%)----------------- 

100.0 (0) a 97.5 (1.6) a 68.8 (5.5) b 
69.3 (6.7) b 72.8 (5.0) b 82.5 (2.3) b 
12.0 (3.0) c 18.1(3.2) c 97.0 (1.8) a 

Table 6. Individual mesquite tree responses to herbicide treatments when evaluated in 2001 (Kite 
Camp and Windmill sites pooled). Values in parentheses are 1 standard error (n = 8; 4 reps x 2 
sites). Means within a column with similar letters are not significantly different (P < 0.05). 

Foliage 
Treatment Rate Height 

(kg ha 1) (m) 
Untreated - 2.9 (0.1) a 
Clopyralid 0.28 2.0(0.1)b 
Clopyralid + Triclopyr 0.28 + 0.28 1.2 (0.1) c 

that a greater percentage of trees at Kite 
Trap maintained apical dominance. 

Discussion 

Use of Clopyralid for Savanna 
Development (Objective 1) 

For the purposes of mesquite savanna 
development from multi-stemmed thick- 
ets, clopyralid at 0.28 kg ha 1 achieved the 
targeted "intermediate" response with 
respect to overall foliage reduction with 
>58% foliage reduction per tree (Table 3), 
57% reduction in cover (Table 4), and 
63% reduction of canopy area of individ- 
ual plants (Table 6). Apical dominance 
was maintained in 73% of surviving plants 
(Table 7). As expected, the clopyralid+tri- 
clopyr treatment killed more mesquite 
plants and caused greater foliage reduction 
than the clopyralid treatment and also trig- 
gered most surviving plants into a basal 
regrowth mode. We thus fail to reject our 
first hypothesis that the clopyralid treat- 
ment would reduce mesquite foliage 
amount by at least 50%, but would main- 
tain apical dominance in most surviving 
trees to a greater degree than would the 
clopyralid+triclopyr treatment. 

The lower root-kill in the clopyralid 
treatment at Windmill pasture than at Kite 
Trap may be explained by the inherent 
variability in response of mesquite to this 
treatment (Bovey and Whisenant 1992) 
and/or by the rainfall events that occurred 
both prior to and following spraying at 

Live Basal 
Canopy Regrowth 

Area Height 

(m2) 

47.7 (3.9) a 

(m) 

17.6 (1.9) b 0.89 (0.05) a 

7.7 (0.6) c 0.93 (0.05) a 

Windmill. The site was in an extended 
drought for several months prior to the 
spray date and mesquite metabolism was 
likely suppressed. Rainfall that occurred 
near the spray date may have stimulated 
the trees to translocate stored carbohy- 
drates toward leaves for new shoot, leaf or 
reproductive growth. This upward move- 
ment of carbohydrates may have inhibited 
clopyralid translocation to the root system 
(Dahl and Sosebee 1984). Apparently, 
enough clopyralid was absorbed by leaves 
and stems to modify foliage in a way simi- 
lar to results found at Kite Trap. The fact 
that there were more trees at Windmill 
pasture (66%) than at Kite Trap (55%) 
with foliage in the upper layer of the origi- 
nal woody canopies supports this hypothe- 
sis because it suggests that clopyralid was 
not translocated as far downward in trees 
at Windmill pasture compared to Kite 
Trap. Other factors may have affected 
root-kill such as differences in soil type 
and mesquite genetics. In addition, it 

should be noted that rainfall did not reduce 
root-kill in the clopyralid+triclopyr treat- 
ment. 

The literature indicates a fairly consis- 
tent range of mesquite root-kill responses 
to the 0.28 kg ha 1 rate of clopyralid with 
one notable exception. Jacoby et al. (1991) 
found a range of 29-52% root-kill, Bovey 
and Meyer (1985) reported 37%, and 
Bovey and Whisenant (1991) reported 
33% root-kill. The exception was a study 
by Bovey and Whisenant (1992), who 
found root-kills of 0 and 93% in 2 consec- 
utive years with this clopyralid rate. 
Further tests are needed to determine fac- 
tors that affect root-kill using this rate. In 
addition, other higher rates should be test- 
ed, although a rate of 0.56 kg ha 1 clopy- 
ralid has been found to yield results simi- 
lar to the 0.28 kg ha 1 clopyralid + 0.28 kg 
ha-1 triclopyr treatment (Jacoby et al. 
1991, Bovey and Whisenant 1991, 1992) 
and may remove too much foliage from 
the landscape for wildlife screening cover. 

