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Deer browsing and light availability limit post oak (Quercus stellata) sapling 
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A B S T R A C T   

Historically, oaks dominated the canopies of large regions of eastern North American forests, but at many sites 
current recruitment is insufficient to sustain oak dominance. Intense browsing by white-tailed deer (Odocoileus 
virginianus) and light limitation due to expansion by fire-intolerant tree species may cause poor oak recruitment. 
In a xeric woodland in Kansas USA, we used a deer exclusion experiment in natural canopy gaps to quantify 
effects of browsing and light availability on post oak (Quercus stellata) sapling performance, meaning growth and 
survival. Two weeks after beginning the experiment, a prescribed fire occurred that, due to natural burn het-
erogeneity, affected 29 of 31 experimental canopy gaps and top-killed 78.6% of experimental saplings. This 
allowed us to examine post-fire recovery in a sub-set of saplings. Our hypotheses were 1) ambient deer browsing 
intensity reduces post oak sapling performance, 2) sapling performance increases with gap size and light 
availability, 3) deer browsing effects on sapling performance vary with light availability, and 4) re-growth rate of 
saplings that were top-killed by fire is affected by light, deer browsing and the interaction of light and browsing. 
After five years, deer exclusion increased sapling growth in height and aboveground biomass. Sapling height 
growth was positively correlated with light. Deer effects on sapling performance generally were consistent across 
light environments. However, there was a weak pattern toward more negative effects of browsing in high light 
than in low light environments for saplings that re-sprouted post-fire. Protection from deer shortened the time 
required for saplings to re-attain their pre-fire height from five to three years. We conclude that deer browsing 
reduces post oak recruitment in canopy gaps in these xeric woodlands. Further, under current browsing intensity, 
fire return intervals less than five years will strongly limit oak recruitment.   

1. Introduction 

Globally, oaks (Quercus spp.) are a component of many ecosystems 
that are highly biodiverse and highly threatened. For example, world-
wide The Critical Ecosystem Partnership Fund identifies 36 ‘biodiversity 
hotspots,’ which are regions containing >1500 endemic plant species 
and having lost >70% of their native vegetation, and oaks occur in 18 of 
them (Carrero et al. 2020). Further, oaks are critical in structuring the 
plant and animal communities in ecosystems where they occur (Han-
berry and Nowacki 2019, Carrero et al. 2020). Therefore, declining oak 
dominance across a diverse set of forests and woodlands in North 
America (Abrams 2003, McShea et al. 2007), Europe (Ibáñez et al. 2015, 
Spinu et al. 2020) and Asia (Abrams et al. 1999) is an urgent conser-
vation concern. Although oaks still dominate canopies in many regions 
of North American eastern deciduous forest, recruitment of juvenile 
oaks to adult size classes began to decline during the middle 20th 

century (Lorimer 1984, Abrams 2003). Due to insufficient recruitment, 
Healy (1997) noted that oaks may be reduced to a minor forest 
component in eastern North America in the 21st century. Understanding 
causes of poor oak recruitment in eastern North America can be infor-
mative globally because recruitment to reproductive sizes is problematic 
in many oak-dominated ecosystems worldwide (Abrams et al. 1999, 
Ibáñez et al. 2015, Spinu et al. 2020). 

Oak recruitment failure in eastern North America is attributed to 
various factors, including fire suppression allowing light competition 
from later successional tree species, spread of native and exotic patho-
gens, and intensive deer browsing (Abrams 1992, McShea et al. 2007). 
Decreased fire intensities and frequencies in many eastern forests 
beginning in the late 19th and early 20th centuries (Aldrich et al. 2014, 
Nyamai et al. 2014) are correlated with greater canopy closure and 
replacement of oaks by more shade-tolerant, less fire-tolerant species, 
such as maples (Acer spp.) (Lorimer 1984, Nowacki et al. 1990). Even in 
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xeric regions of eastern deciduous forest, where most mesophytic tree 
species are absent, junipers, which are fire intolerant, may out-compete 
juvenile oaks (DeSantis et al. 2010, Andruk et al. 2014). Because oaks 
have intermediate to low shade tolerance, canopy gaps likely are 
important for oak recruitment. For example, oak saplings can grow well 
if they receive 20% to 50% of full sunlight (Hodges and Gardiner 1993, 
Gottschalk 1994) and such light intensities occur in gaps with a diameter 
to stand height ratio equal to 1.0 (Marquis 1965). 

In forests of northeastern, mid-Atlantic and Great Lakes regions of 
the United States, browsing by large populations of white-tailed deer 
(Odocoileus virginianus) often limits juvenile oak performance (Rooney 
2001, Rooney and Waller 2003). Healy (1997), working in 16 mature 
stands in Massachusetts, noted that oak recruitment occurred at deer 
densities of 3–6 deer/km2, whereas, recruitment was prevented for 
Q. rubra, Q. alba, Q. velutina and Q. coccinea at densities above 10 deer/ 
km2. However, the role of deer in affecting tree recruitment at broad 
spatial scales in eastern North America is disputed (Hanberry and 
Abrams 2019). Hanberry and Abrams (2019) argue that quantifying 
deer effects on sapling performance overestimates deer impact on tree 
recruitment because most juvenile oaks would die even without 
browsing. For this reason, quantifying effects of deer herbivory on 
sapling performance in canopy gaps is important. Such high light en-
vironments are locations where juvenile oaks have greatest chances of 
successful recruitment. In fact, Holm et al. (2013) used an individual- 
based forest model to demonstrate that deer effects on canopy tree 
composition, including representation of oaks, were strongest at high 
frequencies of gap formation. 

