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Abstract 

Generalized linear mixed models were used to obtain best fin- 
ear unbiased predictions (BLUP’s) of herbivore preferences for 
range plant species from expert knowledge contained in range 
site descriptions produced by the USDA Soil Conservation 
Service (currently Natural Resources Conservation Service). A 
total of 4,558 assessments of preference for cattle, deer, goats, 
and sheep on 167 plant species were available from 55 range site 
descriptions for the Edwards Plateau (Texas). Consistency of 
predicted preferences was evaluated through intraclass correht- 
tion estimated by restricted maximum likelihood. Predictions in 
observed (3-level ordinal) and logit scales were very similar; 
rank correlations between predictions in different scales ranged 
from 0.994 (P < 0.0001) for cattle to 0.998 (P < 0.0001) for sheep. 
Estimated intraclass correlations were also high (0.74 to 0.84 in 
observed scale and 0.82 to 0.92 in logit scale) suggesting consis- 
tent rankings of plant species across range sites. Metric multidi- 
mensional scaling and principal components analysis showed dis- 
tinct patterns among the 4 herbivores. Grasses and browse were 
the most informative forage classes for discriminating prefer- 
ences among herbivores. Deer and cattle exhibited the least simi- 
lar diet preferences. Sheep and goats were intermediate, with 
sheep closer to cattle and goats most similar to deer. The pair 
deer-goat showed the most similar pattern of preferences. 
BLUP’s of plant species preferences showed good agreement with 
published research on both individual plant species and forage 
classes. Optimal properties of mixed model procedures can be 
exploited to predict animal preferences at the range site scale 
from standardiied expert opinion. These estimated preferences 
may be useful for modeling grazing effects at spatial scales com- 
patible with management decisions. 

Key Words: BLUP, expert knowledge, diet selection, forage class, 
generalixed linear mixed model, landscape scale 

Diet selection in herbivores is a complex function of species- 
and individual-specific preferences (Arnold 1981). Factors affect- 
ing diet selection include amounts of food on offer, and vegeta- 
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Resumen 

Se utilii6 conocimiento experto, contenido en descripciones de 
sitio producidas por el USDA Soil Conservation Service (en la 
actualidad Natural Resources Conservation Service), para pre- 
decir preferencias de herbivoros por diferentes especies vegetales 
aplicando optima predicci6n lineal htsesgada (OPLD mediite el 
ajuste de modelos lineales generaliidos mixtos. De 55 descrip 
ciones de sitio provenientes de1 Kdwards Plateau (Texas) se recu- 
peraron 4.558 evaluaciones de preferencias de vacunos, ciervos, 
cabras y ovinos para 167 especies vegetales. La consistencia de 
las preferencias predichas se evahtd media& correlacidn intra- 
clase calculada utilixando maxima verosimilitud restringida. Se 
obtuvieron predicciones similares en escala de observation (vari- 
able ordinal con 3 niveles) y escala logit; las correlaciones de 
rango entre predicciones en diferentes escalas variaron desde 
0,994 (P < 0,OOOl) para vacunos hasta 0,998 (P < 0,OOOl) para 
ovinos. Las estimaciones de correlation intraclase tambien 
fueron altas (de 0,74 a O&l en escahr de observacidn y de 082 a 
0,92 en escala logit) lo que sugiere un ordenamiento consistente 
de especies vegetales a traves de sitios. Un analisis de compo 
nentes y eoordenadas principales evidenci6 diferentes patrones 
entre 10s 4 herbivoros. Los pastos y el forraje leiioso aportaron el 
mayor contenido de information para discriminar entre her- 
bivoros. Ciervos y vacunos exhibieron las m&s disiiiles prefer- 
encias. Ovmos y cabras resultaron intermedios, apareciendo 10s 
ovinos mk cercanos a 10s vacunos y las cabras mL pr6ximas a 
10s ciervos. Cabras y ciervos conformaron el par con preferen- 
cias mPs similares. Las estimaciones de preferencias obtenidas 
media&e OPLI mostraron buen acuerdo con information previa 
sobre preferencias por especies vegetales y tipos de forraje. Las 
optimas propiedades de 10s procedimientos de modelo mixto 
pueden explotarse para predecir preferencias a eseala de paisaje 
a partir de conocimiento expert0 normalixado. Estas predic- 
ciones resultarian utiles para modelar efectos de1 pastoreo a 
escalas espaciales compatibles con la adoption de de&ones de 
manejo. 

tion dispersion patterns in time and space. Variables such as sea- 
son and physiological or life cycle stage of the plant species can 
also affect preference. Nonetheless, it can be hypothesized that 
most herbivores would exhibit consistent preferences, at least for 
some plant species or classes of forage, when the temporal and 
spatial scales permit the manifestation of such preferences. 
Selective grazing on preferred species, in turn, may be responsi- 
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ble for important shifts in range vegetation composition. Results 
from diet selection experiments are indicative of preference but 
are generally fragmentary, limited to local species assemblages, 
and obviously biased by the kinds, amounts, and distribution of 
forage on offer. 

Range site descriptions produced by the USDA Soil 
Conservation Service (currently NRCS, Natural Resources 
Conservation Service) usually contain summaries of expert opin- 
ion concerning animal preferences for range plant species. 
However, the preference status of any plant species within a 
region is assessed only in a few range sites, i.e., those in which 
the species occurs frequently. For this reason, direct comparisons 
among species are only possible within sub-sets of the regional 
plant species pool. This difficulty may be overcome if enough 
links can be established among different range sites. Links are 
provided by widespread plant species whose preference status has 
been assessed in many range sites. From a connected 2-way array 
of plant species across range sites it would be possible to produce 
a general ranking of plant species by statistically accounting for 
the effects of different range sites. This can be accomplished by 
using mixed model methodology to produce best linear unbiased 
predictions (BLLJP’s) of preferences (Henderson 1984). 

This study describes an application of generalized linear mixed 
model theory for unbalanced data to the problem of producing 
rankings of animal preferences for range plant species from 
expert assessments included in range site descriptions. The main 
objective of this work was to estimate preferences for range plant 
species at the temporal and spatial scales (i.e., landscape rather 
than individual plants) embedded in range site descriptions. A 
range site scale is temporally coarse enough to obscure seasonal 
shifts in preferences and spatially broad enough to reflect prefer- 
ences relevant to the size of management units. Such preferences 
may be key components for modeling the effect of grazing on 
many vegetation parameters at a spatial scale compatible with 
management decisions (Rodriguez Iglesias 1996). 

