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Biomass Production ofProsopis species

(Mesquite), Leucaena, and Other Leguminous

Trees Grown Under Heat/Drought Stress
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AssrRecr. Leguminous trees were examined for use on hoVarid lands in field trials in the
California Imperial Valley where July daily maximum temperatures are 42"C (108"F). Two freld
trials were carried out to rank 55 accessions in biomass per tree and to evaluate biornass production
per unit area with four ofthe more productive accessions identified in earlier trials. The trial with
55 accessions compared Prosopis (mesquite) to widely recommended species for arid lands such

as Leucaena lercocephala (K-8), Parkinsonia aculeata, and Prosopis tamarugo and la other drought
adapted tree legume species of California/Arizona deserts suchas Cercidiumfloridiumand Olneya
tesota. Prosopis selections were identified that had greater productivity than either I'eucaena

leucocephala (K-8) or Parkinsonia aculeata. The mean ovendry biomass per accession ranged
from 0.2 kg,/tree for Prosopis tamarugo to 29 kgtree for P. alba (0166) when measured 2 years

from germination in the greenhouse. Clones were obtained from trees in this trial which had 45-
56 kg/tree (ovendry) in two seasons. The plots designed to measure biomass production per unit
area were on a 1.5 m spacing and had productivities of 7, 11.2, 14.3, and 14.5 ovendry T ha-t
yr-'forP. glandulosavartorreyana(Oo0l),P.alba(0163),P.chilensis(0009),andP. albaQo39),
respectively, when measured 2 years from germination in the greenhouse. Fonesr Scl. 29:592-
606.

Aoorrrorrr- KEr, woRDS. Cercidium floridium, Olneya tesota, Leucaena leucocephala, Parkin-
sonia aculeata, arid lands, desertification, fuelwood, agroforestry.

IN rns IJNIrno Srares wood is increasingly being used for energy by both industry
(Garrett 1981) and individual families (Smith l98l). Firewood shortages and
associated deforestation in developing countries in the moist and arid tropics have
created major international economic, ecological, and political problems (National
Academy of Sciences 1980). In contrast to the large number of temperate adapted
woody species available for reforestation and fuel production, few species are
available from which to make selections for use in arid and semiarid regions of
the United States or developing countries. Both the U.S. National Academy of
Sciences (National Academy of Sciences 1980) and Palmberg (1981) of the Food
and Agricultural Organization (FAO) of the UN have recommended use of Pro-
sopls in semiarid lands. Palmberg ( 1 98 1) has stressed the importance of examining
intraspecific variation in Prosopis and related genera.
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This paper reports on heat/drought screening of 5l Prosopis accessions and 4
other arid-adapted tree legume accessions for biomass production per tree and
per unit area. Many highly diverse and promising accessions were directly com-
pared in this study. For example Leucaena leucocephala (Hawaii Giant K-8),
Prosopis tamarugo, and Parkinsonia aculeata were tested which have been rec-
ommended for use in arid lands in two U.S. National Academy of Sciences
publications (National Academy of Sciences 1979, 1980). Kiawe (Prosopis pal-
lida), a valuable Prosopis in Hawaii (National Academy of Sciences 1980), and
P. juliflora, a species currently being used in west Africa for fuel and pod pro-
duction, were also included in this study. Most of lhe Prosopis species from
southwestern United States rangelands were excluded from this study because of
low productivity and because they were observed to have a shrubby prostrate
growth habit in a previous study (Felker and others l98la). Several of the more
productive velvet mesquite (P. velutina) and western honey mesquite (P. glan-
dulosa var torreyana) accessions were included with other leguminous trees of
the California desert such as palo verde (Cercidiumfloridium) and desert ironwood
(Olneya tesota). Reputedly fast growing ornamental thornless Prosopis alba acces-
sions, now widespread in southern California and Arizona but originally of South
American origin, were also included.

Despite widespread interest and promotion of these species for erosion control
and fuelwood production on semiarid lands (National Academy of Sciences 1980,
Palmberg 1981), except for Leucaena (Brewbaker and Hutton 1979),little quan-
titative data exists for these species. Information is needed on intraspecific vari-
ation, annual growth rates, dry matter contents, regression equations for predicting
biomass, and coefficients of variation from field plot work that are necessary for
efficient experimental designs.

Dry matter contents and regression equations relating stem diameter to fresh
weight were developed or improved on here to compare the energy productivity
of these species and accessions. Using linear regressions Whisenant and Burzlaff
(1978) were able to predict the fresh weight of existing Prosopis in the Rolling
Plains of Texas. Log-log regression equations relating fresh biomass and stem
diameter and dry matter contents for l-year-old (Felker and others 1982a) and
3-year-old (Felker and others 1983) Prosopl's have been reported for one site in
California. Whittaker and Niering (1975) have reported dimensional analyses for
Cercidium microphyllum in Aizona. Dry matter contents or regression equations
have not been previously reportedfor Parkinsonia aculeata, Cercidiumfloridium,
Olneya tesota, or the ornamental Prosopis alba currently being grown in southern
California.

A previous 3-year study compared 32 Prosopis (mesquite) accessions which
were irrigated when soil moisture levels at the 30 cm depth reached 60 kPa (0.6
Bar), 200 kPa (2.0 Bar), or 500 kPa (5.0 Bar) (Felker and others 1983). A 23-fold
range was observed in biomass productivity but significant differences were not
observed among irrigation treatments. A productivity of 13.4 dry T ha-t yr-r was
measured for a P. chilensis (0009) accession which received an average annual
rainfall plus irrigation water input of 460 mm. Prostrate shrubby Prosopis acces-
sions from west Texas, New Mexico, and Arizona were among the least productive
accessions. Water use efficiencies of the latter species were low (2,200-2,600 kg
H2O per kg dry matter) and were in good agreement with water use efrciencies
of 1,700 to 4,000 kg HrO per kg dry matter reported in earlier greenhouse pot
studies (McGinnies and Arnold 1939, Dwyer and DeGarmo 1970). In contrast,
P. chilensis (0009) from South America had a water use efficiency of 345 kg H2O
per kg dry matter which was comparable to water use efficiencies of many C-4
plants.

