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Abstract

Multispecies allometric models to predict grass biomass may increase field study efficiency by eliminating the need for species-
specific data. We used field measurements during two growing seasons to develop single-species and multispecies regression
models predicting the current year’s aboveground biomass for eight common cespitose grass species. Simple and stepwise
regression analyses were based on natural log expressions of biomass, basal diameter, and height, and a dummy variable
expression of grazing history. Basal diameter had the strongest relationship with biomass among single-species (adjusted
R2 5 0.80 to 0.91) and multispecies (adjusted R2 5 0.85) models. Regression slopes (b) for diameter among single-species
(b 5 1.01 to 1.49) and the multispecies (b 5 1.25) models suggests that biomass will double when diameter increases ,75%.
Height and grazing history added little predictive value when diameter was already in the model. When applied to actual
populations, biomass estimates from multispecies models were within 3–29% of estimates from the single-species models.
Although the multispecies biomass–size relationship was robust across the cespitose life-form, users should be cautious about
applying our equations to different locations, plant sizes, and population size-structures.

Resumen

Los modelos alométricos de especies múltiples para predecir biomasa en gramı́neas pueden incrementar la eficiencia del estudio
en campo, eliminando la necesidad de datos propios de cada especie. Se utilizaron medidas en el terreno durante dos estaciones
de crecimiento para desarrollar modelos de regresión simple y de especies múltiples para predecir la biomasa aérea del presente
año en ocho especies de gramı́neas cespitosas. Los análisis de regresión simple y regresión gradual se basaron en expresiones
logarı́tmicas naturales de la biomasa, diámetro basal y altura; y una expresión simulada del pastoreo histórico. El diámetro
basal mostró la relación más alta con biomasa entre los modelos simple (R2 ajustada 5 0.80 - 0.91) y de especies múltiples (R2

ajustada 5 0.85). La pendiente de la regresión (b) para el diámetro entre los modelos simple (b 5 1.01-1.49) y de especies
múltiples (b 5 1.25) sugieren que la biomasa será el doble cuando el diámetro se incremente aproximadamente 75%. La altura
de la planta y la historia del pastoreo no fueron determinantes cuando el diámetro se incluyó en el modelo. Cuando se aplicaron
a poblaciones reales, las estimaciones de biomasa de modelos de especies múltiples estuvieron dentro de un 3 y 29% de las
estimaciones de los modelos simples. Aunque la relación biomasa-tamaño del modelo de especies múltiples fue alta entre la
forma cespitosa, se debe ser cauteloso en la aplicación de estas ecuaciones en las diferentes localidades, tamaños de planta y
tamaño de la estructura de la población.
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INTRODUCTION

Aboveground net primary productivity (ANPP) is a useful
synthetic indicator of grass response to shrub encroachment,
climate change, and activities such as livestock grazing and fire;
and peak current year’s biomass is often used to estimate grass
ANPP (Scurlock et al. 2002). Directly measuring biomass
(harvesting and weighing) is accurate but destructive and time
consuming. An indirect estimate based on allometric relation-

ships is a nondestructive and time-efficient alternative, if
accuracy is not compromised (Sala and Austin 2000).

Allometric models are based on correlations between biomass
and morphological characters, such as basal diameter (or area),
height, canopy diameter, or canopy volume. They have been used
to estimate biomass of trees and shrubs (Ares and Fownes 2000;
Northup et al. 2005). When used for grasses, basal diameter is
typically the best single predictor of current year’s biomass for
cespitose grasses; although height alone is a poorer predictor, the
addition of height may improve predictions for models already
containing basal diameter (Andariese and Covington 1986;
Johnson et al. 1988; Assaeed 1997; Guevara et al. 2002).