Root-kill, while certainly important, 
may not be the most important variable 
with respect to savanna development. 
Reduction of the overall foliage amount is 
probably more critical and that was 
achieved at both sites. In addition, it is 
important to note that evaluations were 
conducted 5-7 years after treatment, indi- 
cating that the foliage reduction effects 
had reasonable longevity. 

Stem Flagging and Apical Dominance 
(Objective 2) 

The minimum of 20% of original 
canopy foliage required to maintain apical 
dominance in partially top-killed trees in 
the clopyralid treatment was lower than 
the 40% required by mesquite that had 
been partially top-killed by low-intensity 
fires (Ansley et al. 1997b, Ansley and 
Jacoby 1998) (Fig. 1). Thus, we reject our 
hypothesis that 40% of original foliage is 
needed to maintain apical dominance. 

Differences in responses between fire- 
and clopyralid-mediated apical dominance 
may reflect differences between physical 

Table 7. Percent of total population (live +dead) and of live trees only that had "many" (>5) basal 
sprouts in response to herbicide treatments when evaluated in 2001 (Kite Camp and Windmill 
sites pooled). Values in parentheses are 1 standard error (n = 8; 4 reps x 2 sites). Means with 
similar letters within a column are not significantly different (P < 0.05). 

Treatment Rate 

Total Pop. 
with "Many" 
Basal Sprouts 

Trees 
with "Many" 

Basal Sprouts 

(kg ha') (%) (%) 

Untreated - 0(0)c 
Clopyralid 0.28 20.8(1.8)b 
Clopyralid + Triclopyr 0.28 + 0.28 28.8 (3.8) a (6.3) a 
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1- 11- 21- 31- 41- 51- 61- 71- 81- 
10 20 30 40 50 60 70 80 100 

Percent Foliage Remaining on 
Original Canopies 

Fig. 1. The percent of trees maintaining apical dominance (y axis) as a function of amount of 
foliage remaining on original woody canopies 5-7 years after being partially top-killed by 
aerial sprays of clopyralid at 0.28 kg ha"' at Kite Trap and Windmill pastures. Number of 
plants evaluated in each x axis group ranged from 20 to 30. 

effects of fire and physiological effects of 
clopyralid. Most subterranean meristem 
that produces basal regrowth is protected 
from fire effects by the soil (Ansley and 
Jacoby 1998). Additionally, few main sup- 
port stems with rough bark are killed by 
fire because of the protective bark layer. 
Because heat is generated from beneath 
mesquite canopies as herbaceous fuel 
burns, growing points on small branches 
and twigs in middle and lower canopy 
regions are killed but nearly all main sup- 
port stems retain foliage in upper portions 
of the canopy (Fig. 2). The resulting rela- 
tionship between percent foliage remain- 
ing per tree following fire and degree of 
basal sprouting follows a reverse sig- 
moidal curve. When remaining foliage is 
less than 30% of pre-burn levels, nearly 
all the trees produce "many" basal sprouts. 
When foliage remaining exceeds 40%, 
sprouting is almost completely eliminated 
(Ansley et al. 1997b). 

In contrast to the response to low-inten- 
sity fires, stem-flagging from clopyralid 
occurred throughout the vertical length of 
the canopy. Most stem-flagged trees had a 
combination of partially defoliated stems 
and other stems that were completely 
killed (Figs. 2 and 3). Most dead stems 
had no evidence of sprouting at the stem 
base, suggesting that clopyralid was 
translocated to stem bases and killed the 
meristematic tissue (Bovey et al. 1986, 
Meyer and Bovey 1986). By killing some 

support stems and associated basal meris- 
tems, the clopyralid treatment eliminated 
the potential for resprouting from that por- 
tion of the base of the tree. If the remain- 
ing live stems retained enough foliage to 

maintain apical dominance at each of their 
respective stem bases, this would produce 
the appearance that very little foliage in 
the original woody canopy was needed to 
maintain apical dominance for the entire 
tree. Indeed, many clopyralid-treated 
plants with less than 20% foliage remain- 
ing per tree maintained apical dominance 
(Fig. 1). More trees at Kite Trap may have 
maintained apical dominance at <20% 
foliage remaining levels than at Windmill 
because more support stems within a tree 
may have been killed at Kite Trap, 
although we have no data to substantiate 
this. Adding further support to the 
assumption that some support stems were 
killed and others survived is the observa- 
tion that the clopyralid treatment reduced 
live canopy area to a greater degree (63%) 
than it reduced foliage height (31 %) 
(Table 6). 

