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Forest ecosystems dominated by Tsuga canadensis are undergoing fundamental changes in function and composition from infestations by hemlock woolly adelgid (Adelges tsugae). We proposed that the ﬁrst step to restoring
southern Appalachian riparian forests following T. canadensis mortality would be eliminating the evergreen
shrub, Rhododendron maximum. We hypothesized that removing R. maximum would increase light transmittance,
soil moisture and temperature; and subsequently, enhance herbaceous-layer diversity and promote tree seedling
recruitment and survival. We tested these hypotheses at two locations, (CWT, Coweeta Hydrologic Laboratory;
WOC, White Oak Creek) in the Nantahala Mountain Range of western North Carolina, both with heavy T.
canadensis mortality and a dense R. maximum subcanopy. The treatments were designed to remove only soil Ohorizon (FF), remove only R. maximum (CR), remove R. maximum and soil O-horizon (CFFR), and untreated,
reference (REF). We installed permanent plots across treatments and locations and measured light transmittance
(Qi/Qo), soil water content (θ), herbaceous-layer cover and diversity (Shannon’s index (H′cover) and species
richness), and tree seedling recruitment.
As expected, cutting the R. maximum subcanopy (CR and CFFR) immediately increased Qi/Qo in the spring
months across locations, and it was sustained through the ﬁrst growing season. θ was generally high across plots,
averaging 26% during the growing season, and didn’t vary over time. By the second growing season (2017) after
treatments, herbaceous-layer cover and diversity increased on CR and CFFR. Herbaceous-layer cover was signiﬁcantly related to Qi/Qo (r2 = 0.22, p < 0.001) and θ (r2 = 0.13, p = 0.009), while diversity was only related
to Qi/Qo (H′cover, r2 = 0.14, p < 0.001; species richness, r2 = 0.21, p < 0.001). Tree seedling density was related to Qi/Qo (r2 = 0.10, p = 0.001) and θ (r2 = 0.26, p < 0.001). Tree seedling density was low before
treatment (1.4 ± 0.3 seedlings m−2) and increased by 10-fold in CR and CFFR two growing seasons after
treatment. In CR, species with the highest density ranked Betula spp. > Acer rubrum > Quercus
coccinea > Liriodendron tulipifera > Q. rubra. In CFFR, tree seedling recruitment ranked Betula spp. > A.
rubrum > L. tulipifera. These vegetation responses have important implications for potential recovery of riparian
forests following T. canadensis mortality.

1. Introduction
Forest ecosystems dominated by Tsuga canadensis (L.) Carrière are
undergoing fundamental changes in function and composition from
infestations by hemlock woolly adelgid (HWA, Adelges tsugae Annand)
(Ellison et al., 2005; Lovett et al., 2016). HWA is an invasive insect
native to Japan, ﬁrst documented in the eastern U.S. in the 1950s, that
is attacking T. canadensis trees of all ages and sizes (Elliott and Vose,
2011), throughout much of the tree’s range (Evans et al., 2012; Orwig
et al., 2012; Foster et al., 2014; Morin and Liebhold, 2015; Case et al.,
2017). In southern Appalachian forests, complete mortality of T.
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canadensis from HWA infestation typically occurs after six years (Elliott
and Vose, 2011; Ford et al., 2012), and T. canadensis and Rhododendron
maximum L. often co-occur (Elliott and Swank, 2008; Narayanaraj et al.,
2010; Webster et al., 2012).
Rhododendron maximum is an evergreen, ericaceous shrub that is
largely self-replacing due to its clonal reproduction strategy (Elliott and
Vose, 2012). It occurs primarily in riparian or cove forests, it is highly
shade tolerant, forms a dense subcanopy layer that strongly attenuates
light incident on the forest ﬂoor (Clinton, 2003), and reduces soil
moisture and temperature (Cofer et al., 2018). As a result, it has little to
no herbaceous or woody cover (henceforth, herbaceous-layer) below its
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of CWT (Fig. 1). For each stream reach, sampled areas were along a
300 m reach. For these stream reaches, dead T. canadensis comprised
40% of the overstory basal area and the R. maximum subcanopy was
dense (Table 1, Fig. 2a). The three stream reaches were located on
Holloway Branch, Split Whiteoak Branch, and Kit Springs. Across
reaches, slopes are moderate (30–60%) and elevation ranges from 1160
to 1390 m. The climate at WOC is similar to CWT, but cooler and with
more precipitation (ca. 1900 mm annual rainfall, mean annual temperature is 10.8 °C).

canopy (Clinton, 1995; Beckage et al., 2000), and it strongly reduces
tree seedling recruitment (Hille Ris Lambers and Clark, 2003; Beier
et al., 2005). Over time, a thick recalcitrant organic soil layer accumulates under these shrubs (Monk et al., 1985), soil zinc concentrations
can be high (Nilsen et al., 2001), and soil nitrogen availability to nonericaceous species decreases (Wurzburger and Hendrick, 2007, 2009).
Recent evidence suggests that this shrub expands considerably following canopy disturbances, such as the Castanea dentata (Marsh.)
Borkh. mortality in the mid-1930s due to the chestnut blight (Elliott
and Vose, 2012), and T. canadensis mortality more recently (Ford et al.,
2012; Pfennigwerth et al., 2018a,b). While tree seedling recruitment
has also responded positively to these canopy disturbances (Ford et al.,
2012), over the long-term R. maximum has limited recruitment of these
trees into the canopy. Thus, in the southern extent of the HWA infestation range, forest dynamics following T. canadensis mortality may
become increasingly dominated by R. maximum (Ford and Vose, 2007;
Kincaid and Parker, 2008; Roberts et al., 2009; Ford et al., 2012), likely
leading to permanently altered forest structure.
Active and adaptive management strategies will be required to
transform degraded riparian forests into more diverse future forests
(Folke et al., 2004, 2010; Vose et al., 2013; Messier et al., 2015; Kern
et al., 2017; Webster et al., 2018). Science-based restoration methods to
aid land-managers in the recovery of forest structure, function, and
diversity are needed. Responding to this need, we conducted a R.
maximum and organic soil (soil O-horizon) removal experiment in riparian corridors once dominated by T. canadensis. We hypothesized that
the removal of R. maximum would: (1) increase incident light on the
herbaceous-layer, and soil temperature and moisture; (2) increase understory plant diversity, with a more rapid response in sites with removal of both the shrub layer and the soil O-horizon; and (3) increase
tree seedling and herbaceous species recruitment due to greater light
and soil moisture. We explored these hypotheses using two approaches:
one, a replicated experimental plot-level test; and the other, an operational implementation trial at the stream reach scale (3 ha).