Materials and Methods 

Source of Data 
Data were compiled from range site descriptions produced by 

the USDA Soil Conservation Service (currently NRCS; Agency 
Manuals 1972-1976) for the Edwards Plateau, Texas. Most range 
site descriptions for the region contain lists of plant species clas- 
sified by preference for cattle, deer, goats, and sheep. Plant 
species are evaluated in an ordinal scale of grazing preference as 
primary (grazed first), secondary (second choice forage), or low 
value (rarely used or usually not accessible to grazers/ browsers). 
The procedure of expert opinion elicitation was informal and can 
be described as one in which many groups of knowledgeable 
Range Conservationists were consulted and produced opinion on 
preferences for 1 or more range sites. Expertise was not systemat- 
ically tested for accuracy or consistency. This procedure is differ- 
ent from the current approach at NRCS that involves the use of a 
“master list” of preferences from which preferences at the range 
site level are derived. 

A total of 167 plant species (or groups thereof, e.g., sedges), 
occurring in at least 3 different range sites, were considered for 
analysis. A checklist of common names was produced from the 
range site descriptions and examined for duplications and taxo- 
nomic consistency using published information for the region 

Checking for connectedness in a sparse array is necessary to 
ensure that the rank of the design matrix (i.e., the matrix that 
describes the structure of the problem in terms of how experi- 
mental units are arranged in the context of factors considered in 
the model) is correct. Intuitively, it will not make sense to com- 
pare plant species A with plant species B if no path can be estab- 
lished in the 2-way array when moving from A to B (or vice 
versa) through filled cells in the array. Consider the diagram in 
Figure 1. The arrows indicate one of the possible pathways con- 
necting species B and F. Applying the same procedure to the rest 
of possible combinations shows that E (with information limited 
to site 5) is the only disconnected species in the array. An equiva- 
lent approach is to record all possible pairs of comparisons and 
verify if some kind of chaining can be established through com- 
mon links. For the B-F example, B can be compared to C in site 
2, C can be compared to D in site 4, and D can be compared to F 
in site 3, which completes the chain. Connectedness between 
species across sites was verified (Weeks and Williams 1964) for 
each data set prior to analysis. For a 2-way classification (e.g., 
plant species by range sites) the procedure described by Weeks 
and Williams (1964) provides both necessary and sufficient con- 
ditions for connectedness. 

Statistical Models and BLUP 
Best Linear Unbiased Prediction (BLUP) methodology was 

developed in the animal breeding arena for the purpose of pre- 
dicting breeding values from unbalanced (usually incomplete) 
information gathered from management settings, as opposed to 
data coming from well-designed, balanced, experiments. The idea 

(Correl and Johnston 1970, Hatch et al. 1990). Total numbers of 
range site descriptions and plant species included in the data sets 
for each animal species are shown in Table 1. The number of 
plant species included in each preference list frequently differed 
for the 4 animal species within a range site. It averaged about 22 
plant species/ herbivore when plant species were constrained to 
have been assessed for preference in at least 3 different range 
sites (Table 1). 

Data Structure and Connectedness 
The information extracted from range site descriptions was 

arranged for analysis in 4 arrays (i.e., 1 for each animal species) 
of plant species by sites. As range site descriptions rarely includ- 
ed more than 40 plant species for any herbivore, data sets of plant 
species by sites were sparse with an average of 18.8% of filled 
cells (Table 1). 

Table 1. Description of the data sets compiled for cattle, dew, goats and 
sheep. 

Cattle Deer Goats Sheep 

Number of sites range 55 52 47 53 
Number of data 1,320 928 988 1,322 
Number of groups’ 115 113 115 129 
Mean number of 

groups’/range site 24.0 17.8 21.0 24.9 
Percentage of tilled cells 20.9 15.8 18.3 19.3 

‘Plant species, genus, or groups of plant species (e.g., sedges, cactii). 

Average 

Gal 

55 
4,558 

167 

22.3 
18.8 
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Sites 

1 2 3 4 5 

Fig. 1. Example of connectedness for a 6 X 5 array of species by sites. 
Crosses indicate cells that contain information. Arrows show a path 
connecting species B and F. 

behind predicting effects that would exhibit BLUP properties is 
quite simple, although the numeric computations can be exten- 
sive. Suppose that we want to compare the value of a series of 
household items. A simple approach would be to visit a number 
of stores and ask for the prices of those items. That would pro- 
vide us with a series of numbers (i.e., prices of items classified in 
an array of items by stores) that supposedly reflect 2 things: the 
“true” value of the items and the variability introduced by the 
pricing policies of different stores. We would probably be tempt- 
ed to take average prices across stores as valid estimates of the 
value of the items. However, it is also probable that we were not 
able to collect prices for every item at every store. In this latter 
case, the “average price approach” would be incorrect because of 
both different pricing policies in different stores and lack of 
information for certain items in certain stores. What we obviously 
need is some methodology that removes the effect of the stores 
and allow us to estimate the value of the items free from such an 
influence. This is exactly what BLUP methods do. 

Two related approaches were used to produce rankings of plant 
species according to preference for the 4 animal species. Both 
approaches are standard procedures for solving the analogous 
problem of predicting random genetic effects in animals when 
predictions involve removing fixed effects (Henderson 1984). In 
both approaches, in which sites were treated as fixed effects and 
plant species as random effects, generalized linear mixed models 
(GLMM) were used to explain variation in preferences. When 
linear models are formulated in compact matrix notation it 
becomes apparent that the only difference between a “regression” 
and an “analysis of variance” setting is the structure of the design 
matrix (see above). For this reason, regression and analysis of 
variance models are usually considered instances of what is 
known as “general linear model”. Error distributions in general 
linear models are usually assumed to be normal for inference pur- 
poses. Relaxing this latter constrain to include a family of expo- 

nential distributions (including binomial, Poisson, gamma, etc.) 
generates an even more inclusive kind of statistical models 
known as “generalized linear models” (Nelder and Wedderbum 
1972). At any level in this hierarchy, the model may contain fixed 
and/ or random effects. When both fixed and random effects are 
included we have a “mixed model”. In this latter case, a common 
goal is to estimate the realized value of the random effects (i.e., to 
“predict” the random effects) free from the constrains imposed by 
the fixed effects. When the prediction of random effects in a 
mixed model involves an error distribution other than normal, we 
call the resulting model a “generalized linear mixed model”. For 
our problem, GLMM solutions provide best (i.e., minimum pre- 
diction error variance) linear unbiased predictions (BLUP’s) for 
the random effects (i.e., plant species) given the statistical 
removal of fixed effects (i.e., range sites). When a normal error 
distribution holds, a BLUP approach maximizes the probability 
of producing a correct pair-wise ranking of random effects 
(Henderson 1984). A separate analysis was done for each animal 
species. Ranks derived from predictions from the 2 approaches 
were compared using Spearman’s rank correlation coefficient. 