General models representing multiple species, land uses, and
locations can eliminate the investment needed to develop many
specific models (Lambert et al. 2005). Multispecies and multi-
location models have been moderately successful for trees and
shrubs (Singh 1986; Buech and Rugg 1989; Jenkins et al. 2003;
Lambert et al. 2005). Multispecies models have not been evaluated
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for grasses, but Andariese and Covington (1986) rejected multisite
(contrasting fire histories) models for three grass species. For
grasses, interspecific variation in the biomass–size relationship
caused by repeated defoliation may make it difficult to generalize
across sites with different grazing histories (Peterson 1962; Trlica
and Orodho 1989; Kotanen and Bergelson 2000).

We evaluated multispecies allometric models to predict the
current year’s biomass for eight grass species common in
semidesert rangelands of the southwestern United States. We
focused on 1) strength (R2) and slope (b) of models, 2) influence
of each species on multispecies models, 3) influence of grazing
history, and 4) predictions of biomass for actual populations.

METHODS

Study Area
We performed field measurements from 4 September 2005 to 17
September 2005 and from 10 September 2006 to 30 September
2006, during peak biomass (based on completeness of seed set
and leaf expansion) within the 2.7-ha Rodent Station (ungrazed
since 1903) and the contiguous grazed area on the Santa Rita
Experimental Range, 60 km south of Tucson, Arizona, at the
1 030-m elevation. Grass production is strongly related to
summer (June–September) precipitation at this site (Cable
1975), where the long-term (1922–2006) summer average is
207 mm, but 163 mm, 204 mm, and 283 mm occurred in 2004,
2005, and 2006, respectively. Mean annual temperature is
,18uC. Soils are coarse-loamy, mixed, superactive, monacid,
thermic Ustic Torrifluvents in the Combate series (Breckenfeld
and Robinett 2003). Vegetation is mesquite (Prosopis velutina
Woot.) savanna, with a 25–40% canopy cover of mesquite 1–5-
m tall and a 2–5% basal cover of C4 grasses (McClaran and
Angell 2006). Average cattle stocking rates (0.03 animals
ha21 ? yr21) under a seasonal rotation since 1973 resulted in
,50% use of perennial grasses (Mashiri et al. 2008), but cattle
were not present in the study area in 2005 or 2006.

Grass Biomass
For each species, we selected plants to create a continuous
distribution of basal diameters encompassing the available range
of sizes. Species and ranges of diameters were black grama
(Bouteloua eriopoda [Torr.] Torr.), 0.14–9.1 cm; cottontop
(Digitaria californica [Benth.] Henr.), 0.23–12.0 cm; Boer’s
lovegrass (Eragrostis curvula [Schrad.] Nees), 0.11–16.5 cm;
Lehmann’s lovegrass (Eragrostis lehmanniana Nees), 0.05–
5.2 cm; tanglehead (Heteropogon contortus [L.] Beauv. ex
Roemer & J.A. Schultes), 0.16–15.0 cm; bush muhly (Muhlen-
bergia porteri Scribn. ex Beal), 0.15–9.1 cm; plains bristlegrass
(Setaria leucopila [Scribn. & Merr.] K. Schum.), 0.16–5.9 cm;
and threeawns (Aristida spp. combined Aristida glabrata [Vasey]
Hitchc., Aristida hamulosa Henr., and Aristida ternipes Cav.
because of identification difficulties), 0.05–5.8 cm. Grasses are
cespitose, except for black grama, which grows as discrete
cespitose-like ramets connected by stolons.

We typically collected 15 plants of each species from both
grazed and ungrazed areas each year. Exceptions were black
grama (n 5 25), which was collected from ungrazed areas in both
years because it was absent from the grazed area, and tanglehead

(2005: n 5 25; and 2006: n 5 15), which was from grazed areas
in 2005 and from both grazed and ungrazed areas in 2006.

Morphological Measures
We measured basal diameter with a diameter tape (0.1-cm
increments) on large plants (. 0.35 cm) and with digital calipers
(0.1-mm increments, average of two orthogonal measures) for
smaller plants. We measured plant height (0.5-cm increments)
from ground to the uppermost leaf collar. For bush muhly
(spherical growth) and black grama (prostrate growth), we
measured average height. After measurements, we harvested
plants from 1 cm above ground (including half the connecting
stolon for black grama) and dried it at 60uC. We removed the
previous years’ biomass, redried the plants (60uC for 48 h), and
weighed (0.1-g increments) the current year’s biomass.