Other work on Prosopis has confirmed its nitrogen fixing capabilities (Felker
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and Clark 1980), and found some species that grew well on nitrogen free media
at salinities equivalent to half seawater (Felker and others 1981b). Prosopis se-
lections were also identified with both increased cold tolerance and high biomass
production (Felker and others 1982b).

To more rapidly screen accessions for heat/drought tolerance, an expanded
screening trial was established in the California Imperial Valley at a USDA Re-
search Station where t}:,e 42oC (107'D daily July maximum temperatures were
higher than the 35'C (95"F) daily July temperatures of the previous study. Summer
temperatures at this experiment station are the highest of any experiment station
in the United States (no station is located in Death Valley, California, which is
4.3'C (7.8'F) hotter) and are comparable to the maximum temperatures sustained
in North Africa and the Middle East.

Mernoos

Field Plot Design.-Two experiments were conducted at sites located l0 m apart
on level terrain. The first trial, designated the "screening trial," was used to
compare the relative biomass production of 55 accessions. The second, designated
the "production trial," was designed to estimate the production in dry tons per
hectare. This study included four previously identified highly productive acces-
sions under conditions where border effect considerations could be analyzed.

The "screening trial" examined 55 accessions for biomass production per tree
in a randomized complete block design with l6 blocks. Each accession was hand
planted as a single tree replicate on a 1.5 m X 3.6 m (5 flx 12 ft) spacing in each
of the blocks during 20-22 March 1979. The blocks were nearly square with 5

rows of I I trees per row. This study provided a comparison of biomass produc-
tivity of each accession in kgltree but could not estimate biomass production per
unit area due to the influence of randomly assigned neighboring trees.

The production trial used a randomized complete block design with 3 replicates
of 4 accessions. Each replicate consisted of 25 trees in a 5 X 5 array on a 1.5 m
(5 ft) spacing. Border effects in these small plots were examined by comparing
biomass per tree estimates of all 48 outer trees (3 reps X 16 trees/rep) with all 27
(3 reps X 9) inner trees using an 17 test.

Climate and Soils.-These trials were conducted at the USDA Imperial Valley
Research and Conservation Center in Brawley, California, where the elevation is
l5 m below sea level. Climatic data at the station for the past 20 years indicated
the average daily July maximum temperature is 42'C (108"D, and that 100 days
of the year have temperatures greater than 38'C (100'F). The mean annual rainfall
of 65 mm (2.5") is too low to support plant growth in this region without irrigation.

Both experiments were located on soil classified as a Holtville clay (typic tor-
riflubents). Soil chemical properties of the top l5 to 50 cm were: a pH of 7.8, an
electrical conductivity of 3.4 mmhos/cm, a total soil N of 500 mg/kg, and an
available N of less than 2 mg/kg. No fertilizer applications were made to either
experiment.

Cultural Practices.-All seedlings were inoculated with a rhizobial isolate previ-
ously shown to nodulate these Prosopis species (Felker and Clark 1980). The
seedlings were raised and transplanted as previously described (Felker and others
l98la). In spite of 5 years without cultivation, the field was clear of weeds prior
to planting because of the low rainfall and occasional tillage. Pre-emergence weed
control measures employed Treflan (trifluralin) metered into the irrigation water
at 0.5 kglha and postemergence weed control used Roundup (glyphosate) in spot
applications. Canopy closure was nearly complete at the end of the first season
and eliminated the need for further herbicide applications. These weed control
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measures were adequate only because of high (43'C) temperatures and the long
durations (4 months) between irrigations. Similar weed control measures for a
study on an abandoned but fertilized pasture in South Texas were totally inad-
equate under 760 mm (30") annual rainfall.

Irrigation Regimes.-hrigation was required for plant growth at the Brawley
location because of the low annual rainfall (65 mm/yr) and the high evaporative
demands (Class A pan evaporation was 2,760 mm in 1979, and 2,822 mm in
l9S0). Both the screening trial and the production trial received a 400 mm irri-
gation 8 weeks prior to transplant to wet the soil profile and a 100 mm irrigation
immediately after transplant. In addition, the trees in the screening trial received
two 150 mm irrigations the first season and a single 750 mm irrigation in January
of 1980 that carried them through the entire next year. Thus they were irrigated
at less than 30 percent of pan evaporation. Water was applied to these plots from
headstands at one edge of the field which were adjacent to four of the 16 blocks.
The nonharvested blocks in 1979 and 1980 occurred in slightly elevated portions
of the field (therefore less well-irrigated) and this probably accounts for a block
effect of generally smaller nonharvested trees in 1979 and 1980.

In the production trial, an earthen berm was constructed around each ofthe
12 plots. Water was applied to the center of these plots through a 3 cm pipe
opening. These plots received two irrigations totaling approximately 580 mm
(23") water the first year, and an average of approximately 750 mm the second
year. A detailed characteization of soil evaporative losses, water storage in the
profile, and plant water uptake to 6 m depths (calculated from neutron activation
data) is still in progress by G. H. Cannell.