In the first approach, the response variable preference was an 
ordinal scale with 3 levels (coded 1,2,3) corresponding to prima- 
ry, secondary, and low value forage. The MIXED procedure in 
SAS version 6.08 (SAS Institute Inc. 1989) was used to obtain 
BLUP’s of preference for each plant species. An estimate of the 
ratio between the variance of the random effects and the variance 
of the error term is necessary to derive BLUP solutions. Variance 
ratios were regarded as unknown and restricted maximum likeli- 
hood estimates (Patterson and Thompson 1971) of them were 
obtained from the same data sets. Intraclass correlations, which 
measure the strength of the association between different 
instances of the same random effects (i.e., plant species) across 
fixed effects (i.e., range site descriptions), were calculated using 
the estimated variances. In the framework of generalized linear 
models (McCullagh and Nelder 1989), this first approach is 
equivalent to fitting a linear mixed model with normal errors and 
identity link function. 

The second approach, based on Gilmour et al. (1987), assumes 
that preference is continuous on some underlying scale but is 
observed as classes separated by fixed thresholds. The GLMM 
setting used to solve the prediction problem is analogous to the 
model utilized in the first approach, except for the use of a multi- 
nomial error distribution and probit or logit link functions. 
Random effects are predicted using quasi-likelihood solutions for 
the fixed effects. More detailed descriptions of this second 
approach can be found in Gilmour et al. (1987) and Meuwissen et 
al. (1995). Our analysis was implemented in logit scale with the 
response variable coded as multinomial, i.e., 3 dummy variables 
were used instead of the single-variable ordinal coding. The max- 
imum likelihood routines implemented in REG (Gilmour 1985) 
version 94.10 were used for calculations. For the interested read- 
er, Robinson (1991) offers an excellent review on BLUP theory 
and current applications including Kalman filtering, credibility 
theory, kriging, small-area estimation, quality measurement, and 
noise removal from images. 

Preference Comparisons Among Animal Species 
Similarities in preference among animal species were studied 

for both individual plant species and classes of forage (grasses, 
forbs, browse, and others) using principal components analysis of 
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the correlation matrix and metric multidimensional scaling (also 
known as principal coordinate analysis) of distance matrices 
derived from correlations. The princomp and cmdscale functions 
in S-Plus version 3.2 (Statistical Sciences Inc. 1993) were used 
for these analyses, respectively. 

Comparisons with Published Data 
For all 4 animal species, preference rankings for forage classes 

(grasses, forbs, browse, and others) were generated from best lin- 
ear unbiased predictions for individual plant species and com- 
pared to previously published data for the region (Bryant et al. 
1979, Rector 1983) to examine consistency and agreement. For 
deer preferences, published information (Armstrong 1991) 
allowed comparisons to be performed on an individual plant 
species basis. 

Results and Discussion 

Preference data extracted from the range site descriptions for 
this study are of a non-experimental nature. This imposes limita- 
tions on the type and quality of inferences that can be generated. 
Any bias or relative weighting embedded into those descriptions 
is not observable and, consequently, cannot be accounted for. In 
particular, it is likely that some correlation among random effects 
(i.e., plant species) was introduced due to the non-independent 
nature of the expert opinion elicited at different range sites. In 
statistical terms, the covariance matrix of random effects is no 
longer diagonal as it is assumed in the analyses performed. Given 
these limitations, this BLUP application should be considered a 
meta-analysis (Hunter et al. 1982; see also Stram 1996 for a 
description on the use of mixed-effects models for me&analysis 
of published data) of information that was compiled and summa- 
rized in a comparable way for the same animal and plant species 
in different environments. Optimal properties of BLUP method- 
ology (Henderson 1984, Gilmour et al. 1987, Thompson 1990) 
guarantee the generation of the best (in the sense of least vari- 
able) predictions possible, given the data. However, results 
should be considered with caution for 2 main reasons. Firstly, 
because they strictly apply to some property of plant species 
(attractiveness as a source of food) that was evaluated by experts 
at the landscape scale rather than experimentally estimated. 
Secondly, because the nature of the expert elicitation process was 
not systematic and can not be accounted for to remove possible 
correlation structures induced. 

High intraclass correlations were estimated in both observed 
and logit scales. They ranged from 0.74 (sheep data set) to 0.84 
(cattle data set) in the observed scale and from 0.82 (sheep data 
set) to 0.92 (cattle data set) in the logit scale. These results indi- 
cate a highly consistent ranking of species across sites; i.e., plant 
species tended to repeat their relative order across range sites 
independent of any range site effect. In the minds of the experts 
that produced the range site descriptions, animal preferences at 
the range site scale are only slightly affected by particular botani- 
cal compositions or any other attribute used to characterize differ- 
ent range sites. Rankings of plant species preferences in the range 
site descriptions changed from site to site according to the partic- 
ular local plant assemblage. Yet, general rankings were consis- 
tent, with only very minor exceptions. If species A was more pre- 
ferred than species B in a given site, it was also equally or more 
preferred than species B in the rest of the sites. This condition is 

required to hypothesize any general preference ranking of plant 
species and is satisfied in these range site descriptions. As indi- 
cated above, however, high intraclass correlations may have been 
induced in part by non-independence of the expert sources. The 
fewer the number of experts consulted and the larger the overlap- 
ping of opinions across sites, the higher the upward bias that may 
be expected. 

