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Abstract Hemlock Woolly Adelgid (Adelges tsugae) is

spreading across forests in eastern North America, causing

mortality of eastern hemlock (Tsuga canadensis [L.] Carr.)

and Carolina hemlock (Tsuga caroliniana Engelm.). The

loss of hemlock from riparian forests in Great Smoky

Mountains National Park (GSMNP) may result in significant

physical, chemical, and biological alterations to stream

environments. To assess the influence of riparian hemlock

stands on stream conditions and estimate possible impacts

from hemlock loss in GSMNP, we paired hardwood- and

hemlock-dominated streams to examine differences in

water temperature, nitrate concentrations, pH, discharge,

and available photosynthetic light. We used a Geographic

Information System (GIS) to identify stream pairs that were

similar in topography, geology, land use, and disturbance

history in order to isolate forest type as a variable. Differ-

ences between hemlock- and hardwood-dominated streams

could not be explained by dominant forest type alone as

forest type yields no consistent signal on measured condi-

tions of headwater streams in GSMNP. The variability in the

results indicate that other landscape variables, such as the

influence of understory Rhododendron species, may exert

more control on stream conditions than canopy composition.

The results of this study suggest that the replacement of

hemlock overstory with hardwood species will have minimal

impact on long-term stream conditions, however disturbance

during the transition is likely to have significant impacts.

Management of riparian forests undergoing hemlock decline

should, therefore, focus on facilitating a faster transition to

hardwood-dominated stands to minimize long-term effects

on water quality.

Keywords Tsuga Canadensis � Hemlock mortality �
Hemlock Wooly Adelgid � Great Smoky Mountains

National Park � GIS modeling � Stream temperature

Introduction

Invasive exotic pests are one of the most immediate threats

to the conservation and preservation of our natural areas

(Vitousek and others 1996; Vitousek and others 1997; Mack

and others 2000). Exotic species have the potential to alter

species composition as well as ecosystem structure and

function (Castello and others 1995; Liebhold and others

1995; Ellison and others 2005). In the past century, eastern

North America’s forests have been significantly altered by

exotic species infestations and pathogens, such as the

Chestnut Blight (Anagnostakis 1987), Gypsy Moth (Lieb-

hold and others 1995), Beech Bark Disease (Houston 1994),

and Balsam Wooly Adelgid (Hollingsworth and Hain 1991).

One of the most recent threats to Appalachian forests is the

Hemlock Woolly Adelgid, Adelges tsugae (HWA). The

HWA is currently spreading across the forests of eastern

North America and causing mortality of eastern hemlock

(Tsuga canadensis) and Carolina hemlock (Tsuga carolini-

ana) (McClure 1991). Hemlock decline and morality caused

by HWA infestation has already occurred in the mid-
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Atlantic and northeastern United States (Orwig and others

2002; Eschtruth and others 2006) where the following

changes to forests have been documented: (1) a reduction of

overstory canopy (Orwig and others 2008); (2) increases in

light availability to the understory (Eschtruth and others

2006); (3) significant alterations of soil nitrogen cycling

(Jenkins and others 1999); (4) accumulation of downed

woody debris (Orwig and Foster 1998); and (5) decreased

forest floor soil moisture (Orwig and others 2008).

It is well documented that the existence and composition

of riparian forest strongly influences stream properties

(Likens and others 1970). Indeed, in Delaware Water Gap

National Recreation Area, Snyder and others (2002) and

Ross and others (2003) found that hemlock dominance had

a strong influence on species composition of aquatic

invertebrates and fish; stream hydrology; and stream water

temperature regimes. Although much research has focused

on consequences of hemlock mortality on ecosystem pro-

cesses in the northeastern and mid Atlantic United States,

the impacts of the recent expansion of HWA into the

southern Appalachians have received far less attention. In

2002, HWA was found within the borders of Great Smoky

Mountains National Park (GSMNP) (Johnson and others

2005). In GSMNP, hemlocks commonly dominate riparian

areas and cove forests near stream headwaters. The loss of

hemlock from riparian forests is therefore likely to signif-

icantly alter riparian ecosystem properties.