The role of abiotic resource availability in determining herbivore 
effects on plant performance is a long-standing debate in the ecological 
study of plant-animal interactions, with empirical studies producing 
conflicting results (Hawkes and Sullivan 2001, Wise and Abrahamson 
2007). Whether resource availability to plants mediates herbivore ef-
fects on plant performance depends upon how resources affect 1) 
amount of damage herbivores impose on plants and 2) plants’ abilities to 
compensate for damage. For oaks, light availability can affect tissue 
quality. Leaves of oak saplings from sunny environments often have 
greater condensed tannin concentrations, lower C: N ratios, lower water 
content and greater toughness than leaves of oak saplings in shadier 
conditions (Nabeshima et al. 2001, Stoepler and Rehill 2012), suggest-
ing that herbivory should decrease with increasing light. Empirical ev-
idence also suggests that juvenile oaks’ tolerance for tissue loss is 
influenced by light. However, whether tolerance is greater in high or low 
light environments remains unresolved. For example, Baraza et al. 
(2010), working with Mediterranean oak species in Spain, showed that 
Q. pyraneaica overcompensated in total biomass for simulated browsing 
in full sunlight but had equal compensation under 80% or 13% sunlight. 
By contrast, Q. ilex undercompensated at high and medium light levels 
with full compensation in shade. 

In the south-central United States, the Cross Timbers ecoregion, a 
landscape mosaic of oak woodlands, savannas and grasslands (Hallgren 
et al. 2012), represents the xeric extreme of eastern deciduous forest. 
Fire was an important ecological process in Cross Timbers vegetation 
historically and prescribed fires in early spring continue to be used for 
land management by some landowners. Allen and Palmer (2011) 
showed that fire return intervals in a Cross Timbers ecosystem in 
northern Oklahoma decreased from 3.36 years in the late 18th century 
to 1.21 in the 20th century, reflecting frequent prescribed burning by 
ranchers. However, the spatial extent of individual fires also decreased, 
indicating less intense fires. In Kansas, the Cross Timbers region has 
among the highest deer densities in the state (6.57 deer / km2; Kansas 
Department of Parks, Wildlife and Tourism, 2016). 

We evaluated browsing by white-tailed deer, light availability in 
canopy gaps and their interaction effect upon sapling performance, 
meaning growth and survival, of the dominant tree species, Q. stellata 
(post oak), in a xeric oak woodland. Shortly after we established our 
experiment, a prescribed fire occurred at our study site. Although burn 

intensity varied across the site, enough experimental saplings were top- 
killed to allow us to also consider effects of deer browsing and light 
availability on post-fire re-growth using a sub-set of saplings. Our hy-
potheses were 1) ambient deer browsing intensity in this region reduces 
post oak sapling performance, 2) post oak sapling performance increases 
with canopy gap size and light availability, 3) effects of deer browsing 
on post oak sapling performance vary with gap size and light avail-
ability, and 4) for post oak saplings that were top-killed by fire, light, 
deer browsing and their interaction affect re-growth rate. 

2. Methods 

2.1. Study site 

Our study site covers 0.3 km2 at Quivira Scout Ranch (37◦14′21.1′’N, 
96◦12′41.02′’W) in Chautauqua County, Kansas at the western edge of 
the Cross Timbers ecoregion (Fig. 1A). The 100-year mean annual pre-
cipitation and temperature for Chautauqua County are 93.6 cm and 
14.1 ◦C, respectively (NOAA National Centers for Environmental In-
formation, Climate at a Glance: Global Mapping, 2021). During this 
study, 2016–2021, conditions were wetter (mean = 109 cm, all years 
above average) and warmer (mean = 14.6 ◦C) than average. The canopy 
at the study site is dominated by post oak and, to a lesser degree, 
blackjack oak (Q. marilandica). Hickory (Carya spp.), elm (Ulmus spp.), 
Osage orange (Maclura pomifera), eastern red cedar (Juniperus virgin-
iana), and a few other tree species are minor canopy components. In 
2016, the median age of canopy post oaks at our study site was 96 years 
and mean canopy height was 9.7 m (Cory et al. 2019). This site was not 
actively managed in the 10 years before our study. However, in March 
2016 encroaching eastern red cedars were removed and a prescribed 
burn was conducted. Autumn spotlight surveys conducted at Quivira 
Scout Ranch 2017–2020 by the Kansas Department of Wildlife and Parks 
quantified deer densities as ranging from 13.4 deer/km2 in 2019 to 19.7 
deer/km2 in 2017. 

