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 Abstract

 Carrying capacity estimates based on digestible protein (DP) and energy (DE) are useful in comparing effects of land management
 practices or the ability of different vegetation communities to support herbivores. Plant secondary compounds that negatively affect
 forage quality would be expected to change nutritionally based estimates of carrying capacity. We evaluated the effect of plant
 secondary compounds on nutritionally based carrying capacity estimates of white-tailed deer (Odocoileus virginianus Zimmerman)
 in Tamaulipan thorn scrub of northern Mexico. Forage biomass, nutrient concentration, and tannin concentration (protein
 precipitating capacity) were measured for 23 forage items during spring and summer in three replicate pastures. Nitrogen in
 phenolic amines was estimated for the two principal woody browse species in deer diets and was assumed to be unavailable for
 amino acid synthesis. Carrying capacity estimates were calculated based on three dietary concentrations of DP and DE. Nutritional
 carrying capacity estimates that accounted for antinutritional compounds were reduced 50?6%, 28 ? 8%, and 0 ? 0%
 (mean ? SE) for diets of high, medium, and low DE concentration, respectively, compared to estimates from models that ignored the
 effects of these compounds. Accounting for effects of plant secondary compounds reduced DP-derived carrying capacity estimates
 4?3%, 47 ?9%, and 9 ? 8% for diets with high, medium, and low concentrations of DP, respectively. High variation in percent
 reduction in carrying capacity estimates occurred because of site and seasonal variation in plant species composition and biomass,
 making application of a single correction factor to account for plant secondary compound effects on carrying capacity infeasible.
 Protein-precipitating capacity of tannins accounted for > 98% of the reductions in carrying capacity estimates based on DP. Our
 results clearly demonstrate the need to consider effects of tannins on ungulate carrying capacity estimates based on DP and DE.
 Estimates can be further refined by accounting for nonprotein nitrogen and other antinutritional compounds in all forage items.

 Resumen

 Las estimaciones de la capacidad de carga basadas en la proteina (DP) y la energia digestible (DE) son utiles para comparar las
 practicas de manejo en los pastizales o la capacidad que diferentes comunidades de vegetation tienen para mantener a los herbivoros.
 Los compuestos secundarios de las plantas que afectan negativamente la calidad del forraje se podria esperar que cambiaran las
 estimaciones de la capacidad de carga basadas en las estimaciones nutricionales. Evaluamos el efecto de los compuestos secundarios
 de las plantas en las estimaciones de la capacidad de carga para venado cola blanca (Odocoileus virginianus Zimmerman) basada en
 las estimaciones nutricionales en un matorral espinoso tamaulipeco en el Norte de Mexico. La biomasa del forraje, concentracion de
 nutrientes, y la concentracion de taninos (capacidad de precipitacion de la proteina) se midieron en 23 componentes durante
 primavera y verano en tres potreros/repeticiones. El nitrogeno en los aminos fenolicos fue estimado para dos especies principals de
 arbustos de la dieta del venado y se asumio que no era disponible para la sintesis de aminoacidos. La capacidad de carga se calculo
 basandose en tres concentraciones de la dieta de DP y DE. Las estimaciones de la capacidad de carga alimenticia tomando en cuenta
 los compuestos anti nutricionales redujeron 50 ? 6%, 28 ? 8%, 0 ? 0% (media ? DS) para dietas de alta, media y bajas
 concentraciones de DE respectivamente comparado con las estimaciones de los modelos donde se ignoran los efectos de estos
 compuestos. Tomando en cuenta los efectos de los compuestos secundarios en la reduccion de la capacidad de carga de las
 estimaciones de DP fueron 4 ?3%, 47 ?9%, and 9 ?8% para dietas con alto, medio y bajas concentraciones de DP,
 respectivamente. La alta variacion en el porcentaje de la reduccion de la estimacion de carga se presento por la variacion estacional de
 la composition de las plantas y en los sitios, asi como en la biomasa, haciendo el uso de un solo factor de correction para explicar los
 efectos de los compuestos secundarios sobre la capacidad de la carga imposible. La capacidad de precipitacion de la proteina de los
 taninos explico > 98% de la reduccion de la estimacion de capacidad de carga basandose en DP. Nuestros resultados claramente
 demuestran la necesidad de considerar los efectos de los taninos en las estimaciones de la capacidad de carga de los ungulados
 basandose en las estimaciones de DP y DE. Las estimaciones pueden refinarse mas a fondo tomando en cuenta el nitrogeno-no
 proteico y otros compuestos anti nutricionales en todos los componentes del forraje.
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INTRODUCTION 

A common goal of wildlife and range managers is to estimate 
ungulate carrying capacity to aid in population and natural 
resource management and to understand factors affecting 
population growth rates and other demographic processes 
(Gordan et al. 2004). Methods to estimate carrying capacity, 
defined as the number of animals that an area can support over 
a given time period, have evolved considerably since the 
concept was first introduced. Nutritional approaches to 
estimating ungulate carrying capacity based on range supply 
of protein or energy divided by individual animal requirements 
were first demonstrated by Wallmo et al. (1977), Hobbs et al. 
(1982), and Potvin and Huot (1983). While these models were 
useful for determining the maximum number of animals that 
could be supported, they assumed all forage was homogeneous 
with respect to targeted nutrients (Hobbs and Swift 1985). In 
reality, forages vary in quality and quantity, such as among 
forage classes (e.g., £orbs, grasses, and browse), individuals of a 
species, and plant parts (e.g., green twigs and leaves). 

Forage quality is a function of both total nutrient concentra
tion in the forage item (i.e., an individual forage class [such as 
grass or £orb] or plant part [such as leaf, twig, or mast] selected 
by a browser for consumption) and digestibility of those 
nutrients. Forage quality is also often inversely related to forage 
quantity, such that the highest quality forages are the least 
abundant (Hobbs and Swift 1985). As a result, Hobbs and Swift 
(1985) improved nutritional carrying capacity models by 
integrating forage quality, quantity, and diet choice into an 
explicit nutritional constraint model. This new model calculated 
carrying capacities for animals at different nutritional planes by 
allowing animals to mix dietary items of various qualities and 
quantities to achieve a specified dietary concentration. 