The response of stream conditions to hemlock mortality

will have both short- and long-term impacts. Short term

impacts may be easily observed with careful monitoring of

forests undergoing decline. However, predicting long term

impacts is more difficult. Previous research indicates that

hemlock stands will be replaced by hardwood stands (Or-

wig and Foster 1998; Eschtruth and others 2006), and, thus,

we suggest that observations of similarly structured hard-

wood-dominated stream environments can serve as a pre-

dictor of the long-term changes in stream environments.

Therefore, we selected paired watersheds with hemlock-

dominated riparian environments and topographically

similar hardwood-dominated riparian environments. We

then monitored these streams for one year, collecting data

on stream temperature, pH, nitrate concentrations, dis-

charge, and available photosynthetic light. We addressed

two main questions:

1. To what degree does hemlock-dominated riparian

forest influence stream conditions and the adjacent

riparian environment?

2. What long-term changes will occur with the eventual

replacement of formerly hemlock-dominated forest by

hardwood-dominated forest?

We conducted this research during 2005–2006 when

HWA populations were present but hemlock decline had

not yet been observed in our study sites. An additional goal

of this work was to establish baseline data with which

observed changes in future stream conditions could be

compared to evaluate the magnitude of short-term changes.

Methods

Study Area

We examined first- and second-order headwater streams in

Great Smoky Mountains National Park, located in the

southern Appalachians along the border of North Carolina

and Tennessee (GSMNP). GSMNP is one of the largest

federally protected areas in the eastern United States,

encompassing 212,000 ha (525,000 acres). Topography

varies greatly and elevations range from 256 m (840 feet)

to 2024 m (6643 feet). Eastern hemlock is one of the most

common tree species in GSMNP, occurring as a dominant,

co-dominant, or sub-canopy species across a broad range of

forest community associations (Jenkins 2007). Hemlock is

a dominant tree species in Southern Appalachian Acid

Cove Forests and Southern Appalachian Eastern Hemlock

Forest (Jenkins 2007). In addition to eastern hemlock, these

forests typically contain Tulip Poplar (Liriodendron tuli-

pifera), Black Birch (Betula lenta), Red Maple (Acer ru-

brum), and White Pine (Pinus strobes). The shrub layer of

these forests is dominated by Rosebay Rhododendron

(Rhododendron maximum) and Dog Hobble (Leucothoe

fontanesiana). The herbaceous layer is typically sparse

with low species richness, but includes Intermediate Wood

Fern (Dryopteris intermedia), Downy Rattlesnake-Plantain

(Goodyera pubescens), Partridgeberry (Mitchella repens),

and Christmas Fern (Polystichum acrostichoides) (Jenkins

2007).

Hemlock-dominated forest is widespread throughout the

Park, covering 13001 ha (3820 acres), and occurs along

lower elevation streams and protected slopes (Jenkins

2007). GSMNP contains over 3200 km (2000 miles) of

stream channels. High-gradient streams in GSMNP provide

habitat for a diverse aquatic biota, including native brook

trout (Salvelinus fontinalis) and 30 species of salamanders.

Selecting Paired Watersheds

To isolate the effect of riparian hemlock forest on stream

conditions, we compared hemlock-dominated watersheds

with hardwood-dominated watersheds. Due to the com-

plexities of natural variation in landscapes, careful site

selection is imperative in order to draw strong inferences

from comparative analyses. We modified an existing GIS-

based site selection methodology (Young and others 2002)

to minimize the influence of landscape variability. The
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overall goal of the site selection design was to select stream

monitoring sites that isolate differences in stream condi-

tions and water quality due to forest type with all other

factors being as similar as possible.

We delineated first- and second-order streams and

watersheds within GSMNP using a 10-meter digital ele-

vation model (DEM) with a minimum catchment size of

100,000 m2. We then used GSMNP spatial data to identify

watersheds that had been minimally disturbed by fire,

development, or logging. From these watersheds, we

selected 298 candidate watersheds all within the boundary

of GSMNP. These watersheds ranged in size from 69 to

962 ha with an average size of 182 ha.

