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Figure 6. Canopy photographs of 3 representative sites: A -summer and winter canopy of a N E facing 
deciduous site. B-summer and winter canopy of a SW facing evergreen site. C-summer and 
winter canopy of a valley deciduous site. 
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Greellhouse Studies 

In early spring, nine plants of each species were potted in 2: 1 peat/perlite medium and placed 

in an environmentally controlled greenhouse in the Duke University Phytotron (Kramer et alI970). 

Growth conditions were maintained at 26° / 18° C thermo period , 14/10 h photoperiod, 76 % rel-

ative humidity and ambient COl concentration. Three light treatments were imposed with shade 

cloth to produce 100 0/0, 25 0/0, and 10 % full sun environments. Following leaf initiation and 

maturation, light response curves were determined for the newly produced leaves on each plant 

using an absolute gas exchange system. A complete description of the gas exchange system is de-

scribed elsewhere (Tolley and Strain 1985). The cuvette design follows that of Oechel and 

Lawrence (1979). For these experiments, temperature in the cuvette was maintained at 25° C, va-

por pressure concentration ranged from 14.4 to 18.6 mI/l and averaged 15.5 mI/1. PAR was grad-

ually increased with the use of neutral density screening from 0 to 2000 uE m- 2s- 1 Leaf area was 

measured using a Licor 3100 leaf area meter. Chlorophyll concentration was determined using the 

method of Amon (1949). Calculations of net photosynthesis and conductance were made using the 

equations of von Caemmerer-Farquhar (1981). Statistical differences b~tween species and treat

ments were determined using Fischer's Protected LSD (SAS Institute 1982). 

Results 

The light gradient as determined from canopy photographs and PAR measurements show 

that the SW slopes have the highest light intensity. NE slopes and valleys under deciduous canopy 

have moderate light intensities (Table 3). 

On a leaf area basis, all three species showed a trend toward increasing the light saturation 

point under increasing irradiance treatments (Fig.7). K. {ali/olia and R. nudiflorum had significant 

increases in light saturation points with increasing irradiance treatments. In addition, the maximum 

rate of net photosynthesis of R. nudiflorum and K. lalifolia showed significant increases from low 

to high light treatments (Fig.8). On a chlorophyll basis, R. maximum had a significant decrease in 
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Table 3. Average subcanopy light intensity. Photosynthetically active radiation (PAR 
umolm-2s- 1 ) from random measurements at the leaf angle. Total irradiance ( molm- 2day-l )esti
mated from canopy photographs. 

Location PAR Total 
Irradiance 

NE 54.7 10.61 

SW 134.0 13.37 

Valley 137.5 3.94 
(deciduous canopy) 
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Figure 7. The light saturation point of each species in each treatment: 1 == high light 2 == medium light 
3 == low light. R. nudiflorum and K. [ali/oUa had significant increases in the light saturation 
point from low to high light treatments (p == .10). Open space at top of bars represents the 
average minus one SEe 
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Figure 8. Maximum photosynthesis in each light treatment: I == high light 2 == medium tight 3 = low 
light. R. nudiflorum andK. latifolia had significant increases in the rate of photosynthesis 
from low to high light treatments (p == .1 0). Open space at top of bar represents the average 
minus one SE. 
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Table 4. Net photosynthesis per unit chlorophyll ( umolC02umolchl- 1s- 1 
). For each species rates 

with the same letter are not significantly different (p = .10). 

Species Treatment Treatment Treatment 
1 2 3' 

R. maximum 1.87 5.27a 4.70a 

R. nudiflorum 25.76 16.54a 13.56a 

K. lalifolia 11.23a 9.22a 6.60a 
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maximum photosynthesis with increasing irradiance environment whereas R. nudiflorum had sig-

nificant increase (Table 4). 

Quantum yield was not significantly different between treatments for any of the species (Table 

5). However, R. maximum had its lowest quantum yield in the high light treatment. R. nudiflorum 

and K. [atifolia had their lowest quantum yields in the low light treatment. 

Conductance was negatively associated with light intensity in R. maximum plants from all three 

treatments. K. latiJolia and R. nudiflorum showed no consistent conductance responses to light 

intensity (Fig.9). Water use efficiency at light saturation was not significantly different between 

species or treatments (Table 6). 