2.2. Study species 

Post oak is widespread in the eastern and central United States, 
reaching its southwestern range limit in eastern Kansas, Oklahoma and 
central Texas (Great Plains Flora Association 1986). Post oak grows 
slowly and can live 200 to 400 years (Stahle et al. 1996). In mesic 
portions of its range, it grows 15 to 18 m tall and 30 to 61 cm dbh (Burns 
and Honkala, 1990). At the western xeric edge of its range, mature trees 
are 9 to 12 m tall and 38 to 46 cm dbh. Post oak is shade intolerant and 
because of its slow growth, can be overtopped by other trees. Post oak is 
moderately resistant to fire and is more drought tolerant than white oak 
(Q. alba), black oak (Q. velutina) or northern red oak (Q. rubra) (Burns 
and Honkala, 1990). In the Kansas Cross Timbers, post oak experiences 
frequent deer browsing, but is of intermediate to low preference. 
Minette et al. (unpublished data) found that only Q. marilandica and 
J. virginiana were browsed less than post oak whereas Q. muehlenbergii, 
other red oaks (Q. velutina, Q. shumardii and Q. rubra), M. pomifera, 
Prunus serotina and Ulmus spp. suffered more browsing. Post oak saplings 
in the Cross Timbers often consist of multiple ramets from a single 
rootstock (Fig. 2). We considered multiple stems that emerged from the 
soil within 30 cm of one another and leaned away from each other to be 
ramets in a single genet (L. Russell, pers obs). We use ‘sapling’ to refer to 
the genet, often containing multiple ramets. 

2.3. Field methods 

To address the individual and interaction effects of canopy gap size 
and deer herbivory upon post oak sapling performance, we used a ‘split- 
plot’ experimental design with canopy gap size (small vs. large) as the 
between-plot treatment and deer herbivory (exposed vs. protected) as 
the within-plot treatment. We classified naturally-occurring canopy 
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gaps as ‘small’ if they were < 154 m2 in extended gap area and as ‘large’ 
if they were ≥ 154 m2. The ‘extended gap’ is measured to the bases of the 
trunks of trees at the gap periphery (Runkle 1982). The threshold of 154 
m2 was chosen because 1) oak saplings grow well in canopy gaps 
receiving 20% to 50% sunlight (Gottschalk 1994), 2) gap diameter to 
canopy height ratios ≥ 1 receive ≥ 50% sunlight (Minckler et al. 1973), 
3) the typical Cross Timbers stand canopy height is 12 to 14 m (Hallgren 
et al. 2012), and 4) a gap ratio equal to 1 for a 14-m diameter circle 
equals an area of 154 m2. In a search of the entire study site, thirty-one 
gaps that contained post oak saplings were identified (Fig. 1B). Gap area, 
calculated as the area of an ellipse, was estimated by measuring the two 
longest perpendicular axes of the extended gap. Of the 31 gaps, 20 were 
classified as ‘small’ (45 – 141 m2) and 11 were classified as ‘large’ (155 – 
377 m2). The range of extended gap areas in our experiment encom-
passes the range of gap areas found in a survey across eight Kansas Cross 
Timbers woodlands (Cory et al. 2019). 

Within each gap we selected at least one pair of naturally-occurring 
post oak saplings where the tallest ramet had a perpendicular height 
from 15 cm to 1.5 m. This height range was based on evidence that deer 

selectively browse stems 15 cm to 1.5 m tall (Latham et al. 2005, Benner 
2007). Saplings within a pair were of similar height. Saplings were ≥ 1 
m apart to ensure they were not from the same rootstock. We marked 
saplings with a Presco 45-cm orange PVC flag and a numbered metal tag 
at the base. 

Of the 31 gaps, we randomly selected 16 small gaps and 9 large gaps 
to be experimental gaps. For every sapling pair in a gap, one sapling was 
randomly selected to be encircled by a 1 m diameter × 1.2 m high fence 
(2.5 cm mesh) to protect from deer browsing starting in March 2016. 
The other sapling was left exposed to deer browsing and functioned as a 
control. Two 17.5 cm X 17.5 cm square holes were cut along the bottoms 
of exclosures on opposite sides to allow access by small animals. In total, 
50 saplings (25 protected vs. 25 exposed) were in small gaps and 50 
saplings (25 protected vs. 25 exposed) were in large gaps. 

We wanted to consider the possibility that fences in a gap may alter 
deer behavior within that gap. Therefore, no fences were established in 
the remaining four small gaps and two large gaps and they served as 
controls for effects of fencing on deer use. A total of 10 saplings were 
monitored in small control gaps and 10 saplings were monitored in large 

Fig. 1. Panel A shows the location of the study site, Quivira Scout Ranch (QSR), in southeastern Kansas. The Cross Timbers ecoregion in Kansas is outlined. Panel B is 
an aerial image of the study site with locations of the 31 canopy gaps in the experiment indicated by circles. Large circles represent large gaps and small circles 
represent small gaps. 
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control gaps. 
For each sapling, we quantified number of live ramets per genet, 

perpendicular height of tallest live ramet, lengths of all live ramets, basal 
diameter of all live ramets, and number of live ramets recently browsed. 
Basal diameter of all live ramets was quantified using calipers to mea-
sure stem diameter at the soil surface for each ramet in the genet and 
then adding those diameters. We considered a ramet to be browsed by 
deer if the apical meristem on the main shoot or on one or more lateral 
branches was removed and showed torn epidermis, as opposed to the 
clean, angular cuts of rodents. Number of browsed branches on a single 
ramet was not recorded. To consistently identify ramets of the same 
genet for subsequent measurements, the base of the sapling was encir-
cled with a 30-cm diameter wire loop. Measurements were taken in 
March, June, and September 2016–2018 and then annually 2019–2021 
in March-April. Therefore, data were collected across 12 censuses. 