2.2. Experimental design
We used a Before–After/Control–Impact experimental design (BACI)
(van Mantgem et al., 2001) with four treatments implemented at the
replicated plot-scale at CWT and three treatments implemented at the
stream reach-scale at WOC. Only three treatments were implemented at
WOC because of adverse weather conditions. The four treatments were
designed to (1) remove only the soil O-horizon (i.e., forest ﬂoor,
hereafter, FF), (2) remove only the R. maximum subcanopy (hereafter,
CR), (3) remove R. maximum subcanopy and soil O-horizon (hereafter,
CFFR), and (4) untreated, no removal (reference, hereafter, REF). The
CR and CFFR treatments included cutting R. maximum followed by
immediate application of herbicide on cut stumps (Romancier, 1971;
Esen and Zedaker, 2004; Harrell, 2006). The herbicide was a triclopyr
amine (Garlon 3A®, DOW AgroSciences, Indianapolis, IN) formulation
(44.4% Triclopyr Triethylamine Salt) with an aquatic label mixed to a
ratio of 50% herbicide/50% water. Rhododendron maximum cutting
(CR, CFFR) occurred in spring (March–May) 2015 (Fig. 2b), and the
prescribed ﬁres (FF, CFFR) were implemented in spring (March) 2016
(Fig. 2c). Prescribed ﬁres were hand lit across plots at CWT and across
the entire delineated stream reach (3 ha) at WOC (see below). The ﬁre
technique included backﬁres along the upper ridge and ignitions at
10–25 m intervals depending on slope steepness during weather conditions speciﬁed in the USDA Forest Service, Nantahala National Forest,
Prescribed Burning Plan (USFS, 2011).
For the CWT location, we established sixteen 20 m × 20 m plots
across the 2185 ha Coweeta Basin (Fig. 1a, inset). Six of the 16 plots
have been monitored for vegetation dynamics, carbon and nutrient
pools and ﬂuxes, and soil solution chemistry since 2004 (Nuckolls et al.,
2009; Knoepp et al., 2011; Ford et al., 2012). We established 10 additional plots with similar characteristics, and then, randomly selected
among the 16 plots to apply the treatments resulting in four replicates
of each treatment.
For each of the stream reaches at the WOC location, we delineated a
300 m length, 50 m width on each side of the stream as the treated area
(3 ha, Fig. 1b, inset). Each stream reach received one of three treatments: Holloway (CR), Split Whiteoak (CFFR), and Kit Springs (REF).
WOC did not have a FF treatment. Within each stream reach, we established six transects (three on each side of the stream) extending from
stream edge to the 50 m boundary. Transects were arrayed perpendicular to, and on each side of, the stream; and at least 50 m apart. We
placed two 20 m × 20 m plots along (or near) each transect line with
10 m distance between plots, for a total of 12 plots per stream reach. A
fourth stream reach was selected for this study to receive a prescribed
ﬁre (Rocky Bald, FF); however, the ﬁre was not implemented due to
adverse weather conditions.

2. Methods
2.1. Site descriptions
We conducted our study at two locations, representing two diﬀerent
spatial and sampling scales, Coweeta Hydrologic Laboratory (replicated
plots) and White Oak Creek watershed (300-m stream reaches). Both lie
in the Nantahala Mountain Range of western North Carolina, USA,
within the Blue Ridge Physiographic Province, near the southern end of
the Appalachian Mountain chain (Fig. 1). Soils are deep sandy loams
and are underlain by folded schist and gneiss. Two soil orders are found
within both locations, immature Inceptisols and older developed Ultisols. Soil types include the Cullasaja-Tuckasegee complex along the
stream channel and the Edneyville-Chestnut complex and Plot ﬁne
sandy loams on the uplands (Thomas, 1996). Both locations had similar
characteristics in terms of high density of R. maximum < 3 m height
and dead T. canadensis (Table 1); all T. canadensis trees were dead at the
time of this study. The remaining live overstory included deciduous
trees of Acer rubrum L., Liriodendron tulipifera L., Betula lenta L., Quercus
montana Willd., Quercus rubra L., and Carya spp.
For the replicated plot-scale experiment, we selected areas within
the Coweeta Hydrologic Laboratory (CWT, latitude 35°03′N, longitude
83°25′W). Prior to mortality, T. canadensis comprised 52% of the
overstory basal area (Table 1). Plots were located in mesic, riparian
areas with low-to-moderate slopes (< 30%) and across an elevation
range from 760 to 1060 m (Fig. 1a, inset). Mean annual temperature is
12.6 °C; and seasonally ranges 3.3–21.6 °C, with abundant rainfall (ca.
1800 mm annual mean) (Laseter et al., 2012).
For the operational stream reach-scale, we selected three perennial
2nd order streams within the White Oak Creek watershed (WOC,
35°20′N latitude, 83°58′W longitude), approximately 21 km north-west

2.3. Microenvironment measurements
To characterize microenvironmental responses to treatments, we
measured incident light, i.e., photosynthetically active photon ﬂux
density (Qi, µmol m−2 s−1) and soil water content (θ, %) in each plot in
the growing season months (June–August) of each year. At CWT, automated sub-hourly θ and soil temperature (Tsoil, °C) measurements
were taken and averages were recorded hourly (CS655, Campbell
Scientiﬁc Inc., Logan, UT). Probes were placed in the soil to span
404
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a)
North Carolina

b)