Discussion 

Estimates of subcanopy irradiance levels indicate that there is a gradient of increasing light 

intensity from valley to NE to SW respectively. This radiation gradient is also reflected in previ

ously reported micro climatic data in which the S\V slopes often have higher monthly maximum 

air and soil temperatures than the NE slopes. 

The results of this study indicate that K. latifolia may be better adapted to high light envi-

ronments than the two Rhododendron species. K. tatiJolia was able to increase its light saturation 

point, quantum yield, and photosynthesis rate under high irradiance and therefore makes the most 

efficient use of high irradiance loads. R. nudiflorum is also able to increase its light saturation point, 

photosynthetic rate, and its quantum yield under high irradiance and can therefore adapt to high 

light environments. Martinez (1975) found similar light saturation levels and photosynthesis rates 

for R. maximum and K. latiJolia in their natural environment. 

Although R. maximum increases its chlorophyll concentration in high light environments, it 

is not able to maximize photosynthesis when under high solar load. Nilsen (unpublished data) has 

also found increasing chlorophyll concentration with increasing irradiance environments in natural 

populations of R. maximum, however, evidence of chloroplast membrane damage was associated 

with the increase in irradiance. Qualitative observations reveal abnormal leaf development in R. 

maximum under high light environments both in the greenhouse and in natural populations. 
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Table 5. Quantum yield of each species in each treatment (mol COl mol light). For each species, 
measurements with the same letter are not significantly different (p = .10). 

Species Treatment Treatment Treatment 
1 2 3 

R. maximum 1.57a 2.59a 2.24a 

R. nudiflorum 2.89a 1.85a 2.31a 

K. latifolia 3.44a 3.61a 1.93a 
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Table 6. Water use efficiency at the light saturation point ( molC02moIH20). For each species, 
rates with the same letter are not significantly different (p = .10). 

Species Treatment Treatment Treatment 
1 2 3 

R. maximum .018a .050a .127a 

R. nudiflorum .018a .OO9a .013a 

K. latifolia .OIOa .287a .OO9a 
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Leaves are often yellowed, smaller than normal, and cupped. All of these observtions indicate that 

R. maximum is not able to make efficient use of high irradiance loads even though it appears to be 

able to increase its light saturation point in high light. Therefore, R. maximum is best adapted to 

low light environments. 

These experimental results appear to match these species' natural distribution in the study 

area. Although R. nudiflorum is able to tolerate high light intensity it is not found in the brightest 

environment in the study area. Other environmental stresses such as low soil water availability or 

high VPD may be restricting R. nudiflorum from the southwest slopes of the spur ridges. 

The results of this study provide evidence that the subcanopy environment in temperate for

ests is highly variable and plant species must adapt to a range of conditions. Detennining which 

environmental factor is most important in controlling a species' distribution is difficult since a 

combination of factors may be operating simultaneously. 
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Vegetation and Environmental Gradients 

Plant ecologists have often studied species distributions in relation to environmental gradients. 

Canopy tree distributions have been examined in relation to topographically defmed moisture gra-

dients (Whittaker 1956, Mowbray 1966, Day and Monk 1974). Microclimatic variables have also 

been used to predict environmental gradients (Cantlon 1953, Mowbray and Oosting 1968, 

Stephenson 1982). The Forest Site Quality Index (Smith and Burkhart 1976) is an example of a 

topographically defmed index which may be used as a predictor of moisture availability (Meiners 

et alI983). For understory species, environmental gradients may be modified by the influence of 

their canopy associates. The subcanopy light environment can be extremely variable depending 

on the type and amount of canopy cover as well as the slope and aspect of the site (Cantlon 1953, 

Reifsnyder et al 1972). Water availablity for subcanopy plants may be affected by the water use 

of the canopy trees on a particular site. 