Description of Accessions.-The term accession, used to denote single tree selec-
tions, is particularly useful for Prosopis because of taxonomic confusion arising
from naturally occurring interspecific hybrids with intermediate morphological
characters. The nomenclature described in Burkart's (1976) revision of the genus

Prosopis is used here.
The screening trial included the l5 highest biomass producing accessions from

differential irrigation screening trials on the University of California Riverside
experiment station plots (Felker and others I 98 1a), other leguminous trees of the
California desert such as desert ironwood (Olneya tesota), palo verde (Cercidium

floridium and Parkinsonia aculeata), and an advanced strain of Leucaena leu-
cocephala (Hawaii Giant K-8) developed by Dr. J. L. Brewbaker of the University
of Hawaii. Leucaena leucocephala (K-8) has been primarily developed for higher
rainfall areas in the tropics but was included here since some leucaena are drought
tolerant and since some leucaena are very productive (Brewbaker and Hutton
1979). Approximately half of the accessions in this trial were collected from the
California deserts. Mesquite pods were collected from the trees in July in Death
Valley when the temperature was 49oC (120'F) as well as at 914 m (3,000 ft)
elevation in the foothills 100 km NE of San Diego where mesquite was growing
in association with live oak (Quercus agrifolia) and chaparral type vegetation.
Pods were also collected from Prosopis trees introduced from South America at
least several decades ago for use as ornamentals. The origins of specific accessions
are listed in Table 2. Using the taxonomy of Burkart (1976), the ornamental
selections were tentatively identified as P. alba.

The production trial included three of the greatest biomass producing accessions
examined in a previous field trial in Riverside, California, i.e., P. chilensis (0009),
P, alba (0039), and P. glandulosavar torreyana (0001) (Felker and others l98la).
Also included were progeny from a l7 m tall 25-year-old tree of South American
origin, i.e., P. alba (0163).
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Forty-five P. chilensis trees in the production trial had 3 cm long thorns and
30 trees had absolutely no thorns. The presence or absence ofthorns on P. chilensis
was unaffected by mature or juvenile growth stages, unlike P. pallida thornless
characters observed in Hawaii.

Biomass Estimation.-Four blocks of 55 trees each were harvested from the
screening trial in November 1979 and November 1980 to develop regression
equations to estimate the biomass of unharvested companion plots. The trees
were harvested with a chainsaw at ground level, stem diameters were measured,
and the entire trees were weighed individually with precalibrated spring scales
suspended from a backhoe. Profuse basal branching precluded dbh measurements.
The regression equations relating stem diameter to fresh weight were logr6 fresh
weight (kg):2.5801 lo9,6 stem diameter (cm) - 0.9908 in 1979, and logto fresh
weight (kg) : 2.67581o9,o stem diameter (cm) - 1.0908 in 1980. These equations
were based on2l2 trees in 1979 and 205 trees in 1980. Highly significant I's of
0.92 and 0.90 were obtained in 1979 and 1980, respectively.

To permit a comparison of the productivities of the various accessions on an
equal energy content, dry matter coefficients were determined for each genus and
for each of the major species. The dry weight values reported here included equal
or less water than obtained by drying at 65'C until equilibrium was reached. In
the case of Prosopis, the dry matter content of a California native, P. glandulosa
yar torreyana (OO0l), was used to convert fresh weight to dry weight for all
deciduous Prosopis species, and the dry matter content of a South American intro-
duced Prosopis ornamental was used for evergreen South American Prosopis
species. The moisture content of 7 North American deciduous species was recently
shown to vary only from 57 to 63 percent (Felker and others 1983).

Two complementary methods for ranking the accessions in order of biomass
production were carried out. The biomass of standing and harvesting trees was
predicted using regression equations and stem diameter measurements. These
predicted weights were compared with the fresh and dry weights of the trees
actually harvested. Thus, the predicted biomass was based on 12 trees per acces-
sion while the measured (harvested) biomass was based on the harvest of 4 trees
per accession. Ranked orders of actual and predicted biomass have been compiled
for both seasons but only the second season data are presented due to space
limitations.

A Duncan multiple range test was used to test significant differences in mean
kgltree values per accession, but these results are not presented here as it is
apparent that means with a 1OO-fold difference are significantly different. Generally
accessions which differed in rank by fewer than ten positions were not significantly
different.

Resurrs

Dry Matter Contents.-When expressed on a dry matter basis several Prosopis
accessions had greater dry matter production than Leucaena (Table l). Generally,
the dry matter contents were several percent lower in 1980 than 1979. Leucaena
leucocephala went from 40 percent to 53 percent dry matter and was the major
exception to this rule. Early in the second season Leucaena produced large quan-
tities of pods and seeds and then lost most of its leaves. At the time of the 1980
haryest Leucaena still had not regained full leaf cover which probably accounted
for its high dry matter content.

Other than Leucaena (Brewbaker and Hutton 1979) and first season Prosopis
(Felker and others 1982a), whole tree dry matter contents have not been previously
reported for the other species. The growth of leucaena was deceptive since in the
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TABLE I. First and second season whole tree dry matter contents.

Accession
number

Dry weight
Fresh weight

Species r97 9 l 980

Leucaena leucocephala
Parkinsonia aculeata
Olneya tesota
Cercidium floridium
P. alba
P. glandulosa var torreyana
P. chilensis
P. alba

0t47
0322
0343
0324
0r63
000 I
0009
0039

--.- percent

40
44
50
5l
50
56
48
49

53
40
52
45
47
49
47
46

first season it had the greatest height growth and the greatest fresh weight but the
lowest dry matter percentage.