BLUP Prediction of Preferences 
Predicted random effects, and consequently preference ranks of 

plant species in observed and logit scales, were similar for each 
of the 4 animal species. Correlations between ranks in both scales 
were very high, ranging from 0.994 (P < 0.0001) for cattle to 
0.998 (P < 0.0001) for sheep. Despite this general agreement, 
there were some shifts in the relative rankings of individual 
species. The average number of position shifts in the ranked lists 
was 1.6 + 0.46 (mean * standard deviation), 1.7 + 0.47, 1.4 + 
0.46, and 1.4 f 0.46 for cattle, deer, goats, and sheep, with 
extreme shifts involving 8,8,7, and 8 positions, respectively. The 
significance of these shifts in ranking depends on which approach 
is considered more appropriate for the problem and on the impor- 
tance of those individual shifts. As the intraclass correlation 
increases, the advantage of predicting random effects in some 
underlying scale tends to disappear (Gilmour et al. 1987) because 
both sets of solutions tend to converge. However, the multinomial 
nature of the response still suggests the convenience of predicting 
random effects directly on the underlying scale to better satisfy 
the distributional assumptions (Gilmour et al. 1985, 1987). 
Preference rankings for individual species (or groups of species) 
determined from predictions in logit scale are shown in Table 2. 
These rankings (as well as the original predictions) should be 
interpreted as general indicators for grazing preferences at a land- 
scape scale. They may have various applications in management 
and modeling for representing the expected grazing impact of dif- 
ferent herbivores, anticipating grazing-induced vegetation trends, 
etc. Compare, for example (Table 2), the preference rankings of 
yellow indiangrass (Sorghastrum nutans (L.) Nash) (ranked in 
first place for cattle, moderately preferred by sheep and goats, 
and of low preference for deer) to those for bundleflower species 
(Desmanthus spp. Willd.) and velvet bundleflower (0. velutinus 
Scheele) (highly preferred by sheep and goats, preferred by deer, 
but only mid-ranking for cattle preference). 

Preference Comparisons Among Animal Species 
Principal components were extracted from a data set of 66 plant 

species with complete preference predictions for the 4 animal 
species (Table 2). Figure 2 is a biplot (Gabriel 1971, Gower and 
Hand 1996) that summarizes the most relevant information rela- 
tive to the original variables (animal preferences represented by 
arrows oriented toward increased preference) and the transformed 
observations (principal component scores for the 66 plant 
species). The first principal component (which accounted for 78 
% of the variability in preference) can be interpreted as a general 
axis that summarizes common preferences exhibited by the 4 ani- 
mal species. Distribution of plant species along this first axis 
ranged from those highly preferred by all 4 herbivores (right 
extreme) to those generally rejected by any of the 4 animal 
species (left extreme). Plant species tended to cluster at both 
extremes of the distribution. This bimodal marginal distribution 
of principal component scores Suggests a general preference for 
certain species with consistently low rankings (i.e., high prefer- 
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Table 2. Ranks from best linear unbiased predictions in logit scale. Under ID beading, F, G, B, and 0, stand for forb, grass, browse, and other, respec- 
tively. N indicates number of data for cattle (C), deer (D), goats (G), and sheep (S). 

N Ranks in Loeit Scale 
ID Scientific Name Common Name C D G S C D G S 

F 001 
B 002 
B 003 
B 004 
B 005 
B 006 

F 007 
F 008 
G 009 
G 010 
G 011 
G 012 

G 013 
G 014 
F 01.5 
F 016 
F 017 
B 018 
B 019 
G 020 
G 021 

G 022 

G 023 

G 024 

G 025 

G 026 
G 027 
G 028 

G 029 
G 030 
G 031 
B 032 

0 033 
0 034 
B 035 
B 036 
B 037 
G 038 
0 039 
B 040 
B 041 
F 042 
F 043 
0 044 
B 045 
F 046 
0 047 
G 048 
F 049 
F 050 
G 051 
G 052 
B 0.53 
F 054 
G 055 
G 056 

AbuMonfruticosum Pen. & Rich. Indianmallow 
Guajillo 8 7 
Catclaw acacia 10 20 
Blackbrush 3 3 
Lechuguilla 6 3 

Acacia berkmdieri Benth. 
Acacia greggii Gray var. greggii 
Acacia rigid& Benth. 
Agave lechuguilla Torr. 
Aloysia grarissima (Gill. & Hook.) Troncoso var. 

grurissima 
Ambrosia artemisiifolia L. 
Ambrosia cumanensis Kunth 
Andropogon gerardii Vitman var. gerardii 
Andropogon ten&us Michx. 
Aristidu L. 
Aristida purpurea Nun. var. longiseta (Steud.) 

Vasey 
Arisrida purpurea Nutt. var. purpurea 
Ariskfa purpurea Nutt. var. wrighlii (Nash) Allred 
Artemisia L. 
Artemisia ludoviciana Nutt. 
Aster ericoiaks L. 
Atriplex canescens (Pursh) Nutt. 
Bemardia myricifolia (Scheele) S. Wats. 
Blepharoneuron Wicholepis (Torr.) Nash 
Borhriochloa barbinodis (Lag.) 

Herter var. barbinodis 
Bothriochloa barbinodis (Lag.) Herter var. 

perforara (Fouxn.) Gould 
Bothriochloa Iaguroides (DC.) Herter ssp. 

torwyunu (Steud.) Allred & Gould 
Bouteloua curtipendula (tichx.) Torr. var. 

caespirosa Gould & Kapadia 
Boureluoa curtipendula (Michx.) Torr. var. 

curtipendula 
Bouteloua eriopodn (Torr.) Torr. 
Boureloua hirsura Lag. 
Bouteloua rigidisera (Steud.) A.S. Hitchc. var. 

rigidiseta 
Boureloua @ida Thurb. 
Bromus unioloides Kunth 
Buchloe dactyloides (NW.) Engelm 
Bunrelia kmuainosa &Ii&x.) Pers. var. 

oblongifolia-(Nutt.) ‘Clarke 
Calylophus serrularuS (Nutt.) Raven 
Carex L. 
Curya illinoensis (Wang.) K. Koch 
Celtis kzeviguru Willd. 
Cercis canadensis L. 
Chloris cucullata Bisch. 
Clematis drummo ndii T. & G. 
Colubrina texensis (T. & G.) Gray 
Condalia Cav. 
Croton L. 
Croton rexensis (Klotzch) Muell. Arg. 
Dalea L. 
Dalea formosa Tort-. 
Dalea lasiarhera Gray 
Dasylirion Zucc. 
DasyochloupulchelZa (Kunth in H.B.K.) 
Desmanthus Willd. 
Desmanrhus velutinus Scheele 
Digitaria culifornica (Benth.) Henr. 
DigSaria cognata (Schult.) Pilger 
Diospyros iexana Scheele 
Engebnannia pinnatifida Nutt. 
Elymus canadensis L. var. canadensis 
Elyrrigiu smithii (Rydh.) Nevski 

I Rydb. 