Macon County
WOC
CWT
High: 1675 meters
Low: 555 meters

Fig. 1. Locations of Coweeta Hydrologic Laboratory (CWT) and the White Oak Creek (WOC) watershed in Macon County, western North Carolina, the southern end
of the Appalachian Mountain chain. Macon County is color coded by elevation derived from a Digital Elevation Model (deq.nc.gov). Insets show plot placements for:
a) CWT, plot locations (black squares) across the Coweeta Basin (20 m × 20 plots are shown for visibility, size is not to map scale); and b) WOC, stream reach design,
a 3-ha treatment area including the 20 m × 20 m plot layout for all stream reaches.

from the plots. To compare light transmittance across locations, we
extracted Qi and Qo values between 1100 and 1400 EST for the growing
season months. We also provide the continuous measurements for all
months in Supplementary Fig. A1.
At WOC, we measured Qi and θ at four equidistant points along a
diagonal transect within each plot. Qi (µmol m−2 s−1) was measured
with a portable light meter (Sunﬂeck Ceptometer, Decagon Devices,
Pullman, WA). We calculated light transmittance as fractional Qi/Qo,
where Qo (µmol m−2 s−1) was measured every 30 min in a nearby open
ﬁeld also with a Sunﬂeck Ceptometer. Qi and Qo measurements were
taken between 1100 and 1400 EST. θ (%) was measured by time domain reﬂectometry (Hydrosense II, Campbell Scientiﬁc Inc., Logan UT)
integrated across 0–30 cm soil depth. Microenvironment measurements
were taken over the growing season months and monthly values were
averaged as a growing season estimate per plot.

Table 1
Mean ( ± se) density (stems ha−1) and basal area (m2 ha−1) of dead Tsuga
canadensis, live Rhododendron maximum, and live deciduous trees before (2014)
the treatments were implemented at both locations (CWT, Coweeta; WOC,
White Oak Creek).
CWT

WOC

Density

Basal
area

Density

Basal
area

Tsuga canadensis (dead)

458 (76)

23.21
(1.85)

378 (33)

16.67
(1.49)

Rhododendron maximum
Stems ≥ 2.5 cm dbh

2255 (155)

Stems < 2.5 cm dbh

5070 (656)

6.96
(0.68)
0.40
(0.05)

3125
(171)
10,473
(824)

5.29
(0.30)
0.82
(0.06)

Total live deciduous overstory§
(trees ≥ 2.5 cm dbh)

494 (67)

21.01
(1.81)

860 (72)

25.24
(1.28)

2.4. Vegetation sampling

§
Dominant deciduous trees included Acer rubrum, Liriodendron tulipifera,
Betula lenta, Quercus montana, Quercus rubra, and Carya spp.

All vascular plants were measured pre-treatment during plot establishment (2014), and in the ﬁrst and second growing seasons after
treatments were complete, July 2016 and 2017. The herbaceous-layer
included a percent cover estimate for woody stems < 0.5 m height and
all herbaceous species in 1.0 m2 quadrats with 4 per plot at CWT and 2
per plot at WOC. Quadrats were located within the plot at 2-m from the
plot boundary. Percent cover of herbaceous-layer species was visually
estimated using a scale that emphasizes intermediate accuracy (Gauch,
1982): 1% intervals from 1 to 5%, 5% intervals from 5 to 20%, and 10%
intervals above 20%. In addition, tree seedlings (≤0.5 m height) and
saplings (< 2.5 cm diameter at breast height (dbh, 1.37 m above
ground), > 5 m height) were counted in a 1-m × 20-m transect nested
within each plot at both locations. All tree seedlings were assumed to be

7.5–20.5 cm mineral soil depth. All lead wires were connected to data
loggers with a multiplexer peripheral (AM25T, Campbell Scientiﬁc Inc.,
Logan, UT). Qi was measured using GaAsP photodiodes calibrated annually against a commercial quantum sensor (described in Ford et al.,
2012). Probes and photodiodes were arrayed in an alternating grid
pattern throughout each plot; photodiodes were placed at 1 m above
ground level. Sensors were queried every 60 s and 15 min averages
were logged. To characterize the change in incident light over time, we
calculated light transmittance (Qi/Qo), where Qo (µmol m−2 s−1) was
measured at an open-ﬁeld climate station located approximately 2 km
405
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Table 2
Repeated measures mixed model analyses for subcanopy microclimate (light
transmittance (Qi/Qo), soil water content (θ), and soil temperature (Tsoil), and
herbaceous-layer cover, Shannon’s diversity (H′cover), species richness, and tree
seedling (stems ≤ 0.5 m height) density. Models included three years (pretreatment (2014) and the ﬁrst (2016) and second (2017) growing seasons posttreatment), and four treatments (FF, forest ﬂoor (soil O-horizon) removal; CR,
Rhododendron maximum removal; CFFR, R. maximum and forest ﬂoor (soil Ohorizon) removal; and REF, reference). Separate models are provided for the
replicated plot-scale experiment at Coweeta (CWT) and the operational stream
reach-scale at White Oak Creek (WOC). Values are degrees of freedom for the
numerator and denominator (ndf, ddf), F-statistic and probability (P).
WOC§

