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Abstract. In southeastern Arizona, Prosopis juliflora
(Swartz) DC. and Quercus emoryi Torr. are the dominant
woody species at grassland/woodland boundaries. The
stability of the grassland/woodland boundary in this
region has been questioned, although there is no direct
evidence to confirm that woodland is encroaching into
grassland or vice versa. We used stable carbon isotope
analysis of soil organic matter to investigate the direction
and magnitude of vegetation change along this ecotone.
31°C values of soil organic matter and roots along the
ecotone indicated that both dominant woody species
(Cs) are recent components of former grasslands (C,),
consistent with other reports of recent increases in woody
plant abundance in grasslands and savannas throughout
the world. Data on root biomass and soil organic matter
suggest that this increase in woody plant abundance in
grasslands and savannas may increase carbon storage in
these ecosystems, with implications for the global carbon
cycle.

Key words: 3'°C values — Life-form shifts ~ Prosopis
Juliflora — Quercus emoryi — Savanna

Woody plant abundance has increased substantially
during the last 50 to 300 years in many of the world’s
grasslands (Archer et al. 1988). Examples have been
documented in Africa (Kelly and Walker 1976; van Veg-
ton 1983), Australia (Harrington et al. 1984), India
(Singh and Joshi 1979), South America (Schofield and
Bucher 1986; Bucher 1987), and North America (Buf-
fington and Herbel 1965; Blackburn and Tueller 1970:
Smeins 1983; Archer et al. 1988). Increased woody plant
abundance in North American grasslands has been at-
tributed to climate change (Hastings and Turner 1965;
Neilson 1986), reduced fire frequency (Sauer 1950; Stew-
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art 1951), increased cattle grazing (Bogusch 1952; Bahre
1977), or combinations of these factors (Humphrey 1958
Wright and Bailey 1982). Although encroachment of
woody plants into grasslands has been reported widely,
the rates and patterns of the process have seldom been
quantified (Archer et al. 1988). Furthermore, Bahre
(1991) concluded that woody plants have always been
present in most North American grasslands, and cau-
tioned against interpreting increased woody plant domi-
nance as evidence of range expansion of woodlands.

It has been suggested that the world’s grasslands may
become increasingly susceptible to succession toward
woodland as a consequence of anticipated global climatic
changes (Emanuel et al. 1985). Conversely, global warm-
ing may cause communities to shift upslope, with grass-
lands expanding into woodlands. In general, post-Pleis-
tocene shifts in mid-latitude woody plant communities
have been found to reflect the latter phenomenon (e.g.,
Betancourt et al. 1990).

Prosopis juliflora (Swartz) DC. and Quercus emoryi
Torr. represent the primary woody species at grassland/
woodland boundaries in southeastern Arizona. Evidence
from historical sources (Humphrey 1958; Hastings and
Turner 1965; Bahre 1977; Bahre 1991) indicates that
Prosopis juliflora has increased in density and/or stature
in desert grasslands of southeastern Arizona. These stud-
les have relied on historical accounts or photographs,
and have been largely anecdotal in nature. Research on
a closely-related species (Prosopis glandulosa Torr.) doc-
umented increased density and abundance of Prosopis
during the past 100-200 years, and demonstrated facilita-
tion of recruitment of other woody plants by that species,
in grasslands of southern Texas (Archer et al. 1988;
Archer 1990).

Research on distribution patterns of other woody
species in the southwestern United States has been even
less definitive than the work on Prosopis. Hastings and
Turner (1965), relying on historic photographs, con-
cluded that grasslands have replaced Quercus woodlands
as the latter communities receded upslope in the last
century. They attributed Quercus die-off at the wood-
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land-grassland boundary to an increasingly xeric climate.
Cooke and Reeves (1976) questioned this interpretation,
primarily because the amount and distribution of pre-
cipitation have not changed significantly in the last 100
years. Bahre (1977) indicated that regeneration of Quer-
cus spp. decreased with grazing, but later concluded that
the distribution of Quercus woodlands has been stable
since the 1860’s (Bahre 1991).

