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ABSTRACT: Fire-maintained oak savannas on silt-loam soils essentially disappeared
from midwestern North America soon after Furopean settlement because of fire suppres-
sion and agriculture. As a result, there are no precise models for restoring this vegetation,
and its management and recovery needs are uncertain, The Wolf Road Prairie Natre
Preserve, Cook County, IHinois, contains a 2-ha savanna remnant that persisted on mesic
sibt-loam soiis becanse grazing was excluded and because it was frequently burned unul
about 1965, We used tree increment cores 1o document temporal change in this savanna’s
tree density and canopy structure. The savanna has an open overstory canopy of mature
Quercus macrocarpa {bur cak) and a dense 30-year-old subcanopy of 0. macrocarpa and
0. ellipsoidalis (northern pin cak) that matured from oak grub sprouts after cessation of
annual wildfires. Herb-layer sample plots were classified into four species groups coree-
sponding fo & measured Hight intensity gradient that correlated with canopy tree density.
The ground layer was dominated by shade-tolerant species that presumably have spread
into former savanna openings, while shade-intolerant species, such as prairie plants, were
restricted to the few remaining light zaps. Plot species richness and number of prairic
species were highest at highest light levels, while alien species richness was highest under
canopy shade. Forbs were the most important species group (78.6 Imporiance Value):
woody species were much less important {18.8 IV, and graminoid vegetation was only
a minor component that was restricted to light gaps. Camassia sctlloides was the mast
important forb and was distributed bimodally across the light gradient, Rubus alleshe-
niensiz was the most important woody species, and Carex pensylvanica was the most
important graminoid species. The site retaing important components of savanna vegeta-
tion and could be restored to former savanna composition and structure, helping provide
elements of a savanna restoration model. Restoration would require a return t¢ high fire
frequencies and reduction of the subcanopy fo its former grub layer, which should
increase abundance of light- and fire-adapted species and reduce alien species, However,
restoring former structure may be difficalt, partly because of the fire resistance of
maturing subcancpy oaks and because the absence of graminoid fuel species will reduce
the effectiveness of fire. In addition, landseape-scale fire processes, which might be mogt
effective, will be difficult to implement in this small fragmented natural area, As a result,
experimental cutiing or girdling of oaks should be used 10 supplement fire in opening
CANOPY Baps,

Index rermy: sili-loam savanna, savanna light gradient, savanna species, successional
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INTRODUCTION against prairie fires driven by prevailing

wesierly winds (Gleason 1913, McAn-
Former Status and Decline of Savanna drews 1966; Moran 1978, 1980; Grimm
1983, 1984; Anderson 1991; Leltner et ai.
1991 Bowles et al. 19943 Curtis (1939
estimated that presettiement southern Wis-
consin was 75% savanna, which ocourred
across a soil moisture continuum. He de-
scribed mesic savanna as [0%-30% cano-
py cover of fire-resistant bur cak (Quercus
macrocarpal with a prairie ground laver,
Black oak (. veluting) and white oak (0.
alba) charagterized dry-mesic savannag
and, along with bur oak, ocourred as fre-
sprouting grubs in brush praivie (Cums

At the time of Ewopean settlement, the
northern border of the North American
prairie peninsula {(Transeau 1935) was 2
broad mosaic of praivie and cak-dominat-
ed savanna and woodland (Curtis 1959,
Davis 1971, Anderson 1983). This vegeta-
tion was spatially patterned by fire regime
and shifted temporally with climatic
change; trees persisted in greatest densi-
ties where opographic relief reduced fire
intensities, or where landscape firebresks
such as watercourses provided protection
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1959). Although data are lacking, historic
descriptions suggest that frequent, if not
annual Indian- and lightning-set fires main-
tained savanna, especially in mesic habi-
tats (Curtis 1959, Vogl 1977). (Nomencla-
ture follows Swink and Withelm 19943,

Few, if any, intact savannas susvive on
deep silt-loam soils in the Midwest (Curtis
1959, Madany 1981, Nuzzo 1986, Apfel-
baum and Hanev 1991, Packard 1991,
Leach and Ross 1995). After Buropean
settlement, these savannas rapidly degrad-
ed as woody succession followed fire pro-
tection (Cottam 1949, McCune and Cot-
tam 1985, White 1994, Bowles and
McBride 1994), Subsequent overgrazing
further degraded savanna vegetation, while
agriculture and land development frag-
mented and destroyed remnants, Dry or
drv-mesic savannas, especially on sand,
have survived to a greater extent (Madany
1981} due to their poor agricultural poten-
tial and drought-sensitive soils that pro-
mote tree mortality and recurring fire (Fab-
er-Langendoen and Tester 1993), Burning
also can stabilize sand savanna (Anderson
and Brown 1983), while rapid woody plant
succession can occur with fire protection
(Cole and Taylor 1995).

Restoration Needs: Understanding
Species Composition, Light Gradient,
and Fire Regime

Reference systems are necessary for guid-
ing community restoration efforts {Aron-
son et al. 1993}, Although restoration of
silt-lcam savannas has a high priority,
guidelines are vague or conflicting because
there is little quantitative information about
the former compesition, structure, and fire
dynmmics of this vegetation (Burger et al,
1991, Fralish et al. 1994, Leach and Ross
1995}, For example, although burning is
ofien presumed to have maintained a grass
and sedge fuel matrix in savanna (Curtis
1959, Apfelbaum and Haney 1991; Pack-
ard 1991, 1993}, postfire-sprouting cak
grubs and shrubs such as hazel (Corvlus
americana} were frequent (Cottam 1949,
Mcandrews 1966, Bowles ot al. 1994},
Curtis {1959} indicated that the savanna
flora was ransitional with few modal spe-
cies. This conclusion was based on the
work of Bray {1960), who guantified a

strong prairie component in savanna, with
few nonprairie species reaching their great-
est abundance in this community. Bray
(1958} found partial shade-tolerant savan-
na plants to occur primarily hetween about
750-1,250 and 10,000 foot candles (FC),
with ¢losed forest species most frequent at
lower light intensities and prairie species
more frequent at higher intensities, With a
10%—~30% canopy cover definition of sa-
vanna, prairie species become an impor-
tant component of the savanna vegetation
matrix, while other savanna species also
cecur in woodlands that support interme-
diate light fevels (Bray 1960). However,
Packard (1988a, 1991} argued for recog-
nizing a more specific savanna flora, cit-
ing the “barrens” vegetation of Mead
{1846} Workers continue to reconsider
Bray's data (Packard 1993), and to exam-
ine modern savanna remnants and con-
struct savanna species lists (e.g., Betz 1992,
Pruka 1995},