We then characterized the terrain of these watersheds by

calculating terrain statistics across three spatial scales

within each watershed (stream channel, a 100 m riparian

buffer, and watershed-wide) (Table 1). We placed

emphasis on the riparian buffer in order to effectively

assess the direct influence of the terrain surrounding the

streams. Across these scales, we calculated the following

terrain variables to account for topographic differences

among watersheds: terrain shape index; slope/aspect

transformation index; and topographic radiation index

(TRI). Terrain shape index is a measure of local convexity

(positive value; ridge) or concavity (negative value; gorge)

(McNab 1989). Slope/aspect transformation index is a

continuous value from –1 to 1, which indicates the degree

to which the slope is facing north (1) or south (–1) (Stage

1976). The topographic radiation index (TRI) is a measure

of how much solar radiation an area should receive based

on its aspect. A TRI value of zero indicates locations that

are typically cool and wet while a value of one indicates

locations that are typically hot and dry (Roberts and Coo-

per 1989).

We analyzed terrain statistics for each of the 298 can-

didate watersheds using a K-means Cluster Analysis clas-

sification. As a result, all watersheds were classified into

five terrain classes.

We further controlled watershed selection for size,

geological substrates, and atmospheric deposition. Under-

lying geology and atmospheric deposition have been found

to influence stream chemistry in the Appalachians (Flum

and Nodvin 1995; Zhi-Jun and others 2000). We classified

watershed size as: (1) 69–183; (2) 184–299; and (3) 300–

962 hectares. Using geologic data from the National Park

Service’s legacy data, we lumped the 25 different classi-

fications of underlying bedrock identified in the GSMNP

geology database into sandstones and siltstones. We also

chose to not include watersheds in this study that drain

areas of shale-dominated Anakeesta Formation, which has

the ability to yield sulphuric acid and significantly influ-

ence water chemistry (Flum and Nodvin 1995). We then

created a model of atmospheric deposition for GSMNP

based on elevation and forest type (Weathers and others

2000). We classified atmospheric deposition into five

classes representing different levels of probable deposition

from low to high.

We combined the terrain, watershed size, geology, and

deposition variables into a GIS model to select pairs that

minimized differences in these factors. We then used a

Euclidean distance dissimilarity matrix to identify pairs

such that one hemlock-dominated watershed was paired

with a hardwood-dominated watershed. We defined hem-

lock-dominated watersheds as watersheds where canopy

tree species of the entire riparian corridor (100 meter

width) were more than 60% hemlock. We defined decid-

uous hardwood-dominated watersheds as watersheds where

canopy tree species of the entire riparian corridor were less

than 15% hemlock. Hardwood-dominated watersheds were

composed of cove hardwood and northern hardwood spe-

cies such as Tulip Poplar (Liriodendron tulipifera), Caro-

lina Silverbell (Halesia tetraptera), Black Birch (Betula

lenta), Red Maple (Acer rubrum), Yellow Birch (Betula

alleghaniensis), and American Beech (Fagus grandifolia).

We quantified hemlock and hardwood canopies using a

detailed vegetation database of GSMNP developed by

Welch and others (2002) which used photogrammetry and

GIS techniques. In all, we identified and selected six pairs

of geographically similar hemlock and hardwood-domi-

nated watersheds that met field verification parameters of

access, stream size, flow rates, and structure (Table 2).

Field Methods and Data Collection

Water Quality Measures

Within each of the 12 selected watersheds, we established a

monitoring site approximately 20 m upstream of the

watershed pourpoint and measured stream water tempera-

ture, pH, and nitrate concentrations. We followed proce-

dures outlined in the United States Geological Survey

National Field Manual for the Collection of Water-Quality

Data (USGS, variously dated, http://pubs.water.usgs.gov/

twri9A). We used Alpha Mach IBCod � data loggers to

collect stream water temperature measurements at hourly

Table 1 Spatial scales used for each terrain variable

Terrain variables Stream

channel

100 meter

riparian buffer

Entire

watershed

Mean elevation X X X

Range of elevation X X

Mean slope X

Terrain shape index X

Slope/aspect transformation X

Topographic radiation index X
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increments for 10 months (June 2005–March 2006). Data

collection resulted in approximately 7500 data points per

stream. We placed the temperature data loggers in stream

riffle locations where perennial flow would be consistent.