Texas per&non 12 
Engelmann daisy 29 
Camda wildrye 21 
Westemwheatgrass 3 

Whitebrush 
Ragweed 
Western ragweed 
Big bluestem 
Feather bluestem 
Thmeawns 

Red threeawn 
Purple threeawn 
Wright threeawn 
Sagewort 
Mexican sagewort 
Heath aster 
Founving saltbush 
Brush m$tlecroton 
Hairy dropseed 

Cane bluestem 

Pinhole bluestem 

Silver bluestem 

Sideoats grama 

Tall grama 
Black grama 
Hairy- 

Texas grama 
Red grama 
Rescue grass 
Buffalo grass 

Bumelia 
Halfshruh sundrop 
Sedges 
PeCaIl 
Sugar hackberry 
Redbud 

5 

6 

Hooded windmillgmss 
Texas virginsbower 
Texas colubrina 
Condalia 
Croton 
Texas croton 
Dalea 
Feather dalea 
Purple dalea 
Sot01 
Fluffgrass 
Bundleflower 
Velvet bundleflower 

3 
12 

3 
9 
6 

Arizona cottontop 21 
Fall witchmass 33 

4 

5 
9 

14 
38 

27 

13 

20 

55 

6 
16 

20 
31 

41 

10 

17 

7 
11 

59 
107 

99 
109 

46 
75 
70 
86 

68 
36 
85 
47 

57 
99 

7 126 

6 

: 
7 

20 
3 

3 

3 
6 
4 
6 

15 
38 

94 

89 
2 

21 
69 

79 
100 

85 
49 

4.5 

94.5 

73 
103 
92 
40 
93 

100 
94 
92 
21 
28 
90 

6 8 
10 7 

5 6 
6 4 
6 6 

100 
77 
65 
35 
29 
22 
36 
15 
43 

36 27 
43 13 
48 44 
22 32 
10 20 

105 
96 
16 

3 
41 
64 
35 
70 

4 14 19 

3 7 

25 

31 

69 62 58 

66 53 

4 8 12 47 113 79 72 

12 33 53 12 64 43 20 

4 4 

3 
6 

13 
52 
71 90 102 

59 
45 
87 

13 14 84 99 97 
14 33 106 108 117 

4 
7 23 37 49 

54 
92 59 39 

8 
3 

10 

6 6 2 78 

28 
3 

9 7 
3 3 

21 16 

51 

34 
12 
74 

38 7 
41 

72 56 
75.5 98 

7 38 

4 57 62 
3 48 

4 
10 

3 
4 

12 
3 

4 

13 
4 

13 
15 

28 
9 

10 
11 

4 
13 

4 110 
8 105 

86 
90 
95 
25 

110 
125 

4 

3 
16 

3 

102 
42 

82 
71 

108 
107 

13 
15 

78 81 

93 
31 

123 

12 10 
3 5 
6 16 
8 27 

12 14 
23 36 

9 10 

115 
33 
50 
20 
48 
90 

8 
3 

13 

20 
9 

65 
91 
30 
56 

11 5 
4 4 

49 22 
64 50 
88 122 
10 1 
42 12 

JOURNAL OF RANGE MANAGEMENT 51(l), January 1998 23 



Table 2. Continued. 

ID Scientific Name 
N Ranks in Loeit Scale 

Common Name C D G S C D G S 

B 057 
B 058 
G 059 
G 060 
G 061 
G 062 
G 063 
0 064 
G 065 
F 066 
F 067 
F 068 
B 069 
B 070 
B 071 
F 072 
B 073 
0 074 
F 075 
F 076 
G 077 
G 078 
G 079 
F 080 
F 081 
F 082 

Ephedra L. 
Ephedra antisyphilitica CA. Meyer 
Eragrostis curtipedicellata Buckl. 
Eragrostis intermedia A.S. Hitchc. 
Eragrostispalmeri S. Wats. 
Eragrostis trichodes (NW.) Wood 
Eriochloa sericea (Scheele) MUNO 
Eriogonum longifolium Nutt. 
Erioneuron pilosum (Buckl.) Nash 
Erodium Soland. 
Euphorbia L. 
Ever Gaertn. 
Eysenhardtia texana Scheele 
Fluorensia cernua DC. 
Forestiera pubescens Nutt. 
Gaura L. 
Guaiacum angustifolium Engelm. 
Gutierreziu sarothrue (Pursh) Britt. & Rusby 
Helenium L. 
Helianthus maximiliani Schrad. 
Heteropogon contortus (L.) Beauv. 
Hilaria belangeri (Steud.) Nash 
Hilariu mutica (Buckl.) Benth. 
Hymenopappus tenutfolius Pursh 
Hymenoxis odorata DC. 
huiigofera miniata Ort. var. leptosepala (Nutt.) 

B. Turner 
Jatropha dioicu Cetv. vat. dioica 
Juglarts L. 
Juniperus L. 
Juniperus ashei Buchholz 
Krameria lanceolata Torr. 
Krameria pauciflora Benth. 
Larreu tridentata (DC.) Cov. 
Leptochloa dubia (Kunth) Nees 
Leucophyllumfnrtescens (Bed.) I.M. Johnst. 
Liatris punctata Hook. var. punctata 
Lonicera albtflora T. & G. 
Lycium L. 
Mahonia trifolioluta (Moric.) Fedde 
Malva neglecta Wallr. 
Menodora H. & B. 
Mimosa biuncifera Benth. 
Muhlenberghia nrenacea (Buckl.) A.S. Hitchc. 
Muhlenberghia arenicola Buckl. 
Muhlenberghia lindheimeri A.S. Hitchc. 
Muhlenberghia porteri Scribn. 
Nolina texana S. Wats. 
Oenothera speciosa Nutt. 
Opuntia leptocaulis DC. 
Opuntia lindheimeri Engelm. var. lindheimeti 
Panicum hallii Vasey var. h&ii 
Panicum obtusum Kunth 
Panicum virgatum L. 
Phyllanthuspolygonoides Spreng. 
Plantago L. 
Poa L. 
Prosopis glandulosa Torr. var. glandulosa 
Psoralidium tenuiflorum (Pursh) Rydb. 
Quercus L. 
Quercus buckleyi Nixon & Dorr 
Quercus pungens Liebm. 

