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Tests of wildlife habitat models to evaluate 
oak-mast production 

Richard L. Schroeder and Larry D. Vangilder 

Abstract	 We measured oak-mast production and forest structure and composition in the Ozark Moun
tains of Missouri and tested the accuracy of oak-mast prediction variables from 5 Habitat Suit
ability Index (HSI) species models. Acorn production was positively associated with several 
measures of abundance and canopy cover of oak trees, and with an index of mast production 
for all 5 HSI models. We developed 2 modified oak-mast models, based on inputs related to 
either oak tree density or oak canopy cover and diversity of oak tree species. The revised 
models accounted for 22-32% of the variance associated with acorn abundance. Future tests 
of HSI models should consider: (l) the concept of upper limits imposed by habitat and the 
effects of nonhabitat factors; (2) the benefits of a top-down approach to model development; 
and (3) testing models across broad geographic regions. 
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The importance of oak (Quercus spp.) mast as assessing conditions for entire stands. Although 
food for a variety of wildlife species has been well some studies (Minckler and McDermott 1960, Beck 
documented (Martin et al. 1961, Goodrum et at. 1977) measured acorn production for entire stands, 
1971, Shaw 1971). Mast production is a function of they did not provide comprehensive forest stand 
the age and size of trees, inherent data. Thus, these studies cannot 
tree characteristics, canopy cover, be used to predict forest mast pro
stem density, competition, and cli duction in other stands. 
mate (Goodrum et al. 1971). Field The U.S. Fish and Wildlife Ser
biologists need methods to predict vice Habitat Suitability Index 
forest mast production and to (HSl) model series (Schamberger 
know which forest attributes to et aI. 1982) includes models for 
manage to increase mast produc the mallard (Anas platyrbyncbos; 
tion (McGee 1989). Forest man Allen 1987b), eastern wild lUrkey 
agers cannot alter inherent tree (Meleagris gallopavo sytvestrls; 
characteristics or weather, but they Schroeder 1985b), northern bob
often can change forest structure white (Cotinus vlrginlanus; 
and composition. Most previous Schroeder 1985a), gray squirrel 
studies of oak-mast production (Sciurus carolinensls; Allen 
(Downs and McQuilkin 1944, 1987a), and fox sqUirrel (Sc/urus 
Cypert 1951, Harlow and Eikum niger; Allen 1982). Each HSI 
1963, Goodrum et al. 1971, Chris model includes variables that pre
tisen and Kearby 1984) estimated dict potential mast production 
acorn numbers or biomass for indi based on forest stand conditions. 
vidual trees and were not useful in The rating scale for each variable 
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Close up view of acorn trap. 
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is a Suitability Index (S1) ranging from 0 (conditions 
unsuitable for mast production) to 1.0 (conditions 
suitable for maximum mast production; Fig. I). SI 
values for??:l variables are used to produce an over· 
all index of potential acorn production. These mod
els were developed from a review and synthesis of 
existing qualitative and quantitative studies and re
views by species experts, The hypotheses in the 
models were not tested prior to model publication. 
To test the acorn prediction variables in these 5 HSI 
models, we conducted a 5-year study of oak-mast 
production in the Missouri Ozark Region. Our ob
jectives were to determine the relationship be
tween composition and structure of forest stands 
and oak-mast production, to test the mast variables 
presented in the 5 HSI models using systematically 
collected acorn data, and to determine the feasibil
ity of producing a single improved mast-prediction 
model. 
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Study area and methods 

This study was conducted on 2 areas in the Mis
souri Ozark Mountains. The South Study Area (SSA) 
is in the Eleven Point Ranger District of the Mark 
Twain National Forest in Shannon, Oregon, and 
Carter counties. More than 90% of the area is man
aged by the U.S. Forest Service. The Peck Ranch Con
senration Area (PRCA) is in northwest Carter County 
and is managed by the Missouri Department of Con
senration. We selected lands for sampling that were 
dominated by oak forest. including 18,098 ha on the 
SSA and 7,698 ha on the PRCA. Each study area was 
stratified into 4 Ecological Land Types CELT; Miller 
1981): hollow bottoms CELTs 1-6), ridge tops CELTs 
7, 11), south- and west-facing slopes (ELTs 17, 19, 21, 
22, 23), and north- and east-facing slopes CELTs 18, 
20). We randomly selected 5 0.2-ha plots 
(38.5 X 52 m) in each ELT in each study area for sam-
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Fig. 1. Habitat variables and suitability index relationships for predicting mast production from the HSI models for mallard, eastern wild 
turkey. northern bobwhite, gray squirrel, and fox squirrel. 
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pUng acorn production. We nonrandomly selected 3 
additional plots on the PRCA to represent areas with 
open canopies. Oak species in these areas were 
black oak (Q. velutina), white oak (Q. alba), scarlet 
oak (Q. coccinea), post oak (Q. stellata), chinkapin 
oak (Q. muhlenbergil), northern red oak (Q. rubra), 
Shumard red oak (Q. shumardil), and blackjack oak 
(Q. marllandica). 