To identify a non-destructive means of estimating sapling above-
ground biomass, one post oak sapling that was not being used in the 
experiment per gap was measured (number of ramets, perpendicular 
height, lengths of all ramets, and basal diameter of all ramets) and then 
harvested (cut at the soil surface) in September 2016. To emulate the 
perpendicular height range of the experimental saplings, the height 
range of the tallest ramet for the harvested saplings was 13 to 80 cm. By 
2021, some experimental saplings had grown beyond the height range of 
this original sample, so we augmented our data set with larger sacrificial 
saplings. In July 2021, we measured and harvested one post oak sapling 
that exceeded 80 cm tall (range: 82 cm – 176 cm) in 12 randomly- 
selected experimental gaps. All 43 saplings harvested in 2016 and 
2021 were dried in a Yamato mechanical convection oven DKN810 at 
60 ◦C for 3 days and then weighed. After log transforming aboveground 
biomass to meet homoscedasticity and normality assumptions, multiple 
linear regression was used to identify a model based on number of ra-
mets, length of all ramets and basal diameter of all ramets that estimated 
aboveground biomass. This procedure produced the following equation 
(R2 = 0.915). 

Ln(aboveground biomass) =2.382+ 0.077(total ramet basal diameter)
− 0.147(number of ramets)
+ 0.007(total ramet length)

Light may be a limiting resource for post oak saplings. To determine 
if gap size could be a proxy for light availability, light measurements 
along the 1/4, 1/2, 3/4 lengths of the two longest perpendicular axes of 
each gap were taken in June 2016 using an AccuPAR LP-80 ceptometer 
to measure photosynthetic available radiation. However, there was no 

significant correlation between light availability and gap size (r = 0.349, 
p-value = 0.054). Hence, in addition to sampling light along the two 
longest perpendicular axes, we measured light directly above each 
sapling in September 2016, and in April, June and September 2017, 
2018 and 2019. We measured light within a 4 h interval straddling solar 
noon. For each sapling, we used the mean of these ten measurements as 
an index of light availability to the sapling. 

To further characterize the light environment experienced by sap-
lings, we took hemispherical canopy images above each sapling in early 
October 2019. In our region, early October is before substantial leaf 
abscission. We used a Canon Rebel T3i EOS 600D digital camera with a 
Kenko fisheye 180◦ lens to take the images. Images were taken 1 m 
above the soil surface, after levelling the camera. We used the computer 
program Image J to determine the proportion of open sky (vs. foliage 
and branches) above each sapling. To analyze images, we converted 
each image to binary shading and then increased the threshold until the 
black area in the image represented the coverage of leaves and branches. 
We verified correct representation of the canopy in the binary image by 
comparing it with the original image. Open sky fraction was calculated 
as the quotient of the number of pixels of open sky divided by the total 
number of pixels in the circular field of the image. 

After the post oak saplings were tagged, measured and fenced in 
March 2016, a prescribed fire was set by the landowners. While the fire 
burned much of our study site, there was no attempt to compensate for 
natural heterogeneity in fire spread, so a minority of experimental 
saplings were unburned (see section 3.3). To determine if deer-exclusion 
fences sheltered saplings from the fire, we recorded sapling ramet top- 
kill. We also categorized the degree of melting of the PVC flags as ‘no 
melting or singeing’, ‘some melting or singeing’, ‘extensive melting’ and 
‘absence of flag’. 

2.4. Statistical analysis 

All statistical analyses were completed in the R environment version 
3.3.1 (R Core Team 2016). R packages used include blmeco (Korner- 
Nievergelt et al. 2015), car (Fox and Weisberg 2011), lme4 (Bates et al. 
2015), lmerTest (Kuznetsova et al. 2016), piecewiseSEM (Lefcheck 
2015), psych (Revelle 2016), and rcompanion (Mangiafico 2017). All 
mixed model analyses included gap identity as a random effect. 

To evaluate factors affecting deer browsing intensity on saplings, we 
used browse damage that we observed in June 2016 through March 
2021 censuses. We did not use browse damage observed in March 2016 
because these initial measurements were taken before installing deer 
exclosures. For each sapling, we quantified browsing intensity as ‘cu-
mulative proportion of ramets browsed’ - the quotient of the sum of all 
ramets browsed on a sapling across the 11 censuses divided by the sum 
of all ramets available on the sapling across those censuses. To deter-
mine whether the presence of fences in a gap affected deer browsing 
intensity on unfenced saplings in the gap, we used a generalized linear 
mixed model with a binomial error distribution and ‘gap type’ (experi-
mental vs. control) as the fixed independent variable. We also used a 
generalized linear mixed model to evaluate whether cumulative pro-
portion of ramets browsed was related to canopy gap size, light avail-
ability above the sapling, and mean sapling height for unfenced saplings. 
‘Mean sapling height’ was the mean height of a sapling across all 12 
measurements between March 2016 and March 2021. March 2016 
height could affect browsing by June 2016 and, hence, was included in 
mean height, even though browse damage in March 2016 was not 
analyzed for reasons described previously. 