We visited each site every 30–60 days to download water

temperature data from the data loggers and to collect

additional water quality parameters. During each visit to

study sites, we measured stream flow using a JDC Flowatch

flow meter, pH using a Hach Sension pH meter, and col-

lected stream water grab samples using 60 mL polyethyl-

ene bottles. We collected data from both the hemlock and

the hardwood members of each pair either on the same day

or on two consecutive days with similar weather conditions.

We analyzed each grab sample of water for stream

water nitrate concentrations within 48 h of collection using

a Hach DR/2500 Spectrophotometer. We used a Cadmium

Reduction Method for detecting nitrate, which is outlined

in Hach’s DR/2500 Procedure Manual (Hach Company

2004). We implemented and conducted quality control

procedures based on a Hach publication for quality control

in laboratories (Martin 2002). These quality control pro-

cedures included using standard solutions, sample spikes,

and sample replicates in order to check the accuracy of

nitrate analysis.

Photosynthetically Active Radiation

In order to quantify the difference in insolation on the

forest floor between hemlock and hardwood forest cano-

pies, we measured photosynthetically active radiation

(PAR) and foliar cover within riparian forest in a sub-

sample of three of the six paired watersheds (3 hardwood-

dominated sites and 3 hemlock-dominated sites) once in

August during leaf-on and once in January during leaf-off.

Within each hardwood-dominated riparian forest site, we

identified four forest composition types by visual assess-

ment: hardwood canopy with minimal understory; hard-

wood canopy with dense deciduous hardwood understory;

hardwood canopy with hemlock understory; and hardwood

canopy with dense Rhododendron understory. Within each

hemlock-dominated riparian forest site we visually iden-

tified two forest composition types by visual assessment:

hemlock canopy with no significant understory; and hem-

lock canopy with dense Rhododendron understory. We

established one linear transect parallel to the stream

channel 50 m in length in each hardwood and hemlock

forest type (i.e., four transects in each hardwood-domi-

nated site and two transects in each hemlock-dominated

site). PAR and foliar cover measurements were taken at

10 m increments along each 50 m transect culminating in

5 PAR and 5 foliar cover measurements per transect. All

measurements were taken at a height of 1.4 m above

the forest floor, beneath any understory foliage that wasT
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present. We then calculated an average PAR and foliar

cover measurement for each forest type.

We measured PAR using a Sunfleck Ceptometer PAR

meter, which measures PAR as micromoles of quanta per

square meter per second (mmol m-2 s-1). A spherical

densiometer was used to quantify foliar cover. Methodol-

ogies for using the PAR meter are outlined in Sunfleck

Ceptometer Operator’s Manual (Decagon Devices Inc.

1991); methods for using the Spherical Densiometer are in

the Spherical Densiometer Instruction Sheet (Lemmon

1956).

Data Analysis

We tested for significant differences between means for

each pair of hardwood- and hemlock-dominated sites for

measured parameters including stream temperature, nitrate

concentrations, discharge, and pH. We used the Indepen-

dent Samples T-Test for determining differences in means

of nitrate concentrations, discharge, and pH (normally

distributed) and the Kolmogorov–Smirnov Z test for stream

water temperatures (not normally distributed). We also

tested for equal variance between each pair of hemlock and

hardwood site using Levene’s Test for Equality of Vari-

ances. We conducted statistical analysis with SPSS statis-

tical software. In all cases, we used an a-level of 0.05 to

determine statistical significance.

Due to wildlife and human disturbance of temperature

data loggers, there are periods of time when we were

unable to obtain valid temperature data at some sites. In

order to avoid the influence of these data gaps, we only

used temperature data in our analyses that were consis-

tently collected in both the hardwood- and hemlock-dom-

inated sites within a pair.