Prosopis juliflora and Quercus emoryi are C; plants,
whereas dominant grasses in this region (i.e., Bouteloua
spp., Aristida spp., Eragrostis spp.) are C, plants.
C; plants have average 8'°C values of about —27%,
while C, plants have average §'*C values near — 12%o
(Boutton 1991b). Because the §'*C value of soil organic
matter (SOM) is approximately equal to that of the plant
material from which it originates (Nadelhoffer and Fry
1988 Melillo et al. 1989; Boutton 1991b), the isotopic
composition of SOM can be used to indicate where
vegetation has shifted from dominance by one photosyn-
thetic pathway type to the other (Stout et al. 1981). 8*3C
values of SOM have been used previously to document
shifts in community composition and distribution (e.g.,
Dzurec et al. 1985; Schwartz et al. 1986; Volkoft and
Cerri 1987; Tieszen and Archer 1990; Ambrose and Sikes
1991).

We hypothesized that warm season (C,) grasses have
been displaced by woody plants (C;) at the woodland/
grassland boundary in southeastern Arizona. If this
hypothesis is correct, then there should be a discrepancy
between the 8'°C of woody vegetation and associated
SOM. Analysis of stable carbon isotope values will
provide direct chemical evidence which will allow accep-
tance or rejection of the hypothesis that woody plants
have replaced grasses in southeastern Arizona. If woody
plant species have been a long-term component of these
landscapes, then the 8!3C values of SOM beneath trees
should bear a C,-like isotope signature. However, if
woody species have encroached recently on C, grass-
lands, then the §!3C of the SOM should still bear a
C,-like value similar to that found in the grassland ma-
trix.

Methods

Study areas

Research was conducted at two sites in southeastern Arizona, USA:
Fort Huachuca Military Reservation (FHMR) (31° 34 N, 110°
26’ W, in the Huachuca Mountains) and the Appleton-Whittell
Audubon Society Research Ranch (RR) (31° 3¢’ N, 110° 30° W, in
Canelo Hills). Elevation of areas sampled ranged from 1480 to
1570 m. Livestock grazing has been excluded from these sites since
about 1950 and 1969, respectively. On both sites, mean annual
precipitation is approximately 500 mm, with 70% falling in summer
(July—October) and 20% in winter {(December—March). Study areas
had soils of the White House series (loamy, thermic, Ustollic Ha-
plargids). These soils are formed in old alluvium weathered from
andesite, rhyolite, dacite, granite, and tuffaceous rock material, on
piedmont slopes (Richardson et al. 1985).

Sampling was conducted in Prosopis juliflora and Quercus emor-
yi savannas (hereafter, Prosopis savannas and Quercus savannas) on
each site. Quercus savannas at both study sites are transitional

between closed-canopy Quercus woodlands (at higher elevations)
and semi-desert grasslands (at lower elevations), forming a band
typically less than 250 m wide. Prosopis savannas are located within
semi-desert grasslands (Research Ranch site) or are tramsitional
between these grasslands (at locally higher elevations) and bottom-
land Prosopis bosques (at locally lower elevations) (Fort Huachuca
site). Typical woody plants in these savannas are 4-5m tall and
distributed sparsely. Herbaceous vegetation in all savannas sampled
is comprised almost exclusively of warm-season (C,) perennial
grasses with few cool-season (C;) herbs (Wentworth 1983;
Gurevitch 1986). Dominant herbaceous species on all sites were
Bouteloua curtipendula (Michx.) Torr., B. hirsuta Lag., B. gracilis
(H.B.K.}Lag. ex Steud., Eragrostis lelwanniana Nees, E. intermedia
Hitche., and Aristida spp. Prosopis trees, which have winter-
deciduous, relatively open canopies, have more understory biomass
than evergreen, closed-canopy Quercus trees (personal observa-
tion).