To explore seasonal patterns in the occurrence of fresh browse 
damage, for each unfenced sapling we calculated the cumulative pro-
portion of ramets browsed in all censuses from June 2016 to March 2019 
(three years of data for each season). We performed a generalized linear 
mixed model with the proportion of available ramets browsed as the 
dependent variable, and season as the fixed explanatory variable. 
Because individual plants were measured repeatedly, plant identity was 

Fig. 2. A post oak genet, which we refer to as a sapling, consisting of multiple 
ramets arising from a shared rootstock. 
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included as a random effect. 
To quantify sapling growth during the experiment, we calculated 

proportional changes in estimated sapling aboveground biomass and in 
sapling height (height of the tallest ramet). Proportional change in 
sapling size (whether aboveground biomass or height) was calculated by 
subtracting March 2016 size from March 2021 size and dividing by 
March 2016 size. To meet normality and homoscedasticity assumptions, 
we log-transformed both proportional change in sapling aboveground 
biomass and proportional change in sapling height. Linear mixed models 
were used to analyze natural log-transformed proportional change in 
aboveground biomass and natural log-transformed proportional change 
in height. Because gap area was unrelated to light availability to saplings 
or browsing intensity on saplings (see Results), it was not included in 
growth models. Instead, the fixed independent variables were light 
availability above the sapling, deer-exclusion treatment and their 
interaction. We investigated any light X deer exclusion interaction ef-
fects by dividing the data set into ‘high light’ and ‘low light’ saplings, 
based upon whether the mean light availability above the sapling was 
above or below the median value, and analyzing the effect of deer 
herbivory in each group of saplings. 

We compared re-growth rate of saplings that were top-killed in the 
fire and subsequently re-sprouted with growth rate of saplings that were 
not top-killed. Since we were interested in re-sprout growth potential, 
we analyzed saplings that were protected from deer. Top-kill status 
(complete top-kill vs. incomplete or no top-kill) was the only fixed effect 
in the models. Dependent variables were change in height or above-
ground biomass between June 2016 (the census following the fire) and 

March 2021. This likely underestimates re-sprout growth because some 
re-growth occurred between the fire and the June census. 

We used linear mixed models to examine the effects of canopy gap 
area on mean light availability and open sky fraction above experi-
mental saplings. Although open sky fraction was a proportion, it did not 
violate normality and homoscedasticity assumptions. We also used 
linear mixed models to examine the relationship between open sky 
fraction and mean light availability above experimental saplings. We 
used a t-test and linear regression to determine whether mean light 
availability systematically sampled along the long and perpendicular 
axes of a gap was related to gap area. 

Fisher’s Exact Tests were used to determine if deer-exclusion fences 
influenced the effect of the March 2016 fire upon experimental saplings. 
In one Fisher’s Exact Test we addressed whether the intensity of fire 
exposure, as described by our four categories of PVC flag melting, was 
independent of fence presence / absence. In a second test we addressed 
whether the extent to which a sapling’s aboveground ramets were top- 
killed in the fire (none, partial, complete) was independent of fence 
presence / absence. We used a generalized linear mixed model with a 
binomial error distribution to evaluate whether the probability that a 
sapling experienced complete ramet die-back in the fire was related to 
gap area or sapling height. 

Fig. 3. Deer browsing intensity and frequency on exposed post oak saplings. Panel A is a frequency distribution of the ‘cumulative proportion of ramets browsed,’ 
calculated as the quotient of the number of ramets browsed on a sapling across all 11 censuses divided by the total number of ramets available on a sapling across all 
11 censuses. Panel B is a frequency distribution of the number of censuses, out of 11, in which fresh browse damage was detected on a sapling. 
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3. Results 

3.1. Deer browsing and its effects on sapling performance 

During our five-year experiment, 86.6% (58 of 67) of exposed post 
oak saplings were browsed by deer. Nevertheless, browsing appeared to 
be of low to moderate intensity and frequency. Most exposed post oak 
saplings (61.2%) had ≤ 10% of available ramets browsed (Fig. 3A; mean 
= 9.65 (±0.9)). The two saplings with the highest browsing intensities 
had > 30% (31.2%, 32.4%) of ramets browsed. The median and 
maximum numbers of censuses in which an exposed sapling had new 
browsing damage were 3 (median) and 8 (maximum) out of 11 censuses 
(Fig. 3B). The frequency of recent browse damage was 2-3X greater in 
March censuses (12.7% ± 0.02) than in June or September censuses 
(LRT = 41.2, p < 0.001; June: 5.2% ± 0.01, Sept: 4.2% ± 0.01), sug-
gesting deer used post oak saplings more in winter than during the 
growing season. Presence of deer-exclusion fences in a canopy gap did 
not affect browsing rates on exposed saplings in the gap (p = 0.487); 
fences neither attracted nor repelled deer. By June 2016, the census after 
the fire, all saplings that were exposed to deer, including those that were 
top-killed by fire, exceeded 15 cm tall. Therefore, browse patterns that 
we report are not compromised by including re-sprouts that were too 
short to be browsed by deer during the entire March 2016 – June 2016 
interval. 

Browsing intensity was strongly, positively related to sapling height 
(Fig. 4; LRT = 13.33, p < 0.001). Neither canopy gap size nor light 
availability above a sapling was related to browsing intensity (p-values 

> 0.5). 
For all post oak saplings, including those that were top-killed in the 

March 2016 fire and those that were not top-killed, exposure to deer 
herbivory significantly reduced their relative change in height (Fig. 5A; 
F1,108 = 17.83, p < 0.001) and their relative change in aboveground 
biomass (Fig. 5B; F1,108 = 7.46, p = 0.007). By March 2021, protected 
saplings increased in height by 32.4% and increased in aboveground 
biomass by 30.8%. Exposed saplings experienced no change in height 
and decreased in aboveground biomass by 19.9%. All experimental 
saplings survived from March 2016 to March 2021. No sapling grew 
above the browse line, 150 cm, by March 2021. 