Results

Stream Water Temperature

We found no consistent relationship between forest type

and temperature regime (Table 3). Water temperatures

varied, with some hardwood streams having statistically

higher mean temperatures (Pairs 1, 5, and 6; P = 0.0095,

0.0001, 0.0001 respectively), and some hemlock streams

having statistically higher mean temperatures (Pairs 2, 3,

and 4; P = 0.0002, 0.0031, 0.0085). Although these dif-

ferences were statistically significant, they were small

(ranging from 0.02 to 0.53�C). Strong diurnal fluctuations

were observed in both hemlock- and hardwood-dominated

streams, with no apparent differences in magnitude or

pattern between the two forest types. We also found no

consistent pattern of maximum temperatures or annual

ranges of temperatures occurring with forest type.

Stream Nitrate Concentrations

Neither hemlock- nor hardwood-dominated streams had

consistently higher nitrate concentrations among all pairs

(Fig. 1). For each pair, we found equal variance and no

significant difference in mean nitrate concentrations

between hemlock- and hardwood-dominated streams.

Nitrate concentrations in all streams ranged from 0.0023

to 0.1356 mg/L N03-N with an average of 0.0399 mg/L

N03-N. Although differences were not significant, hard-

wood-dominated streams had higher nitrate concentrations

in pairs 1 and 2 (P = 0.762, and 0.984, respectively), while

hemlock-dominated streams had higher nitrate concentra-

tions in pairs 3, 4, 5, and 6 (P = 0.248, 0.253, 0.155, and

0.07, respectively).

Table 3 Stream parameters for paired hemlock and hardwood forests measured from June 2005 to March 2006

Pair Dominant forest Temp (�C) Nitrate (mg/L N03-N) pH Discharge (m3/s/ha)

1 Hemlock 10.97 ± 4.22 0.009 ± 0.0062 6.84 ± 0.0003 0.0007 ± 0.0912

Hardwood 11.11 ± 4.99 0.001 ± 0.0041 6.87 ± 0.0008 0.0011 ± 0.0846

2 Hemlock 10 ± 5.63 0.111 ± 0.0196 6.89 ± 0.0009 0.001 ± 0.0779

Hardwood 9.58 ± 5.75 0.113 ± 0.0164 6.87 ± 0.0009 0.0008 ± 0.1023

3 Hemlock 10.05 ± 4.68 0.033 ± 0.0105 6.87 ± 0.0005 0.0008 ± 0.0684

Hardwood 10.01 ± 4.72 0.026 ± 0.0143 6.92 ± 0.0004 0.0006 ± 0.1055

4 Hemlock 12.11 ± 5.85 0.01 ± 0.0019 6.9 ± 0.0003 0.0004 ± 0.0486

Hardwood 12.09 ± 5.37 0.01 ± 0.0032 6.81 ± 0.0002 0.0004 ± 0.1598

5 Hemlock 10.9 ± 5.22 0.053 ± 0.0052 6.84 ± 0.0004 0.0005 ± 0.0424

Hardwood 11.19 ± 5.71 0.05 ± 0.0053 6.88 ± 0.0003 0.0005 ± 0.0635

6 Hemlock 13.69 ± 4.78 0.019 ± 0.0034 6.88 ± 0.0002 0.0003 ± 0.0674

Hardwood 14.22 ± 5.78 0.016 ± 0.0043 6.85 ± 0.0004 0.0006 ± 0.1817

Mean values plus or minus one standard deviation are included

Environmental Management (2009) 44:335–345 339

123



Stream pH

Stream pH values were also similar within pairs (Fig. 1).

For each pair, we found equal variance and no significant

difference in stream pH between hemlock- and hardwood-

dominated streams. Concentrations were all close to neutral

(7.0); values ranged from 6.4 to 7.0, with an average of

6.87 for all streams. Neither hemlock- nor hardwood-

dominated streams had consistently higher pH among all

pairs. Although differences were not significant, hardwood-

dominated streams had a higher pH in pairs 1, 3, and 5

(p = 0.501, 0.484, and 0.132, respectively), while hem-

lock-dominated streams had a higher pH in pairs 2, 4, and 6

(P = 0.491, 0.146, and 0.752, respectively).