A major factor affecting nutritional quality of ungulate 
forages is concentrations of plant secondary compounds (also 
called plant secondary metabolites, plant defensive compounds, 
or antinutritional compounds). Plant secondary compounds 
that can have negative effects on herbivores can be broadly 
classified as generalized digestion inhibitors and specific toxins 
(Rhoades and Cates 1976). Digestion inhibitors are those 
compounds that reduce digestion or absorption of nutrients by 
herbivores. Tannins are soluble polyphenols with the capacity 
to bind or precipitate proteins. They are one of the most 
ubiquitous digestion-inhibiting secondary compounds, present 
in about 17% of nonwoody annuals, 14% of herbaceous 
perennials, and 79-87% of woody species, including common 
genera such as Acacia, Abies, Betula, Popu/us, Prosopis, 
Quercus, Salix, and Tsuga (Bryant 1987; Bryant et al. 1991; 
Palo et al. 1992; Robbins 1993). Plant tannins affect ruminants 
by binding to digestive enzymes and dietary proteins, subse
quently reducing protein and dry matter digestibilities (Robbins 
et al. 1987a, 19876; Hanley et al. 1992). Plant tannins also 
reduce digestible energy (DE) concentrations in forage items 
through reductions in dry matter digestibility (Robbins et al. 
19876; Hanley et al. 1992). Because of the negative effects of 
tannins on herbivore nutrition, tannins should be incorporated 
into foraging models and carrying capacity estimates (Hanley et 
al. 1992). 

Toxins are generally defined as compounds that deter 
ingestion or have direct physiological effects on herbivores 
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(Rhoades and Cates 1976; Bryant et al. 1992). Examples 
include the antifeedant effects of camphor in spruce (Picea spp.) 
on snowshoe hares (Lepus americana; Sinclair et al. 1988) and 
reduced testicular function in goats consuming phenolic amines 
(Vera-Avila et al. 1997). By their definition, plant compounds 
that act as toxins would not be expected to affect forage quality 
via nutrient concentration and therefore have little effect on 
nutritionally explicit carrying capacity estimates. However, 
some secondary compounds contain nitrogen in nonprotein 
forms that are unavailable as digestible protein (DP) to 
ungulate herbivores, including most of the nitrogen contained 
in alkaloids, a broad class of nitrogen-containing plant toxins 
present in 20% of dicots (Harbourne 1991). Crude protein 
concentrations in plants are generally estimated by multiplying 
total plant nitrogen by 6.25 (Robbins 1993). While this 
conversion factor represents a mean nitrogen:protein ratio for 
temperate plants in general, its use is limited in nutritional 
studies where nonprotein nitrogen (NPN; nitrogen bound in 
nonprotein molecules) concentrations may differ among plant 
taxa (Yeoh and Wee 1994). In such cases, nutritional carrying 
capacity based on DP may be overestimated when nitrogen 
bound in alkaloids or other nitrogen-containing plant second
ary compounds is considered available (Campbell and Hewitt 
2005). 

Hobbs and Swift's (1985) approach to estimating carrying 
capacity using explicit nutritional constraints is based on 
animals selecting forages in descending nutrient concentration 
to achieve a specific nutritional plane. Therefore, their 
approach offers the opportunity to assess the effects of plant 
secondary compounds on ungulate carrying capacity in three 
ways. First, plant secondary compounds reduce plant nutrient 
availability, resulting in a corresponding reduction in carrying 
capacity. Second, plant secondary compounds can reduce 
digestible nutrient concentrations of forages relative to target 
nutritional planes, reducing carrying capacity estimates for a 
given nutrient concentration. Third, comparisons of nutritional 
carrying capacity between vegetation types or treatment groups 
could be affected by incorporation of antinutritional effects of 
plant secondary compounds, i.e., the carrying capacity of 
habitats or treatments relative to each other could change when 
antinutritional compounds are considered. The degree to which 
comparisons are affected will depend on the relative number 
and biomass of forages containing antinutritional compounds 
between compared groups. 

Several recent studies have used Hobbs and Swift's nutri
tionally explicit carrying capacity models to compare vegeta
tion types or treatments but did not account for tannins or 
other antinutritional compounds (De Young et al. 2000; 
Edwards et al. 2004; Beck et al. 2006; Stephenson et al. 
2006; Iglay et al. 2010). In all cases, forages known to contain 
antinutritional compounds such as tannins were present and 
considered consumed by the study animals. 

Our objective was to investigate the magnitude of effect of 
plant secondary compounds on nutritional carrying capacity 
models based on DP and DE by 1) incorporating reductions in 
protein and dry matter digestibilities due to protein precipita
tion capacity of plant tannins, and 2) subtracting nitrogen in 
phenolic amines from total nitrogen concentration for two 
dominant browse species. We used white-tailed deer (Odocoi
leus virginianus) in a semi-arid region of Mexico as our 
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 example system for three reasons: 1) regional white-tailed deer
 diets are floristically and structurally diverse, often containing
 more than 100 species or plant parts annually (Chamrad and
 Box 1968); 2) plant quantity and quality can vary greatly
 across seasons in a semi-arid climate with discrete wet seasons;
 and 3) two species of Acacia, guajillo (Acacia berlandieri
 Benth.) and blackbrush (Acacia rigidula Benth.), grow in the
 region, seasonally may comprise up to 60% of white-tailed deer
 diets (Barnes et al. 1991; Ramirez et al. 1997), and contain high
 concentrations of tannins (Seigler et al. 1986) and nitrogen
 containing phenolic amines (Clement et al. 1997, 1998;

 Windels et al. 2003).

 METHODS

 Study Area
 The study was conducted on the 12 000 ha Campo Santa Maria
 ranch located on the border of Nuevo Leon and Coahuila,

 Mexico, about 160 km west of Laredo, Texas (lat 27?01'70"N,
 long 100?51'70"W). Climate is characterized by hot, dry
 summers and cool, mild winters. Average annual rainfall in
 Progresso, Coahuila (40 km from study site) is 383 mm with
 bimodal peaks in May and September (Secretary of Agricul
 tural Promotion of Coahuila 1997). Total rainfall (and 30-yr
 averages) recorded during the spring (March-May 1997) and
 summer (June-August 1997) study periods were 28 cm (8 cm)
 and 7 cm (12 cm), respectively (S. Windels, unpublished data).