Ephedra 7 
Vine ephedra 6 
Gummy lovegrass 3 
Plains lovegrass 17 
Rio Grande lovegrass 3 
Sand lovegrass 4 
Texas cupgrass 16 
Wild buckwheat 
Hairy tridens 24 
Filaree 3 
Euphorbia _- 
EVax 
Texas kidneywood 10 
Tarbush 3 
Elhowbush 4 
Gaum 8 
Guayacan 3 
Broom snakeweed - 
Sneezeweed 
Maximilian sunflower 4 
Tanglehead 4 
Clmmoncudy~ 28 
Tohosagrass 9 
Chalkhill woolly-white - 
Western bitterweed 

11 5 9 
6 6 6 

29 19 47 
26 24 23 

7 19 

55 
27 
85 

7 
18 

6 
9 

37 19 

5 
3 

11 
36 

61 40 
3 60 

13 
3 
3 

26 104 
4 40 51 

45 

97 95 
30 

19 
3 

10 
19 

3 
5 
3 
4 

4 
19 

4 
9 

10 
3 
5 
4 
3 

23 
112 

76 
39 
64 

2 
105 

25 
19 
31 
77 

101 
57 

3 

12 
4 
3 

6 
14 

4 
6 

16 
3 
8 
4 
4 
4 

26 
9 
3 
4 

16 
17 
54 
56 

21 

110 - 124 
8 15 

82 104 
35 83 
18 17 
29 68 

111 101 
96 107 

1 2 
71 

80 80 
113 89 

21 11 
- 103 

B 083 
B 084 
B 085 
B 086 
F 087 
B 088 
B 089 
G 090 
B 091 
F 092 
B 093 
B 094 
B 095 
F 096 
0 097 
B 098 
G 099 
G 100 
G 101 
G 102 
0 103 
F 104 
B 105 
B 106 
G 107 
G 108 
G 109 
0 110 
F 111 
G 112 
B 113 
F 114 
B 115 
B 116 
B 117 

Western indigo 
Leatherstem 
Walnut 
Juniper 
Ashe juniper 
Trailing ratany 
Range ratany 
Crwsotebush 
Green sprangletop 
Cenizo 
Dotted gayfeather 
Honeysuckle 
w01tberry 
Agarito 
Common mallow 
Menodora 
Catclaw mimosa 
Ear muhly 
Sand muhly 
Lindheimer muhly 
Bush muhly 
Sacahuista 
Evening primrose 
Tasajillo 
Texas pricklypear 
Halls panicum 
Vine mesquite 
Switchgrass 
Knotweed leafflower 
Plantain 
Bluegrass 
Honey mesquite 
Scurfpea 
Oak 
Texas red oak 
Sandpaper/ 

Vasey shin oak 
Post oak 
Live oak 
Prairie coneflower 
Sumac 
Skunkbush sumac 

3 
3 3 

3 
9 
6 
5 
3 
4 

10 
6 

4 
39 
98 

5 
7 
5 
3 
3 

23 
5 
3 

12 
7 
7 
4 
5 

6 
7 
4 
4 
6 

15 
6 
3 
3 

92 
95 
30 
62 

114 
5 

111 
72 

97 
IO4 

42 
50 

110 

6 

5 

10 
6 
5 

88 

3 

10 
4 
3 
3 

46 

73 
47 

1 
81 
93 
18 
38 

100 121 
75.5 - 

91 119 
101 112 

45 34 
22 77 

115 129 
46 14 
65 81 

51 
6 33 

83 115 
58 6 
26 32 
60 - 

3 
3 

103 
68 

12 
3 
3 
5 

11 
16 
30 

6 

3 
10 

7 
6 
9 

3 

3 
4 
8 

14 
3 

18 

8 
3 

8 

5 
4 

12 
8 

25 
4 
8 

28 
73 
44 
87 
91 
70 
26 
11 

16 
103 

96 

84 

5 
23 

- 102 
26 

94 - 
31 27 
98 116 

107 120 
69 86 
67 49 

65 
28 18 

4 
20 

11 

4 
4 

17 

5 

14 
3 
5 
7 

11 

5 
5 

3 
17 

3 
8 
3 

19 
101 

78 

112 
44 
55 

3 

9 
106 118 

69 
52 88 
16 84 

B 118 
B 119 
F 120 
3 121 
B 122 

Quercus stellata Wang. 
Quercus virginiana Mill. 
Ratibida Raf. 
Rhus L. 
Rhus aromatica Ait. var.Jabelliformis Shinners 

10 9 
6 7 

30 26 
3 3 
7 6 
4 4 

5 
6 

20 
4 

74 
83 
67 

93 

37 9 75 
72 50 114 
61 30 79 
87 87 91 
58 39 - 
14 14 
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Table 2. Continued. 

-- 
N anks in Lo& Scale R 

ID Scientific Name Common Name C D G S C D G S 

B 123 
B 124 
B 125 
F 126 
F 127 
F 128 
F 129 
B 130 
G 131 
G 132 

F 133 
F 134 

135 
G 136 
G 137 
G 138 
F 139 
F 140 
F 141 
F 142 
B 143 
B 144 
G 145 
G 146 
G 147 

G 148 
G 149 
F 150 
0 151 

G 152 
G 153 
G 154 
B 155 
B 156 
B 157 
F 158 
B 159 
B 160 
B 161 
F 162 
G 163 
B 164 
G 165 
0 166 
B 167 

Rhus copallina L. 
Rhus microphylla Engelm. 
Rhus virens Lindh. spp. virens 
Rhynchosia LOUI. 
Rudbekia L. 
Salvia aeurea Lam. 
Salvia coccinea Buchoz 
Schaefferia cuneifolia Gray 
Sched~nnardus pmziculatui (Nutt.) 
Schizachyrium scoparium (Michx.) Nash var. 