Procedures

Within each site and community, 2 threes were selected at random
with the following restrictions: selected trees were 3—-6 m tall, and
were at least 5m from the nearest neighboring tree. Thus, the
sampled trees were similar, in size and distribution, to others in the
savannas. Soil and litter samples were collected within 0.5 m of the
base of trees and in the herbaceous zones between trees (at least S m
from the nearest tree). Field sampling was conducted in February
1990.

At each sample point (i.., under each tree and in herbaceous
zones), litter was collected from a 0.5 m? plot, and a soil core (10-cm
diameter) was extracted and divided into 10-cm depth intervals.
Core depth was limited to 40-50 cm at all sites by the presence of
consolidated parent material. Large roots were separated from bulk
soil by sifting through a 2 mm sieve. Small roots and particulate
organic matter (the “light fraction”, Stevenson and Elliott 1989)
were removed by flotation in saturated NaCl solution (density =
1.2 g - em™~3). Root and soil samples were washed several times in
distilled water to remove excess salt. Litter, root, and soil samples
were oven-dried at 70° C, weighed, pulverized to a fine powder, and
homogenized thoroughly with a mixer mill (Brinkmann Model
MM?2, Brinkmann Instruments Co., Westbury, NY, USA). These
soils did not contain carbonates (H.L. Bohn, pers. comm.): soils
were not effervescent, and pH varied from 5.4 to 6.4 (mean=6.0).
Soil organic carbon and total nitrogen were determined by an
automated Dumas combustion procedure (Pella and Colombo
1973) using a Carlo Erba NA-1500 elemental analyzer. Repeated
measurement (n=5) of a soil standard (Leco 502-062, Leco Corp.,
St. Joseph, MI, USA) yielded a precision 0of 0.15 g - kg ~* for carbon
and 0.02 g - kg~! for nitrogen.

Samples were combusted to CO, following Boutton (1991a),
and the isotopic composition of the CO, determined on a dual-inlet,
triple collector gas isotope ratio mass spectrometer (VG-903, Mid-
dlewich, UK). Results are expressed in 613C notation:

613C %o = [(Rsample/Rstandard) - 1] x 103

where R=mass 45/mass 44 of sample or standard CO, (Craig
1957). All samples are reported relative to the international PDB
standard. Repeated measurement (n=5) of a soil standard yielded
a precision (1 SD) of 0.1%..

Data were tested for normality with the Wilk-Shapiro W-statis-
tic (Shapiro and Wilk 1965). Data were distributed normally
(P<0.05), and were analyzed subsequently with analysis of vari-
ance. We tested responses of soil organic carbon, total nitrogen,
root mass, and §13C values to the main effects of study site (FHMR,
RR), species ( Quercus emoryi, Prosopis juliflora), sampling location
(tree, herbaceous zone), and depth (0-10, 10-20, 20-30, 3040,
40~-50 ¢cm), and their interactions.



Results

Root mass was not affected (P> 0.05) by 2-, 3-, or 4-way
interactions between study site, species, sampling loca-
tion, and depth. Furthermore, only sampling location
and depth influenced (P<0.05) root mass. The mass of
roots under trees was approximately twice that under
grassland at all depths sampled (Fig. 1). Root mass
decreased markedly with increased soil depth; roots at
the 40-50 cm depth contributed about 8% to the cumula-
tive root mass to that depth.

Carbon and nitrogen were characterized by three-way
interactions (P<0.05) between study site, species, and
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Fig. 1. Mean root mass (g - kg~? soil) under trees and in herbaceous
zones in semi-arid Quercus and Prosopis savannas, southern Arizo-
na, USA. Small horizontal lines are standard error bars
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sampling location. Because of the interaction, and since
we were primarily interested in the effects of sampling
location and depth on soil elements, subsequent analyses
were restricted to effects of sampling location and depth
within study sites and species. Under Prosopis trees,
carbon and nitrogen were not affected (P> 0.15) by in-
teractions or main effects of sampling location and depth
on either site. Under Quercus trees, interactions between
sampling location and depth were not evident (P>0.15)
on cither site. However, carbon and nitrogen levels under
Quercus trees decreased (P<0.05) with increased sam-
pling depth on both sites (Fig. 2). In addition, carbon and
nitrogen levels were higher (P <0.05) under trees than in
herbaceous zones at RR and tended to be higher
(P=0.16 for both elements) under trees at FHMR.