CWT
Parameters

ndf, ddf

F

P

ndf, ddf

F

P

Qi/Qo
Year
Treatment
Year * treatment

2, 24
3, 12
6, 24

15.16
1.42
1.29

< 0.0001
0.1425
0.1489

2, 66
2, 33
4, 66

21.38
17.32
9.27

< 0.0001
< 0.0001
< 0.0001

Year
Treatment
Year * treatment

2, 24
3, 12
6, 24

5.71
1.57
0.77

0.0047
0.1245
0.3012

2, 64.6
2, 33.2
4, 64.6

1.95
0.93
1.55

0.0755
0.2021
0.0985

Tsoil†
Year
Treatment
Year * treatment

2, 24
3, 12
6, 24

17.19
0.19
2.9

< 0.0001
0.4512
0.0144

Herbaceous-layer cover
Year
2, 24
Treatment
3, 12
Year * treatment 6, 24

1.66
0.86
2.44

0.1058
0.2442
0.0276

2, 66
2, 33
4, 66

27.53
0.85
7.02

< 0.0001
0.2175
< 0.0001

H′cover
Year
Treatment
Year * treatment

2, 24
3, 12
6, 24

5.83
2.37
0.80

0.0043
0.0611
0.2910

2, 66
2, 33
4, 66

12.21
0.29
3.24

< 0.0001
0.3762
0.0087

Species richness
Year
Treatment
Year * treatment

2, 24
3, 12
6, 24

16.58
2.54
1.93

< 0.0001
0.0526
0.0582

2, 66
2, 33
4, 66

49.05
1.34
4.15

< 0.0001
0.1375
0.0024

Tree seedlings
Year
Treatment
Year * treatment

2, 24
3, 12
6, 24

5.31
1.51
1.50

0.0061
0.1308
0.1106

2, 66
2, 33
4, 66

33.11
8.93
6.56

< 0.0001
0.0004
0.0001

θ

Fig. 2. The CFFR treatment site at White Oak Creek operational trial: a) before
treatment, dense Rhododendron maximum covered the entire stream reach site
(September 2014), b) after R. maximum was cut (March 2015), and c) after the
prescribed ﬁre (April 2016). Photos taken by Joel Scott.

seed origin because no tree species were cut (i.e., no stump sprouts),
Robinia pseudoacacia is the only tree species that could root sprout.
Nomenclature for tree species follows Kirkman et al. (2007) and for all
other species follows Gleason and Cronquist (1991). In each plot and
treatment, herbaceous-layer species diversity (alpha diversity) was
evaluated using species richness as a measure of diversity and ShannonWiener's diversity index (H′), which incorporates both richness and
evenness (Magurran, 2004). H′ was calculated based on percent cover
(H′cover). Species richness and H′cover were calculated for each plot per
treatment.

§
The FF, forest ﬂoor (soil O-horizon) removal treatment could only be tested
within the CWT location, WOC did not have a FF treatment.
†
Tsoil could only be tested within the CWT location, Tsoil was not measured at
WOC.

values ≤ 0.05 statistically signiﬁcant. We provided separate models for
each location because they had diﬀerent spatial sampling scales.
3. Results

2.5. Statistical analyses
3.1. Replicate plot-level experiment at Coweeta (CWT)
To test for treatment diﬀerences in herbaceous-layer vegetation and
microenvironment, we used a mixed linear model with repeated measures (PROC MIXED, SAS 9.4, 2002–2012) for each parameter (θ, Tsoil
and Qi/Qo, herbaceous-layer cover, H′cover, and richness, and tree
seedlings). Plot was the subject, treatment was analyzed as betweensubject eﬀects, and year as the repeated factor. We used the compound
symmetric covariance option in the repeated statement because it
produced the smallest value for the Akaike’s Information Criterion
(AIC) and Schwarz’ Bayesian Criterion (SBC) (Littell et al., 2004). Degrees of freedom were approximated using Satterthwaite’s formula
(Littell et al., 2004). If overall F-tests were signiﬁcant then least squares
means tests (LS-means, Tukey-Kramer adjusted t-statistic) were used to
evaluate pairwise diﬀerences. Because our hypotheses were directional,
we used one-tailed hypothesis tests and considered parameters with p-

3.1.1. Microclimate
At CWT, light transmittance (Qi/Qo) was similar across plots prior to
treatment (Table 2, p > 0.05, Fig. 3a); and increased with R. maximum
removal, conﬁrming the ﬁrst part of our ﬁrst hypothesis. Prior to
treatment, Qi/Qo was low under the evergreen shrub canopies, averaging less than 3% of open conditions at mid-day during the growing
season (Fig. 3a). After treatment, Qi/Qo was signiﬁcantly higher
(> 40%, p < 0.05) in the dormant season and spring months for CR
and CFFR (Fig. A1).
While we expected both soil moisture and temperature to increase
with R. maximum removal, only soil temperature signiﬁcantly increased
over time, partially conﬁrming the second part of our ﬁrst hypothesis.
Soil water content (θ) was generally high across plots, averaging 26%
406
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3.1.3. Tree seedling responses
Tree seedling density was low, and similar among all plots prior to
treatment (1.4 ± 0.3 seedlings m−2, p > 0.05, Tables 2, 3). At CWT,
there was no signiﬁcant diﬀerences among treatments in the ﬁrst or
second growing seasons after treatment (p > 0.05, Table 3).
3.2. Operational trial at the stream reach-scale (WOC)
3.2.1. Microclimate
At WOC, light transmittance (Qi/Qo) was less than 3% of open
condition and similar across plots prior to treatment (p > 0.05,
Fig. 4a). After treatment, Qi/Qo increased in the CFFR site averaging
more than 25% (2014 vs. 2016, t66 = 7.16, p < 0.001; 2014 vs. 2017,
t66 = 7.79, p < 0.001) (Fig. 4a), but not in the CR site (2014 vs. 2016,
t66 = 1.14, P = 0.482; 2014 vs. 2017, t66 = 2.00, p = 0.276). In 2017,
the CFFR site had signiﬁcantly higher Qi/Qo then the CR (t80.7 = 5.01,
p < 0.001) and REF (t80.7 = 6.33, p < 0.001) sites. Soil water content
(θ) averaged 35% across the WOC sites during the growing season, and
didn’t vary over time. Soils were consistently wetter at the WOC sites
than CWT across all years (Figs. 3b, 4b).
3.2.2. Herbaceous-layer responses
At WOC, herbaceous-layer cover was similar among all plots prior to
treatment (2014) and during the ﬁrst growing season after (2016)
treatments were implemented (p > 0.05, Tables 2, 3). By the second
growing season (2017), herbaceous-layer cover increased with R.
maximum removal. Between 2014 and 2017, cover was signiﬁcantly
greater in CR (t66 = 3.36, p = 0.017) and CFFR (t66 = 6.92,
p < 0.001), while REF (t24 = 0.16, p = 0.500) did not change over
time (Table 4). H′cover and species richness were similar prior to
treatment (p > 0.05, Tables 2, 3); and increased with R. maximum
removal, conﬁrming our second hypothesis. H′cover increased in both
post-treatment years for CR (2014 vs. 2016, t66 = 3.91, p = 0.003;
2014 vs. 2017, t66 = 4.57, p < 0.001) and not until the second
growing season for CFFR (2014 vs. 2017, t90 = 3.27, p = 0.021)
(Table 3). In contrast, species richness increased in both years for both
CR (2014 vs. 2016, t66 = 6.00, p < 0.001; 2014 vs. 2017, t66 = 6.88,
p < 0.001) and CFFR (2014 vs. 2016, t66 = 4.68, p < 0.001; 2014 vs.
2017, t66 = 7.03, p < 0.001) (Table 3). The pattern of a more rapid
increase in H′cover in plots with only the R. maximum subcanopy removed (CR) compared to both the R. maximum subcanopy and soil Ohorizon removed (CFFR), and similar temporal patterns in cover and
richness for both CR and CFFR was contradictory to our expectations.
Across locations, herbaceous-layer cover increased with increasing Qi/
Qo (r2 = 0.224, p < 0.001, Fig. 5a) and θ (r2 = 0.128, p < 0.001,
Fig. 6a). H′cover (r2 = 0.136, p < 0.001) and species richness
(r2 = 0.213, p < 0.001) were related to Qi/Qo (Fig. 5b, c). Neither
H′cover nor species richness were related to θ in any year (Fig. 6b, c).
Herbaceous species that recruited into these removal plots included
Amphicarpaea bracteata, Dichanthelium spp., Carex spp., Erechtites hieraciifolia, and Lysimachia quadrifolia, and those that increased by more
than 1.0% cover were Medeola virginiana, Dennstaedtia punctilobia, and
two woody species Gaylussacia ursina and Rubus sp. (Table A1).