We sampled acorn production systematically, plac
ing 20 traps in each 0.2-ha plot, at a spacing of 
7.7 x 8.7 m. Traps were constructed from 6-mit plas
tic as described in Myers (978) and Christisen and 
Kearby (984). Each trap was 0.73 m in diameter and 
was suspended above the ground using three 1.52-m 
pieces of O.95-cm reinforcement rod. We sampled 
8.37 ml (0.4%) of each plot with traps. 

We collected mast weekly from each plot during 
1989-1993, beginning in August when mast began 
falling and we continued until no further mast was 
collected from any plot. Mast from each trap was 
placed in a small paper sack; labeled with the plot 
number, trap number, and date; and air-dried. Each 
acorn was identified to species, classified as to matu
rity, and weighed. After weighing, each nut was cut 
open to determine soundness. Maturity class and 
soundness were determined according to Myers 
(1978) and Christisen and Kearby (984): classes 1,2, 
and 3 (acorn cap completely covers nut; cap sur
rounding the sides of the nut) were considered im
mature; classes 4 and 5 (acorn nut nearing full devel
opment but green, or fully deVeloped and darkened) 
were considered mature. We defined acorn crop fail
ure in a given year as production of <6 kglha of 
sound, mature acorhs, approximately 10% of the 
amount Goodrum et al. (1971) estimated as reqUired 
to support 5 game species for 180 days. 

We collected vegetation data for each mast vari
able in the 5 HSI models (Fig. 1). On each plot, trees 
~15 cm diameter at breast height (dbh) were mea
sured and identified to species. We measured the 
crown area of mast-producing trees ~25.4 cm dbh 
(the diameter of the crown at 0" [north], 60", and 
120" (Hays et al. 1981]). We calculated mean crown 
diameter from the average of the 3 measurements, 
which we then converted to area. Only the area of 
the crown above a plot was included. We deter
mined canopy closure of trees ~ 15 cm dbh at and be
tween each acorn trap (36 total measurements) using 
point-intercept and a plastic tube containing 
crosshairs (EInlen 1967). Acorn predictions in the 
eastern wild turkey and northern bobwhite models 
were based on identical input variables and SUitabil
ity Index relationships (Fig. 1); thus, only 1 result is 
reported for these models. 

We summarized number and biomass of acorns for 
each plot. Simple linear regression and correlation 
analyses were used to assess relationships between 
model variables and acorn production. In addition, 
we used tests for heteroscedasticity (Glejser 1969, 
Davidian and Carroll 1987, Terrell et al. 1996) to de
termine if there was a wedge-shaped distribution, 
and visual assessment of plotted data to determine 
habitat-imposed upper limits on mast production. 

Results 
Relative proportions of oaks on selected plots 

were: black oak (37.5%), white oak (29.7%), scarlet 
oak (24.2%), post oak (7%), chinkapin oak 0.4%), 
northern red oak (0.15%), Shumard red oak (0.1%), 
and blackjack oak (0.05%). Average annual acorn 
production across the 43 plots ranged from 1.1 to 
202.8 kglha and from 956 to 86,518 acornslha be
tween 1989 and 1993 (fable 1). Tree canopy closure 
ranged from 11.1 to 97.2%. with 34 of the 43 plots 
>70%. Plots contained 1-4 species of large oak trees 
~25.4 cm dbh) with an average dbh of 34.1 cm, an 
average density of 71.4 treeslha, and an average large 
oak canopy closure of 24.7%. 

Acorn suitability index (AST) values were com
puted for each of the 5 original HSI models (mal
lard, eastern wild turkey, northern bobwhite, fox 
sqUirrel, and gray sqUirrel), using the appropriate 
variables and formulas from the models. ASI values 
ranged from 0.06 to 1.0. No plots had an ASI of 0.0, 
and no plots had zero acorn production. Regres
sion of acorn production on the ASI yielded signifi
cant predictive relationships for all 5 models 
(Table 2). 