Fire regime strongly influences structure
and composition of savanna, with increas-
ing fire frequency causing a decrease in
canopy cover and limiting oak recruitment
{Faber-Langendoen and Davis 1995); this
in turn controls the canopy light gradient
and corresponding distribution of ground-
layer species {Gilbert and Curtis 1953;
Curtis 1959; Bray 1960; Leach 1994; Pru-
ka 1994a, 1994b). In a Minnesota sand
savanna, greater richness of prairie plant
species occurred after 13 annual burns in
comparison to unburned savanna {(White
1983). At the same site, Tester (1989) found
that aliernating 2-year burn and 2-year no-
burn cycles maximized species richness
and favored prairic species. Kline and Mc-
Clintock {1994) also found that ground-
layer species richness increased after burn-
ing of a southern Wisconsin oak forest, In
a southern Hlinois barrens, species rich-
ness was maximized by irregular temporal
burning that allowed persistence of forest
and prairie species (Anderson and Schweg-
man 1991, Additional factors, such as soil
depth and moisture, plant competition, and
plant-animal interactions also influence sa-
vanna composition {Bray 1958, Skarpe
1892, Belsky and Canbam 1994, Leach
1994, Pruka 1994a)

Study Objectives

An understanding of historic and modern
processes affecting the composition and
structure of savanna remnants is vital for
the successtul restoration and management
of these remnants, and for developing
guidelines that can be applied to other
savanna restorations. In this study, we used
dendrochronological and historic data to
suggest that a stable open savanna canopy
existed from the early nineteenth to the
mid-twentieth century at Wolf Road Prai-
rie, an ungrazed midwestern North Amer-
ican silt-loam prairie and savanna rem-
nant. We then used age structure of
multiple-sternmed tree coborts to describe
a recent temporal change in canopy struc-
ture that correlates with reduced fire fre-
quency-—a process that occurred 150 years
carlier in most savannas. By analyzing the
spatial pattern of vegetation across the light
and trec density gradient in this remnant,
we sought to provide information about
the process of savanna degradation and
the potential for reversing this process for
restoration. We also asked whether canopy
structure affected patterns of species rich-
ness and the distribution of alien species,
and if this information can be used to
develop guidelines for canopy manage-
metit that will help restore savanna vegeta-
tion.

STUDY AREA

Wolf Road Prairie (WRP), in Cook Coun-
ty, Illinois, persisted after European setile-
ment because of recurring fires and pro-
tection from overgrazing; the site contains
one of the few extant remnants of mid-
western prairie and savannaz vegelafion
{(Meclall and Karnes 1995, This 32-ha
prairie i3 in the village of Wesichester (41°
507 M latitude, 877 54" W longitude), abow
24 km west of Lake Michigan in suburban
Chicago. The site occurs on the northern
barder of the prairie peninsula (Transeau
1935y, The climate is continental, with hot
humid semmers and very cold winters.
Annual average precipitation is 84 om,
with about 67% occurring during the grow-
ing season, but with great variation due to
periodic sunmer drought. The site is level
anG moderately well drained. The silt-loam
soils are developed in thin loess over the
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Tinley ground moraine and belong to the
Mortey-Markham- Ashkum association,
which lncludes transitional (Hghi-colored)
soils in savanna, and mollisols {dark-col
ored soils} in adjacent prairic (Mapes
1979

Wolf Road Prairie Hes 0.8 ki north of the
east-west oriented Salt Creek, adjacent 1o
the north and east of the band of timber
that bordered this natural firebreak. In 1821
the 115 Government Public Land Survey
{PLS} mapped the forest-prairie ransition
along the south border of WRP near the
line between sections 30 and 31, TION,
R1IZE (Figure 1). Although such data are
often blased, PLS witness wee distances
from section lines can be used o rscon-
stryct stand densities using the point-cen-
ter-quarier method (Bourde 1956, Cottam
and Curtis 1936} At Wolf Road, the PLS
recorded two while oak witness frees at
each of two points along the Hne between
Sections 30 and 31. The mean distance of
these trees comesponds 1o 3.5 frees ha,
which suggests open savanna conditions.
Bur oak is now the dominant tree in this
area and wags apparently misidentified as

Figure I Disiribution of thnber and pralrle
(separated by Beavy lines) at Waif Boad Praivie
{WEF) n 1821, Map copled from sriginal pre.
pared from the U8, Gevernment Public Land
Survey. Loceied In Township 20 Marth, Bonge 12
Eagt, (41° 307 N lstitede, 877 34' W longitude).
Wolf Road forms the cast boundavy of Section 36,
and 315t Strest fornw Ha south boundary, Fach
Sectlon s 1.6 kb,

white cak by the surveyors, because an
old-growth bur oak occurs at the witness
wee location southwest of the-southeast
corner of Section 30 (MLL. Bowles, pers.
obs.}.

In 1924, WRP was purchased for residen-
tial development and subdivided into lots
with roads and sidewalks; when the stock
market crashed in 1929 the project was
abandoned {Hangon 1975, Packard 1980).
The land remained vacans due o frag-
mented ownership, lack of utilities, and
new zoning ordinances requiring larger lot
size, and was not further distarbed, except
for use of some lots as “viciory gardens”
during World War Il (LaForce 1988). Lat-
er human impacts included repeated burn-
ing, which helped maintain prairie and
savanna vegetation. The Save the Prairie
Society initisted preservation of WRP in
1974; by 1594, most of the area had heen
acquired by the [llinocis Depariment of
Matural Resources and Cook County For-
est Preserve District and dedicated as an
illinois Nature Preserve. Municipal burn-
ing restrictions have prevented effective
fire management of the preserve, and cui-
ting, herbicide application, and mowing of
invading gray dogwood (Cormus racemo-
sa) and the alien buckthorns Rharmnus
cathartiva and R frangula are now re-
guired to maintain the prairie {M.L.