Fig. 3. Coweeta (CWT) subcanopy microclimate: (a) mean ( ± se) light transmittance (Qi/Qo), (b) mean ( ± se) soil water content, and (c) mean ( ± se) soil
temperature (Tsoil). Years were pre-treatment (2014) and post-treatment (2016,
2017) for the data collected midday (between 1100 and 1400 h, EST) in
growing season months (June–August). Four treatments were FF, forest ﬂoor
(soil O-horizon) removal; CR, Rhododendron maximum removal; CFFR, R.
maximum and soil O-horizon removal; and REF, reference. Diﬀerent letters
denote signiﬁcant (P < 0.05) diﬀerences among treatments and years.

during the growing season, didn’t vary over time, and treatment had no
signiﬁcant eﬀect on θ (Fig. 3b, p > 0.05). Prior to treatment, Tsoil in
the growing season months was similar across all plots, averaging
18 ± 0.2 °C (Fig. 3c). After treatment, Tsoil increased by 1 °C in CR and
2 °C CFFR (2014 vs. 2016, CR, t23.5 = 3.44, p = 0.036; CFFR,
t23.5 = 6.51, p < 0.001), until the second growing season (2016 vs.
2017, CR, t23.5 = −1.25, p = 0.489; CFFR, t23.5 = −4.37, p = 0.004)
when Tsoil declined.

3.1.2. Herbaceous-layer responses
At CWT, herbaceous-layer cover was similar among all plots prior to
treatment (2014) and during the ﬁrst growing season after (2016)
treatments were implemented (p > 0.05, Tables 2, 3). By the second
growing season (2017), herbaceous-layer cover increased with R.
maximum removal. Between 2014 and 2017, cover was signiﬁcantly
greater in CR (t24 = 3.28, p = 0.049); while CFFR (t24 = 0.10,
p = 0.500), FF (t24 = 0.07, p = 0.500) and REF (t24 = 0.16, p = 0.500)
did not change over time (Table 4). H′cover was similar among treatments before and after treatment (p > 0.05, Tables 2, 3). In contrast,
species richness increased for CR (2014 vs. 2016, t24 = 4.27, p = 0.006;
2014 vs. 2017, t24 = 3.99, p = 0.011) (Table 3). Burning the plots to
remove only the soil O-horizon (FF) did not increase herbaceous-layer
cover, H′cover, or species richness (for all comparisons p > 0.05,
Table 3). Cover of herbaceous plants (i.e., forbs + ferns + grasses) was
low (2.1 ± 1.0%) before treatment, and did not increase (p > 0.05)
after treatment (Table A1).

3.2.3. Tree seedling responses
At WOC, tree seedling density was low, and similar before treatment
across sites (1.9 ± 0.3 seedlings m−2, p > 0.05), increased more than
10-fold in the CR and CFFR sites after treatment, and increases were
sustained over time (Tables 2, 3). In 2017, tree seedling density was
greater at the CR (t76.6 = 5.36, p < 0.001) and CFFR (t76.6 = 4.65,
p < 0.001) treatment sites than the REF site (Table 3). Combining all
plots across locations, increases in tree seedling density were related to
the increased Qi/Qo (r2 = 0.102, p < 0.001, Fig. 5d) created by R.
maximum removal, with greater increases in plots with the highest θ
(r2 = 0.256, p < 0.001, Fig. 6d). Overall, tree seedling density increased with increasing Qi/Qo resulting from R. maximum removal,
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Table 3
Mean ( ± se) for the herbaceous-layer cover (%), Shannon’s diversity (H′Cover), species richness (number of species per plot), and tree seedling (stems ≤ 0.5 m height)
density (stems m−2); four treatments (FF, forest ﬂoor (soil O-horizon) removal; CR, Rhododendron maximum removal; CFFR, R. maximum and forest ﬂoor removal;
and REF, reference); and three years (pre-treatment (2014) and the ﬁrst (2016) and second (2017) growing seasons post-treatment). Separate values are provided for
the replicated plot-scale experiment at Coweeta (CWT) and the operational stream reach-scale at White Oak Creek (WOC).
CWT (n = 4 reps per treatment)