Stream Discharge

Stream discharge was also similar within pairs (Fig. 1). We

found equal variance and no significant difference in mean

stream discharge between hemlock- and hardwood-domi-

nated streams. Mean discharge for all streams ranged from

0.0003 to 0.0011 m3/s/ha. Neither hemlock- nor hardwood-

dominated streams had consistently higher discharge

among all pairs. Although differences were not significant,

hardwood-dominated streams had a higher discharge in

pairs 1, 3, 4, and 6 (P = 0.226, 0.844, 0.856, and 0.0.155,

respectively), while hemlock-dominated streams had a

higher discharge in pairs 2 and 5 (P = 0.917, 0.618).

Photosynthetically Active Radiation and Foliar Cover

We found no significant difference in PAR (P = 0.6871)

and foliar cover (P = 0.6443) between hemlock- and

hardwood-dominated forest types during summer (leaf-on)

conditions, but we did find a significant difference during

winter (leaf-off) conditions (P = 0.0089, 0.0292, respec-

tively). This difference can largely be attributed to differ-

ences in understory species composition among forest

types, which we found to be a strong determinant of the

light conditions of the forest interior (Fig. 2). In winter

(leaf-off) conditions, when the influence of evergreen foli-

age on light conditions should be the strongest, we observed

the lowest light conditions (11 mmol m-2 s-1) and the

highest foliar cover (83.36%) in hemlock-dominated forest

with a dense Rhododendron understory. However, also in

winter (leaf-off) conditions, we found similarly low light

conditions (27 mmol m-2 s-1) and high foliar cover

(83.36%) in hardwood-dominated forest that also had a

dense Rhododendron understory. In hardwood-dominated

forest with minor understory, we found much higher light

conditions (378 mmol m-2 s-1) and lower foliar cover

(19%). These results suggest that when Rhododendron is
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Fig. 1 Discharge, pH, and Nitrate concentrations among six pairs of hemlock and hardwood-dominated streams
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abundant in the understory, the magnitude of difference in

forest floor light conditions between hemlock- and hard-

wood-dominated forest types is diminished.

Discussion

We found that stream nitrate concentrations, pH, hydrol-

ogy, and water temperatures are similar between hemlock-

and hardwood-dominated streams in GSMNP. These

results suggest that if a riparian hemlock forest is eventu-

ally able to successfully make the transition to a riparian

hardwood forest with similar composition as those

observed in this study, there will be no significant differ-

ence in stream nitrate concentrations, water temperatures,

pH, or discharge.

Water Temperature

The presence of hemlock or hardwood riparian forest does

not appear to exert a strong, consistent signal on thermal

regimes of headwater streams in GSMNP. These results

suggest that other landscape variables, such as the influence

of groundwater or understory species, may exert more

control on stream temperatures than differences between

hemlock and hardwood forest types in GSMNP.

The presence of dense Rhododendron thickets in the

understory of riparian hemlock and hardwood forests may

have a significant impact on thermal and hydrologic regimes

of headwater streams. We found the lowest levels of PAR

and the highest foliar cover measurements beneath Rhodo-

dendron. Additionally, Rhododendron often is associated

with deep, slowly decomposing litter on the forest floor,
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similar to the litter beneath hemlocks (Romancier 1971).

Since Rhododendron occurs almost ubiquitously as a dense

understory species in both hemlock and hardwood-domi-

nated riparian forests in GSMNP, its presence may dampen

the otherwise unique influences of hemlock and hardwood

forest types on riparian environmental conditions.

Snyder and others (2002) found that in Delaware Water

Gap National Recreation Area, NJ, hemlock-dominated

streams had more stable thermal and hydrologic regimes

than hardwood-dominated streams. The contrasting results

can possibly be attributed to differences in riparian hem-

lock forest composition between GSMNP and DWGNRA

study sites. Mahan and others (2004) report hemlock per-

cent basal area ranging from 32 to 77 in surveyed hemlock

stands in DWGNRA. In contrast, Kincaid (2007) docu-

mented basal areas of hemlock stands in GSMNP ranging

from 19.9–72.4. Additionally, Kincaid found that riparian

hemlock stands occurring in GSMNP are species-rich and

contain dense understories of Rhododendron (Joshua

Kincaid, personal communication, October, 2008, Shen-

andoah University). Unfortunately differences between

mid-Atlantic and southern Appalachian riparian hemlock

stands have not been directly examined. However, it is

possible that riparian hemlock forests in the southern

Appalachians may be more species rich and contain more

Rhododendron cover than riparian hemlock forest in the

mid-Atlantic (personal observation).