fiequeni (C.E. Hibb.) Gould 
Schrankia Willd. 
Schrankia nuttallii (Britt. & Rose) Standl. 
Scleropogon brevifolius Phil. 
Setaria macrostachya Kunth 
Setaria reverchonii (Vasey) Pilger 
Setaria scheelei (Steud.) A.S. Hitchc. 
s&l L. 
Sida rhombifolia L. 
Simsia calva (Engelm. & Gray) Gray 
Siphonoglossa pilosella (Nees) Torr. 
Smilax rohmdifolia L. 
Sophora secundifrora (OK) DC. 
Sorghastncm nutans (L.) Nash 
Sporobolus asper (Michx) Kunth var. asper 
Sporobofus asper (Michx) Kunth var. 

drummondi (Trin.) Vasey 
Sporobolus cryptandn4.s (Torr.) Gray 
Sripa leucorricha Trin. & Rupr. 
Thelespenna Less. 
Tiquilia canescens (DC.) A. Richards. var. 

canescens 
Tridens albescens (Vasey) Woot. & Standl. 
Tridens muticus (Torr.) Nash var. muticus 
Tridens texcnus (S. Wats.) Nash 
Ulmus L. 

Zizyphus obrusifolia (T. & G.) Gray var. obtusifolia 

Viguiera srenoloba Blake 
Viris mustangensis Buckl. 
Wedelia hispida H.B.K. 
Yucca L. 

ZanUwxylum clava-herculis L. 

Rameleaf sumac - 
Little leaf sumac - 
Evergreen sumac - 
Snoutbean 
Coneflower 5 
Blue sage 
Texas sage 
Desert yaupon 
Tumblegrass 7 

Little bluestem 30 
Sensitive briar 13 
Catclaw sensitive briar - 
Burrograss 5 
Plains bristlegrass 19 
Reverchon bristlegras 6 
solltb-b 7 
Sida 
Arrowleaf sida 
Bush sunflower 28 
Hairy tubetongue - 
Common greenbriar 7 
Mescal bean 4 
Yellow indiangrass 22 
Tail dropseed 12 

Meadow dropseed 11 
Sand dropseed 8 
Texas wintergrass 36 
Greenthread 

Lotebush 3 
Annual forbs 43 
Ammal grasses 20 
Cactii 12 
Perennial grasses - 
Perennial legumes - 
Woodies 4 

Gray coldenia 
White tridens 15 
Slim tridens 24 
Texas tridens 
Elm 4 
Skeleton golden-eye 7 
Mustang grape 
Orange zexmenia 21 
Yucca 3 
Pricklyash 

6 
15 

3 

3 
5 

25 
4 

16 
6 
5 

27 
4 

11 
8 
5 

30 
5 
5 
4 

45 
7 

13 
48 

3 

26 

8 

23 

8 
6 

24 
3 
4 
5 

35 
11 
10 
17 

28 
11 

3 
4 

15 
4 

34 
3 
8 
4 

20 
12 

7 
6 

31 
3 

7 
9 

17 
3 
6 
7 
3 

32 

81 

96 

4 
45 

__ 
79 
24 
58 
14 

63 
86 

1 
37 

41 
61 
34 

32 
53 

60 
108 

98 
97 
80 

113 

82 

52 
76 
62 

111 

28 

89 
6 

24 

40 
59 

4 
11 
17 

102 
83 

66 
68 

99 

33 
35 
53 
63 
88 
67 
80 

8 
32 

106 
109 

27 

12 - 

57 - 
8 

104 109 
24 
82 

34 - 
- 111 

56 48 
5 13 

29 
109 113 

33 25 
66 

17 - 
55 - 

23 10 
7 

3 63 
105 106 

54 54 
74 74 

71 61 
85 

41 37 
52 

114 128 
84 60 

76 
43 

15 73 
38 55 

42 
51 44 
89 - 
63 - 
78 108 
53 46 
70 67 

112 127 
77 - 

ence) by all 4 animal species (e.g., F141 Bush sunflower [Simsia 
calva (Engelm. & Gray) Gray], F054 Engelmann daisy 
[Engelmannia pinnatifida Nutt.], F076 Maximilian sunflower 
[Helianthus maximiliani Schrad.], B069 Texas kidneywood 
[Eysenhardtia texana Scheele]) and general rejection of other 
plant species (e.g., B089 Creosotebush [Larrea tridentata (DC.) 
Cov.], B164 Cactii, F127 Coneflower [Rudbekia L.], B070 
Tarbush [Fluorensia cemuu DC.] ) which ranked consistently 
high (i.e., low preference) for all 4 herbivores. Common prefer- 
ences may be important in determining the fate of some highly 
preferred species that would experience heavy grazing pressure 
under any possible combination of herbivores. The second axis 
(accounting for an additional 19 % of total variability) clearly 
separated grasses (mostly in the upper portion, except for the 
group of annual grasses [G163]) from woody species (mostly in 
the lower portion). 

The length of the arrows in Fig. 2 indicates the proportion of 
variance in each variable that is explained by the fast 2 principal 
components; inclination of the arrows is proportional to the load- 
ings for each variable (i.e., to the weight that each variable 
receives in the formulation of the principal component). Thus, 
extracted variability was higher for cattle and goats than for deer 
and sheep. Animal species with larger loadings have more influ- 
ence in determining the distribution of individual plant species in 
the 2-dimensional space of preferences shown in Fig. 2. Looking 
at the orientation of the arrows it is clear that 1) there were com- 
mon general preferences among the 4 herbivores because all 
arrows have positive projections on the first axis, 2) cattle and 
deer exhibited the most dissimilar preferences while sheep and 
goats were intermediate, and 3) deer and goats form the pair with 
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DIMENSION 1 
Fig. 2. Biplot of variables and principal component scores. Plant species are identified as grasses (GJ, forbs (FJ, woody plants (WJ, and others (0-j. 

Species ID codes are from Table 2 . Arrows point toward increased preferences. Length and incliition of arrows are proportional to variance 
explained and loading, respectively, for each variable (La, predicted preference for cattle (C), deer (D), goats (G), and sheep (S), respectively). To 
improve visuakation, different scaling factors (compare top-right vs. bottom-left) are used for species and variables. 

most similar preferences. The projection of the arrows on the sec- 
ond grass-browse axis suggests that cattle and sheep preferences 
tend to increase in the same direction in which deer and goat 
preferences decrease. In other words, after accounting for general 
preferences that favor certain plant species, cattle and sheep will 
tend to prefer grasses while deer and goats will tend to prefer 
woody plants. 