WOC (n = 12 plots per treatment site)

FF

CR

CFFR

REF

CR

CFFR

REF

Cover
2014
2016
2017

6.38 a (1.76)
4.08 a (1.80)
6.58 a (3.08)

7.70 a (4.26)
14.52 ab (4.79)
16.72 b (6.43)

8.39 a (3.11)
4.46 a (1.82)
8.66 a (4.21)

7.45 a (2.44)
11.26 a (5.29)
7.95 a (2.10)

12.01 a (1.97)
10.60 a (2.11)
24.64 b (4.57)

15.38 a (4.22)
14.78 a (4.41)
41.43 b (9.54)

21.63 a (5.73)
23.93 a (5.55)
24.97 a (6.59)

H′Cover
2014
2016
2017

0.458 a (0.309)
0.786 a (0.241)
0.752 a (0.275)

1.138 a (0.325)
1.497 a (0.222)
1.483 a (0.335)

0.964 a (0.141)
1.190 a (0.077)
0.980 a (0.081)

1.268 a (0.206)
1.438 a (0.138)
1.212 a (0.179)

0.718 a (0.138)
1.214 ab (0.097)
1.297 b (0.137)

1.060 a (0.210)
1.128 a (0.151)
1.474 b (0.187)

1.090 a (0.150)
1.095 a (0.156)
1.180 a (0.150)

Richness
2014
2016
2017

4.8 a (1.1)
7.2 a (1.2)
7.5 a (1.2)

9.0 a (2.3)
12.8 b (2.0)
12.5 b (1.7)

6.5 a (1.2)
8.2 a (1.4)
8.2 a (1.0)

8.2 a (1.0)
9.8 a (0.8)
8.0 a (1.1)

4.6 a (0.8)
8.0 b (0.8)
8.5 b (0.9)

6.4 a (1.0)
9.1 b (0.9)
10.4 b (1.2)

5.9 a (0.9)
7.3 a (0.9)
7.2 a (0.7)

0.81 a (0.48)
12.38 a (9.32)
15.10 a (8.71)

2.69 a (0.79)
6.45 a (2.00)
13.93 a (5.58)

1.75 a (0.53)
1.84 a (0.62)
1.96 a (0.64)

1.79 a (0.55)
16.61 b (4.20)
27.67 b (7.12)

2.67 a (0.64)
16.40 b (2.88)
24.47 b (3.63)

1.38 a (0.39)
1.92 a (0.67)
3.50 a (0.75)

Tree seedlings
2014
0.31 a (0.12)
2016
1.87 a (1.07)
2017
2.62 a (1.15)

Letters denote signiﬁcant (P ≤ 0.05) pair-wise diﬀerences among years and treatments within locations.

4. Discussion
We proposed that the ﬁrst step to restoring southern Appalachian
riparian forests following Tsuga canadensis mortality would be to
eliminate the evergreen shrub, Rhododendron maximum. In our study,
we removed the dense R. maximum subcanopy from these deciduous
forests to improve microenvironmental conditions, with and without
soil O-horizon removal to increase nutrient availability and conditions
that would promote regeneration of herbaceous ﬂora and tree seedlings. The operational trial at the stream reach-scale (WOC location)
showed similar responses to R. maximum removal as the replicated plotscale experiment (CWT location), except that we found even greater
increases in light transmittance (Fig. 4a), herbaceous-layer cover and
tree seedling recruitment at the stream reach-scale treatments
(Table 3). Thus, we propose that removing R. maximum at a larger
spatial scale is even more beneﬁcial to vegetation recovery than the
plot-scale experiment suggests.
As expected, cutting the R. maximum subcanopy (CR and CFFR)
immediately increased light transmittance in the spring months, it was
reduced once the deciduous canopy leafed out, yet remained higher
than areas where the subcanopy remained (FF and REF). Similarly, soil
temperature increased in the growing season, but soil moisture did not.
Not only did the CFFR treatment have higher light, a parallel study
showed that it also had higher soil nitrogen availability (inorganic NO3
and NH4) than all other treatments (Osburn et al., in preparation).
Direct conversion of organic nitrogen to inorganic nitrogen by ﬁre has
been found in numerous studies (e.g., Knoepp et al., 2004; Certini,
2005). However, we did not ﬁnd diﬀerences between CR and CFFR in
vegetation responses. While NO3 and NH4 increased initially following
the CFFR treatment, this, in turn, resulted in an increase in soil microbial biomass and production of microbial extracellular enzymes
(Osburn et al., in preparation). The net result could be that inorganic
nitrogen was not yet available to herbaceous plants and tree seedlings
since it was quickly immobilized by the microbial community. Longerterm, however, we would expect that nitrogen availability to plants to
increase if the evergreen shrub layer is absent.
While we expected a greater response in the treatments that removed both the R. maximum canopy and soil O-horizon compared to
the R. maximum removal only (CFFR vs. CR), we saw similar responses
in the herbaceous-layer and tree seedling recruitment. This suggests

Fig. 4. White Oak Creek (WOC) subcanopy microclimate: a) mean ( ± se) light
transmittance (Qi/Qo), and b) mean ( ± se) soil water content. Years were pretreatment (2014) and (post-treatment (2016, 2017) for the data collected
midday (between 1100 and 1400 h, EST) in growing season months
(June–August). Three treatments were CR, Rhododendron maximum removal;
CFFR, R. maximum and forest ﬂoor (soil O-horizon) removal; and REF, reference. Diﬀerent letters denote signiﬁcant (P < 0.05) diﬀerences among
treatments and years.