Short-Term and Long-Term Impacts of Hemlock

Mortality

Immediate, Short-Term Impacts of Hemlock Mortality

Past research has shown that short-term impacts to stream

conditions from hemlock mortality and other forest distur-

bances can be severe (e.g., Orwig and Foster 1998; Jenkins

and others 1999; Orwig and others 2002; Eschtruth and

others 2006; Orwig and others 2008). However, less is

known about the type and extent of immediate impacts to

water quality and riparian conditions caused by hemlock

mortality. Immediate impacts to stream conditions caused

by hemlock mortality may be similar to the documented

impacts to stream conditions from other types of distur-

bances to riparian forest. Alterations to stream solute con-

centrations (e.g., Likens and others 1970; Lewis and Likens

2007) and stream temperatures (e.g., Burton and Likens

1973; Johnson and Jones 2000) have been observed in dis-

turbed riparian forest. The severity of these initial impacts

will depend on the size of and composition of riparian

hemlock stands and the rate and timing of decline and

mortality. If hemlock mortality occurs in a large, mono-

specific riparian hemlock stand, we hypothesize that some-

what severe localized impacts to water quality may occur.

The recovery from these initial impacts will ultimately

depend on the rate at which undisturbed species and

replacement species can fill the empty niche left by the

declining and standing dead hemlocks. Observations from

other forest disturbances document that elevated stream

nitrate concentrations returned to pre-disturbance levels

five to ten years after forest harvesting (Bormann and

Likens 1979; Townsend and others 2004) and two years

after insect-induced hardwood defoliation (Lewis and

Likens 2007). Extensive mortality of Fraser firs (Abies

fraseri) in the southern Appalachians occurred in the

1980 s due in part to the infestation of the exotic Balsam

Woolly Adelgid (Jenkins 2003). Robinson and others

(2004) suggest that as regenerating Fraser firs began to

replace standing dead mature Fraser firs in GSMNP, ele-

vated stream nitrate concentrations decreased significantly.

Eventual, Long-Term Impacts from Hemlock Mortality

We found that stream nitrate concentrations, pH, hydrol-

ogy, and water temperatures are similar between hemlock-

and hardwood-dominated streams in GSMNP. However,

these results refer to watershed-scale impacts; localized

impacts may be more severe. For example, some headwater

streams have deep pools that are currently located beneath

dense hemlock canopy and may be a refuge for biota

seeking the shaded cooler water during warm summer

months.

Our results suggest that if a riparian hemlock forest is

eventually able to successfully make the transition to a

riparian hardwood forest with similar composition as those

observed in this study, there will be no significant differ-

ence in stream nitrate concentrations, water temperatures,

pH, or discharge. However, Rhododendron has two sig-

nificant attributes that could potentially prevent an intact

hardwood-dominated riparian forest from replacing the

formerly hemlock-dominated riparian forest in the southern

Appalachians: (1) Rhododendron grows vigorously in dis-

turbed areas (McGee and Smith 1967; Dobbs and Parker

2004), and (2) Rhododendron limits the regeneration of

hardwood tree species (Clinton and Vose 2000; Nilsen and

others 2001; Lei and others 2002; Hille Ris Lambers and

Clark 2003).

With the disturbance to riparian forest canopy caused by

hemlock mortality, it is possible that dense thickets of

Rhododendron could expand along formerly hemlock-

dominated riparian corridors and prevent the recruitment

and colonization of hardwood canopy-tree seedlings.

Additionally, with the loss of riparian hemlock, it is pos-

sible that dense Rhododendron thickets without overstory

tree species may become more prevalent in the riparian

forest of the southern Appalachians. Additional research on

the influence of Rhododendron thickets on riparian
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environmental conditions would contribute to a better

understanding of the potential future of currently hemlock-

dominated riparian forest in GSMNP.