Bowles, pers. obs, ),
A 1955 aerial photo (Figure 2) indicates
about 2 ha of open savannz in the same
location as mapped by the Public Land
Survey. Adjacent prairie and savanng veg.
etation ave distinct oa the photo, and fewer
than 10 trees are visible in the savanma,
indicating & density of loss than 5 tess
he'. Lower fimbs are apparently absent
from these irees, presumably a result of
frequent intense fires. The same trees and
vegetation patlern appear on 2 lowert reso-
fution 1938 serial {not shown). The come
position of the historic WRP savanna
ground layer iz unknown, and sarlier sur-
veys that focused on the praivie {e.g., White
1978) did not recognize the significance
of its savanna, Oak savanna sill cocupies
about 2 ha at WRP and forms 3 distingt
prairie border at approximately the same
posiiion as in the 1955 aerial photo, How-
ever, an oak subcanopy now shades the

savanna ground layver, and a matrix of prai-
rie vegetation oceurs only in larger canopy
gaps.

METHODS

Pata Collection

Data were collected during the 1995 grow-
ing season from plots located along eight
stratified random north-south transect lines
across the savanna {Figure 3). Diameters
were measured {at 1.4 m) for all live and
dead trees in 71 circalar 25-m? (0.0025 ha)
plots centered along the mansects at 1G-m
intervals. Trees at plot edges were includ-
ed if their centers were within the plot
radius. Multiple stem sprouis were mea-
sored and recorded individually as well as
by number of multiple-stemmed trees. As
in & Wisconsin study (Kline and McClin-
iock 1994), some trees identified as ¢
etlipsoidalis also had taxonomic featureg
of (. veluting; hybridization between these
taxa may have occurred at the site. Incre-
mend cores were taken from borings made
{at 1.4 m) to the centers of 11 trees ran-
domiy selected among the iransecis, Re-
gression of anwual growth ring counts and
respective tree diameters provided the
equation, Tree Age = 14.4 +1 4 x diameter
incm {F=0.69, p=0.02), which was used
ic estimate ages of free cohorts.

We recorded presenice of all herh, shrub,
woody vine, and tree species less than 1 m
high in 147 rectangular §.3-m? plots af 5-
i intervals along the eight transects (n =
1 2-20 plots per wransect). Within sach plot,
we alse estimated cover by recording the
number of 0.01-m? (1-dm® calls within
which each plant was rooted. Dividing the
number of celis occupied by total number
of celis {50} estimates plot cover at 2%
intervals. Bocause of the presence of ster
ile planty and seedlings of Alllum cernu-
um, A canadense, Geam laciniotum var,
trichovarpum, and & canadense, and un-
identifiable sterile plants or seedlings of
Bidens spp., Carex sp. {excluding . pen-
sylvanica), Clrsiam sp,, Crataegus sp., Me-
Llotus sp., Poa sp., Viele so., Ulmus sp.,
and Frusus ep., these taxa were ireated at
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Figure 2. Aerial phaw of savanns (south of dashed Hneh st
Location is based an jonal dilferences that correspend fo historie {Figure 1} and m(;ﬂtm Figgre 3}
savanna and prairic location. Note absence of lower limhs on cunopy frees, Human disturbances include
ca. 1920s sidewalls (parallel white Hoes} and garden plots (davk squares). Top of phats is nerth. See
Figare 3 for scale.

an Exteck Instroments BF-232 digital light
meter. Although instanianeous readings
cannot characterize full growing season
conditions, nor can lux measure photosyn-
thetically active radiation (Anderson 1964,
they ailow identification of a canopy light

canopy was measured over each 0.5-m?
plot under a clear sky betwesn 11:00 am
znd 1:00 pm on September 2 and 3, 1993,
These light levels were guantified by in-
stantaneous measvrements of Tux (1 ju-
men per m?) at | above each plot with

190m

Figure 3. Modern jocation and canopy cover of spvanns ai Woll Rong
openings, parallel solid Hnes are ﬁz*{ifswgﬁkf-; from ca. 1928 {sec Figars 21 D
frangect locations. Cross-haiched grea §s commercially developed,

gracient and comparison with historie sa-
vanna light gradients measured in foor
candles (1FC = 10,76 lux) by Bray (1938},
For comparisons to photosynthetically
active radiation {PAR]), we also approxi-
mated instantansous FAR by the follow.
ing formula: lux x 0.018 = mel m? g
{Biggs 19843,

iFata Analysis

Mean percent cover and frequency of
ground-layer species in 0.3-m7 plots weare
caloulated by averaging these values across
the eight sampling wansecis, and these
species were then vanked by their Impor-
1ance Yalues [IV = {relative frequency +
relative cover) =+ 21 Tree species sampled
from 25-m° plots were also ranked by their
imporiance values [TV = (relative requsn-
oy + relative dez!%zw + relative basal area)
= 3L As tedicated, wee cohott ages were
estimated by the regression equation Tree
Age= 144 +1.4 x diameter in cm, and per
hectare stand densities of these coharis
were estimated from their sample plot
densities. Historic (195519845 fire fre-
quencies at WRP (presumably set by -
mans) were estimated by the number of
fire alarm calls 1o the site, which were
provided by the Westchester, lilinois, Fire
Department. Such data cannot estimate fire
Intensity or coverage buf can suggest mean
annual fire rates, Ages of tree cohorts were
then compared with these fire rames,