 The study was conducted in three pastures dominated by
 guajillo and blackbrush: La Mesa, La Mona, and Tinajas. All
 three pastures were traditionally grazed by cattle under
 continuous or rotational grazing systems but were deferred
 from grazing from October 1996 to the end of the study period
 (August 1997). Soils were shallow sandy, gravelly, or clay
 loams. Other common shrubs included whitebrush (Aloysia
 gratissima [Gillies & Hook.] Tronc), Texas kidney wood
 (Eysenhardtia texana Scheele), coyotillo (Karwinskia hum
 boldtiana [Schult.] Zucc), cenizo (Leucophyllum frutescens
 [Berland.] I. M. Johnst.), guayacan (Guaiacum angustifolia
 Engelm.), honey mesquite (Prosopis glandulosa Torr.), and
 panalero (Schaefferia cunefolia A. Gray). Prickly pear cactus
 (Opuntia engelmannii Salm-Dyck ex Engelm.) and lechuguilla
 (Agave lechuguilla Torr.) were common in La Mesa and

 Tinajas pastures, whereas tasajillo (Opuntia leptocaulis [DC]
 F. M. Knuth) and yucca (Yucca treculeana Carriere) were
 common in all pastures. Forbs common to all pastures included
 common wild petunia (Ruellia nudiflora [Engelm. and A. Gray]
 Urb.), hoary blackfoot (Melampodium cinereum DC), loco
 weed (Astragalus emoryanus [Rydb.] Cory), lyreleaf parthe
 nium (Parthenium confertum A. Gray), ragweed (Ambrosia sp.
 L.), sangre del drago (Jatropha dioica Cerv.), spreading sida
 (Sida abutifolia Mill.), and vervain (Verbena spp. L.). Common
 grasses were Hall's panicum (Panicum hallii Vasey), red grama
 (Bouteloa trifida Thurb.), sixweeks grama (Bouteloa barbata
 Lag.), stinkgrass (Eragrostis cilianensis [All.] Vign. ex Janchen),
 and purple three-awn (Aristida purpurea Nutt.).

 In October 1996, a 30-ha block of homogenous plant species
 composition and soils was selected in each pasture. These study
 sites were divided into approximately four equal sections, and
 one 50-m permanent transect comprised of five sample points

 spaced at 10-m intervals was randomly placed within each
 section to evaluate forage production; thus forage production
 was estimated from 20 sample points per site.

 Forage Quantity
 Nutritional carrying capacity models generally require a priori
 knowledge of food habits. Potential forage items were
 identified from the literature and defined as those species
 composing >0.5% by volume of deer diets during spring
 (March-May) and summer (June-August) in the Rio Grande
 Plains of Texas and northern Mexico (Table 1; Everitt and
 Drawe 1974; Everitt and Gonzalez 1981; Martinez et al. 1997;
 Ramirez et al. 1997). Biomass estimates and nutrient analyses
 were limited to forage species identified as potential deer
 forages.

 Biomass of forbs and grasses was estimated for spring
 (March-May) and summer (June-August) 1997 using a double
 sampling technique (Anderson and Kothmann 1982). Percent
 canopy cover of forbs and grasses was visually estimated to the
 nearest 1% in 0.25-m2 permanent quadrats monthly at each
 sample point. Forbs were identified to the lowest taxonomic
 level. Grasses and sedges were not separated as deer in this
 region typically consume relatively few graminoids (Martinez
 et al. 1997). In April (spring) and July (summer), at least five
 biomass samples representing the range of cover values
 observed were clipped for each forb species and grasses to
 calculate mean biomass per unit cover. Biomass samples were
 collected at least 5 m from any permanent sample quadrats.
 Cover estimates were averaged within seasons and pastures for
 each species, then multiplied by mean weight per unit cover to
 estimate biomass (kg-ha-1).

 Density of woody shrubs and cacti was estimated seasonally
 for 20 sample points per site. Guajillo and blackbrush grow
 into tight clumps of above-ground stems connected to a central
 rootmass. Therefore, densities of mature blackbrush and
 guajillo stems (stems - ha-1) were estimated using the correct
 ed-point-distance method (Batcheler 1971; Laycock and
 Batcheler 1975), i.e., three individual stems were measured
 for each Acacia species at each sample point. All other woody
 shrubs in the study area grow from a central above-ground
 stem, and densities (shrubs ha-1) were estimated with the
 nearest neighbor method (Cottam and Curtis 1956). Canopy
 depth (CD; distance from lowest productive branch to tallest
 living twig < 1.5 tall) and canopy radius (R; average of two
 perpendicular diameters/2) were measured on each blackbrush
 and guajillo stem; shrub height (distance from the ground to the
 tallest living twig < 1.5m tall) and canopy radius (R; as above)

 were measured on all other shrubs. Measurements were con

 verted to conical volume using the formula: V = (ttR2CD)/3.
 Mean height, canopy area, and canopy volume were calculated
 for each shrub species/season combination. Each season, 5-15
 stems of each shrub species were selected and measured as
 above. All leaves were removed, dried at 40?C for 24 h, and
 weighed to the nearest 0.1 g. Green twigs were not considered
 as available biomass for any shrub species as they are eaten
 variably because of spines/thorns or changes in lignin content
 often associated with rainfall events (T. E. Fulbright, Texas
 A&M University-Kingsville, personal communication). Re
 gression equations that best predicted leaf biomass from shrub
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 Table 1. Total nitrogen (g 100 g~1 dry matter [DM]), bovine serum albumin (BSA; mg BSA precipitated mg_1 DM), and dry matter digestibility
 (%; includes protein-precipitation by tannins) for 23 forage items included in carrying capacity models during spring (Sp) and summer (Su) 1997,
 Nuevo Leon, Mexico.

 Scientific name
 Common

 name
 Season

 consumed

 Total nitrogen  BSA  Dry matter digestibility

 Spring  Summer  Spring  Summer  Spring  Summer

 Opuntia engelmannii

 0. engelmannii

 Ambrosia sp.

 Argrythamnia neomexicana

 Aphanostephos spp.

 Euphorbia prostrata

 Jatropha dioica

 Lantana spp.

 Lepidium austrinum
 Oenarthra rosea

 Parthenium confertum

 Verbena spp.

 Acacia berlandieri

 A. berlandieri

 Acacia rigidula

 A. rigidula

 Celtis pallida

 Eysenhardtia texana

 Leucophyllum frutescens

 Guaiacum angustifolia

 Prosopsis glandulosa
 Schafferia cunefolia

 Overall means

 Prickly pear (cladophylls) Sp, Su
 Prickly pear (fruits) Sp, Su

 -.-Cactus means
 Ragweed Sp, Su
 Wild mercury Sp, Su
 Lazy daisy Sp, Su
 Prostrate euphorbia Sp, Su
 Leatherstem Su

 Lantana Sp, Su
 Peppergrass Sp

 Pink evening primrose Sp

 Lyreleaf parthenium Sp, Su
 Vervain Sp

 -Porb means

 Grasses and sedges Sp, Su
 Guajillo Sp, Su
 Guajillo (sprouts) Sp, Su
 Blackbrush Sp, Su
 Blackbrush (sprouts) Sp, Su
 Spiny hackberry Sp, Su
 Texas kidneywood Sp

 Cenizo Sp, Su
 Guayacan Sp, Su
 Honey mesquite Sp, Su
 Desert yaupon Sp, Su

 -Shrub means

 07
 _1

 0.7
 2.8
 2.4
 1.9
 1.6

 2.5
 2.4
 2.4
 2.9
 2.1
 2.4
 1.6
 3.6
 3.5
 2.2
 2.0
 5.0
 2.5
 2.2
 3.3
 2.5
 1.8
 2.9
 2.4