Comparison of Biomass Per Tree in the Screening Trial.-The largest trees in the
screening trial are of most interest, but unfortunately the predicted biomass values
of the largest trees are the most subject to error, as the extremes of any regression
equation data set have the largest standard errors. Data for both the predicted
biomass per tree, which contains the most accurate ranking of all the accessions,
and the measured biomass per tree, which contains the most accurate measure-
ments of the trees, are presented in Tables 2 and3. The largest individual tree
was in accession 0285 and had a predicted biomass of 83.3 kg but a measured
biomass of 56.3 kg.

Numerous minor changes in ranking occurred between predicted and measured
dry weights, probably because of variability in seed-propagated stock among these
outcrossing species. For example, the predicted biomass for P. articulata applied
to 2.2kg trees, but the measured biomass applied to no trees smaller than 20 kg.
The absence of small trees in the P. articulata measured biomass per tree data
set led to its boing the accession with the greatest measured biomass per tree.
Two California native mesquites, i.e.,0246 and 0216, had greater productivity
lhan Leucaenawhen actual harvest data was used. Olneya tesota and P. tamarugo
ranked at the bottom in both measured and predicted biomass.

Changes in ranking also occurred because only one regression equation was
used, which evidently biased the estimation of biomass among various genera.
For example, Parkinsonia aculeata increased in rank from tenth in predicted to
4th in measured biomass while Prosopis chilensis and Leucaena leucocephala
decreased in rank from 3rd in predicted to I lth in measured and from 8th in
predicted to 15th in measured biomass per tree.

The most striking features among both the measured and predicted biomass
per tree are the 160-19O-fold range in the means and the large range for individual
accessions. The variability within accessions is well illustrated with P. alba (0285)
which had the fifth greatest mean measured productivity with a range of 0.1 to
56.3 kg and the single largest measured tree. Accession 0285 was a California
ornamental P. alba that was growing in close proximity to native P. glandulosa
var torreyana, and we suspect this variability is at least partially due to interspecific
hybridization. Progeny of 0285 had intermediate morphological characters be-
tween P. alba and P. glandulosa var torreyana which tends to suppoft this hy-
pothesis.
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TABLE 2. Predicted dry weights of harvested and nonharvested second season
trees.

Accession
number

Ovendry biomass
per tree

Species (P. : Prosopis) Origin Mean Range

P. alba
P. articulata
P. chilensis
P. alba
P. alba
P. alba
P. alba
Leucaena leuc ocep hala (K- 8)
P. alba
Parkinsonia aculeata
P. alba
P. glandulosa var torreyana
P. alba
P. alba
P. juliflora
P. glandulosa var torreyana
P. glandulosa var torreyana
P. alba
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyana
P. sp
P. alba
P. alba
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyana
P. pallida
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyena
P. glandulosa var torreyana
P. velutina
P. spp
P. glandulosa var torreyana
P. glandulosa var torreyane
P. glandulosa var torreyana
P. glandulosa var torreyana
P. spp
P. velutina
P. glandulosa var torreyqna
P. pubescens

P. nigra
P. pubescens

Cercidium floridium
P. velutina

Thermal, CA
Baja, Mexico
Argentina
Desert Shores, CA
Harper Dry Lake, CA
Argentina
Argentina
Hawaii
Argentina
Riverside, CA
Indio, CA
Death Valley, CA
Big River, CA
Argentina
Senegal, W. Africa
Blythe, CA
Julian, CA
Argentina
Thermal, CA
Thermal, CA
Whitewater Cyn, CA
Blythe, CA
Needles, CA
Thermal, CA
Ehrenberg, AZ
Riverside, CA
Harper Dry Lake, CA
Death Valley, CA
Twin Palms Park, CA
Mecca, CA
Newberry, CA
Hawaii
Shoshone, CA
Harper's Well, CA
29 Palms, CA
Mesquite Dry Lake, CA
Arizona
Temecula, CA
Saline Valley, CA
Pahrump, NV
Palm Springs, CA
Panamint Valley, CA
Trona, CA
Cochise, AZ
Harper's Well, CA
Scissors Crossing, CA
Argentina
Ash Meadows, NV
Riverside, CA
Westmoreland, CA

0166
0016
0009
0168
028 5
0t32
003 7

0t47
0137
0322
0163
02t6
0t94
0039
0044
0184
0246
0098
000 I
0239
0157
0182
0199
0165
0186
0013
0286
0210
0190
02s0
029 r
004 l
0205
0170
0255
0258
0020
0296
027 I
026r
01 54
027 6

0280
0032
0L7 t
0245
003 8

0263
0324
0247

29.0
18.5
18.3
17.5
16.8
15.9
15.8
15.5
15.4
13.0
13.0
12.6
I 1.6

10.6
10.4
9.3
8.7
8.6
8.1

8.0
7.8
7.6

6.6
6.3
6.1

5.6
5.6
5.6
5.5
5.5
5.1

5.0
4.2
4.1

3.9
3.9
3.7
3.5
3.3
3.1

3.1

3.1

3.0
2.9
2.8
2.6
2.5
2.5
2.4
2.2

kg

2.8-77.2
2.248.2
6.2-39 .6

0.93-58.4
0.01-83.3

8 .7-2 8 .8

7. 8-2 8 .8

5 .7 -36.3
2.t-32.r
4.5-24.5
4.6-29.4

0.46-30.0
l .9-23.9
t .6-26.9
2.4-20.6
3.0- 17 .9

2.t-t7.9
0.06-22.8

r.2-t7 .4
L .t-24.9
3.5-27 .4
l .9- I 3.0
2.r-17.4
2.8-r0.4
2.2-t6.4

0.28- t3.2
0.08-21.1
0.63-9.0
l .5- I 3.0
3. I -9.0
1.5-1 1.1

0.5-13.6
1.3-7 .5

t.7-7 .5

.0 r-7.8
1.7-7 .5

0.04-7.0
r .t-6.7
1.3-8.4
1.7-5.0

0.37-l l. I
0. I 0-8. l
0. l8-9.6
0.51-6.0
0.22-4.6
0.25-5 .7

0.44-r 0.6
0.03-5.7
0.3 8-4.8
0.354.4
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TABLE 2. Continued.