The most important habitat factors associated with 
acorn production were related to abundance of large 
oak trees on the plots (fable 3). Acorn production 
had a positive association with both the relative pro
portion of the tree canopy that was in large 
(>25.4 cm dbh) oak trees, the percent canopy clo
sure of large oak trees, and the number of large oak 
trees/ha. Acorn production was not associated with 
the average diameter of oak trees ~25.4 em, the per
cent canopy closure of all trees, or the total number 
of oak species. Piecewise linear regression of the 
number of oak species on acorn production indi
cated a positive aSSOCiation as the number of oak 
species increased from 1 to 3, but no association be
yond 3 species. 

In addition to assessing acorn production, we ana
lyzed the relationships between the ASl, habitat char
acteristics, and the number of acorn-crop failures. 
The number of crop failures was negatively associ
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Table I. Acorn production (1989-1993) and habitat summary data (1989) for 43 plots in cenlral Missouri (oak data are for trees ~5.4 

cm dbh). 

D8Hof Canopy cover Proportion of Canopy cover 
Number of oak trees of all trees Number of canopy in oaks of oaks Acoms Acorns 
oak species (cm) (%) oaks/ha (%) (%) (kglha) (no.lha) 

Minumum 1 26.9 11.1 15.0 5.2 4.0 1.1 956 
Maximum 4 42.2 97.2 164.9 73.0 70.9 202.8 86,518 
Mean 3.14 34.1 76.3 71.4 33.4 24.7 52.0 30,453 
Standard deviation 077 3.6 17.8 39.2 16.8 13.8 37.1 20,003 

ated with the ASI values for the fox sqUirrel 
(r = -0.344, P = 0.024), gray squirrel (r =-0.299, 
P =0.05), and mallard (r =-0.362, P =0.017) HSI 
models. Acorn failure rates were also negatively as
sociated with the proportion of oaks (r =-0.332. 
P =0.03). oak canopy closure (r =-0.345, P = 0.023), 
and oak density (r = -0.302, P =0.049). 

HSI model modifications 
A secondary purpose of this study was to deter

mine if we could improve the mast-prediction hy
potheses of the 5 HSI models. We searched for pat
terns thrOUgh statistical analyses and visual assess
ments of the plotted data, considering both acorn 
production and the number of mast failures. Forests 
with high-potential mast production and low num
bers of mast failures should proVide the ideal condi
tions for sustaining mast-eonsuming wildlife. 

We believe a top-down approach (Van Home and 
Wiens 1991) is best for developing a simple, logical 
habitat model. The top-down approach begins with 
general statements about the system and proceeds by 
adding details, as needed. A bottom-up approach 
takes a series of existing models and combines them 
into a larger, general model; this is not a useful 
method for modifying the mast-prediction hypothe
ses of the 5 HSI models. The acorn variables from 
these models are highly interrelated and are essen

dally different ways of measuring the same basic at
tribute-the abundance of large oak trees. A top
down approach should determine the few key vari
ables that best explain the system and result in a sin
gle model that can be applied for any wildlife species 
that consumes acorns. 

The 5 HSI models can be split into 2 distinct meth
ods used to predict acorn production: the turkey and 
northern bobwhite models evaluate the density of 
oak trees >25.4 cm dbh; the mallard, fox squirrel, and 
gray squirrel models evaluate the canopy closure of 
oak trees >25.4 cm dbh. We considered these 2 
methods separately for potential model revisions. 

Oak tree density model 
Maximum acorn production occurred in stands 

with fewer large oak trees!ha than specified in the 
original turkey and bobwhite models. In plots with 
an average oak tree dbh 2::37 cm (considering only 
oaks >25.4 cm dbh), maximum acorn production oc
curred with as few as 50 such trees!ha. In stands 
with an average oak tree dbh of <30.5 cm, maximum 
acorn production occurred with 2::200 such trees/ha. 
We used this information to develop a revised rela
tionship berween the number and size of oak trees 
and predicted acorn production (RSIV1; Fig. 2). 

The number of oak tree spedes was not included as 
a variable in the original turkey, bobwhite, or fox squir
rel HSI models but was included in the m.allilrd and gray 

Table 2. Regression of aCOfn production on Acorn Suitability Index (AS!) for 5 species Habitat Suitability Index (HSl) models. 

Species model 

Mallard 

Turkeylbobwhite 

Gray squirrel 

Fox squirrel 

Regression equation (±95 % confidence interval) 

ACPERHA" = 15, 114 (±24,554) + 72,963 (B8,3 71) (AS I) 
WTPERHA" =-11.05 (±49.1) + 101.0 (±76.7) (ASI) 
ACPERHA,. 15,991 (±11 ,822) + 32,007 (±22,916) (AS!) 
WTPERHA = 30.95 (±22.7) + 46.68 (±44.1) (ASI) 
ACPERHA = -3,326 (±20,997) + 66,099 (±39,644) (AS1) 
WTPERHA = 7.98 (±41.6) + 86.20 (±78.51 (ASt) 
ACPERHA =7,147 (±12,3601 + 39,897 (±19,184) (AS\) 
WTPERHA =15.69 (±24.3) + 62.2J (B7.8) (AS!) 