8'3C values for SOM were characterized by an in-
teraction (P<0.05) between study site and species, and
main effects of sampling location and depth. The site x
species interaction was most apparent for Prosopis trees,
under which 8!3C values at 0-10 cm were over 4%, higher
at FHMR than RR (Figs. 3, 4). By contrast, 8!3C values
under Quercus trees were higher at RR than FHMR
throughout the soil profile. SOM had a strong C,-like
signature in all herbaceous zone profiles. §*3C values for
SOM samples were generally larger than 6'3C values for
the accompanying root samples.

Despite a clear influence of C; trees on 8'3C values of
litter under both tree species, SOM §*3C values under
trees increased with increasing depth for each species and
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Fig. 2. Mean organic carbon and total nitrogen (g - kg~ ! soil) under trees and in herbaceous zones in semi-arid Quercus and Prosopis
savannas, southern Arizona, USA. Small horizontal lines are standard error bars
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Fig. 3. Mean 643C values of roots, litter, and SOM under trees and in herbaceous zones in semi-arid Quercus and Prosopis savannas at the
Research Ranch study site, southern Arizona, USA. Small horizontal lines are standard error bars

site. 8'3C values of SOM and roots were similar through-
out herbaceous zone profiles, but diverged with increas-
ing depth under trees. However, rate and magnitude of
changes in 8**C values of SOM differed between species
and study sites. For example, §'3C values under Prosopis
trees increased from —19.9 to —15.8%. at FHMR, but
varied only from —15.5 to —14.9%. at RR. §*3C values
of SOM under Quercus trees were similar to values under
Prosopis trees at FHMR, but were lower throughout the
profile at RR. Litter 8!3C values were higher under
Prosopis trees than under Quercus trees at both study
sites.

Discussion

The tendency for roots to be concentrated in upper soil
layers has been reported for several biomes (Richards
1986 and references therein). Root biomass under trees
and in grassland areas in this study declined in a negative
exponential manner, similar to patterns reported
previously for grasslands (Dahiman and Kucera 1965;
Okali et al. 1973; Sims and Singh 1978; Melgoza and
Nowak 1991), temperate forests (McClaugherty et al.
1982), tropical forests (Huttel 1975), tundra (Dennis
1977), and estuarine marsh (Curtis et al. 1990). By con-
trast, root distributions in savannas usually exhibit a
pattern of increased root biomass with increased depth
to 20-30 cm, then decreased root biomass with greater
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Fig. 4. Mean 613C values of roots, litter, and SOM under trees and in herbaceous zones in semi-arid Quercus and Prosopis savannas at the
Fort Huachuca Military Reservation study site, southern Arizona, USA. Small horizontal lines are standard error bars

soil depth (Lawson et al. 1968; Soriano and Sala 1983;
Knoop and Walker 1985). This pattern is consistent with
Walter’s (1971) two-layer hypothesis of savanna stability
if woody plants account for the increased root biomass
in the subsurface layer.

Root distributions in our Quercus and Prosopis savan-
nas follow a pattern similar to that reported for other
biomes, but atypical for savannas. Furthermore, root
distribution patterns did not differ under trees of dif-
ferent species, and a similar pattern (though with lower
root mass) was found in open grassland. Although Quer-
cus and Prosopis trees have obvious architectural dif-
ferences above ground, they appear to be similar with
respect to distribution of root mass.