Ovendry biomass
per tree

Species (P. : Prosopis)
Accession
number Origin Mean Range

P. nigra
P. spp
P. glandulosa var torueyana
Olneya tesota
P. tamarugo

Mean

The values above are based on 12 single tree replicates and are computed from regression equation
predicted fresh weight and the dry matter contents in Table l.

Prosopis alba accessions dominated the accessions with high production but
also included accession 0286 which ranked 26th out of 55 in predicted biomass.
Clearly taxonomic identification alone cannot be used as a guide to plant selection
for biomass production. P. articulata (0016) and P. chilensis (0009) from Baja,
Mexico, and Argentina were second and third in predicted biomass production.

The three accessions widely recommended for use in arid lands, Leucaena leu-
cocephala(K-8) (0147), Parkinsonia aculeata(0322), and Prosopis tamarugo (0317)
(National Academy of Sciences 1979, 1980), ranked 8th, lOth, and 55th (last),

respectively, in predicted biomass production. Prosopis juliflora (0044), a selection
currently widely used in Senegal, West Africa, for wood and pod production
(Felker, personal observation) had one-third the biomass production of P. alba
(0166). Prosopis pallida (0041) (kiawe), which widely occurs in the Hawaiian
Islands ranked 32nd in biomass production. Prosopis production in Hawaii has

been considered lower than LeucaenaK-8 production (Brewbaker, personal com-
munication) because Leucaena was compared to the endemic Prosopis pallida
rather than selections such as P. alba (0166).

Prosopis yelutina accessions which are predominant Arizona rangeland species

ranked low in biomass production. A larger sampling ofrangeland Prosopis species

was evaluated as part of an earlier study but these accessions were not included
here because they had even lower production and were more prostrate and thorny
than the P. velutina selections in this trial. The California native species P. glan-
dulosayar torreyana exhibited a wide range in production. Many of the California
native trees were collected from uncut stands on Indian reservations and National
Parks where little negative selection for fast growth has taken place, unlike sites
where the largest trees were cut first in the United States (Felker and others l98la)
and Argentina (Burkart 1976).

The two leguminous trees, Cercidiumfloridium and Olneya tesota, common to
the deserts of southern California and Arizona, were among the lowest biomass
producers. The screening of more accessions of these genera might find faster
growing selections but it is doubtful if selections will be found that are as pro-
ductive as those of P. alba. Prosopis tamarugo (0317) had the smallest biomass
production of all the accessions. This accession is of interest as it has been es-

tablished on 22,000 ha in the Chilean Atacama desert, where rainfall is less than
0.7 mm/year, by tapping a 10 m deep aquifer. Temperatures in the Chilean desert
rarely exceed 35'C and perhaps the Imperial Valley July daily maximum tem-
peratures of 42'C were too severe for P. tamarugo.

Clonal Propagules Obtained from the Screening Trial.-The largest trees in the

0133
0234
0289
0343
0317

Argentina
Bakersfield, CA
Harper Dry Lake, CA
Glamis, CA
CORFO, ChiIE

2.2 0.06-8.4
2.r 0.51-4.8
r.2 0.33-3.3
0.30 0.07-0.66
0.1s 0.05-0.28

7 .7 0.0 1-8 3.3
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TABLE 3. Measured dry weights of harvested second season trees.

Ovendry biomass per tree

Species
Accession
number Mean Range

kg

P. articulata
P. alba
P. alba
Parkinsonia aculeata
P. alba
P. alba
P. alba
P. juliflora
P. alba
P. alba
P. chilensis
P. glandulosa var torreyana
P. alba
P. glandulosa var torreyana
Leucaena leucocephala
P. alba
P. glandulosa var torreyena
P. alba
P. alba
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyana
P. alba
P. sp

P. glandulosa var'torreyana
P. glandulosa var torreyana
P. velutina
P. glandulosa var torreyana
P. glandulosa var torreyana
P. velutina
P. glandulosa var torreyana
P. sp

P. glandulosa var torreyana
P. pallida
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyana
P. glandulosa var torreyana
P. sp

P. glandulosa var torreyana
P. nigra
P. pubescens

Cercidium floridium
P. pubescens

P. glandulosa var torreyena
P. glandulosa var torreyana
P. velutina
P. glandulosa var torreyana
P. nigra
P. glandulosa var torreyana
P. glandulosa var torreyana

0016
0166
0t37
0322
028 5

0168
003 7

0044
0039
0r32
0009
02r6
0163
0246
0147
0098
0182
0194
0286
0184
000 I
0239
0165
001 3

0280
0250
0205
0020
0t 57
029 |
0032
0l 70
0186
0255
004 l
0199
01 54
0296
02 10

0234
0258
0133
0263
0324
024s
027 6

0190
0247
0289
003 8

017 I
026r

36.8
29.2
29.r
23.8
23.4
22.9
2r.4
18.4
16.8
t6.6
16.6
t5.7
t4.l
t4.l
12.0
I 1.5

10. 1

9.1

7.6
7.6
7.4
7.4
6.8
6.5
6.2
6.t
6.0
5.4
5.0
4.9
4.6
4.4
4.3
4.2
4.2
3.9
3.8
3.8
3.7
3.6
3.4
3.4
3.2
3.1