The contrasting responses of partially 
top-killed trees in low-intensity fire and 
clopyralid treatments support a general 
hypothesis that basal sprouting is con- 
trolled within each support stem rather 
than at the organismal or "whole tree" 
level and explains why efforts to prune 
multi-stemmed mesquite to a few- 
stemmed physiognomy by mechanically 
removing stems results in vigorous sprout- 
ing from those stem bases (Patch et al. 
1998). Further investigation into physio- 

Clo ralid at 0.28 k ha' 

Fig. 2. Conceptual illustration of a mature, multi-stemmed mesquite tree partially top-killed 
by a low-intensity fire (adapted from Ansley and Jacoby 1998) or an aerial spray of clopy- 
ralid at 0.28 kg ha"'. Number of basal stems depicted is similar to the mean of all trees 
measured. 
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Fig. 3. Ground-level view of a mesquite plot at Kite Trap in 2000 treated with clopyralid at 
0.28 kg ha-' in 1996. None of the mesquite in view have basal regrowth. Vegetation at the 
base of the large tree on the left is grass growth. 

logical mechanisms is needed. 

Clopyralid+Trielopyr Mixture 
Clopyralid was initially marketed to be 

sprayed alone or in combination with 
picloram (4-amino-3,5,6- trichloro-2- 
pyridinecarboxylic acid) for mesquite con- 
trol (Bovey et al. 1981, Jacoby et al. 1981, 
1990, 1991). However, after its commer- 
cial release in 1990, many livestock pro- 
ducers expressed dissatisfaction with these 
treatments because of excessive stem-flag- 
ging (Jacoby and Ansley 1991). The com- 
bination of clopyralid with triclopyr was 
developed as an industry response to this 
dissatisfaction. It is believed that the tri- 
clopyr ester provides the top-killing action 
in those plants not top-killed by clopyralid 
alone. Because the monoethanolamine salt 
of clopyralid has low volatility, it may not 
produce the vapors or small particles that 
increase coverage within a canopy as do 
ester herbicide formulations, such as tri- 
clopyr. However, laboratory tests have 
also found that the addition of triclopyr to 
clopyralid increases clopyralid deposition, 
absorption, and translocation in mesquite 
when compared to clopyralid applied 
alone (Bovey et al. 1988). 

The 0.28 kg ha' clopyralid + 0.28 kg ha-' 
triclopyr treatment was moderately suc- 
cessful in converting mesquite thickets to 
open grassland by yielding > 52% root- 
kill, 36% top-kill and > 96% canopy 
reduction (Tables 2 and 3). There is little 
field research of this treatment combina- 
tion in the literature, although Bovey and 

Whisenant (1991) found that this treat- 
ment yielded 49% root-kill and 92% 
canopy reduction. Their study used hand 
sprayers that applied the equivalent of 187 
liters ha-' (20 gallons acre-') total spray 
volume on relatively small (1-2 m tall) 
mesquite. However, efficacy was compa- 
rable to that in our study that used 37 liters 
ha' (4 gallons acre-') total spray volume. 

Our data indicate that 63% of the sur- 
viving plants in the clopyralid+triclopyr 
treatment produced "many" basal sprouts 
(Table 7). Regrowth from basal meristems 
presents several problems which may 
increase in economic importance over 
time (Fisher et al. 1959, Scifres et al. 
1974, Jacoby and Ansley 1991). Because 
regrowth mesquite are multi-stemmed, 
they have greater foliage density and may 
be more competitive with grasses and cre- 
ate greater visual and physical barriers 
than do few-stemmed mesquite of equiva- 
lent height. Multi-stemmed mesquite are 
also more resistant to subsequent herbicide 
applications (Jacoby et al. 1990). From a 
long-term management perspective, once a 
mesquite plant has been top-killed and 
produces multi-stemmed regrowth, it may 
take decades before this plant attains an 
arborescent physiognomy. Thus, long- 
term consequences of treatments that 
induce basal regrowth should be consid- 
ered prior to treatment. 

The level of root-kill produced by the 
clopyralid+triclopyr treatment reduced 
effects of basal regrowth in surviving plants 
when projected to the landscape level. As noted 
in Table 7, while the percent of surviving 
mesquite with many basal sprouts was much 
greater in the clopyralid+triclopyr than the 
clopyralid treatment, this percentage, when aver- 
aged over all trees (live + dead), was more simi- 
lar between treatments, although it remained sig- 

nificantly different (29 vs. 21 %, Table 7). 
Recent studies suggest the clopyralid+triclopyr 
treatment has an effective treatment life of at 
least 20 years if increased herbaceous produc- 
tion for livestock is the management goal 
(McMullen 2000, Teague et al. 2001). 
Conversely, in the same studies, herbicide treat- 
ments that only top-killed mesquite and induced 
basal regrowth were not economical. 