Herb-layer plots were separated into four
groups by two-way indicator species anal-
yeis (TWINSPAN) of species cover using
default options on PCORD software (Mie-
Cune 1993y TWINSPAM uses reciprocal
weraging to nrovide a nolythetic dz visive
claszification that separates species and
plots across strong environments fgfasﬁiw
nts (Gauch 19823, We thus expecied th
g}a’.ﬁcsﬁdam to classify herb-layer ag;mms
geoups in e aﬁ‘m i light level and ee

m

i

m o

density CT COMPATISon
correlated nsities with irge d
ties in the i ol We used one-
wgy analy (1An0e afdr im“%

hypotheses of no significan
mean light values, tree ¢

hiness, and 2 imns
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preference categories following Bray (Ta-
ble 18 in Curtis 1939), based on their dis-
tributions among the four TWINSPAN
groups. We used Chi Square analysis (Zar
1974) to determine the prebability that the
proportion of plots occupied by each spe-
cies did not differ among the four plot
groups. Species were placed in a “low”
light level category if their frequencies
were greatest at lower light levels, orin a
“high” light level category if their fre-
quencies were greatest at higher light lev-
els. Species were placed in an “intermedi-
ate” category if their frequencies were
higher at intermediate light levels, or if
their distributions did not differ across the
light gradient.

RESULTS

Composition, Stracture, and
Chronolegical Change of Canopy and
Subcanopy Trees

Six tree species representing 101 individ-
ual trees and 143 live and dead stems were
sampled in the 71 25-m? plots, providing
an estimate of 841 stems ha'! (Table 1).
Quercus macrecarpa and Q. ellipsoidalis
accounted. for 91.4% of all tree species’
IVs, and @ macrocarpa was twice as im-
portant as Q. ellipsoidalis, reaching 43.7%
frequency, 570.6 stems ha', and 14.2 m?
ha'! basal area {Table 1. Nearly 20%
{19.6%) of all stems were dead, probably
due to heavy subcanopy shade, with Q.
macrocarpa accounting for 71.4% of this
mortality. Ylmus americana, Prunus sero-
tina, Crataegus sp., and Acer negundo com-

prised & minor component of the savanna.

The size class distribution of all trees was
highly skewed, with ondy 11.2% of all
stems greater than 0.25 m in diameter {Fig-
ure 43, Two @ macrocarpa and one .
ellipscidalis greater than 60 cm in diame-
ter were sampled; their estimated ages,
which ranged from 99 to 150 years, indi-
cate they originated between 1845 and
1905, The density estimate of trees from
this cohort is 17.6 trees ha'!, which would
have favored savanna conditions during
this time period. Thirteen oaks between 25
and 40 om in diameter were sampled; their
estimated ages (44-73 vears) indicate that
they originated between 1920 and 1951.
These younger trees give n density esti-
mate of 73.3 trees ha'!, indicaling a gain in
tree density and canopy shade during this
period. However, these trees are not appar-
ent onn the 1938 or 1955 aenal photos.

Eighty-eight percent of the 143 stems sam-
pled were less than 25 cm in diameter and
averaged 28 (x 1.36 SE) years in age,
indicating that most trees originated in
about 1967, This corresponds to a time
period in which fire calls to WRP dropped
from more than one to less than one annu-
ally (Figure 5). Many of the oaks were
apparently maintained as postfire-sprout-
ing grubs by frequent fires: 58% of all
stems occurred in 41 multiple-stemmed
trees {4{.6% of all trees) with large root-
stocks at the soil surface, suggesting at
least 231 grubs ha' in 1965. Trees were
absent from 22 of the 71 25-m? plots,
indicating that at least 31% of the area was

originally free of grubs. If trees with sin-
gle stems originated from seed, a larger
area was originally without grubs.

Composition of Herb-Layer
Vegetation

The savanna ground layer at WRP is forb
dominated (IV = 76.8), with a minor com-
ponent of shrubs (IV = 18.8) and even less
graminoid vegetation (IV = 4.4). Among
the 96 species sampled, 11 species ac-
counted for more than 56% of importance.
Camassia scilloides was the most impor-
tant species, with decreasing importance
for Circaea lutetiana, Geum spp., the shrub
Cornus racemosa, Smilacina stellata, Eu-
patorinm rugosum, the shrub Rubus al-
legheniensis, Allium spp, Solidago altissi-
ma, Polygonum virginianum, and the
invasive alien species garlic mustard Al-
liaria peticlata {Table 2). Camassia scil-
loides achieved its high IV because its
14% cover was almost three tmes that of
C. luzetiana, the species with second high-
est mean cover. In conirast, mean plot fre-
guencies were similar for these 11 species,
ranging from 32.3% to 40.5% (Table 2).
An additional 14 species had IVs >1.0,
increasing the cumulative TV to more than
75 (Table 2). These species included a
single graminoid species, the woodiand
sedge Carex pensylvanica, four species of
open prairie-like habitats (Fragaria vir-
giniana, Potentilla simplex, Rosa caroli-
na, and Solidago graminifolia), the alien
shrub Rhamnus frangule, and seven spe-
cies that usually occur in {orest or wood-
land habitats (Table 2).

Table 1. Composition and structure of canopy and subcanopy live trees at Wolf Road Prairie, Cook County, Hlineds, based on 71 2.0025.ha plots.
Density is per hectars, and basal ares Iv square meters per heclare.
Relative Stem Relative Basal Relative Impartance
% Fregquency Fregquency Density Bensity Area B.A. value
Acer negundo 141 1.8% 388 6.70 0.0% .34 {3.96
Crataegus spp. 1.41 1.85 5.88 8.70 6.10 .39 0.98
Priues seroting 4.23 5.56 41.18 4.90 .69 271 439
Quercus ellipsoidalis 22.54 29.63 205,88 2448 8.7% 3870 30.94
Juercus macrocarpa 43.66 57.41 370.39 67.83 1422 56.19 61,48
Himus americana 282 370 1176 146 0.42 1.66 2.35
Total FH07 198 841.17 160 28.31 166 54
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Figure 4. Estimates of percent tree distribution by 0.05-m diameter size class and chronclogy of tree
eohort origin in savanna at Wolf Road Prairie. Based on 115 {ive trees sampled in 25m? plots, and the
regresskon equation: Tree Age = 14.4 +1.4 x diameter in om & = 0,69, p = 8.82).
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Figure 5 Five-year five ozl frequency and mesn anoual number of fres calls by the Westchester,
filineis, Fire Department to Walf Road Freirie hetwess 1955 and 1984,