3.2. Light availability and its effects on sapling performance 

Gap area, whether treated as a continuous variable or a categorical 
variable, was not related to either the mean light availability or the 
fraction of open sky above experimental saplings (p-values > 0.18). 
Similarly, gap area was not related to mean light availability when light 
was systematically sampled along the two longest perpendicular axes 
within each gap (p-values > 0.5). Mean light availability above exper-
imental saplings was significantly, positively related to the open sky 
fraction above the sapling (LRT = 33.647, p < 0.001). This significant, 
positive correlation suggests that our light measurements accurately 
summarize the relative light environments of experimental saplings. 

Relative change in sapling height (F1,108 = 6.23, p = 0.014) was 
significantly, positively related to light availability above the sapling. 
Relative change in sapling aboveground biomass was not significantly 

Fig. 4. Relationship between exposed post oak sapling height (height of tallest ramet) and browsing intensity, the cumulative proportion of ramets browsed. Solid 
line represents the predicted browse intensities from the generalized linear mixed model with a binomial error distribution (logit link function); number of ramets 
browsed / total ramets available = -2.36 – 0.148(gap size small) + 0.057(standardized light availability above sapling) + 0.286(standardized sapling height). 
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related to light availability (p = 0.103). However, this lack of a rela-
tionship was strongly influenced by two outlying data points; one of 
which was a sapling that grew little in spite of abundant light and the 
other increased greatly in aboveground biomass in average light. After 
removing these outliers, there was a strong, positive relationship be-
tween relative change in sapling aboveground biomass and light (F1,106 
= 8.69, p = 0.004). 

3.3. Characteristics of the March 2016 fire 

To understand our results related to joint effects of deer and light 
availability and related to post-fire re-growth of saplings, it is important 
to understand characteristics of the March 2016 fire. Saplings in 29 of 31 
experimental gaps were affected by fire. Following the fire, 78.6% of 
experimental saplings experienced complete top-kill of all ramets and 
9.8% experienced top-kill of some ramets. All of these saplings re- 
sprouted. When protected from deer, saplings that re-sprouted after 
complete top-kill had marginally significantly more rapid growth in 
height (complete top-kill (mean ± se): 38.43 ± 3.59 cm, incomplete top- 
kill: 24.67 ± 6.46 cm; F1,44 = 3.27, p = 0.078), but not in aboveground 
biomass (complete top-kill: 115.15 ± 17.84 g, incomplete top-kill: 223.0 
± 121.54 g; F1,42 = 0.31, p = 0.764) than saplings that were not top- 
killed completely. 

Deer-exclusion fences did not influence the intensity of the burn (p =
0.266), as quantified by the conditions of PVC flags adjacent to experi-
mental saplings. Ramet top-kill was equally common for fenced and 
unfenced saplings (p = 0.88). Top-kill was unrelated to the size of the 

canopy gap in which the sapling occurred or to sapling size before the 
fire. 

3.4. Joint effects of browsing and light availability on sapling performance 

Neither the effect of deer herbivory upon relative change in sapling 
height nor its effect upon relative change in sapling aboveground 
biomass was influenced by the light availability above the sapling 
(height: p > 0.19). In other words, for all experimental saplings, 
meaning those that were top-killed in the fire and those that were not 
top-killed, effects of light and deer herbivory were independent. 

Relative change in height of post oak re-sprouts, meaning those 
experimental saplings that were top-killed in the March 2016 fire, was 
strongly suppressed with deer present (F1,80 = 15.65, p = <0.001) and 
increased with light availability (F1,80 = 6.21, p = 0.015). Further, there 
was a marginally significant interaction effect between deer presence 
and light (Fig. 6; F1,80 = 2.91, p = 0.092). Deer reduced the relative 
change in height of re-sprouts regardless of light availability, but the 
suppressive effect of deer was larger in high light environments. For the 
relative change in aboveground biomass of re-sprouts, results were the 
same as for all experimental saplings; deer strongly suppressed relative 
growth in aboveground biomass (F1,80 = 9.77, p = 0.002), light avail-
ability was marginally significantly, positively related to relative growth 
in aboveground biomass (F1,80 = 3.28, p = 0.074) and effects of deer and 
light were independent (p = 0.332). 

Fig. 5. Effect of deer upon post oak sapling growth March 2016 – March 2021. Panel A is the proportional change in sapling height for saplings exposed to deer vs. 
saplings protected from deer. Panel B is the proportional change in sapling aboveground biomass for exposed vs. protected saplings. Back-transformed means ±
standard errors are shown. 
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3.5. Browsing effects on post-fire recovery of top-killed saplings 

Exposure to deer herbivory lengthened the time required for re- 
sprouting post oak saplings to attain their pre-fire size. Protected sap-
lings’ mean height was not significantly different from their pre-fire 
height three years after the fire (March 2019) and was significantly 
greater than their pre-fire height after five years (March 2021) (Fig. 7A). 
Five years after the fire, protected saplings were, on average, 28.4% 
taller than before the fire. Exposed saplings’ mean height only attained 
their pre-fire height five years after the fire, a recovery that was two 
years longer than protected saplings. Five years after the fire, exposed 
saplings were, on average, 3.2% shorter than before the fire, but 95% 
confidence intervals overlapped zero. 