2.8
2.8
2.5
2.4
2.4
2.3
2.3
2.2

22.2-50.7
r .2-48.8

23.9-32.8
14.2-35.8
0. l-56.3

I 3.6-3 3.0
1 3.0-28.6
12.2-30.9
3.9-24.6

13.4-23.7
7 .0-27 .3
0.8-34.0
6.9-2t.3
7 .6-24.9
4.r-r7.t

0.06-20.0
2.4-r7 .3

4.7 -r2.6
0.8-24.3
3. l-18.5
2.9-13.6
5.3-9. r

4.2-l l .3

0.9- 16.2
3.2-9.2
3.1-8.5
4.t-7 .4
2.4-7 .8
3.3-7 .6
1.3-9.3
2.4-8.7
I .4-9. 8
2.9-s.3
0.1-10.s
2.4-6.0
t.8-7 .6

0.4-8.7
2.4-5.r
0.s-6.2
2.4-4.7
2.r-4.2
0.2-t0.2
1. l-5.8
0.9-9 .2
0. 1-4.5
t .6-3.9
r.9-2.9
r.7 -2.4
r .0-4.7
0.3-4.7
0.1-3.5
1.6-3.3
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TABLE 3. Continued.

Ovendry biomass per tree

Species
Accession
number Mean Range

P. glandulosa var torreyana
Olneya tesota
P. tamarugo

Mean

027 t
0343
0317

1.9

.44

.23

9.2

1.1-3.3
0.2-0.7
0.2-0.4

.02-s6.3

One tree of each of the above accessions was harvested and weighed from each of 4 randomized
blocks of55 varieties. Two entire trees ofeach ofthe above genera were dried until equilibrium at
65'C was achieved for moisture content determination. Fresh weights were multiplied by respective
moisture contents to achieve dry biomass reported above.

screening trial were cloned using a previously described procedure for rooting of
cuttings (Felker and Clark 198 1). Selected first and second year measurements of
these clones are presented in Table 4. The dry weights in Table 4 are for harvested
trees which precluded their analyses in subsequent years.

Both clones resulting from P. alba accession 0037 which was collected in
northwestern Argentina in the US/IBP Project appeared quite promising the first
year. However, the clone from P. alba (0037) did not have a second year pro-
duction as great as clones resulting from the southern California P. alba orna-
mental accessions 0163, 0166, 0168, 0285, 0286, and 0194. Unfortunately the
P. articulata tree with the greatest second season dry biomass of 50.6 kg was not '

cloned. However a clone was obtained of the second greatest biomass producing
P. articulata which had a 40 kg dry biomass. P. articulata has numerous 2-3 cm
long thorns and therefore would be not as desirable as the less thorny alba acces-
sions and the nearly thornless clones VroB, and V,nB,,.The P. chilensisYrBn
clone was thornless but was difficult to root. P. glandulosa var torreyana clone
VorB,, was the most productive tree of all the North American native mesquites
tested and had a higher production value than some of the P. alba accessions.

TABLE 4. Description of Prosopis clones.

First season Second season

Species
Parent Field

accession code

Basal Dry
diameter weight'

(cm) (ke)

Basal Dry
diameter weightt

(cm) (ke)

P. chilensis
P. articulata
P. alba
P. alba
P. alba
P. alba
P. alba
P. alba
P. alba
P. alba
P. glandulosa var torreyana
P. alba
P. alba

0009
0016
003 7

003 7

0163
0166
0168
028 5

0285
0286
0216
0194
0t94

VrBn
VoBu

V,B,
VnB,,
V,uBn
Vr rBn
V,nB,,
VroB,
VroBn

V,, B,
VorB,,
VroB,
VroB,,

7.3
6.7
7 .2 5.5
7.5
6.8
7.9
7.4
7.2
6.8
6.7 7.0
7.0
6.8 8.9
6.5

13.4
12.6 40.0

8.6
9.5

t7 .2
15.5
t7 .7 56.3
7.3

9.8

9.9

t Dry weights listed are the products of actually measured fresh weights times dry matter coefficients
determined on companion trees of same species harvested the same date.

VoruuE 29, NUMBER 3, 198 3 / 601



TABLE 5. Biomass estimation first season Imperial Valley.

Variety Trees

Dry
weightt
(kgltree) P2

Standard
error Dry weight3'a
(ke) (kelha)

P. chilensis
(000e)

P. glandulosa var torreyana
(000 I )

P. alba
(003e)

P. alba
(0163)

Outside
Inside
Average

Outside
Inside
Average

Outside
Inside
Average

Outside
Inside
Average

3.62
2.7 3

3.30

2.36
r.64
2.r0
3.r4
2.27
2.82

2.09
1.83
2.00

0.003

.002

.0r I

.546

0. 19

.15

.14

.15

.11

.11

.23

.18

.16

.19

.24

.15

15,600
I 1,700 x
14,200 a

10,200
7,100 z

9,000 c

13,500
9,800 xy

r2,t00 b
9,000
7,900 yz

9,600 c

t Computed from regression equation predicted fresh weight and dry matter contents in Table l.
2 kvel of probability for significant differences between outside row and inner trees.
3 Using 1.52 m (5 ft) spacing.
a Dry weight values for the inside trees followed by same letter are not significantly different at 5

percent level and dry weight values for the average trees followed by same letter are not significantly
different at 5 percent level.

Some of the Prosopis clones described here had a dry wt biomass of 40 to 50
kg for 2-year-old trees. This production compares favorably to Populus tristis
clone No. I in a study conducted at Rhinelander, Wisconsin, which had a dry
matter production of 4.9 kg/tree at the end of 5 years on a 1.2 X 1.2 m spacing
(Zavitkovski 198 1). The higher productivity of lhe Prosopzs clones over the Pop-
ulus clones is in large measure due to the longer growing season, more heat units,
and the wider spacing in the California study.