Rank correlations between preferences for plant species classi- 
fied by forage classes were highly significant for most pairs of 
animal species (Table 3). Correlations involving deer and grasses 
tended to be lower than the rest, or in other words, preferences 
for individual grass species were least similar when comparisons 
involved deer (Table 3). Estimated values for rank correlations 
calculated for pairs of herbivores when all plant species were 
included (Table 3) were also highly significant (P < 0.0001). 
Similar preferences across animal species have been observed 
before for classes of forage, species, and sex within species in 
dioecious plants (Straka 1993). 

Correlations measure similarity in preferences among animal 
species; the complements of these correlations (i.e., l-correlation) 
can be interpreted as linear distances using metric multidimen- 
sional scaling. The first 2 principal components extracted 
accounted for 97 % of total variation in preferences. Thus, multi- 
dimensional scaling in 2 dimensions was applied to each forage 
class and to the whole set of plant species (Fig. 3). Similar pat- 
terns were observed for the 3 groups of plant species. Cattle and 
deer always showed up in extreme positions. Sheep and goats 
were either intermediate or closer to one or the other extreme (or 
to each other) depending upon the forage class considered. 
Similarities among herbivores when all plant species were con- 
sidered (Fig. 3d) showed the same pattern observed in the biplot 
of principal component scores (Fig. 2). 

Table 3. Rank correlations among pairs of animal species (C cattle, D deer, 
G goats, S sheep) for 3 classes of forage and overall correlations c&u- 
bated includiig a8 plant species (P < 0.0001) unless otherwise b~dicated). 

Overall rank correlations calculated for the complete set of 
plant species (Table 3) followed the same pattern observed in the 
principal components analysis (Fig. 2). Animal species with most 
similar preferences were deer and goats, mainly because of their 
similar preferences for woody species and forbs. Cattle and sheep 
showed similar preferences for all 3 classes of forage. The most 
dissimilar pair, cattle and deer, primarily differed in their prefer- 
ences for grass species. 

Pair Grasses Forbs Browse 

C-D 0.20’ 0.502 0.78 
C-G 0.75 0.773 0.78 
c-s 0.83 0.82 0.88 
D-G 0.59 0.84 0.93 
D-S 0.4FB5 0.87 0.85 
G-S 0.86 0.94 0.85 
‘P = 0.464; *P = 0.028; 3P = o.oca3: 4p = 0.035; 5P = 0.067. 

Overall 

0.45 
0.57 
0.83 
0.87 
0.71 
0.76 
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Pig. 3. Metric multidimensional scaling plots of preferences for 3 forage classes: grasses (a), forbs (b), and browse (c) and for all species involved (d). 
Patterns of previously published preference data (e) are also shown. 

Diet selection by free-ranging herbivores usually deviates from 
individual plant species preferences, particularly due to differ- 
ences in temporal and spatial offer. However, when plant species 
are classified into forage classes that are continuously on offer (in 
space and time) at reasonable levels, comparisons between ani- 
mal species should be expected to exhibit the same pattern of 
preferences estimated in the present study. 

Comparisons with Published Data 
Predicted preferences closely matched published information 

on diet selection when plant species were grouped into grasses, 
forbs, and browse classes. For 2 extensive experiments (Bryant et 
al. 1979, Rector 1983) in which diets for 3 of the 4 herbivore 
species were estimated throughout the year in the Edwards 
Plateau, the general pattern of preferences was coincident with 
that observed in the multidimensional scaling analysis (compare 
panels (d) and (e) in Fig. 3). Other studies (Taylor et al. 1980, 
McGinty et al. 1983) also confirm the relative preferences for for- 
age classes estimated for cattle in this study. 

For deer, another comparison was possible using data from 26 
of the plant species for which deer preference was reported by 

Armstrong (1991). He classified species as preferred, good, low 
quality, and little utilized forage for white-tailed deer in the Kerr 
Wildlife Management Area (Kerr County, Texas). Analysis of 
variance of the preference ranks from our data revealed signifi- 
cant differences (P < 0.0001) that followed the general trend of 
Armstrong’s (1991) lists. Mean rankings (+ SE) were 14.4 + 7.6, 
44.2 f 6.7, 67.4 f 12.3, and 84.6 f 4.4 for preferred, good, low 
quality, and little utilized species, respectively. Thus, general 
preference ranks for individual species synthesized from range 
site descriptions showed good agreement with preferences 
derived from independent information. 

Conclusions 

A complete experimental validation of the rankings produced 
in this study is obviously unfeasible for the same reasons that 
cafeteria and free-ranging diet selection experiments are invari- 
ably fragmentary. However, general patterns of forage class pref- 
erence among different herbivores and individual comparisons 
involving white-tailed deer diet preferences showed good agree- 
ment with previously published information. 
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Results obtained through this meta-analysis can be compared 
with and supplement free-ranging diet selection and cafeteria 
experiments that rely on locally specific evaluations in which 
plant physiology, individual plants, and plant parts may affect 
preferences. For many variables of importance in range manage- 
ment decisions, funding is not available for experimentation at 
the intensity required to produce meaningful landscape-scale 
results. The time required to generate such information is also 
critical. Subjective information, in the form of expert opinion, 
may be readily available or can be systematically elicited 
(Kadane et al. 1980). This prior information can be used to trans- 
late uncertainty into probability distributions that could be updat- 
ed as soon as experimental results become available. Range man- 
agement would greatly benefit from the adoption of such a 
Bayesian approach, given the restrictions associated with gather- 
ing experimental information at adequate scales. 

Preference rankings obtained from expert opinion summarize 
information that closely matches the scale at which management 
decisions will affect vegetation trends. These rankings may be 
less site- and season-specific and less precise than rankings from 
experimental trials; nevertheless, they may be more capable of 
producing meaningful results when used to predict vegetation 
trends at the management unit scale. The potential utility of pref- 
erence rankings for predicting changes in range vegetation, when 
supplemented with other comparative ecological information on 
individual plant species, is currently being explored (Rodriguez 
Iglesias 1996). 
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