In montane regions discontinuities in the environment created by changes in aspect, slope, 

and topographic position can isolate patches of vegetation with different physiological requirements 

and tolerances, often in adjacent positions. This type of patchy habitat is found on the spur ridges 

of Brush Mountain in Montgomery County, Virginia where opposing NE and S\V facing slopes 

support different forest types. Qualitative observations indicate a mostly deciduous canopy on the 

~E facing slopes and a mostly evergreen canopy on the SW facing slopes. Three common 

ericaceous subcanopy species also occupy different positions on these spur ridges. Rhododendron 
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maximum is most abundant in the valleys along streams. Rhododendron nudiflorum is most abun-

dant on the NE facing slopes, and Kalmia lalifolia is most abundant on the SW facing slopes. 

The fIrst objective of this study is to defme the limits of the two environmental gradients (light 

and moisture) which may be influencing the distributions of these three shrub species in the study 

area. Microclimatic, topographic, and vegetational variables will be examined as components of 

these gradients. The second objective is to verify the distributions of these shrubs along these gra-

dients by sampling the vegetation and analyzing the data with direct and indirect gradient analysis. 

Methods and Materials 

Site and Species Descriptions 

Brush Mountain is located approximately 3.1 km northwest of Blacksburg, Virginia in 

Montgomery County. As part of the Ridge and Valley Province in the Appalachian Mountains 

of Virginia, the main ridge of Brush Mountain extends NE-S\V with a maximum elevation of 760 

m, in the study area. As a result of geologic processes the western face is eroded into a series of spur 

ridges with opposing NE and SW facing slopes. Three members of the family Ericaceae which gain 

dominance on sites representing extremes of the FSQI index were chosen for this study. 

Rhododendron maximum, a large leaved shrub produces a cohort of leaves in late May and retains 

its leaves for 4-7,years. Flowering occurs in late June. R. maximum appears most abundant on the 

mesic sites beside streams between the the spur ridges, although a few individuals may be found 

growing on the NE facing slopes. Kalmia lalifolia has small evergreen leaves which are produced 

in early May and retained for up to 2 years. Flowering occurs in early June. K. lalifolia is most 

abundant on the southwest facing slopes of the spur ridges. Rhododendron nudiflorum, a small 

leaved deciduous species produces leaves in late April and flowers in early May. Leaves are retained 

for 6-7 months. R. nudiflorum is most abundant on the northeast facing slopes of the spur ridges. 
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Microclimate 

\Veekly measurements of maxumum/minimum temperature, surface soil temperature, soil 

temperature at 10 em, relative humidity, and vpd were taken at 6 permanent locations within the 

study area from June 1984 to September 1985. Microclimate locations were chosen to represent 

the range of expected micro climatic differences and included bottom of NE slope, top of NE slope, 

top of SW slope, bottom of S\V slope, valley under a deciduous canopy, and valley under an 

evergreen canopy. Air temperatures were measured using Taylor Dual Scale Max/Min 

thermometers. Soil temperature was taken using a 16 gauge copper constantan thermocouple. A 

sling psychrometer was used to determine relative humidity. Air temerature and relative humidity 

were used to calculate vpd (Campbell 1977). Monthly precipitation was measured at the closest 

U.S.D.A. Forest Service district headquarters in New Castle, Virginia. 

Vegetation Sampling 

Three representative spur ridges and intervening valleys were chosen for vegetation sampling. 

Each slope was visually divided into 3 slope positions (shoulder, midslope, toeslope). A stratified 

random plot design was used to locate sampling plots in each slope position. Two plots were 

sampled in the toe and midslope position. One plot was sampled in the shoulder slope position 

making a total of 5 plots on each slope. A stratified random plot design was also used to select four 

plots within a 200 meter section of each valley. A total of 42 plots was sampled. 

All trees > 5 cm dbh were sampled with respect to species and dbh within .05 ha circular 

plots. Trees < Scm dbh and shrubs > 0.5 m tall were sampled with respect to basal diameter and 

species within 0.01 ha plots nested within the tree plots. Density of herbs, seedlings, and shrubs 

< 0.5 m tall was recorded within 4 1.0- m2 plots located on 2 randomly selected compass directions. 