Effects of Light Levels and Tree
Density on Vegetation Pattern

Tree density and light intensity were sig-
nificantly negatively correlated (r = 0,29,
P=0.01). TWINSPAN classified four spe-
cies plot groups corresponding to signifi-
cant light and tree density gradients (Fig-
ure 6a) extending from 7,950 {594 lux
under highest tree density (3.1 £0.58 trees
25 m™) to 45,920 {394} lux under lowest
tree density (0.56 20.29 trees 25 m?). This
range of light corresponds to 738.8-4267.7
FC, and approximate instantaneous PAR
readings ranging from ~143-827 mol
m? s (see Table 3 for comparison of mean
Lux, FC, and PAR). We refer 1o the highest
light category as a canopy-gap because
mean tree density was less than one stem
per plot, and tree sampling plots were great-
er than 5 m across (Brokaw 1982). Ground-
layer plots were most abundant in the two
TWINSPAN categories with lower light
levels, which accounted for 65% of all
plots. Mean ground-layer species richness
was significantly higher under higher Light
levels, with more than 12 species per plot
in canopy gaps and fewer than 10 under
greater canopy shade (Figure 6b). Alien
species richness, primarily Alliaria peti-
olaia and Solanum dulcamara, was signif-
icantly higher under lower light levels,
with more than one alien species per plot
in canopy shade and less than one in can-
opy gaps. Spatial vegetation structure also
responded to the light gradient, with grami-
noid species essentially restricted to cano-
py gaps {Figure 6¢).

The 25 mest abundant species e, spe-
cles with IV >1.0 and total IV >7%), were
aimast equally distributed among the thres
light levels, with dgnificantly different
frequency distributions for species in the
highest and lowest light level categories
{Figure 73, Species that were mosi ahun-
dant at lower light levels had greater im-
portance {total IV = 36.34) than spacies in
the intermediate (IV = 21.78) or high (TV
= 1821} ight level categories. Among the
eight species most important at lower light
tevels, the alien mustard Alliaria petiola-
ta, Anemonella thalictreides, Circaes lu-
tetiang, rewm spp., and Smilacing stellaig
were unimodally distributed. However,
Polyponum virginigruwm, Camassia scil-
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Table 2. Mean {+ BE) percent plot cover and fesquency, and importance values V) of ground
fayer vegetstion with IV >1.8 in savaone at Wolf Boad Praleie. Plot cover and freguency are
averaged among eight sampling transects, [Vs are based on relative eover and freguency sirong
ait 142 9 5.m¥plots.
Bean (= ¢} Mean (& se) Importance
Species % Cover % Fregquency Value
Camussia scifloides 40 x04 405 25,1 8.4
Circaen jwretiong 53 201 435 120 &7
Genm spp. 4.0 202 437 £10.4 50
Cormus racemosa 275 201 516 7.1 4.8
Emilacing stellata 3% 284 46.0 274 4.8
Euparorivem rugosum 15z 396 xd7 4.4
Rubus alflegheniensis 2.4 £.003 5243 £33 425
Al spp. 31 201 435 28.6 4.1
Solidage altissima 3.5 £01 31038 3e
FPolpgonum virginionum 29 201 3154 2536 33
Alliaria petiolata 15 201 323 £64 33
Cxalis siricio 1.9 201 310 w51 2.5
Carex pensylvanica 39 x02 132254 2.8
Anemonella thaliciroides 24 208 133258 23
Gerantunt maculatum 1.3 2003 M0 +28 2.3
Solidagoe graminifolia 2.0 208 47 £3.4 2.1
Rhaamnis frangida 1.2 2005 204 7.1 1.8
Helianthus strumosus 1.8 #.81 i24 £4.2 1.7
Polyvgongium canalicularmmn 1.0 2004 160 260 1.2
Potentilla simplex 6.9 £.004 14.4 242 i3
Smilacing racemosa 0.7 £.0062 143 2.2.2 iz
Rosa carcling 0.6 2002 6.3 =43 1.2
FPrunus sercling 0.6 +£.003 4.2 £.5.3 1.2
Aster sagimtifolius 0.5 £.002 149 .39 1.1
Fragaria virginiana 8.6 =003 103 +.3.1 1.0

loides. and Geranipm maculatum had
strongly bimodal distributions, with high
frequencies at low light levels and in light
gaps. In contrast, none of the important
high Hght level species were freguent in
the lowest light level categories. Important
woodland species at higher light levels
were the blackberry Rubus allegheniznsis,
the susflower Helignthus sorumeosus, apd
the sedge Carex pensylvanica. Other spe
ciey that were most shundant at higher
light levals, and which often occur in prai-
rigs, were the shrub Roso caroling, and the
herbacecus species Potensilla simplex,
Fragaria virginiang, Sofidage altissima,
and S graminifolic. As no species had
higher frequencies at intermediate Heht
levels, the nine species in this caiegory
appesr 1o be gengralists within the range

of light available at WRE. Three invasive
woody species were in this generalist cat-
egory: the native shrub Cornns racemosa
and tree Prunus serofing, and the alien
shrub Rhamnus frangule. Intermediate
herbaceous species were Aster sagitiifo-
lius, Bupatorivin rugosum, Oxalis siricia,
Allium spp.. Smilacing racemosa, and FPo-
Iygonamm canalicueloum.