 0.6
 1.4
 1.0
 2.6
 2.1
 2.1
 1.3
 1.7
 3.1
 2.1
 2.1
 2.1
 1.9
 2.1
 1.2
 2.6
 2.8
 1.9
 1.9
 3.7

 2.0
 3.0
 2.5
 1.9
 2.5
 2.1

 0.0

 0.0
 0.0
 0.0
 0.0
 0.5

 0.0
 0.0
 0.0
 0.0
 0.0
 0.0
 0.0
 0.1
 0.1
 0.4
 0.4
 0.0
 0.0
 0.0
 0.0
 0.1
 0.0
 0.1
 0.1

 0.0
 0.0
 0.0
 0.0
 0.0
 0.0
 0.5
 0.0
 0.0

 0.0

 0.1
 0.0
 0.2
 0.2
 0.4
 0.4
 0.0

 0.0
 0.0
 0.0
 0.0
 0.1
 0.1

 78.7

 78.7
 69.1
 65.6
 57.0
 62.1

 68.8
 65.6
 65.6
 69.3
 67.3
 65.8
 62.1
 59.7
 64.6
 45.9
 49.1
 76.6
 50.8
 52.6
 52.0
 48.7
 60.2
 56.0
 62.5

 74.7
 73.1

 73.9
 63.5
 63.9
 63.9
 66.2
 40.6
 69.3

 63.9

 61.6
 69.8
 57.4
 52.7
 46.4
 46.9
 79.1

 41.1
 51.4
 52.5
 60.3
 54.2
 60.6

 1 Forage item not consumed by deer in this season.

 height, area, or volume were developed for each species/season
 combination to calculate mean leaf biomass per stem or shrub,
 and then multiplied by stem or shrub density to determine
 available leaf biomass (kg ha"1; Bryant and Kothmann 1979;

 Marshall et al. 1990).
 Because juvenile-phase root sprouts and seedlings of Acacia

 spp. are often higher in total nitrogen and secondary
 metabolites such as tannins and phenolic amines (Bryant et
 al. 1991; Windels et al. 2003), juvenile blackbrush and guajillo
 stems were counted separately each season within one 2 X 5 m
 plot at each sample point to determine density. Biomass of
 juvenile sprouts was estimated by clipping 5-15 samples of five
 sprouts each of guajillo and blackbrush, which were dried and

 weighed as above. Mean biomass of leaves per sprout was
 calculated and multiplied by sprout density to determine
 available leaf biomass (kg*ha-1). Densities of prickly pear
 pads and fruits were estimated seasonally by counting the
 number of pads and fruits wholly within one 2 X 5 m quadrat
 at each sample point. Each season 5-10 pads or fruits were
 randomly collected, dried at 40?C to a constant weight, and

 weighed. Mean weight per pad or fruit was multiplied by
 density to determine available biomass (kg-ha"1).

 Forage Quality
 In April (spring) and July (summer), approximately 10 g of
 shrub leaves was collected from five individuals and pooled for
 each species/pasture/season combination. Samples were frozen
 within 2 h of collection and stored at -20?C. Samples were
 later pooled across pastures for each species, and approximate
 ly 50 g of homogenized leaf material was freeze-dried for 24 h
 and then ground over a 1-mm screen. Samples of grass, forbs,
 cactus pads, and cactus fruits were collected as above, dried at
 40?C to a constant weight, pooled across pastures, and ground
 over a 1-mm screen. Subsamples of all species were ground over
 a 1-mm screen, and percent dry matter was determined by
 drying a 1-g sample at 100?C for 24 h.

 Tannin content of forage items was assayed using the radial
 diffusion method (Hagerman 1987). Plant tissue was extracted
 in 50:50 MeOH aq at a solvent-to-tissue ratio of
 0.5 mL-100 mg_1 tissue. Samples were centrifuged at
 2 000 rpm for 10 min before application to the gel. Commercial
 tannic acid (Sigma Chemical Co., No. T-0125, St. Louis, MO)
 was used as a standard. Because calculations to estimate DP

 and dry matter digestibility require estimates of protein
 precipitating capacity of tannins as measured by bovine serum
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 0.6

 0.0 ?-,-,-,-,-,
 0.00 0.02 0.04 0.06 0.08 0.10

 mg Tannic Acid Eq. - mg Dry Matter 1

 Figure 1. Relationship between radial diffusion tannin assay (mg tannic acid equivalents mg-1 forage dry matter) and bovine serum albumin
 (BSA) protein-precipitation capacity (mg BSA - mg~1 forage dry matter; N= 19) used to convert radial diffusion tannin assay measurements to BSA
 protein-precipitation measurements.

 albumin (BSA) assay, samples from 27 forage items, selected to
 represent the range of tannin concentrations present in the
 study area, were analyzed using the BSA assay (Martin and

 Martin 1982; Robbins et al. 1987b). A quadratic regression
 equation (r2 = 0.956, P< 0.001, n = 27) was then used to
 convert radial diffusion values (mg tannic acid equiva
 lents-mg-1 forage dry matter [DM]) to BSA results (mg BSA
 precipitated mg-1 forage DM; Fig. 1). Because BSA values
 peaked at radial diffusion values of ?0.08 mg tannic acid
 equivalents, all radial diffusion values > 0.08 were set at the
 maximum value (0.5 mg BSA). Only one forage item, prostrate
 euphorbia (Euphorbia prostrata Aiton) in spring, was thus
 affected (radial diffusion = 0.10 mg tannic acid equivalents).

 Total nitrogen was determined by the Kjeldahl method.
 Forage fiber content was analyzed sequentially using detergent
 fiber analysis (Goering and Van Soest 1970) with an Ankom200
 Fiber Analyzer (Ankom Technology, Fairport, NY). Sodium
 sulfite was included in the neutral detergent fiber analysis for
 tannin-containing forages (Hanley et al. 1992). Biogenic silica
 content of grasses was estimated to be 1.3% (Robbins et al.
 1987b) and assumed to remain constant throughout the year.
 Silica content of all other forage species was assumed to be zero
 (Robbins 1993). Gross energy was determined with bomb
 calorimetry for common shrub and forb species and for cactus
 pads, and was assumed to remain constant between spring and
 summer (Golley 1961). Gross energy of grasses was estimated
 from values reported in Golley (1961). Missing values for any
 forage species were replaced with mean nutrient values from
 the appropriate forage class/season combination.