Increased carbon and nitrogen under Quercus trees is

consistent with other studies documenting enhanced fer-
tility beneath woody plants in grasslands and deserts
(Virginia and Jarrell 1983; Jackson et al. 1990; Schlesing-
er et al. 1990). In contrast to results reported previously
in Prosopis savannas of southern Arizona (Tiedemann
and Klemmedson 1973a, 1973b, 1986, Klemmedson and
Tiedemann 1986), we did not find greater concentrations
of carbon or nitrogen under Prosopis trees. Prosopis may
have colonized our study sites so recently that soil nu-
trient levels have not had time to increase.

Increased root mass (under both tree species) and soil
carbon (Quercus) under trees may have important im-
plications for the global carbon cycle. Specifically, in-
creased woody plant biomass in grasslands and savannas
throughout the world may be an important carbon sink.
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Given the large land area undergoing this physiognomic
conversion (see introduction), increased carbon storage
in the root mass and soil organic carbon beneath woody
plants could be a significant phenomenon.

813C values support the hypothesis that these savan-
nas are transitional, and are changing from grassland to
woodland. All herbaceous zone profiles had §'3C values
of SOM which were in equilibrium with 8!3C values of
roots and extant vegetation. By contrast, 61°C values
under trees of both species indicated that trees are recent
occupants of former grassland sites: 8'*C values for
SOM increased with increasing soil depth, and were
higher than (i.e., lagged behind) 8!3C values of roots.
Although sample size in this study is admittedly small,
it is clear that all trees sampled are recent occupants of
former grassland sites, and that all herbaceous zones
have been dominated by C, grasses throughout the
period. This interpretation is consistent with many stud-
ies which have documented recent physiognomic shifts
from grassland or savanna to woodland throughout the
world (e.g., Tieszen and Archer 1990 and references
therein). Empirical studies are supported further by a
recent model (Menaut et al. 1990), which found no con-
ditions in which savannas were stable-they succeeded
quickly to closed-canopy woodlands except under ex-
tremely frequent fire regimes, when they reverted to
grasslands.

An alternative interpretation of our data is that the
intermittent tree cover of these savannas varies from
place to place over time, with individual trees establish-
ing in herbaceous zones concomitant with the death of
other individuals (i.e., within-savanna redistribution of
trees). However, we found no evidence that trees former-
ly occurred in any of the herbaceous zones we sampled,
and this hypothesis is not consistent with the model of
Menaut et al. (1990) or other empirical studies.

Our findings for Prosopis savannas are supported
locally by interpretations of historical evidence and
photographs. In reviews of historical evidence, Hastings
and Turner (1965) and Bahre (1991) concluded that
Prosopis has recently increased in abundance in former
grasslands in southeastern Arizona.

Our conclusion that Quercus trees are recent com-
ponents of former grasslands is not consistent with
previous interpretations of grassland/woodland bound-
ary dynamics in this region. Hastings and Turner (1965)
concluded that Quercus woodlands are receding at the
grassland/woodland boundary, and Bahre (1991) con-
cluded that the boundary is stable. However, these stud-
ies relied heavily on historic ground photography of
disturbed sites, nearly all of which were taken a decade
or more after sites were disturbed in the 1860’s. Further-
more, the field of view in ground photographs is usually
oblique and narrow, which limits their usefulness for
determining changes in plant distribution (Bahre 1991).
Data from the current study represent the first direct
evidence of life-form shifts at the grassland/woodland
boundary in the southwestern United States, with results
that are consistent with a global pattern of increased
woody plant abundance in grasslands and savannas.
Examples in the United States, documented with stable
isotope methodology, have been reported by Tieszen and
Archer (1990) and Steuter et al. (1990).

Results of this study are contrary to those expected
from changes in global climate alone: global warming
and drying since the Pleistocene has generally caused
woody plant communities to shift upslope (Betancourt et
al. 1990). The recent establishment of Quercus trees into
former grasslands below oak woodlands apparently re-
sults from factors other than post-Pleistocene warming
and drying. Livestock grazing, altered fire frequency, and
increased atmospheric CO, (Mayeux et al. 1991) may be
among the factors influencing this successional pattern.
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