Importance values (IV = relative basal area + relative frequency + relative density) were calculated 

for each species in each plot. Polar ordination (Bray and Curtis 1957) using the Ordiflex procedure 

(Gauch 1977) was used to examine distribution patterns. 
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Environmental Gradients 

A moisture index for the understory plants based on the site FSQI and the leaf area index 

(LAI) of the canopy trees in each plot was developed for the study area. The FSQ I ranks the as-

pect, percent slope, and topographic postion and sums these for each site. Leaf area was calculated 

from regression equations (Whittaker 1967). LAI was ranked from 1 (34576888 em2 ) to 6 

(11973758 em2 ) and added to the FSQI for each plot. The moisture index ranges from a minimum 

of 4 (most xeric) to a maximum of 24 (most mesic). 

The light index for subcanopy plants is based on light penetration through the canopy. 

Maximum potential irradiance received at each plot was calculated based on slope, aspect, latitude, 

and solar angle (Campbell 1977). These irradiance values were reduced by the percentage of canopy 

interference as determined from canopy photogr~phs. The hourly position of the sun was deter

mined from standard tables (List 1951) and used to plot the path of the sun across the sky during 

the summer. The irradiance in the subcanopy was estimated as the % of the solar tract free from 

canopy interference times the total predicted radiation on a clear day for the specific site. The 

irradiance index ranged from a minimum of 1 (19.45-16.35 moles m- 2day-l ) to a maximum of 6 

(3.94-.86 moles m- 2day-l). The distributions of the three shrub species were analyzed with respect 

to these two gradients by direct gradient analysis (Whittaker 1967). 

Results 

Average monthly maximum/minumum temperatures are presented in Figure lAo Average 

monthly maximum temperatures ranged from 6.50 to 29.5° C on the NE slope, 7.80 to 32.0° Con 

the SW slope, and 2.7° to 28.0° C in the valley. Average monthly minimum temperatures ranged 

from - 13.5° to 17.0° C on the NE slope, - 12.5° to 16.0° C on the SW slope, and - 14.3° to 

16.0° C in the valley. Soil temperature at the surface and at 10 em are shown in Figure lB. Average 

monthly soil temperatures at the surface ranged from 0.50 to 24.0° C on the NE slope, 0.5° to 

22.0° C on the S\V slope, .and 0.20 to 25.5° C in the valley. Soil temperature at 10 cm ranged from 
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0.25° to 20.0° C on the NE slope, 1.0° to 20.0° C on the SW slope, and 1.25° to 25.0° C in the 

valley. Average monthly VPD is shown in Figure IC. Average VPD ranged from .115 KPa to .864 

KPA on the NE slope, from .l06 KPa to 1.069 KPa on the SW slope, and from .062 KPa to .846 

KPa in the valley. I collected stemflow and throughfall precipitation for 4 months in 1984. 

Stemflow was considerably higher on the ridge sites than throughfall, although the reverse was true 

on the valley site. There was considerable variation from week to week between stations. The 

variation within site stemflow and throughfall precluded any significant difference between sites. 

The proximity and the aspect of the sites in relation to prevailing wind suggest a low chance for a 

significant difference in precipitation input between sites. Comparisons of NE-SW dawn water 

potential also showed no consistent differences between slopes (Table 1). Monthly precipitation 

averages from the Forest Service are lowest in September for both years (Figure 1C). 

Quercus prinus was the dominant canopy tree species in 69 % of the stands. Pinus pun gens 

was dominant in 14 % of the plots. The remainder of the plots were dominated by Acer rubrum 

(7 0/0), Nyssa sylvatica (5 %), and Quercus alba (5 0/0). All plots dominated by P. pungens and N. 

sylvatlca were located on SW facing slopes. The plots dominated by Q. alba and A. rubrum were 

located in valleys. Q. prinus was dominant in NE, SW, and valley plots. In the shrub stratum, K. 

lalifolia had the highest importance in 62 % of the plots. Rhododendron calendulaceum was most 

important in 21 % of the stands and R. maximum was most important in 12 % of the plots. 

M enzesia pi/osa and Leucothoe racemosa each had the highest shrub importance in 2.5 % of the 

plots. All of the stands where R. maximum was the dominant shrub were located in valleys. K. 

lalifolia was dominant in plots from both NE and SW aspects. 