 Estimates of nitrogen in phenolic amines present in Acacia
 spp. leaf tissues were derived from a concurrent study of
 tyramine and n-methyl-B-phenethylamine (NMP) content of
 guajillo for the same pastures (see Windels et al. 2003).
 Estimates of phenolic amine nitrogen as a percent of total
 nitrogen in leaves from juvenile and mature guajillo stems were
 3.0% and 2.2%, respectively, during spring, and 5.6% and
 3.0% during summer. Tyramine and NMP make up approx
 imately 50% of total nitrogen-containing amines reported for

 guajillo (Clement et al. 1997), and therefore estimates of
 nitrogen in amines are conservative. Further, as total amine
 content of blackbrush is about 50% greater than in guajillo
 (Clement et al. 1998), extrapolation of amine content in
 guajillo to blackbrush also results in conservative estimates of
 NPN for blackbrush. Digestible protein and digestible dry
 matter (DDM) of forage items were calculated as in Hanley et
 al. (1992), using the formulas of Robbins et al. (1987a, 1987b;
 Appendix 1).

 Carrying Capacity
 We defined carrying capacity as the number of animals at
 specified dietary nutrient concentrations that a unit of area can
 support during a season (Hobbs and Swift 1985). Carrying
 capacity estimates (deer ha-1* season-1) were calculated using
 the explicit nutritional constraint model of Hobbs and Swift
 (1985). This model assumes that to achieve a specific dietary
 nutrient concentration (e.g., 2.5 kcal DE g-1 dry matter), deer
 will 1) select higher quality forage items over lower quality
 items, and 2) mix food items such that the average nutrient
 concentration is achieved even though individual items may be
 above or below target nutrient concentration. This model
 requires information on available biomass and nutrient
 concentration of potential deer forages. After specifying the
 desired nutrient concentration (CONC) in the diet, forages are
 arranged in descending order of nutrient concentration then
 summed until adding another forage species results in a
 nutrient concentration < CONC. At this point, only enough
 of the next forage species is added to achieve CONC. All other
 forage biomass is assumed unavailable. The summed biomass
 of forage is then divided by daily dry matter intake and number
 of days in the period of interest to calculate seasonal carrying
 capacity. Biomass on a dry matter basis was used in all
 calculations. Dry matter intake of a 50-kg white-tailed deer was
 estimated as 1.2 kg-d-1 (Campbell 1999). Each season was
 90 d in length.

 Carrying capacity based on DP was determined using two
 different models to demonstrate the effects of secondary
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 Table 2. Effects of tannins and nonprotein nitrogen on digestible energy (kcal g 1 dry matter) and digestible protein (g 100 g 1 dry matter) for
 individual forage items containing tannins and nonprotein nitrogen during spring and summer 1997, Nuevo Leon, Mexico.

 Forage item

 Digestible energy  Digestible protein

 Spring  Summer  Spring  Summer

 STAND1 CORR % Change STAND CORR % Change STAND CORR % Change STAND CORR % Change
 Prostrate euphorbia 3.1 2.5 21 3.3 2.6 19 5.6 -0.3 105 3.4 -2.3 170
 Guajillo 3.1 3.0 4 3.1 2.9 9 16.9 15.9 6 10.9 8.9 19
 Guajillo (sprouts) 3.4 3.2 6 3.0 2.6 13 16.5 15.0 9 12.5 9.6 23
 Blackbrush 3.0 2.3 23 3.0 2.3 22 8.8 3.7 58 7.3 2.6 64
 Blackbrush (sprouts) 3.1 2.7 15 3.1 2.4 24 7.6 2.7 64 7.1 1.8 75
 Honey mesquite 2.4 2.4 0 ? ? ? 10.5 9.6 8 ? ? ?
 1 STAND indicates nutrient concentration calculated without correcting for negative effects of tannins or nonprotein nitrogen; CORR, nutrient concentration corrected for negative effects of

 tannins and nonprotein nitrogen.

 compounds (i.e., tannins and phenolic amines) on carrying
 capacity estimates: DPI, with no reduction in DP from
 secondary compounds; and DP2, with incorporation of
 protein-precipitating effects of tannins from all forages and
 subtraction of amine nitrogen in Acacia spp. from estimated
 digestible nitrogen. Carrying capacity based on DE was
 determined using two different models to demonstrate the
 effects of plant secondary compounds (i.e., tannins) on DE via
 changes in DDM: DEI, with no reduction in DDM from
 tannins; and DE2, with incorporation of effects of tannins (i.e.,
 reduction in DDM).

 Three dietary concentrations of DP (5,10, and 15 g 100 g"1
 dry matter) and DE (2.5, 2.75, and 3.0 kcal-g-1 dry matter)
 were selected to demonstrate the effects of tannins and NPN on

 carrying capacity estimates at low, medium, and high planes of
 white-tailed deer nutrition. For each nutrient, the lowest level
 represents a maintenance or basal diet and the highest
 represents a diet required for gestation and lactation (Moen
 1973; Cowan and Clark 1981; Asleson et al. 1996; Pekins et al.
 1998).

 A useful application of nutritionally based carrying capacity
 estimates is comparing carrying capacity geographically and
 temporally (Hobbs et al. 1982; Parker et al. 1999). To
 investigate the effect of plant secondary compounds on
 comparison of carrying capacity among areas, we calculated
 the ratio of La Mona and Tinajas pastures' carrying capacity
 divided by that of La Mesa pasture (the pasture that generally
 had the greatest carrying capacity) for each season, nutrient,
 and diet quality combination. This ratio was calculated
 separately for the standard method of estimating carrying
 capacity and the method correcting for effects of plant
 secondary compounds. We plotted the ratios from the standard
 and corrected methods to investigate the proportion of points
 that differed in their ratios by > 0.2 (a 20% difference between
 the two methods of calculating carrying capacity in the ratio of
 one pasture relative to another). A similar procedure was used
 to investigate the effect of the corrected carrying capacity

 method on seasonal comparisons of carrying capacity. For each
 pasture, nutrient, and diet quality combination, we calculated
 the ratio of carrying capacity during spring to that during
 summer (or vice versa if carrying capacity was greater during
 summer than spring) using both the standard and corrected

 methods. These ratios were plotted to identify the proportion
 of seasonal comparisons in which ratios varied by > 0.2.

 RESULTS

 Twenty-three forage items from 20 taxa were included in the
 carrying capacity models (Table 1). Comparing amongst forage
 classes, cactus had the lowest nitrogen content and browse had
 the highest. Tannins were only detected in three of eight browse
 species (guajillo, blackbrush, and honey mesquite), and in 1 of
 10 forb species (prostrate euphorbia). DDM was highest in
 cactus, forbs, and grasses and lowest in browse.