Allometric Models
We used natural log (ln) transformations of biomass and size to
represent the curvilinear (geometrically scaled) biomass–size
relationship. Our ln y 5 a + b(ln x) detransforms to y 5 eaxb,
which is a slight variation on the typical power function (y 5

axb) for allometric relationships (Andariese and Covington
1986; Gayon 2000; Northup et al. 2005). The response
variable was plant biomass: Y 5 current year’s biomass [ln(g ?

plant21)]. Explanatory variables were basal diameter [XD,
ln(cm)], height [XH, ln(cm)], and grazing history (XG;
ungrazed 5 0 and grazed 5 1). We did not correct for logarith-
mic bias (Baskerville 1972).

We used simple and stepwise (P , 0.05 to enter in fit-model
command in JMP software, Release 5.1; Sall et al. 2005)
regression to predict biomass for each species separately (single
species) and for all species combined (multispecies) using data
pooled from 2005 and 2006. XG was not included in the
stepwise procedure for black grama or tanglehead because of
insufficient data.

We evaluated the effect of any single species on multispecies
models by systematically excluding data for one species from
the multispecies model, then predicting biomass for the
excluded species (ȳind) with the resulting multispecies model.
We compared the adjusted R2 derived from the full (eight
species) multispecies model (R2

full) and the seven species
models (R2

ind) for each species. Excluded species had an
influence on the full multispecies model if R2

full ? R2
ind.

Models Applied to Actual Populations
We compared estimates of biomass (g ? m22) between single-
species and multispecies models (using XD and XD + XH models)
for populations of four species. In 2005 and 2006, we measured
diameter and height of all cottontop, Lehmann’s lovegrass, bush
muhly, and plains bristlegrass plants in 10 intershrub areas
(2.25-m radius and . 5 m from mesquite canopy; n 5 5 each in
grazed and ungrazed areas) and under 9 mesquite (2.35–4.08-m
canopy radius; n 5 4 in grazed area, and n 5 5 in ungrazed area).
We estimated biomass of each plant using single-species and
multispecies models and summed those values across the
population to represent total biomass per area (g ? m22). We
examined the influence of population size and structure on
biomass estimates because they changed between 2005 and
2006. Population sizes (N) increased from 2005 to 2006 but not
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uniformly across plant sizes (cottontop, N2005 5 1 128 and
N2006 5 1 180; Lehmann’s lovegrass, N2005 5 409 and
N2006 5 18 377; bush muhly, N2005 5 1 068 and N2006 5 1 183;
and plains bristlegrass, N2005 5 384 and N2006 5 531).

RESULTS

Single-Species and Multispecies Models
Among single-species models, basal diameter alone (XD)
accounted for 80–91% of the variation in aboveground
biomass, whereas height alone (XH) accounted for 57–72%
(Table 1). Including XH as a second explanatory variable with
XD added little predictive capacity (increased adjusted
R2 5 0.02 to 0.07, P , 0.05) to species-specific models.

Including grazing history (XG) added no predictive capa-
city for four species and little capacity for two species (bush
muhly and plains bristlegrass increased adjusted R2 5 0.01,
P , 0.05).

For multispecies models, XD alone accounted for 85% of the
variation in aboveground biomass, but XH alone accounted for
53% (Table 1). Including XH as a second explanatory variable
added little predictive capacity (increased adjusted R2 5 0.03,
P , 0.05), and grazing history was not included as a significant
explanatory variable in the stepwise analyses. The diameter-only
multispecies model detransforms to biomass (g) 5 e1.441 ? diameter
(cm)1.253.

Multispecies Model Evaluation
Single-species models were within the 95% prediction interval
of the diameter-only multispecies model (Fig. 1). There was no
indication that any one species was influencing the general
model parameters for either XD or XD + XH regressions
(R2

gen 5 R2
ind through the second decimal place).