Exposure to deer herbivory also delayed saplings’ post-fire recovery 
in aboveground biomass. Protected saplings’ mean aboveground 
biomass was not significantly different from their pre-fire biomass three 
years after the fire and was significantly greater than their pre-fire 
biomass in five years (Fig. 7B). Five years post-fire, protected saplings 
were, on average, 48.6% larger in aboveground biomass than before the 
fire. Exposed saplings’ mean aboveground biomass was not significantly 
different from their pre-fire biomass four years after the fire (March 
2020), a recovery that was one year longer than protected saplings. Five 
years after the fire, exposed saplings were, on average, 11% smaller in 
aboveground biomass than before the fire, but 95% confidence limits 
overlapped zero. 

4. Discussion 

4.1. Individual and joint effects of deer browsing and light availability 

Our results demonstrate that both ambient deer browsing intensity 
and variation in light availability within natural canopy gaps affected 
post oak sapling growth at the xeric edge of eastern deciduous forest. 
Hanberry and Abrams (2019) argued that studies, such as ours, that 
quantify deer effects upon tree seedling and sapling performance may 
overestimate deer impacts upon tree recruitment. Even without deer, 
many juvenile oaks die before reaching reproduction (Hanberry and 
Abrams 2019). However, we demonstrate strong effects of deer 
browsing upon post oak saplings under high light conditions where 
successful recruitment in the absence of deer is most likely. In fact, in the 
highest light environments in our study, saplings re-sprouting after fire 
grew vigorously. For this reason, we think that the reductions in sapling 
growth from deer browse indicate suppression of oak recruitment. 
Consistent with results from other eastern forests (Russell et al., 2017), 
deer densities > 13 deer/km2 strongly affect juvenile oak growth and, 
most likely, recruitment. 

Deer suppressed post oak sapling growth despite low browsing in-
tensities. Similarly, Speed et al. (2013) demonstrated that low browsing 
intensity can suppress sapling growth; height growth of rowan (Sorbus 
aucuparia) saplings was reduced when only 20% of stems experienced 
red deer (Cervus elaphus) browsing in the spring. For comparison, rates 
of spring (March) browsing on post oak were 12.4%. Suppression of 
height growth at low browsing intensities might be expected. One bite 

Fig. 6. Marginally significant interaction effect of light and deer presence on proportional change in height for saplings that re-sprouted after the March 2016 fire. 
Saplings were categorized as “high” or “low” light availability according to whether their mean light availability was above or below the median light availability. 
Back-transformed means ± standard errors are shown. 
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on the tallest stem could break apical dominance and redirect resources 
to lateral branches, reducing vertical extension. However, we also found 
that low browsing rates suppressed aboveground biomass. In fact, 
among post oak saplings that were top-killed by fire, saplings that were 
exposed to deer, on average, shrank in aboveground biomass over five 
years. Individual plant biomass probably best reflects the quantity of 
resources available to a sapling to compensate for future tissue loss. 
Current deer browsing intensity will erode a sapling’s capacity to 
tolerate tissue loss. This bolsters the argument that deer reduce rates of 
juvenile oak recruitment to reproductive size classes in our xeric 
woodland site. 

The fact that our study included a prescribed fire raises the possi-
bility that browsing rates on post oak saplings that we observed could 
reflect an effect of fire on deer behavior. Fire has been shown to affect 
deer habitat use, either attracting deer to recently burned areas that 
have more nutritious forage or repelling deer from areas with reduced 
understory cover and, hence, increased predation risk (Cherry et al. 
2017). During our study, fire occurred in one of five years, which is 
similar to a fire regime that land managers might employ to mimic 
historical fire frequencies (Allen and Palmer 2011). Therefore, while the 
March 2016 fire may have had some effect on deer behavior, the 
browsing intensity that we document is probably typical of a managed 
Cross Timbers woodland. 

Although oaks have intermediate to low shade tolerance, water 
might be more limiting than light at the xeric edge of a species range. 
Ibáñez et al. (2015) hypothesized that negative effects of water scarcity 
in canopy gaps may outweigh benefits of increased light in xeric 

woodlands, at least in dry years. Further in Oklahoma Cross Timbers 
woodlands, Karki and Hallgren (2015) found no relationship between 
canopy gap size and tree recruitment and hypothesized that drought 
stress prevented saplings from benefitting from light in gaps. Our results 
call into question the Karki and Hallgren (2015) hypothesis for limiting 
resources in xeric Cross Timbers woodlands in two ways. First, we found 
that light availability limited post oak height growth. Second, gap size 
was uncorrelated with light availability. Water availability likely was 
very similar between our study site and sites in Karki and Hallgren 
(2015). Karki and Hallgren (2015)’s sites had higher temperatures 
(16 ◦C) than ours (14.6 ◦C), but mean annual precipitation at sites in 
Karki and Hallgren (2015) was 109.0 cm, the same as mean precipita-
tion at our site 2016–2021. Therefore, our differing conclusions are 
unlikely to reflect differences in water availability. Alternatively, the 
differing outcomes may occur because Karki and Hallgren (2015) based 
their hypothesis on the absence of a relationship between gap size and 
sapling recruitment, but gap size may not predict light availability. Our 
results suggest that light remains a limiting resource for oak saplings in 
xeric woodlands. 