 Tannins reduced DE concentrations of individual forages by
 <24% (Table 2). Tannins and amine nitrogen reduced DP
 concentrations in guajillo and blackbrush by <23% and
 < 75%, respectively. Tannins were more influential than amine
 nitrogen in reducing DP concentrations for these two species,
 accounting for 66-95% of the total reduction in DP
 concentrations. Tannins reduced DP in prostrate euphorbia
 by 105% in spring and 170% in summer, i.e., protein
 precipitating capacity of tannins resulted in net loss of DP for
 deer consuming euphorbia. Low concentrations of tannins in
 honey mesquite had little effect on DE and DP content. In
 general, tannins and amine nitrogen reduced DE and DP more
 in leaves from juvenile Acacia stems (i.e., sprouts) than mature
 stems, and more so in summer than spring.
 Carrying capacity estimates ranged from 0.1 to 6.3

 deer ha-1 season-1 depending on the season, nutrient used,
 and quality of diet assumed (Table 3). Percent difference
 between standard and corrected techniques of calculating
 carrying capacity based on DE was >40% for high quality
 diets, variable depending on season for medium quality diets,
 and was 0% for low quality diets. In contrast, the difference
 between standard and corrected methods of calculating
 carrying capacity using DP averaged ^8% for high quality
 diets, >40% for moderate quality diets, and ranged from 1%
 to 17% for low quality diets. The majority of this difference in
 DP was caused by tannin-containing forages below the target
 CONC when protein-precipitating effects of tannins were
 incorporated into the models. The additional subtraction of
 amine nitrogen from DP concentrations rarely caused guajillo
 or blackbrush to move below CONC, resulting in > 98% of the
 change in carrying capacity estimates based on DP to be a result
 of incorporation of tannin effects.

 Variation in our carrying capacity estimates for a particular
 diet quality within a season (Table 3) occurred because of
 differences among pastures in forage biomass and in the
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 Table 3. Mean (SE) carrying capacity (deer ha~1 season-1) for white-tailed deer in northern Mexico for diets of varying digestible energy (DE;
 kcals g"1 dry matter) and digestible protein (DP; g 100 g~1 dry matter) content during spring and summer 1997 from three sites using nutrient
 concentrations calculated without effects of tannins or nonprotein nitrogen (Standard) and nutrient concentration corrected for antinutritional effects
 of tannins and nonprotein nitrogen (Corrected). Mean percent change in carrying capacity estimates using Corrected vs. Standard method is
 also shown.

 Standard  Corrected  Change, %

 Season  Nutrient  Concentration  Mean (SE)  Mean (SE)  Mean (SE)

 Spring

 Summer

 DE

 DP

 DE

 DP

 3.00
 2.75
 2.50
 15
 10
 5
 3.00
 2.75
 2.50
 15
 10
 5

 1.4 (0.20)
 3.7 (0.32)
 4.7 (0.47)
 0.9 (0.34)
 2.7 (0.52)
 4.7 (0.47)

 4.8 (1.24)
 6.2 (1.28)
 6.3 (1.23)
 0.1 (0.03)
 2.4 (0.95)
 6.3 (1.22)

 0.6 (0.24)
 2.2 (0.54)
 4.7 (0.47)
 0.8 (0.29)
 1.4 (0.57)
 4.6 (0.46)

 2.7 (0.55)
 5.5 (1.32)
 6.3 (1.23)
 0.1 (0.03)
 1.2 (0.43)
 5.5 (1.74)

 57 (10.4)
 42 (9.5)
 0(0)
 9 (4.3)

 52 (16.0)
 1 (1.3)

 42 (3.7)
 14 (6.3)
 0(0)
 0(0)

 43 (13.1)
 17 (15.5)

 relative biomass of each forage species (Table 4). Forage
 biomass varied among pastures from 408 to 583 kg-ha-1
 during spring and 477 to 930 kg ha-1 during summer. Perhaps
 even more important in understanding the variation between
 standard and corrected estimates of carrying capacity was the
 variation in relative biomass of individual forage classes and
 species among pastures. Prickly pear cactus cladophylls varied
 < 60-fold, forbs < threefold, and graminoids and shrubs
 < twofold among pastures and seasons. The proportion of
 forage biomass composed of tannin containing species ranged
 from 29% to 44%. Differences among pastures in forage
 species composition were important because forage species
 differed in nutritional quality and in the effect of plant
 secondary compounds on DE and DP (Tables 1 and 2).

 There were 24 comparisons between carrying capacity
 estimates of the La Mesa Pasture relative to the other two
 pastures (two seasons, two nutrients, and three diet qualities;
 Fig. 2). Six of these comparisons varied by > 0.2. The uppermost
 point in Figure 2 is a comparison of the carrying capacity
 estimates between La Mesa and La Mona Pastures during
 summer with a target diet quality of 10% DP. Using the standard

 method of calculating carrying capacity, La Mona Pasture had a
 carrying capacity that was 67% that of La Mesa Pasture, but
 using the corrected method, La Mona Pasture had 58% greater
 carrying capacity. This large decline in carrying capacity of the
 La Mesa Pasture occurred largely because this pasture contained
 2.5 times greater biomass of guajillo compared to the La Mona
 Pasture (Table 4) and DP of guajillo after incorporating tannin
 and amine nitrogen effects declined from 10.9% to 8.9%
 (Table 2). Because 10% DP was the target diet quality, much of
 this guajillo became unavailable to the deer once these effects

 were incorporated and carrying capacity declined accordingly.
 The largest difference between the standard and corrected

 methods of calculating carrying capacity using DE occurred at
 coordinates (0.67, 0.27: Fig. 2), which represented the ratio of
 the Tinaj as and La Mesa Pastures in spring using a target diet of
 3 kcals g-1 DE. In this instance, Tinajas Pasture had 95 times
 more prostrate euphorbia and 2.25 times more blackbrush

 acacia (Table 4). Incorporating tannin effects reduced DE of
 both species from >3 kcals-g-1 to <3 kcals-g-1 DE
 (Table 2). Again, the disproportionately large decline in quality
 of diet items in Tinaj as Pasture relative to the target diet quality
 caused a large decline in carrying capacity.
 Not only can comparisons among sites be changed by

 including plant secondary compounds in carrying capacity
 models, but seasonal comparisons within sites can change
 (Fig. 3). Of the 18 seasonal comparisons (three pastures, two
 nutrients, three diet qualities), six varied by > 0.2. The two
 points >0.8 units above the line represent the La Mesa and
 Tinajas Pastures evaluated with a target diet of 10% DP.
 Carrying capacity in the La Mesa Pasture during spring was
 92% of that in summer using the standard method of
 calculating carrying capacity, but was 75% greater using the
 corrected method. This change in relationship between seasons
 occurred largely because guajillo was > two times more
 abundant during summer than spring (Table 4) and accounting
 for plant secondary compounds in guajillo caused DP to decline
 from 10.9% to 8.9% (Table 2). This decline in DP meant much
 of the guajillo was unavailable given the target diet quality of
 10% DP, resulting in a large decline in carrying capacity during
 summer. The largest difference in seasonal comparisons of
 carrying capacity using DE occurred in the Tinajas Pasture with
 a target diet quality of 2.75 kcals-g-1 DE. Carrying capacity
 during spring was 81% that of summer using the standard
 method, but was 45% of summer using the corrected method.
 The > threefold difference in prostrate euphorbia between
 spring and summer (Table 4) and the 20% decline in DE of
 prostrate euphorbia as result of considering the effects of tannin
 (Table 2) were the primary reason for the change in interpre
 tation of seasonal carrying capacity in this pasture.