The 66 less important species (IV <1.0)
were distributed discontinuously scross the
tight gradient (Table 3). Only seven of
these species are present in all four light
categories, and few appear to be resiricied
o the imtermediate light lovel at WRP
hirty-eight of the less imporiant specics,
2} of which were typleal praivis species,
a8 determined from Swink and Wilhelm

o

(1994}, were most frequent in the two high-
est Light levels, Thus, half of the uncom-
mon species contributed to species rich-
ness under higher light fevels, and the
majorily are prairie species. In addition,
ail but two prairie species had their highest
frequencies in the two highest light cate-
gories, and nine of the en species resgrict-
ed o the highest Hght category were prai-
rie species, including the characteristic
prairie grasses Andropogon gerardii and
A. scoparius. Other grass species { Elvmus
virginicus, Panicum implicatum, and FPog
sp.) were also restricted to the two highest
light categories. Among woody plants, the
prairie shrub Salix Aumilis, the grape vine
Vitis riparia, and the alien shrub Lonicera
iztarica were most abundant at higher light
levels. Corvlus americana, Smilax lasion-
eurq, FParthenocissus guinguefolia, and
Rhus radicans, were most frequent at low-
er light levels. However, C americana was
light sensitive, occurring along the edge of
the largest light gap and as small clopes
under subcanopy shade or in smaller can-
OpY Openings.

DISCUSSION

Temporal Persistence and Change in
Savanna Yegetation Structure

Savanna has persisted in the same position
at Wolf Road Praivie as recorded by the
Public Land Survey in 1820. Tree density
also appears (o have been stable until zbout
1955, probably due to fire resistance of the
adult trees and, possibly, reduced fuel loads
under tree canopies {Anderson and Brown
1983}, Although 2 gradual increase in tree
density had begun by the 19505, the most
dramatic change ocourred after 1563, when
the savanna oak grubs rapidly developed
inio a Quercus macrocarpa-dominated
subcanopy. This rapid change in a former.
ty stable community correlates with re-
duced fire frequencies (Cole and Taylor
1995)

Fire history and the condition of surround-
ing vegetation suggest that spadal siruc-
ture of the savanna ground layer at WRP
may have boen relatively siable unti] the
mid~1968s. Although no dats are availabls
on the hisioric composition of the savanna

:
f

grourdd aver, frequent fires and high licht
& &
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levels associated with an open canopy prob-
ably selected for high eraminoid cover
and reduced woody vegetation {Skarpe
1992}, We presume that prairie species
were important because they remain

apparently

$9% of all tree sample plots and 40.6% of
all rees had multinle stems, Supgoesting
they arose from grub sprouts.

The change in structure from an open matrix
with few canopy trees in 1963 1o a closed
canopy matrix with few gaps by 1995 has
shified commumity patch dynamics from

rde gap) toward forest (Tight gap)

processes (Belsky and Canham 1994). The
present ground layer composition probably
resulted from g vegetation chift correspond-
ing ¢ this change, with an expansion of
species adapted 1o lower and infermedinte
light fevels and loss of high light level £pe-
cies. This process would have restricied g
strong praivie component to the fow savanna
light gaps, causing the current rarity of most
of these species. Reduced fire freauency
sise may have directly affected the abun-
dance of prairic and graminoid species, Pru-
ka (1994a) found that sedges replaced ZTASSeS
under reduced light levels in o Wisconsin
savanna, but this transition is weak at WRP,
Bray {1958} recorded prairic species even in
the lowest light regime in Wisconsin savan-
nas, and af least some of his study siles had
been bumed (G. Ware, Morion Arboretum,
illinoig, pers. com. ). Prairie grasses and forbs
Increase with increased burning frequency
of sand savannas (Tester 1989), and fre-
quent fire increases cover of graminoid fuel
species in prairie (Collins and Glenn 1988,
Collins and Gibson 1990) and fen (Bowles
et al. 1996} vegetation. As a result, we hy-
pothesize that, in addition (o direct shading,
20 years of low fire frequency at WRP con-
tributed to the loss of prairie species, as well
as other graminoid species sech as Carey
peasyivanica, from areas of raduced 1 ght.

Relationship Between Canopy Light
Gradient and Species Distribution

The range of mean light intensities (8,000
46,000 lux) in savanna at WRP corresponds
to the range of lght intensitice (~8D0—
4,600 FC) that Bray (1958 found for par-
tial shade-adapted Wisconsin savanna spe-
cies. The highest mean light category at
WRP is approximately the midpoint of
Bray’'s intermediate light category for sa-
vanna (Table 18 in Curtis 1959

This resuricted savanna light gradient at
WRP now controls its ground-layer com-
position and structure. The positive asso-
ciation between species richness, high li ghi
levels, and low tree stem densities at WEP
correlates with other findings that fire pro-
cetion reduces ground-layer species rich-
i35 in cak savanna (Pruka 1994z, 19940
and flatwoods (Tafl et al, 1995} by reduc-
ng hight levels in these babiiats, Higher

alien species richness in reduced lght is

.
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due primarily o concentrations of the gar-
he mustard (Alliaria petiolaia), which col-
onzes bare ground at the bases of suboan-
opy trees, and grealer occurrences of
Solanum dulcamara under low Hght tev-
els. However, the invasive alien shrub

Rhamnus frangula ocours across the light
gradignt at WRP savanna. This species, as
well as the native dogwood Comus race-
mosz, 15 bivd dispersed; both species prob-
ably increased with use of the subcanopy
by birds. As indicated, Corvius america-

na, a characteristic savanna shrub {Cottam
1949, McAndrews 1966, Bowles and
MeBride 1994}, is much less frequent and
more restricted to canopy gaps at WRP,

Although prairie species, especially grass-
es, are essentially restricted to canopy gaps,
these habitats are dominated by nonprairie
species that probably shified into this hab-
itat as fire protection increased shade and
reduced graminoid competition. Indeed,
only four high-light-preferring species,
FPotentilla simplex, Rosa caroling, Helian-
this strumosus, and Carex pensylvanica,
are most abundant in canopy gaps. Two of
these species, P simplex and H. strumo-
sus, are strengly rhizomatous, which may
tacilitate rapid exploitation of this habitat,
For example, Rubus allegheniensis, the
most Importanl canopy-gap species, is
slightly more abundant at lower light lev-
els and could have easily spread into can-
opy gaps by its arching canes. The other
strongly rhizomatous or clonal species,
Comus racemosa, Solidago altissima, and
5. graminifolic, also predominate in the
second highest light level.