Basal regrowth rate of 0.9 m in 5-7 years was 
not nearly as rapid as that found by Hamilton et 
al. (1981) in south Texas after a top-killing fire, 

or by Scifres et al. (1974), who found in north 
Texas, that mesquite regrowth attained 1.6 m 
height 8 years after 2,4,5-T (2,4,5-trichlorophe- 
noxy acetic acid) application. Our lower 
regrowth rates were possibly due to drought 
conditions that occurred during much of the 
period between application of the herbicide 
treatments in 1994 or 1996 and final evaluations 
in 2001. They may also indicate that clopyralid 
and clopyralid+triclopyr treatments have a nega- 
tive impact on the growth rate of basal regrowth. 

It should be noted that this study was 
conducted on sites where the majority of 
mesquite were mature, multi-stemmed 
regrowth that had been top-killed by earli- 
er treatments. As such, our results may not 
apply to stands dominated by undisturbed 
mesquite, although 38% of the trees evalu- 
ated were few-stemmed (1-3 stems tree-') 
and mean basal stems tree-' was only 6. 
Much of the mesquite in Texas has experi- 
enced a prior disturbance. This assumption 
is supported by survey data that indicates 
that about 20 million ha of Texas range- 
lands are infested with mesquite (NRCS 
1985) and total acreage of all brush 
species treated in Texas from 1940-1984 
was > 26 million ha (Welch 1985). While 
Welch's report did not specify the acreage 
of mesquite treated, it can be assumed that 
a significant portion of this total was 
mesquite and that most of the treatments 
were non-lethal and produced regrowth. 
Thus, we believe the pre-treatment phys- 
iognomy of mesquite in our study was typ- 
ical of the majority of mature mesquite 
that currently exist. Research is needed to 
determine if similar responses occur in 
single-stemmed mesquite. 
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Management Implications 

There is much evidence to suggest that 
on areas with uniform soil types, mesquite 
savannas will transition to thickets if left 
unmanaged (Archer 1995, Ansley et al. 
2001). This process is accelerated by a 
variety of factors, including distribution of 
mesquite seeds by livestock and the reduc- 
tion of naturally occurring fires (Archer et 
al. 1988, Brown and Archer 1989, Kramp 
et al. 1998). Within this north Texas 
ecosystem, mesquite savanna is most like- 
ly the "transition" phase between true 
grassland and woodland thicket "states". 
There is little doubt that maintaining a site 
as a mesquite savanna will require period- 
ic management inputs. 

Treating mesquite thickets in strips or 
blocks, or thinning stands by selectively 
killing individual mesquite plants, are 
options that provide spatial discontinuity 
and may achieve multiple-use goals 
(Jacoby 1985, Scifres et al. 1985, Scifres 
and Koerth 1986). However, there are 
some problems associated with these 
"brush sculpting" treatments, including 
high cost of implementation and mainte- 
nance, especially if mechanical treatments 
are used (Rollins et al. 1997), or if the 
mesquite is allowed to thicken and mature 
before control is attempted. A disadvan- 
tage of leaving untreated strips is that 
these strips decline in productivity for 
livestock and wildlife grazing and hinder 
attempts to gather livestock and harvest 
wildlife. Use of low-cost maintenance 
treatments such as prescribed fire are often 
not practical because discontinuity of 
herbaceous fine fuel in areas supporting 
dense mesquite disrupt movement of the 
flame front (Ansley et a!. 1997a). 

Aerial sprays of clopyralid at 0.28 kg ha' 
may facilitate conversion of mesquite thick- 
ets to savannas and enhance opportunities 
for multiple-use management for livestock 
and wildlife. This treatment maintains some 
screening cover for wildlife, yet surviving 
mesquite will have less leaf area per tree 
and will likely be less competitive with for- 
age grasses than before treatment, thereby 
increasing forage production for livestock 
and wildlife (Fig. 3). In addition, most sur- 
viving mesquite will largely have elevated, 
rather than basal regrowth foliage that theo- 
retically could be maintained using low- 
intensity fires (Ansley et al. 1996,1997b). 

Twenty years ago, the results of the low 
rate of clopyralid, as documented in this 
study, would have been perceived as an 
unsatisfactory control because of the stem 
flagging. However, societal perceptions of 
human manipulations of the landscape 

have changed and there is increasing inter- 
est in maintaining diversity and multiple- 
use options on rangelands (Cairns and 
Lackey 1992, Fulbright 1996). Effects of 
clopyralid at 0.28 kg ha' alone or in com- 
bination with other "brush sculpting" 
treatments, such as patterned spraying or 
individual plant thinning, on floral and 
faunal diversity and forage responses for 
both livestock and wildlife need further 
investigation. 
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