 DISCUSSION

 Our results show that carrying capacity estimates from models
 that do not incorporate the effects of plant tannins and amine
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 Table 4. Forage biomass (kg ha 1) and percent of forage biomass comprised of forages containing tannins for 23 forage items in three sites
 (pastures) during spring and summer 1997, Nuevo Leon, Mexico.

 La Mesa  La Mona  Tinajas

 Forage item  Spring  Summer  Spring  Summer  Spring  Summer

 Prickly pear (cladophylls)

 Prickly pear (fruits)

 Ragweed
 Wild mercury

 Lazy daisy

 Prostrate euphorbia
 Leatherstem

 Lantana

 Peppergrass

 Pink evening primrose

 Lyreleaf parthenium
 Vervain

 All forbs

 Grasses and sedges

 Guajillo
 Guajillo (sprouts)
 Blackbrush

 Blackbrush (sprouts)

 Spiny hackberry

 Texas kidneywood
 Cenizo

 Guayacan

 Honey mesquite

 Desert yaupon

 All shrubs

 All forages

 % Tannin-containing forages

 150.6
 0.0
 1.3
 1.2
 3.4
 1.0

 _1

 0.0
 1.9
 4.1
 0.0

 33.8
 46.8
 197.8
 97.7
 12.5
 51.3
 0.3
 0.0
 0.0
 9.5
 13.0
 3.9
 0.0

 188.1

 583.3
 29

 135.7
 3.9
 3.3
 5.1
 0.5
 0.0

 64.0
 0.0

 <0.1

 72.9
 340.4
 225.0
 24.7
 84.8
 1.0
 2.0

 12.9
 20.2
 7.0
 0.0

 377.5

 930.4
 37

 2.3
 0.0
 4.4
 2.6
 6.2
 0.8

 0.0
 5.2
 1.4
 0.0

 25.7
 46.3
 152.6
 36.0
 2.4

 95.7
 0.4
 0.0
 0.0

 24.8
 24.4
 11.7
 11.5

 206.9
 408.1

 36

 4.3
 0.0
 3.1
 8.4
 1.0
 0.0

 30.0
 2.3

 0.0

 44.8
 264.1
 90.2
 4.4

 120.2
 1.2
 4.6

 27.9
 41.5
 20.1
 11.3

 321.2
 634.4
 37

 50.5
 0.0
 2.2
 0.3
 0.2

 95.0

 0.0
 22.6
 0.0
 0.0

 31.6
 152.0

 125.7
 14.7
 3.9

 117.0
 1.3
 0.0
 3.2

 52.4
 5.4
 2.6
 0.0

 200.5
 528.7
 44

 50.7
 0.1
 1.0
 2.2
 0.0

 24.8
 29.4
 0.0

 0.0

 57.5
 172.9
 18.0
 6.4

 121.4
 5.3
 0.0

 32.1
 10.6
 2.3
 0.0

 196.1

 477.3
 37

 1 Forage item not consumed by deer in this season.

 nitrogen are sufficiently biased to change not only absolute
 carrying capacity estimates, but also geographic and seasonal
 comparisons. Changes in carrying capacity and in relative
 comparisons depended on the relative forage quantities and
 nutrient content of individual forage items within pastures and
 seasons. While inclusion of plant tannins and amine nitrogen
 did not change total dry biomass, DP and DE were reduced for
 any plants containing tannins or amine nitrogen. In many cases,
 the nutrient content of a plant changed relative to the target
 nutrient concentration of a carrying capacity calculation,
 resulting in new combinations of plants for that calculation
 and a new carrying capacity estimate. For example, the
 reduction in DE of mature guajillo and blackbrush, and
 prostrate euphorbia in summer after including tannins in the
 models (Table 2) shifted the DE content of all three species
 below the 3.00 kcal g-1 threshold, accounting for the majority
 of the difference in carrying capacity estimates in Tinajas
 Pasture for high and medium DE diets.

 In a few cases, accounting for tannins and amine nitrogen
 caused dramatic decreases in carrying capacity estimates,
 especially at the medium and high diet concentrations of DE
 and medium DP diet concentrations (Table 3). Our explicit
 nutritional constraint-based carrying capacity estimates there

 fore suggest that deer population size may be limited by the
 amount of antinutritional compounds in potential forage items.
 Our results also suggest that deer in this region may not be able
 to attain diets of sufficient quality to support antler develop

 ment or reproduction in some seasons or localities, similar to
 results reported for coastal Texas (Meyer et al. 1984).

 Accounting for nitrogen bound in phenolic amines of the two
 species of Acacia had little effect on carrying capacity estimates
 based on DP (<2% reduction in DP estimates); thus protein
 precipitating effects of tannins were the major factor in
 reducing carrying capacity estimates in the corrected models.
 However, our estimates of amine nitrogen only included
 nitrogen contained within the two most abundant phenolic
 amines (tyramine and NMP) of two of the most abundant
 forages (guajillo and blackbrush acacia), and therefore are
 conservative. Clement et al. (1997, 1998) reported nitrogen
 containing amine and alkaloid concentrations in guajillo and
 blackbrush from 3 000 to 14 000 ppm, suggesting from 3% to
 15% of total nitrogen in these two species is bound in
 nonprotein compounds. We also did not account for NPN
 present in other forages; alkaloids have been reported from
 20% of dicotyledonous plants and were likely present in at
 least some of the other forages (Harbourne 1991). Further
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 Figure 2. The ratio of carrying capacity estimates for pairs of pastures
 using a standard method of calculating nutritional carrying capacity
 (Hobbs and Swift 1985) and a corrected method accounting for effects
 of secondary plant compounds on digestible energy and digestible
 protein for white-tailed deer in northern Mexico, spring and summer
 1997. The solid line is the 1:1 relationship (i.e., no difference between
 the two methods of calculating carrying capacity in the ratio of one
 pasture to another), and the dashed lines are ?0.2 units from the 1:1
 relationship (i.e., a 20% difference in the ratio of one pasture to another
 because of differences in the method of calculating carrying capacity).

 research is required to determine nonprotein nitrogen fractions
 for most North American forages and the extent to which
 ruminants are able to convert that nitrogen into amino acids.