R1 

0.265 
0.147 
0.163 
0.10 
0.217 
0.107 
0.301 
0.213 

"-value 

0.001 
0.011 
0.007 
0.038 
0.002 
0.032 

<0.001 
0.002 

.• ACPERHA =numbers of acornslha. 
"WTPERHA,. kg of acornslha. 
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Table 3. Correlation coefficients (or acorn production and habitat (actors (oak data are for trees ~25.4 cm dbh). 

Proportion of Canopy cover Number of DBHof Canopy cover Number of oak species 
canopy in oaks (%) of oaks (%) oaks/ha trees (cm) of all Irees (%) (1-3 species only) 

Acorns (kg/hal r= 0.312 r= 0.399 r'" 0.385 r '" 0.199 r:= 0.204 r= 0.07 
p= 0.04 P=.0.008 p:= 0.011 P:=0.2 po; 0.19 P:= 0.031 

Acorns (no./ha) r= 0.424 r'" 0.458 r = 0.289 r=0.127 r=. 0.117 r= 0.465 
P=0.005 P= 0.002 P=0.06 P= 0.417 P= 0.45 P= 0.013 

squirrel models. Our data indicated that oak species di
versity was positively associated with mast production 
as the number of oak species increased from 1 to 3. 
From iliis information, we developed a revised SI rela
tionship for oak tree diversity (RSIV2; Fig. 3). 

We explored various mathematical combinations 
of the revised variables for oak tree density and oak 
species diversity. Combining the 51 values with a 
geometric mean provided the best model: 

Revised oak tree density ASI :: (RSIV1 x RSIV2) ~ 

Regression of acorn production on the revised oak 
tree density ASI (Fig. 4) yielded the following results 
(±95% confidence intervals): 

ACPERHA :: 326 (±16,665) + 42,471 (±22,255) (AS!) 

(R1 
:: 0.266, P <0.001) 

WTPERHA:: -1.74 (±31.3) + 75.8 (±41.8) (AS!) 

(R1 :: 0.246, p:: 0.001) 

A B c 
1.0 

=~ .........
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--en 
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>c 0.2Q)- A=~37cma: B=~30.5cm 
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0.0 
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Oak trees> 25.4 em dbh 
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The plotted data had wedge-shaped distributions, 
indicating that the revised model was predicting habi
tat-imposed upper limits on acorn production. Analy
sis of the absolute values of the residuals of a least ab
solute deviations regression of these data detected 
heteroscedasticity in the distributions (ACPERHA, 
P :: 0.002; WTPERHA, P :: 0.026). The revised oak 
tree density ASI was not significantly associated with 
the number of acorn crop failures (r :: 0.236, 
P::0.128). 

Oak tree canopy closure model 
Analysis of the models using canopy closure indio 

cated that large (>25.4 cm dbh) oak canopy closure had 
the strongest correlation with acorn production. Large 
oak canopy closure is the only input variable used to 
predict acorn production in the fox squirrel HSI model, 
and the AS! from this model had the strongest correla
tion with acorn production of all 5 models. We devel
oped a revised model that included the original fox 
squirrel variable (Fig. 1) and the revised variable for oak 
tree species diversity (Fig. 3). The arithmetic mean of 
these 51 values prOVided the best model: 

1.0 

~-- 0.8.- C\J 

~>
'-en-- 0.6ascr:
"0)( 0.4Q)Q)
.!a "0 
>c 0.20)a: 

I I0.0 
1 2 ~ 3 

Oak tree species 
(no.lO.2·ha plot) 

Fig. 2. Revised suitability index relationship (or the number of oak Fig. 3. Revised suitability index relationship for the number of oak 
trees ~25.4 cm dbh. tree species. 
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Revised oak canopy closure ASI 

=(fox squirrel ASI + RSfV2) 

2 

Regression of acorn production on the revised 
canopy closure ASI yielded the following results (95% 
confidence interval): 

ACPERHA::: -4,665 (±16,801) + 49,886 (122,728) (AS!) 