conﬁrming our third hypothesis (Fig. 5d).
Two growing seasons after treatment, in CR, species with the
highest density ranked Betula spp. > Acer rubrum > Quercus
coccinea > Liriodendron tulipifera > Q. rubra. In CFFR, tree seedling
recruitment ranked Betula spp. > A. rubrum > L. tulipifera, however,
Q. coccinea and Q. rubra were not abundant. Tree seedling density of
any other species was low (< 0.6 seedlings m−2) (see Table A2 in
Supplementary material for full list).
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Fig. 5. Relationships between vegetation parameters (herbaceous-layer cover [a], diversity
(H′cover, [b]), species richness [c], and tree
seedling density [d]) and light transmittance
(Qi/Qo) across locations. Two locations were
Coweeta and White Oak Creek. Four treatments
were FF, forest ﬂoor (soil O-horizon) removal;
CR, Rhododendron maximum removal; CFFR, R.
maximum and soil O-horizon removal; and REF,
reference. Symbol colors denote treatments: FF
(black), CR (blue), CFFR (red), and REF (green).
Symbol shapes denote years: pre-treatment
(2014, circles) and two growing seasons posttreatment (2017, triangles). (For interpretation
of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this
article.)

during the burn (personal observation) and it was replaced by leaf fall
the next year, and the soil Oe + Oa was not consumed (Table A3). In
addition, Osburn et al. (in preparation) did not ﬁnd an increase in
available soil nitrogen (NO3, NH4) following ﬁre in the FF treatment.
This suggests that managers cannot expect a single ﬁre application to
restore these forests as quickly, or at all, as removing the R. maximum
subcanopy with a combination of cutting and herbicide application.

that partially removing the recalcitrant O-horizon layer did not impede
recruitment or restoration in these degraded stands, that opening up the
shrub subcanopy to increase light incident on the forest ﬂoor and soil
temperature was more important. Equally interesting was the lack of
any response in the ﬁre treatment that was intended to only remove the
soil O-horizon (FF) but left the R. maximum canopy in-tact. However,
the prescribed ﬁres (FF and CFFR) consumed only the soil Oi layer

Fig. 6. Relationships between vegetation parameters (herbaceous-layer cover [a], diversity
(H′cover) [b], species richness [c], and tree
seedling density [d]) and soil water content (θ)
across locations. Two locations were Coweeta
and White Oak Creek. Four treatments were FF,
forest ﬂoor (soil O-horizon) removal; CR,
Rhododendron maximum removal; CFFR, R.
maximum and soil O-horizon removal; and REF,
reference. Symbol colors denote treatments: FF
(black), CR (blue), CFFR (red), and REF (green).
Symbol shapes denote years: pre-treatment
(2014, circles) and two growing seasons posttreatment (2017, triangles). (For interpretation
of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this
article.)
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study, Maclean et al. (2018b) reported that an insuﬃcient seed source
was responsible for the failure of native grasses and forbs to recover
following the removal of R. ponticum. Thus, colonization of some herbaceous plants (forbs and grasses) could take decades, depending on
dispersal distance and vector (Bakker et al., 1996; Nathan et al., 2008)
or their ability to build a persistent seed bank (Ozinga et al., 2005).

Few studies have attempted the removal of evergreen R. maximum
in the eastern US (Hooper, 1969; Romancier, 1971; Yeakley et al.,
2003; Harrell, 2006), or similar species in Europe (Rhododendron ponticum, Esen and Zedaker, 2004; Dehnen-Schmutz et al., 2004; Tyler
et al., 2006; Maclean et al., 2018a, b; Manzoor et al., 2018). Only two of
these studies report composition of the post-treatment vegetation
(Maclean et al., 2018a; Beckage et al., 2008). Similar to our study,
Beckage et al. (2008) reported seedling recruitment of Betula lenta and
Liriodendron tulipifera in their treatment plot where they manually removed R. maximum. Their ﬁndings are limited in scope, however, as
their study design only utilized one 10-m × 30-m plot with no replication, and a severe hurricane disturbance resulted in numerous pits
and mounds created by windthrow (Clinton and Baker, 2000; Elliott
et al., 2002) that made attributing the seedling response to R. maximum
removal alone diﬃcult. In our study, we found increased herbaceouslayer diversity and greater numbers of tree seedlings following the removal of the R. maximum subcanopy even though the deciduous
overstory remained intact. While Galussacia ursina (6.8%) and Rubus sp.
(4.6%) increased in cover following R. maximum removal (Table A1),
these deciduous species are functionally diﬀerent than R. maximum and
are not as likely to preclude other species from recruiting.
As long as the deciduous overstory is intact, as in our study, tree
seed dispersal is possible and some tree species maintain a viable seed
bank under a R. maximum subcanopy for decades (Hille Ris Lambers
et al., 2005; Cofer et al., 2018). For example, Cofer et al. (2018) found
that the seed bank under R. maximum was dominated by trees (Betula
spp., Oxydendrum arboreum, Liriodendron tulipifera) and woody shrubs
(Rubus sp. and R. maximum). We found tree seedling density increased
after R. maximum removal due to recruitment of several trees species,
particularly Betula spp., Acer rubrum, L. tulipifera, and Quercus. While
Betula, Acer, and L. tulipifera have winged, wind dispersed seeds and a
persistent (> 1 year) seed bank strategy (Royo and Ristau, 2013; Cofer
et al., 2018), Quercus does not. Regeneration of Quercus species depends
on acorn production which is erratic (Greenberg and Parresol, 2002;
Greenberg et al., 2014), large, acorn seeds tend to be locally dispersed,
and animal predation can be relatively high (e.g., Schnurr et al., 2002;
Garcia and Houle, 2005; Greenberg and Zarnoch, 2018). Acorn production varies among Quercus species, individual trees, years, locations,
and weather conditions (Fearer et al., 2008), and synchronous masting
(production of large seed crops by most individuals within a population) occurs at multi-year intervals (Greenberg and Parresol, 2002). In
our study, 2015 was a Quercus mast year, where copious Q. rubra and Q.
coccinea seedlings were observed across the Coweeta Basin (personal
observation), including some treatment plots. Because of this serendipitous mast year, we found recruitment of Q. rubra and Q. coccinea
seedlings in the CR, but not in the other treatments. The prescribed
burn, in the spring of 2016, likely eliminated these new recruits from
the CFFR treatment, and they could not become established under the
dense R. maximum subcanopy of the FF and REF treatments.
In contrast to woody species, recruitment of herbaceous species may
be limited due to their short distance dispersal and limited seed bank
(Cofer et al., 2018). We found that some herbaceous species recruited
and those that were present in low abundance before treatment increased in cover after R. maximum removal. These results suggest that
herbaceous-layer diversity will further increase over time, particularly
with continued removal of R. maximum. However, in the two growing
seasons post-treatment, we found no recruitment of herbaceous species
that are indicators of rich mesophytic coves (Elliott et al., 2014), and
herbaceous-layer cover and diversity remained lower than deciduous
forests without R. maximum (Elliott et al., 2014; Cofer et al., 2018).
Maclean et al. (2018a) compared sites with Rhododendron ponticum, a
non-native invasive in Scotland, where their sites covered a gradient in
R. ponticum density and time since its clearing. They showed that the
herbaceous-layer cover declined as R. ponticum density increased, and
that where R. ponticum had been once cleared the native community did
not return even after 30 years (Maclean et al., 2018a). In a companion