Unfortunately, Prosopis cuttings root with considerable difficulty and only 5-
20 successfully rooted cuttings were obtained for each clone. A major study is
under way to develop rapid asexual propagation methods for these clones.

Production Per Unit Area Estimates.- A comparison of the first and second season
biomass production is presented in Tables 5 and 6. Production is presented for
both the outer border rows and the inner rows of trees. A significant edge effect
was observed at the end of the first and second season for P. alba (0039), P.
chilensis (0009), and P. glandulosavar torreyana (0001). The analyses of the edge
effect for accession 0163 was obscured by the fact that one replicate ofthis acces-
sion had half the first season biomass production of the other two replicates (which
we attribute to field position). With the exception of accession 0163, the inner 9

trees generally had 30-40 percent less biomass than the outer row in the plot.
The border effect possibly could extend farther than the second row in the

production trial, but this hypothesis cannot be tested since 5 X 5 array plots only
have one tree for the third row. In an analysis of border effects on small plot
work,Zavitkovski (1981) found the border effect could extend into the 6th row
on closely spaced (0.3 m X 0.3 m) Populus plantings but that the border effect
did not extend past the outer row in 1.2 m X 1.2 m plantings. As all the Prosopis
in this study were on a 1.5 X 1.5 m (5 ft) spacing there is reason to believe the
edge effect was minimal for the inner nine trees.
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TABLE 6. Biomass estimation second season Imperial Valley.

Variety Trees

Dry
weightt
(kgltree) P

Standard
error
(ke)

Dry weight3'a
(kelha)

P. chilensis
(000e)

P. glandulosa var torreYana
(0001)

P. alba
(003e)

P. alba
(0163)

Outside
Inside
Average

Outside
Inside
Average

Outside
Inside
Average

Outside
Inside
Average

9.r3
6.64
8.23

5.r4
3.27
4.47

9.06
6.7 2

8.22

6.66
5.2r
6.t6

0.030

.001

.050

.r54

0.7 4

.73

.55

.36

.25

.27

.79

.70

.57

.6t

.76

.48

39,300
28,600 x
35,400 a

22,100
14,000 y
t9,200 c

39,000
29,000 x
35,400 a

28,700
22,400 x
26,500 b

r Computed from regression equation predicted fresh weight and dry matter contents in Table 1.

2 Level of probability for significant differences between outside row and inner trees.

3 Using 1.52 m (5 ft) spacing.
a Dry weight values for the inside trees followed by same letter are not significantly diferent at 5

p.r..oi levei and dry weight values for the average trees followed by same letter are not significantly

different at 5 percent level.

These trees were irrigated by a pipe opening in the center ofthe plot and therefore
it would appear that light and not water was the limiting factor for the inner trees.

Competition for light during the first season at a 1.5 m spacing is unusual (Zav-
itkoviki 1981) and probably occurred as a result of the bushy growth habit of
Prosopis.In the adjacent screening t,rial P. chilensis had 2.8 times greater biomass
per tr-ee than the inner trees of the production plots, suggesting that plots wider
itran l.S m be used. Plants in the screening trial had less water applied than in
the production study, adding further credence to the hypothesis that light may be

limiting the inner portion of the 1.5 x 1.5 m spacings.
Based on the inner trees, the first and second season biomass production was

11.7 and 16.9 T/ha for P. chilensis, 7.1 and 6.9 T/ha for P. glandulosa var
torreyana,9.8 and 19.2T/hafor P. alba (0039), and7.9 and 14.5 T/hafot P.

atba-(0163), respectively. Except for P. glandulosavar torreyana the production
per year did not appear to have reached a peak by the end ofthe second season.

The-ranked order of biomass production in seasons one and two was not signifi-
cantly different (5 percent level), but large relative increases occurred for P' alba
0039 and P. alba 0163 in the second season.

These production values compafe favorably to yields of 0.6, 6.8, 10.5, and 7.0

1 64-ry1:r yields of 1- to 4-yr-old Populus in Pennsylvania on a 0.6 x 0.6 m
spacing (Bowersox and Ward 1976). Our Prosopis production values also compare
favorably to Populus yields of 7.0 T tl3-ry1-t in Kansas (Geyer 1981), and to 5.8

T ha-ryr--r yields (on a 0.6 X 0.6 m spacing) in Wisconsin with fertilization and
irrigation (12.4 T [4-ry1-t was obtained on a 0.23 x 0.23 m spacing) (Dawson

and others 1976).
Unlike the Populus data, our productivity data included leaf dry matter pro-

duction, as we intend to harvest these trees with a whole-tree swath harvester.
Leaves contributed a maximum of 30 percent to total dry matter production for
these trees their first year (Felker and others 1982a) but cannot by themselves
account for the difference in dry matter production between Prosopis and Populus.
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The biomass productivity (1a.5 T ha-tyr-t) of these trees was as great as many
other biomass selections currently under investigation in the United States. The
high biomass production is even more remarkable given the harsh 47"C (ll7"n
summer maximum temperatures, the low water input (30 percent of pan evap-
oration), and the moderately saline, alkaline, and low nitrogen containing soils
on which the trees were grown.