Table 1. Regression intercepts, coefficients, adjusted R2, and root
mean square errors (RMSE) of natural log-transformed plant basal
diameter (XD), plant height (XH), and grazing history (XG) for single-
species and multispecies models to solve for the natural log of the
current year’s biomass (g). Separate rows for each species and
multispecies show results for unique combinations of explanatory
variables (XD, XH, and XG). Empty cells occur because coefficients are
listed only for explanatory variables, where the probability to enter in a
stepwise procedure was P , 0.05. The diameter-only multispecies
model detransforms to biomass (g) 5 e1.441 ? diameter (cm)1.253.

Species n Intercept

Coefficients

Adj. R 2 RMSEXD XH XG

Threeawns 79 1.418 1.303 — — 0.81 0.66

27.665 — 2.852 — 0.58 0.77

22.109 1.018 1.096 — 0.86 0.57

Black grama 54 0.903 1.220 — — 0.80 0.69

27.367 — 2.991 — 0.57 1.00

21.649 0.995 0.890 — 0.82 0.65

Cottontop 87 1.512 1.250 — — 0.89 0.48

213.183 — 4.085 — 0.71 0.77

23.510 0.963 1.353 — 0.92 0.41

Boer’s lovegrass 76 1.229 1.087 — — 0.82 0.60

26.555 — 2.310 — 0.57 0.94

21.205 0.898 0.680 — 0.84 0.57

Lehmann’s

lovegrass

86 1.721 1.434 — — 0.90 0.56

212.466 — 3.845 — 0.71 0.96

22.598 1.128 1.169 — 0.93 0.48

Tanglehead 65 1.736 1.201 — — 0.90 0.51

210.000 — 3.287 — 0.66 0.94

21.485 0.994 0.865 — 0.92 0.46

Bush muhly 81 1.622 1.192 — — 0.82 0.59

210.994 — 3.921 — 0.62 0.84

24.238 0.891 1.761 — 0.89 0.46

1.807 1.197 — 20.364 0.83 0.56

Plains bristlegrass 87 1.357 1.490 — — 0.91 0.45

210.623 — 3.282 — 0.72 0.80

22.782 1.145 1.108 — 0.95 0.35

1.496 1.498 — 20.291 0.92 0.90

Multispecies model 615 1.441 1.253 — — 0.85 0.63

26.360 — 2.362 — 0.53 1.11

21.212 1.051 0.760 — 0.88 0.56

Figure 1. Multispecies model regression line (light center line) and
95% prediction interval (dashed lines) overlaid with single-species
regression lines using only diameter (dark center line) for each of the
eight species (see Table 1 for equation coefficients). Dots (N) indicate
ungrazed; pluses (+), grazed; and both represent values for individual
plants. The diameter-only multispecies model detransforms to biomass
(g) 5 e1.441 ? diameter (cm)1.253.
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Models Applied to Actual Populations
Multispecies model estimates of biomass for actual populations
were within 3–29% of estimates using single-species models.
Across all species by year combinations, biomass estimates
(g ? m22) for single-species and multispecies models were more
similar for the XD only (x̄ 5 10% difference) than the XD + XH

formulation (x̄ 5 16% difference; Table 2). All models predict-
ed more biomass in 2006 than 2005, which is consistent with
the increase in plant density.

DISCUSSION

Multispecies Model
The strength of our multispecies models to predict biomass for
eight common cespitose grasses was consistent with that
reported for trees (Singh 1986; Jenkins et al. 2003; Lambert et
al. 2005) and shrubs (Buech and Rugg 1989) and supports the
concept of a biomass–size relationship that scales across species
within a life-form (Enquist 2002). The slope for the diameter-
only multispecies model (b 5 1.25) suggests that biomass will
double (100% increase) with only a ,75% increase in diameter.