5. Management implications and recommendations
The eﬀects of Rhododendron maximum removal on vegetation responses have rarely been studied in the southern Appalachians or
elsewhere. Our study indicates that removing R. maximum by cutting
and applying herbicide to cut stumps will increase light incident on the
forest ﬂoor and soil temperature, and thereby increase herbaceous-layer
diversity and tree seedling recruitment. These responses were most
signiﬁcant at the scale at which managers might conduct restoration
treatments: the reach or landscape scale. These vegetation responses
have important implications for potential recovery of riparian forests
following Tsuga canadensis mortality. Further research and longer-term
monitoring is needed to determine whether this approach will ultimately allow newly recruited seedlings to recruit into the next size class
and the canopy layer.
Cutting followed by prescribed ﬁre did not provide additional
beneﬁt in most cases, i.e., few diﬀerences between CR and CFFR
treatments. While the prescribed ﬁres consumed much of the litter layer
(Oi) during the burn, it was replaced by leaf fall the next year, and in
some cases, increased small wood from cutting, and thus the Oe + Oa
was not consumed. Consequently, a single application of a low severity
ﬁre was not suﬃcient in reducing the thick recalcitrant soil O-horizon
typically found under R. maximum subcanopies. Follow-up treatments
will be necessary for continued removal of R. maximum. It is considered
a self-replacing evergreen shrub because it reproduces both vegetatively (asexual) and from seed germination (sexual); it is a clonal plant
that produces many ramets through branch layering and stem and root
sprouting; and it is long-lived, an individual plant (genet) can be very
old (> 120 years), whereas ramets (new stems from layering or root
sprouting) are younger (Elliott and Vose, 2012). Thus, after an initial R.
maximum clearing, successive restoration eﬀorts such as prescribed ﬁre,
herbicide application, cutting, or a combination of all three may be
required for longer-term R. maximum removal (Tyler et al., 2006).
Continued removal of R. maximum would also allow for the potential
regeneration of Quercus species because favorable mast years occur at
multi-year intervals (Greenberg and Parresol, 2002; Greenberg et al.,
2014). However, if repeated ﬁre is prescribed, its timing should be
coordinated with seed mast years and tree seed germination so that ﬁre
does not eliminated new recruits (Arthur et al., 2012, 2015; Frelich
et al., 2015).
Soil amendments, such as NPK fertilizer or liming, may accelerate
nutrient cycling and improve ecosystem function. Given the acidic soils
beneath R. maximum shrubs (Knoepp et al., 2011, 2016; Cofer et al.,
2018), it may take years to decades before the acidity is neutralized
enough for establishment of herb species adapted to higher soil pH and
calcium, particularly mesophytic herbs (Elliott et al., 2014). Repeated
ﬁre could further reduce the recalcitrant soil O-horizon and accelerate
decomposition, subsequently releasing nutrients bound in these organic
soil layers (Osburn et al., in press). Removal of the R. maximumdominated subcanopy followed by successive burns may further
enhance herbaceous-layer and understory diversity, whereby released
nutrients can be utilized by herbaceous ﬂora and tree seedlings, and
increased herbaceous ﬂora will create a positive feedback loop (Elliott
et al., 2015).
Seed or seedling introductions may be needed to enhance herbaceous-layer diversity and restore former Tsuga canadensis-hardwood
stands. It may take decades for some forest herbs to recruit into sites
formerly occupied by R. maximum for the last 80+ years (Elliott and
Vose, 2012). Many forest herbs have short distance seed dispersal
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(Bakker et al., 1996), limited seed bank (Cofer et al., 2018; Maclean
et al., 2018b) or seeds may lack their associated vector (Nathan et al.,
2008; Warren et al., 2015).
Introduction of T. canadensis or a functional equivalent may be
possible in the future (Vose et al., 2013). Once the invasive insect,
HWA, has been successfully controlled (Mayﬁeld et al., 2015; Sumpter
et al., 2018), it could be possible to re-introduce T. canadensis into riparian forests where R. maximum has been removed. Tsuga canadensis
trees have been dead for more than ﬁve years in some forest stands and
no viable seeds remain because T. canadensis soil seed longevity is less
than two years (Baskin and Baskin, 1998). However, seed and seedling
banking for T. canadensis preservation has been ongoing for the last
12 years (Hastings et al., 2017), allowing for a seed source for potential
reintroduction and restoration eﬀorts.
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