Forest Management Implications

We suggest that riparian hemlock stands should be con-

sidered as priority sites for the implementation of HWA

control strategies in order to help minimize potential short-

term impacts to riparian environmental conditions. Efforts

should be focused on large pure-species riparian hemlock

stands that will have the greatest immediate impact to

stream conditions.

In locations where hemlock mortality has occurred,

management agencies should investigate opportunities to

encourage the establishment of native hardwood canopy

species, particularly in locations with dense rhododendron,

in order to help establish an intact riparian vegetation cover

to replace hemlock. An intact riparian vegetative cover will

intercept solar radiation, reducing energy input to stream

water surfaces, and will take up nutrients, reducing the

levels of nitrate that will enter stream water.

Due to Rhododendron’s ability to limit the regeneration

of hardwood species, it may be necessary for management

agencies to actively encourage hardwood establishment in

riparian locations with dense rhododendron. Vandermast

and Lear (2002) suggest introducing periodic fire into

riparian forests in the southern Appalachians in order to

control Rhododendron expansion and to help encourage

hardwood canopy tree regeneration. While fire introduction

may suppress the establishment of Rhododendron thickets,

it may also lead to further increases in nutrient export to

stream water and therefore should be used with caution.

The mechanical removal of Rhododendron has proved

somewhat unsuccessful and should also be used with

caution. Clinton and Vose (2000) document the develop-

ment of extremely high densities of Rhododendron after

only a few years following mechanical removal.

Conclusion

This study specifically addresses the impacts to stream

conditions from hemlock mortality and suggests that in the

long term in GSMNP these may be minimal if hardwood

forests are able to successfully replace hemlock forests.

There are, of course, limitations to our study that may

provide insight for new research direction.

First, inferences from this research are limited by the

duration of the study and the sample size. Although we

found no clear, consistent pattern of hemlock or hardwood

riparian forest being associated with particular stream

conditions, a pattern could emerge from a larger sample

size monitored over a longer period of time. However, the

magnitude and variation in stream chemistry conditions

that we found here are comparable with stream conditions

that occur with hardwood- and hemlock-dominated head-

water streams throughout GSMNP. Thus, a larger sample

size may not have yielded different results. However, the

results presented in this article are a good representation of

the stream conditions that occur with hardwood- and

hemlock-dominated headwater streams in GSMNP, and we

are confident that a larger sample size would yield similar

results.

In addition, it is important to note that we do not address

impacts from hemlock mortality on aesthetics, recreation,

other flora, or fauna, all of which could be substantially

affected by the loss of hemlock from eastern forests.

Additional studies investigating impacts from hemlock

mortality on specific flora and fauna are needed. In par-

ticular, determining if there is a relationship in the southern

Appalachians between riparian hemlock dominance and

aquatic fauna, such as fish and macroinvertebrate com-

munities, is essential.

This study focuses on the influence of hemlock over-

story canopy on riparian conditions and the consequences

of this loss. However, understory species composition may

be equally or more important in influencing riparian con-

ditions. We found low PAR and high foliar cover in forests

with understory species dominated by hemlock. Additional

research is needed to determine whether understory hem-

lock in both hemlock and hardwood dominated forests

exerts significant influence on riparian systems and what

the consequences of the loss of hemlock as an understory

species would be. We also note that rhododendron presence

in the understory may be an important influence on riparian

conditions.

This article only examines the suite of parameters

measured in this study (temperature, pH, nitrate-nitrogen,

discharge, available photosynthetic light). However, there

are clearly other variables that may be equally as important

in affecting riparian ecosystem processes and structure.

The understanding of hemlock-dominated riparian systems

in GSMNP could be further improved by investigations of

parameters such as dissolved oxygen, aquatic invertebrate

communities, and energy cycling, for example.

Finally, our results provide baseline data for low- to

middle-elevation headwater streams before the onset of

HWA-induced hemlock mortality in GSMNP. This base-

line data can be used in the future to track the magnitudes

of changes in riparian environmental conditions that occur

with hemlock decline and hemlock mortality. Indeed, the

watersheds described here are currently under attack by

HWA (personal observation). Repeated sampling may

provide managers with a better understanding about how

riparian conditions may change over time with the onset of
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HWA and at which stage forests should be targeted for the

most intensive intervention.
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