These results are consistent with previous work for grasses
(Andariese and Covington 1986; Assaeed 1997; Guevara et al.
2002) and trees (Lambert et al. 2005), where there was little
improvement in predictive strength when adding height to
single-species or multispecies models that already contained
diameter. The small improvement in predictive strength when
adding grazing history to the model suggests that long-term
change in biomass–size relationships are either unimportant or
disappear within 2 yr of grazing cessation (Petersen 1962;
Trlica and Orodho 1989).

Cautionary Notes
Although our multispecies model for grasses generalizes across
species and grazing histories, we caution that it may not perform
as well in other locations. Significant intersite variation in
biomass–size relationships has been noted for trees (Ares and
Fownes 2000), shrubs (Buech and Rugg 1989), and grasses
(Andariese and Covington 1986). For example, we found
substantial differences in biomass estimates between our models
and those developed in Argentina (Guevara et al. 2002) for

cottontop and plain bristlegrass. For hypothetical populations of
20 plants (evenly distributed between 0.9–18 cm and 0.4–8 cm
in diameter for cottontop and plains bristlegrass, respectively),
our estimates for cottontop using the multispecies (1 555 g) and
single-species (1 658 g) models were 60% and 73% greater,
respectively, than the Argentine model (956 g), and estimates for
plains bristlegrass using the multispecies (563 g) and single-
species (671 g) models were , 10% and . 30% different than
the Argentine model (511 g). Thus, caution should be exercised
when extrapolating our allometric models to other locations.

We also caution that changes in population size structure
may influence accuracy of predictions, especially when the
regression slope (b) differs between single-species and multi-
species models. Slopes for cottontop (b 5 1.25) and bush muhly
(b 5 1.20) single-species models were similar to the multispe-
cies model (b 5 1.25), and differences between single-species
and multispecies biomass estimates for actual populations
remained # 10% even when the third decile size–class (4.1–
6.0 cm in diameter) nearly doubled between 2005 and 2006 for
cottontop, and there were large changes (3.5–7.9%) in the first
through third decile size–classes (0.0–4.3 cm) for bush muhly.
In contrast, slopes for Lehmann’s lovegrass (b 5 1.43) and
plains bristlegrass (b 5 1.49) single-species models were steeper
than the multispecies model, and the difference between single-
species and multispecies biomass estimates increased from
, 5% to . 20% for plains bristlegrass when contributions
from the first decile size–class (0.0–0.8 cm) declined (5.2%)
between 2005 and 2006; and for Lehmann’s lovegrass, the
difference between model estimates decreased from . 25% to
, 3% when contributions from the first decile size–class (0.0–
0.8 cm) increased (3.3%) between 2005 and 2006.

IMPLICATIONS

Multispecies allometry models provide a robust, nondestructive
method to estimate grass ANPP on semidesert rangelands.
Field-time efficiency will be maximized without sacrificing
accuracy when using the parsimonious diameter-only multi-
species model because only single, rapidly obtainable measures
of basal diameter will be needed. Furthermore, species
identification and grazing history will not be needed.

Table 2. Biomass predicted for actual populations of four grass species in 2005 and 2006 using the multispecies and single-species models based
on diameter only and diameter + height explanatory variables. The third column in each pair is the ratio of the biomass predictions of the multispecies
to single-species models.

Species Year

Diameter only Diameter + height

Multispecies
(g ? m22)

Single-species
(g ? m22)

Multispecies to
single-species ratio

Multispecies
(g ? m22)

Single-species
(g ? m22)

Multispecies to
single-species ratio

Cottontop 2005 10.3 11.0 0.93 10.5 9.6 1.10

2006 20.3 21.8 0.94 22.4 21.5 1.04

Lehmann’s lovegrass 2005 2.0 2.6 0.79 2.3 2.5 0.91

2006 7.3 7.1 1.03 8.1 6.5 1.24

Bush muhly 2005 15.4 17.0 0.90 12.0 16.6 0.72

2006 19.1 20.8 0.92 13.3 16.4 0.81

Plains bristlegrass 2005 1.6 1.7 0.93 1.7 1.4 1.24

2006 3.0 3.7 0.81 3.2 2.9 1.13
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