Species that occar in lower and intermedi-
ate light levels at WRP, such as Anemonel-
la thalictroides, Cirenea lutetiang, Gera-
aium maculatum, Smilacing racemosa, 5.
stellata, Polvgonatum canaliculatum, and
Polygonwm virginianum, may be spatially
stable “light-flexible herbs” (Collins et al,
1985). Such species tolerate shade, use
light {lecks, and flower and froit more
frequently in relation to inherent size or as
capopy gaps oredge develop (e g, Zangerd
and Bazzaz 1983, Lee et al 1986, Dahlem
and Boerner 1987, Piper 1989). However,
many of these species require disturbance
gaps for regeneration (Thompson [9807,
and their current spatial patterns may re-
flect past events and differing life-history
strategies. The bimodal distribution of
Camassia scilloides, Gomacnlatum, and B
virginignum, with high frequencies in
shade and light categories, suggesis that
they can tolerate dynamic canopy change.
Although not measured, shrub layer cover
above 1 m, especially from Rubus allegh-
erivnyis, becomes exiensive in paris of the
savanna by midsummer and probably fue-
ther reduces ground-layer Hght levels, As
aresult, ephemeral growth also may char-
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acterize some savanna species, allowing
completion of much of their growth cycle
before canopy closure (Gustafson and
Anderson 1994}, For example, C. scillofdes
and Allium canadense flower, disperse
seed, and senesce by midseason. Alfium
cernuum flowers later and often occurs in
prairie {Swink and Wilhelmn 1994}, The
-absence of species restricted to an inter-
mediate hght level at WRP suggests that
many noaprairie species that oceur in sa-
‘vanna are generalists. However, the re-
stricted range of light at WRP prevents
determining how such species are distrib-
uted across the wider range of light that
Bray found in Wisconsin savannas. Some
bimodal species {such as C. scifloides) are
clearly not typical forest or prairie species
and may be adapted to savanna habitat,

Restoration Needs and Implications

Wolf Road Prairie contains one of the few
remaining tracts of original midwestemn
savanna and has high conservation value
(Shafer 1995). While vegetation change is
natural and expected (Pickett et al. 1992),
and high fire frequencies that stabilized
savanna at the time of European settle-
ment were anthropogenic (Curtis 1959,
Cele and Taylor 1995), it is important to
restore the fire regime and open savanna
canopy structure to that which occurred at
WRP prior to 1955, Because of the posi-
tive relationship between light level and
species richness and the negative relation-
ship between light level and alien species
richness at WRP, such management would
increase small-scale species richness and
alpha diversity while reducing alien spe-
cies in a locally rare natural area. Such
restoration also could provide components
of a necessary reference system for com-
munity restoration {Aronson et al. 1995,
which currently is lacking for midwestern
savanna {Leach and Ross 1993). Perhaps
the greatest impediment o restoration is
the 2-ha size and fragmented nature of
savanna at WRP, which prevent restora-
ticn of landscape-scale processes (Hobbs
and Norion 1996},

A primary management objective should
be to restore former savanna canopy and
grub structure, while ailowing for recruit-
ment of new canopy trecs. Many of the

Table 3. Freguency distribution of uncemmon species IV <14 arranged by TWINSPAN plot
groups along a savanna light gradient at Wolf Read Prairie. A = alien, G = gramineid, P = prairie
species, W = woody, See Figures 6 and 7 for further description of Hght gradient. N = numbey
of plots in each group. Mean FC calcalated from the formula: 1FC = 10.76 lux. Mean insfanta.
neous PAR approsimated by the formula: fux x €.018 =mol m< g} (Biggs 1984,

Light Gradient
Mean Lux x 10% s 79.5 2594 OLS 223.99 272.6 +56.2 459.2 +5.94
Mean FC 738.8 830.4 25338 4267.7
Mean PAR ~143.1 ~164.7 ~390.7 ~826.6
N=44 N = 48 N=33 N=17
W Prunus virginiana i 4
Chenopodium album 4.5
W Quercus etlipsoidalis 4.5
Erythroniwm albidum 23
W Frazinus pennsylvanica 23
Sanicula gregaria 23
P Zizla aurea 23
Vi Crataegus spp. 6.8 4.2
W Corylus americana 2.3 12.5
A Epipactis helleborine 6.8 2.1
W Smilax lasioneura 20.5 104
A Arcrium minus 4.2
W Sambucus canadensis 23 3.0
A Sclanwm dulcamara 250 229 3.0
Prenanthes alba 8.3 6.1 59
Hackelia virginiana 9.1 2.1 3.0
W Rhus radicans 9.1 2.1 3.0
Lilivm michigananse 6.2 30
AW Rhamnus cathartica 18.2 4.2 3.0 39
Thalictrum dasycarpum 159 6.2 [ 118
W Parthenocissus quinguefolia 6.8 2.1 59
Solidago caesia 2.3 2.1 21.z
Convolvulus sepium 4.5 83 182
Bidens sp. 9.1 21 12.1
Aster lateriflorus 6.8 21 G.1
Hypericum sp. 2.1 6.1
Rubus oecidentalis 4.8 ig4 9.1 59
Viola spp. 136 12.5 242 17.6
W Vitis riparia 9.1 2.1 60 177
P Parthentum integrifolium 4.5 2.1 38
W Acer negundo 43 58
P Bodecaiheon meadia 4.3 59
P Silphium terebinthinaceum 3 2.1 A0 17.6
Agrimonia gryposepals 4.5 21 30 ite
Cirsinm spp. 4.5 36 58
G Elymus virginicus Z1
G Panicum implicatum é.1
Arizaema draceniium 30
P Aster laevis 30
G Cinna arundinacea 30
A Convaliaria majelis 34

table continued
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Fable 3, continned
Light Gradient
Mean Dux x 107 2se 795 #3854 915 22399 2726 £86.2 450.2 £5.94