Large genetic diversity for biomass production occurs within the genus Prosopis
which showed a 180-fold range in biomass productivity among accessions. As
much as a 5O-fold range in productivity occurs within families. The observed
variability is partially the result of using seed from mesquite which has obligately
out-crossed, self-incompatible flowers (Simpson 1977). We suspect the largest
Prosopis trees in this study are interspecific hybrids because their leaf, thorn, and
pod morphological features are intermediate between P. alba and the California
native P. glandulosa var torreyana. Some of the smallest trees were from acces-
sions with large interspecific hybrids and may be the result of "poor" gene com-
plementation from the heterozygous parents of the interspecific cross. Approxi-
mately ten rooted cuttings were obtained from trees which achieved 15-17 cm
basal diameter and 50 kg dry weight in two seasons. Where large individual trees
occurred together in the field, canopy closure was complete on the 1.5 X 3.6 m
(5 x 12 ft) spacing in two seasons. We suggest that a production strategy should
employ clonal material, a 3X3 m spacing, a 3-year harvest cycle, a tree dry
biomass of 45 kg, and a resultant 3-year production of 50 T/ha. Subsequent
3-year rotations could be made from coppice regrowth. Preliminary data indicate
Prosopis alba accessions have nearly 100 percent coppicing ability, which is con-
siderably higher than the California native mesquites.

Prosopis selections that exceed the biomass production of selections recom-
mended by the U.S. National Academy of Sciences have been identified for use
in high temperature arid lands. P. articulata and P. pallida are nearly equivalent
in salinity tolerance ro P. tamarugo (Felker and others l98lb). Since they have
much greater biomass productivity than P. tamarugo, they may hold more po-
tential for use in saline environments.

Leucaena and Prosopis are two genera most likely to be used for fuelwood or
forage production in the 220 to 750 mm rainfall areas of the subtropics and
tropics. Temperature as well as water regimes will determine which genera will
be the most productive. Second season dry weights for P. chilensls (0009) grown
in the Imperial Valley were nearly double P. chilensis (0009) tree dry weights of
the same age in Riverside, California, at any of three irrigation treatments. Riv-
erside summer air temperatures are generally at least 5'C (10'F) lower than the
42C (107"n air temperatures in the Imperial Valley. Apparently sustained 40"C
temperatures are essential forgood growth of Prosopls. In contrast, Leucaenagrows
in cool temperatures (20-25'C) in the spring and fall when Prosopl's does not grow.
We suspect Leucaena will be more productive than Prosopis in cooler regimes
that receive equivalent rainfall.

A productivity of 14.5 ovendry tons per hectare per year was achieved in small
plots of P. chilensis (0009) and P. alba (0039). As P. alba (0 1 66) out-yielded both
P. alba (0039) and P. chilensis (0009) in companion screening trials for actual
and predicted biomass productivity by 60 percent, there is potential for increasing
the 14.5 T/ha/year yields. The South American Prosopis were more productive
than either the North American native species or widely recomrnended species
from Hawaii and West Africa.

The productivity of a mature native Prosopis stand at Harper's Well located
50 km north of this study site and growing under nearly identical conditions to
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those described here, was measured by Sharifi and others (1982). The Prosopis
at Harper's Well obtained its water from a 6 m deep water table and had a
productivity of 3,600 kg ha-tyr-t with a 30 percent canopy cover. P. glandulosa
var torreyand accession numbers 0170 and 0171 were collected within the Sharifi
and others study site and had 7 times lower productivity than the P. alba (0166)
accession in the trials described here. This indicates that the productivity ofsuch
North American sites may be considerably below their maximum yield potential
due to slower growing genotypes. Nevertheless, given the 6 m depth to water, the
65 mm annual rainfall, and the continual 4O"C-plus summer temperatures, the
3,600 kg [4-ty1-t productivity of the Harper's Well site is truly remarkable.

Other workers have also noted high productivity for Prosopis stands. A varietal
screening trial in western Pakistan found Prosopis mean annual productivity to
range from 13 to 8,000 kglha (Ahmed 1961) (assuming wood specific gravity of
0.7). Workers in northern Chilean salt deserts have reported a leaf plus pod yield
of 14,000 kg ha-ryr-t for Prosopis tamarugo (Salinas and Sanchez l97l). Ecologists
have reported the net primary productivity of a Prosopls dominated ecosystem
in India receiving 360 mm annual rainfall to be 14,500 kelha (Murphy 1975),
The accession with the greatest biomass productivity in a small plot differential
irrigation study in Riverside, California, produced 40.3 ovendry T/ha in three
growing seasons (2.5 years) with a 3 season total irrigation plus rainfall of 1390
mm (Felker and others 1983).

These studies have concentrated on energy production with multistemmed
branching types which can achieve complete canopy cover in short periods (2-3
years) at wide (3 m) spacings. However, Prosopis has a potential for the hardwood
lumber market because of its outstanding balance of wood stability, hardness,
and low radial and tangential shrinkage values (Durso and others 1973). Fur-
thermore, lall(20 m) straight Prosopis have been observed in the semiarid regions
of northwestern Argentina that could be planted directly in hardwood planta-
tions or used as a germplasm source for breeding studies.

Despite the presence of Prosopls on 30 million hectares of semiarid land in
Oklahoma, Texas, New Mexico, Arizona, Nevada, and California (Parker and
Martin 1952)andextensive semiarid regions in Argentina, Chile, Peru, Venezuela,
North and East Africa, the Middle East and India (Griffith 196l), this paper and
our previous paper (Felker and others 1981a) report the first attempts to make
selections for further use. In 3 years of field trials, highly productive accessions
have been observed, and extensive genetic variability has been encountered. There
is much promise for further research.

Salt tolerant, nitrogen fixing trees of the genus Prosopls have been identified
and cloned for use in hot (40"C) arid lands with dry biomass production of 45
kg/tree in two seasons and with a dry matter production of 14.5 T ha-ryear-r.
Prosopis selections have been made that are more productive under hot/arid
conditions than previously utilized tree species. New selections have the potential
for biomass farming to produce energy or chemical feedstocks in areas previously
considered to be marginal.
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