 One potential criticism of our approach is that we calculated
 carrying capacity using all available forage biomass, such that
 forage items included in the model would be entirely consumed
 within the habitat. Other studies (Potvin and Huot 1983;
 DeYoung et al. 2000) have defined carrying capacity as the
 number of animals that a given habitat could support without
 degradation of habitat quality and met this assumption by
 limiting consumable biomass to 50% of the total biomass.
 Similarly, we assumed all shrub leaves were available, when in
 reality plant thorns and spines can limit access to plant tissues
 by mammalian herbivores (Cooper and Owen-Smith 1986;
 Gowda 1996). However, for comparison purposes general
 trends in forage availability are sufficient, and the value of
 nutritional carrying capacity estimates lies in relative compar
 isons across space and time (Hobbs et al. 1982; McCall et al.
 1997; Parker et al. 1999). Reducing available biomass by 50%

 272
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 Figure 3. The ratio of carrying capacity estimates for spring and
 summer using a standard method of calculating nutritional carrying
 capacity (Hobbs and Swift 1985) and a corrected method accounting for
 effects of secondary plant compounds on digestible energy and
 digestible protein for white-tailed deer in northern Mexico, 1997. The
 solid line is the 1:1 relationship (i.e., no difference between the two
 methods of calculating carrying capacity in the ratio of one season to the
 other), and the dashed lines are ?0.2 units from the 1:1 relationship
 (i.e., a 20% difference in the ratio of one season to the other because of
 differences in the method of calculating carrying capacity).

 or some other factor would have little, if any, effect on the
 relative differences we found between the different carrying
 capacity models.

 Recent research suggests that some ungulates may seek
 tannin-containing plants for medical purposes (Lisonbee et al.
 2009b) or to neutralize the effects of alkaloids (Lisonbee et al.
 2009a). Irrespective of the potential positive effects of tannins
 on overall animal health, tannins reduce energy and protein
 availability in ungulates by precipitating plant proteins
 (Robbins et al. 1987a, 1987b; Hanley et al. 1992). Native
 ungulates partly negate these negative effects of plant tannins
 through the production of salivary proteins that bind with
 tannins to form insoluble complexes that pass harmlessly
 through the animal (Robbins et al. 1987b; Austin et al. 1989).
 The equations used to estimate DP and DDM (Robbins et al.
 1987a, 1987b) account for the effects of deer salivary proteins
 as the equations were based on feeding trials using white-tailed
 and mule/black-tailed deer (Odocoileus hemionus; Robbins et
 al. 1987a, 1987b; Hanley et al. 1992).

 The method we used to calculate deer carrying capacity
 differs from similar studies of ungulate carrying capacity and
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 habitat quality in that it incorporated antinutritional effects of
 plant tannins. Parker et al. (1999) included plant tannins in
 their study of the nutritional ecology of black-tailed deer (O.
 hemionus) in Alaska, albeit in a system where only one minor
 forage species had appreciable tannin content. In determining
 carrying capacity for feral donkeys (Equus asinus) in northern
 Australia, Freeland and Choquenot (1990) analyzed forage
 samples for tannins but did not detect any and therefore
 antinutritional compounds did not affect their models.

 Our study system was based on white-tailed deer consuming a
 diet rich in tannin-containing forages. Given the ubiquity of
 tannins in many temperate and subtropical systems world-wide
 in such common genera as Quercus, Acer, and Acacia, carrying
 capacities of other browsing ruminant populations are likely
 negatively affected by tannins and other antinutritional com
 pounds. However, as in our example, the degree to which
 tannins and other antinutritional compounds affects these
 populations will likely depend mainly on the relative proportion
 of the diet containing such compounds (e.g., Jones et al. 2010).
 In our example, 29-44% of the diet was comprised of forages
 containing tannins and amine nitrogen during an above-average
 rainfall period, particularly during spring. This heavy rainfall
 produced an above-average abundance of highly digestible and
 relatively low-tannin herbaceous plant biomass during spring
 and early summer that reduced the effects of tannin-containing
 forages (Windels 1999). Consequently, during years of normal
 or below-average rainfall, the effect of including antinutritional
 compounds in carrying capacity models would be greater.

 IMPLICATIONS

 The nutritional carrying capacity model used in this study was
 relatively complex in that it incorporated dietary nutrient
 concentrations and the effects of plant tannins. Inclusion of
 tannins reduced digestibility estimates for protein and energy for

 most of the abundant shrubs and forbs, resulting in more realistic
 carrying capacity estimates. In many North American ungulate
 systems, carrying capacities based on DE and DP derived from
 forage analyses are likely overestimates because they do not
 account for significant antinutritional effects of tannins and
 other secondary plant compounds, or nitrogen in compounds
 such as amines and alkaloids. Incorporation of tannins and
 nonprotein nitrogen into carrying capacity estimates becomes
 most important when concentrations of these compounds differ
 greatly between compared sites. The effects of secondary plant
 compounds on carrying capacity are highly variable depending
 on the nutrient considered, target diet quality, and relative
 proportion of tannin-containing and tannin-free forages. There
 fore, there is not a constant correction factor that can be applied
 to account for effects of plant secondary chemicals. Nonetheless,
 nutrient-based carrying capacity models can better estimate and
 compare ungulate carrying capacities by including effects of
 plant secondary metabolites.
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 APPENDIX 1

 Models used to calculate digestible protein and digestible
 energy for input into nutritionally explicit carrying capacity
 models are outlined below.

 Digestible Protein (g-100 g-1 dry matter)

 DPI =- 3.87+0.9283X

 DP2= -3.87 + 0.9283X-11.82Y-NPN

 where X = crude protein (total nitrogen X 6.25) as percent of
 dry matter; Y = bovine serum albumin (BSA) precipitation
 (mg-mg-1 dry matter); and NPN = nonprotein nitrogen*
 (g-100 g-1 dry matter).

 *NPN was estimated as the amount of nitrogen bound to tyramine and n-methyl-B

 phenethylamine of guajillo (Acacia berlandieri) and blackbrush (Acacia rigidula; see Windels

 et al. 2003 for details of nitrogen and amine analyses).

 Digestible Energy

 DE1=DDM*GE

 = {[(0.9231e-? 0451 x A - OMB) (NDF)]

 + [(-16.03+NDS)]}*GE

 DE2 = DDM * GE

 = {[(0.9231e"00451xA-0.03B)(NDP)]
 + [(-16.03 + NDS) -2.8?]} * GE

 where DDM = digestible dry matter (g-100 g-1 dry matter);
 GE = gross energy (kcal g"1 dry matter); A = (lignin + cutin)
 content as a percentage of neutral detergent fiber; B = biogenic
 silica content of grasses, in percent; NDF = neutral detergent
 fiber, in percent; NDS = neutral detergent solubles, in percent;
 and F = reduction in protein digestion, in percent.
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