Mean FC TIRE 8588.4 25338 42677
Mezn PAR ~143.1 ~i84.7 ~454.7 ~826.6
Now= 44 M= 48 Mo 33 M= i7

i Eryngium yuccifolium KR

Euparoriim serotinum 38

Uraura biennis KXt

Erigeron philadelphicus 30
A Tarazacwn officingle 2.1 6.1 itE
P Tradescantia chiensis 2.4 i7.6
Carex spp. 2 2.4 G 233
Asclepias purpurascens 2.1 59
G Poa spp. 6.1 39
PW Salix humilis 6.1 58
AW Lonicera tatarica 3.0 3.5
P Stlphium integrifolivm 30 54
F Solldage junceg 30 176
W Vitis vuiping 6.1 L8
F Monarda fistulosa ERH i1.8
P Sofiduge piganten 6.1 284
oGP Andropogon scoparius 35
A Daucus carota 35
P Helignthis prosseserratus 38
3 Coreopsis iripteris i1.8
P FPrenanthes aspera 18
3P Andropogon gerardii i78
¥ Oeypolis rigidior i7.6

oaks present on the 1985 aerial photo- ganimme such as insects (Panzer 1988

graph are still present in the savanna and
should bie retained while returming the 30-
year-old cohert to 2 grub level, Because
oaks sprout after fire {Curtis 1959, Ander-
son and Brown [983, Lorimer 1987, Re-
wh et al, 1990, Sieg and Wright 19963,
hurning would appear to facilitate resior-
ton of the grub laver. However, several
factors constrain this apmroach, Preszitle-

ment égrv a"ﬁsm:{i in a E’mdw&;} Con-

{Anderson 1982). As a resuls, hw“ inten-
¥ 7 fraginented
erve, annual

am\} in coniext

3

urning also must be ;&
£

need 1o protec

Further, 30-year-old subcanopy oals will
probably be vesistant {o top-killing by fire,
Two annual burns did net open 2 Wiscon-
sin ok forest canopy (Klne and McClin-
tock 1994) nor top-kill g macrocarpa
saplings (Hraska and Ebinger 19933, and
13 annual spring burns did not affect great-

at W?{r may %u %%g— re-
we fire effects on oaks. A necessary al-
ternative appears to be culting or gir {éiiﬁ;;
of the subcanony oaks, which would result
in resprouting and formation of a grub
laver that could then be maintained by
fire. Such weatments should be exper-
ing plots at leagt 23 m? in sive.
afzd canopy openings with

. &,

n 25 cmdbh O efs’fpms’dﬂfis { Whiia

tess than one wree to have significant ef-

ects on ground-laver vegetation. A oriti-
cal need is {o determine the appropriate
fire frequencies and Inensities needed 1o
maintain cak grubs,

A second objective in opening the savanns
caropy i3 1o allow spatal adjustment of
the WHF savanna ground-laver vegetasior

along the changing light gradient, includ-
ing maximizing native species richness,
and reducing aliens. These shifis in spe-
cies abundance also should be experimen-
tally monitored to provide importang sa-
vanna restoration information. For
example, what degree of canopy opening
threatens native low light level species,
and does bimodality in some species buff-
or against canopy reduction? The assem-
blage of species expected to colonize en-
larged canopy gaps is bikely o include
strongly clonal species in adjacent vegeta-
tion, or species with wind or animal dis-
persed propaguies, As gragses and sedges
are nearly eliminated, they may fail o
recolonize without introduction (Kiine and
MeClintock 1994, and their absence may
facilitate woody invasion of new canopy
gaps. Few savanna species have appeared
from soil seed banks after burning and
canopy restoration (Packard 1988h), and
late-successional prairie species which
might oceur in savanna are also poorly
represented in soil seed banks (Johnson
and Anderson 19863,

An important concern also i the need 1w
remove the alien shrubs R, frangula and R,
cetharticn from the savanna, especially
since they may expand into newly restored
canopy gaps. Prescribed burning iz not
always effective in permanently reducing
these species because they sprout after fire,
and sasg’éamc’:wa herbicide application
may required to remove them (Heidorn
- Frunus sercting slso responds pos-
o Hght gaps (McCune and Cotiam
am% may increase if buns are indre-
quent, Meally, Alliaria petiolaia should be
reduced by increasing lght Tevels, but it
aise may expand into new cancpy gaps i
thay are free of competition (Andersen et
al, 1996), such as from grasses. Mors in-
formation is needed on the abundance an
diversity of gfimﬁfwayef species al
savanna Hght gradients in relation 1o dif-
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fering burn freguencies in order to guide
their recovery al WRP and other savanna
restoraiions.

SUMMARY AND CONCLUSIONS

e

Because savannas on silt loam soils disap-
o soon afler Buropean setifement ¢
méé“%a criy North America, the restora-
tion management of savanna remnanis is
important; but preciss savanna models are
lacking and specific restoration goals are
uncertain, Wolf Road Prairie contalns one
of only & few mesic savanna remnanis, and
s vegetatton may bave been relatively
stable until the late 19605, Recent fire pro-
tection has allowed Q. macrocarpa and .
fzz;zs:;zdafm grubs o mature into a sub-
canopy that dominates the ground laver, 3
{andscape-scale process that ooccurred 2
century ecarhier throughout the Midwest
Although savannas are often thought to
have graminoid-dominated understories,
the presence of former oak grubs at WRP
suggests that this may have been 3 come-
mon savanna feature. The presence of cak
grubs aflows rapid conversion o forest
after fire suppression. Because most of the
WRP savanna canepy is now clossd, s
species align along only a portion of the
savanna Hght gradient identified by Bray
(19385 for Wisconsin savannas, and is
communily dynamics have shifted toward
gap processes. Despite the almost total
absence of graminoid species, forest spe-
cigs such as spring ephermerals also are
rare at WEP. The herbaceous species that
are present apparently provide a tare ex-
ample of savanna ground-layer compogi-
ton, such as dominance by Camassia scil-
foides. The positive relationship between
Hight and species richness, and the nega-
tive refationship between light and abien
richness ﬁ;ﬁ“mg“-’ shiggest that savanna mak-
agement ohjectives at WRP should include
igher light levels and fire fre-

JEared

guengizs. However, the maturity of sub-
canopy Feos &%’}d the iack of landscape-

limmit attempts o
reszf;z:fz fi”}i’mi;,’" ’;Wm% struchure w!iﬁ{&m
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