(R1 ::: 0.324, P < 0.001) 

WTPERHA =-2.56 (±33.3) + 77.55 (±45.0) (ASl) 

(R2 =0.227, p::: 0.001) 

Visual assessment of the plotted data (Fig. 5) for 
the revised canopy closure model indicated the 
model may have been displaying habitat-imposed up
per limits to mast production. Tests for heterosce· 
dasticity approached significance with ACPERHA 
(P ::: 0.066) but were not significant for WTPERHA 
(p::: 0.192). The revised canopy closure ASI was neg
atively associated with the number of acorn failures 
(t- =-0.318, P =0.038). 

Discussion 
The test of the mast-prediction hypOtheses of the 5 

HSI models indicated a positive association between 
acorn production and the model estimate in all cases. 
The S HSI models, however, present 4 slightly differ
ent methods to estimate acorn ·production. A single 
method with as few variables as pOSSible would be 
more useful to resourCe managers. We recommend 
that managers use the revised oak canopy closure 
model because it has strong predictive power for 
acorn production, is negatively associated with num
ber of acorn failures, and has only 2 variables. 

None of the original or revised acorn habitat mod
els accounted for >32% of the variance associated 
with acorn production. An important aspect of test· 
ing habitat models, however, is to look beyond linear 
assessments of central tendency and consider 
whether the model is a reasonable predictor of habi· 
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Fig. S. Plots of acorn production versus the revised oak canopy 
closure model Acorn SUitability Index (ASI). 

tat-imposed upper limits (Schroeder 1994, Terrell et 
al. 19%). An early explanation of the use of a habitat
based approach for environmental assessment indi
cated that such an approach did not include other 
variables that might act as limiting factors (U.S. Fish 
and Wild!. Servo 1980). Terrell et al. (1996) indicated 
that traditional regression arullyses might not identify 
habitat variables that were limiting factors. The con
cept of habitat·imposed upper limits implies that re
gardless of other conditions, acorn production will 
be limited when habitat conditions are poor. When 
habitat conditions are excellent, however, acorn pro
duction mayor may not be high, depending on the 
influence of the other nonhabitat factors. Plots of 
data exhibiting a habitat-imposed limit would be ex
pected to have a distribution below the line describ
ing the limit (Fig. 6). The revised oak tree density and 
oak canopy closure models (Figs. 4 and 5) exhibit this 
pattern. Where the models predict a low ASI there 
are no sample plots with high levels of acorn produc
tion. The sample plots that have a high ASI and low 
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Fig. 6. Conceptual relationship illustrating an upper limit to acorn 
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per·limit hypothesis. 
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acorn production do not invalidate the limit hypoth. 
esis. The low production on these plots could be a 
function of nonhabitat factors. 

Oak mast production is vary greatly among trees, 
species, locations, and years (Olson and Boyce 1971). 
Nonhabitat factors affecting acorn production in
clude inherent genetic characteristics and weather 
(Christisen and Kearby 1984). The revised oak 
canopy closure model accounts for 32% of the vari
ance associated with predicting acorn production. A 
recent study in east-central Missouri found that 
weather accounted for 55% and 89% of the variance 
in acorn production in black oak and red oak, re
spectively, over an 8-year period (Sork et al. 1993), in
dicating that weather is a dominant factor affecting 
acorn production. Beck (989) suggested that be
cause factors such as weather are beyond managers' 
control, they should strive to provide forests with the 
highest potential for mast production. Therefore, to 
maximize the probability of high acorn yields in oak 
forests, managers should attempt to provide the habi
tat conditions that promote high mast production. 
The revised oak canopy closure ASI model should 
provide reasonable estimates of the habitat condi
tions reqUired to meet this goal. 

Recommendations for future habitat 
model tests 

The test of the mast-production hypotheses of the 
5 HSI models supports the concept of upper limits 
imposed by habitat conditions. Simple linear assess
ments of data do not necessarily reveal this relation
ship. Future tests of habitat models should consider 
the upper-limit concept and the effects of nonhabitat 
variables. 

HSI models were originally intended for use as 
management tools, applicable to broad geographic 
areas and in situations where users are limited by 
time constraints. The general approach to develop
ment of these models was consistent with the top
down approach described by Van Horne and Wiens 
(1991), i.e., beginning with general statements 
about a system and adding more detail. as needed. 
We recommend that model tests not lead to the cre
ation of overly complex models with large numbers 
of variables, but focus, instead, on a top-<1own ap
proach, using only the key variables needed to ex
plain a system. 

A drawback of the top-down approach is that such 
models frequently fail when applied to conditions 
other than those used in their development (Van 
Horne and Wiens 1991), but this is not always the 
case (Brennan 1991). Our revised acorn model 
would benefit from tests in other geographic regions 

of the country, and we recommend broad geo
graphic testing of all general habitat models. 
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