Long-standing, competing conceptual models hypothesize 1) greater 
(Price 1991) or less (White 1984) herbivore attack on plants under 
higher resource conditions, and 2) greater (Maschinski and Whitham 
1989) or less (Hilbert et al. 1981) plant compensatory ability with 
higher resources. While light limits post oak sapling growth in our xeric 
woodland, we found no evidence that the extent to which deer browse 
saplings depended on light availability. Similarly, deer effects on post 
oak sapling performance, over the five years of our study, was 

Fig. 7. Effect of deer upon growth from March 2017 – March 2021 of post oak saplings that re-sprouted after the March 2016 fire. Panel A is the growth trajectory 
based upon proportional change in sapling height for re-sprouting saplings exposed to deer vs. saplings protected from deer. Panel B is the growth trajectory based 
upon proportional change in aboveground biomass for exposed vs. protected re-sprouting saplings. Back-transformed means ± 95% confidence intervals are shown. 

B.J. Cory and F. Leland Russell                                                                                                                                                                                                             



Forest Ecology and Management 519 (2022) 120346

10

independent of light availability, under most circumstances. However, 
the one exception to independent effects of browsing and light on post 
oak sapling growth suggests that growth rates of undamaged plants may 
play a central role in generating interaction effects between herbivory 
and resource availability. Specifically, for the sub-set of saplings that re- 
sprouted after the fire, we found a marginally significant pattern of 
stronger suppression of height growth by browsing in higher light than 
in lower light environments. Abundant light allows rapid height growth. 
Further, we found a trend toward more rapid height growth in re- 
sprouting saplings than saplings that were not re-sprouting. Therefore, 
re-sprouts in high light environments were the sub-set of experimental 
saplings that had the greatest potential rate of height growth. As pre-
dicted by Hilbert et al. (1981), under conditions that promote high 
growth rates, damaged plants may have difficulty matching the per-
formance of rapidly-growing, undamaged neighbors. 

4.2. Management implications 

With reduced fire frequencies and intensities in many eastern North 
American forests, there is widespread concern that oaks will be replaced 
as the dominant canopy species by less fire-tolerant, more shade-tolerant 
competitors. In Cross Timbers woodlands, our results suggest that deer 
browsing could slow oak replacement by mesophytic tree species. Post 
oak is unpreferred deer browse, yet deer still suppressed its sapling 
growth. Unless preferred species, including Ulmus spp., P. serotina and 
M. pomifera, have stronger compensatory responses than post oak, deer 
browsing probably suppresses their growth even more than growth of 
the two dominant oaks, post oak and blackjack oak. However, while 
deer browsing may slow succession to mesophytic tree species, it will 
not buffer these xeric woodlands against all successional change. 
Because deer rarely consume junipers, browsing will not retard juniper 
encroachment at sites without prescribed fire. 

By addressing effects of deer browsing upon growth of juvenile post 
oaks that re-sprouted after a fire, our results can inform decisions con-
cerning prescribed fire frequency under current deer densities. Ambient 
levels of deer browsing lengthened the time required for post oak sap-
lings to re-attain their pre-fire size from three growing seasons to four 
and five growing seasons for aboveground biomass and height, respec-
tively. Further, although 95% confidence intervals overlapped zero, 
mean changes in sapling aboveground biomass and height remained 
negative after five growing seasons. Fire return intervals shorter than 
five years may prevent most juvenile post oaks from progressing toward 
recruitment. Therefore, if a manager’s goal is to maintain post oak- 
dominated woodlands with mostly closed canopies then fire return in-
tervals greater than five years probably are necessary. By contrast, if a 
manager’s goal is to maintain an open woodland or savanna then, under 
current browsing intensity, fire return intervals at least as frequent as 
the historical 3.36 year return interval for this region (Allen and Palmer 
2011) would be appropriate. Because fires do not burn uniformly, even 
3–4 year return intervals probably would allow limited post oak 
recruitment by saplings that escape one or more fires. 

4.3. Conclusions 

To return to our four hypotheses, first, the current deer density at our 
study site, which averaged > 13 deer/km2, reduced sapling growth of 
even a less-selected tree species, such as post oak. Because these effects 
occurred in canopy gaps, where oak recruitment is most likely, our re-
sults suggest deer suppress oak recruitment. Second, light availability 
limited post oak sapling height growth. However, sapling height growth 
and light availability are unrelated to canopy gap area. Differing canopy 
heights and shapes of our experimental gaps may obscure correlations 
between gap area and light. Third, effects of deer browsing and light on 
sapling performance generally were independent. However, results for 
the sub-set of post oak saplings that re-sprouted after fire suggest that 
herbivory X resource availability interaction effects might arise with a 

greater range of sapling growth rates. This hypothesis might be tested by 
including saplings growing under in-tact woodland canopies in a future 
experiment. Fourth, deer browsing extended the time required for post 
oak saplings that were top-killed by fire to re-attain their pre-fire size. 
Therefore, while management prescriptions should be informed by 
historical fire regimes, novel deer densities may produce different 
vegetation physiognomies than those that occurred under those fire 
regimes historically. Our results illustrate that conserving oak- 
dominated landscape mosaics of woodlands, savannas and grasslands 
requires understanding how ungulate browsing interacts with other 
ecosystem drivers, including fire and its effects on light, to determine the 
quantity and species composition of tree recruitment. 
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