On the NE slopes, all of the plots had moisture index values ranging from 9-18 with an av

erage value of 14 (Fig. lOA). SW plots ranged from 6-15 on the moisture index with an average 

value of 10. The average moisture index in the valley was 16 with sites ranging from 14-19. The 

distribution of plots on the light index also varied between locations (Fig. lOB). The NE sites had 

an average light index value of 5, and ranged from 2-6. The SW sites ranged from 1-6 on the light 

index with an average of 4. In the valleys, light index values averaged 6 and ranged from 4-6. 

Direct gradient analysis shows that the average importance value of K. lalifolia increases with 

increasing irradiance in the subcanopy (Fig.l1). R. maximum has its highest average importance 

value in plots of lowest light intensity. R. nudiflorum also had its highest average importance in low 
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light intensity plots. K. lati/olia had its highest average importance in plots in the lower half of the 

moisture index (Fig. 12). R. maximum was most important at the higher end of the moisture index. 

R. nudiflorum was most important in the middle of the moisture gradient. 

Stand ordination using tree and shrub IV's shows a large group of stands which are relatively 

similar in compostion and dominated by Q. prinus (Fig. 13). Other smaller clusters represent sites 

with P. pun gens IV. Of the plots dominated by Q. prinus 52 % ranged from 12-15 on the moisture 

index. Plots dominated P. pungens ranged from 6- lIon the moisture index. If the FSQI is used 

as a canopy light index, 88 % of the stands dominated by P. pun gens have an FSQI value less than 

8, while 56 % of the stands dominated by Q. prinus have an FSQI value greater than 9. Ordination 

of the shrub stratum only clusters stands dominated by K. latifolia in one segment. Stands with 

high R. maximum and R. calendulaceum are clustered less closely in another segment (Fig. 14). 

Forty-four percent of the stands dominated by K. latifolia range from 1-4 on the light gradient and 

59 % have values less than 13 on the moisture index. Of the stands dominated by R. maximum 

and R. calendulaceum, 93 % have values of 5 and 6 on the light gradient and 93 % have moisture 

index values greater than 15. 

Discussion 

Measurement of microclima~ic variables showed no conclusive evidence of differences in soil 

moisture availability between north and south slopes. However, the slightly elevated air temper

ature and VPD on the SW slopes during the summer months may place a higher atmospheric de

mand for water on plants growing on this aspect. The subcanopy moisture and light gradients tend 

to follow the same distribution (ie. the high light stands also had low moisture). This overlap would 

have been expected since the component variables are the same. Better defmition of the moisture 

and light gradients may have been possible with frequent direct measurements of soil moisture and 

subcanopy irradiance. Intensive direct measurements were beyond the scope of this project and are 

often inconclusive due to within site variability. 

The direct gradient analysis shows a strong distributional segregation of R. maximum and K. 

latifolia. The importance of these shrubs at opposite ends of the moisture and light gradients im-
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plies that these two species have different tolerances or adapt abilities to irradiance and/or moisture 

stress. R. maximum appears to be adapted to high moisture, low irradiance sites. K. latifolia seems 

better adapted to low moisture, high irradiance sites. It is possible that K. latifolia is unable to 

compete with R. maximum on the more mesic sites and is therefore excluded in these areas. 

McGinty (1972) has suggested competition between R. maximum and K. latifolia as a reason for 

their segregated distributions in the southern Appalachians. R. nudiflorum, although infrequent in

occurrence, seems best adapted to moderate irradiance and moderate moisture conditions. Two 

deciduous species of Rhododendron are also present in the study area. R. calendulaceum reaches its 

highest importance in the mesic, low light sites in association with R. maximum. R. roseum has 

highest importance on moderate irradiance and moderate moisture sites. 

The ordination plots of shrub stratum also verifies their distribution along the environmental 

gradients. The cluster of plots dominated by K. latifolia represents the low moisture, high light end 

of the gradients. The cluster of stands dominated by R. maximum and R. calendulaceum represent 

the high moisture, low light portion of the gradients. 

42 



Conclusions 

The results of these studies show that each of the three shrub species has different abilities to 

tolerate irradiance and moisture stress. Field studies and greenhouse studies show that R. maximum 

is sensitive to low water availability and must close its stomata and terminate photosynthesis in 

order to maintain turgor. R. maximum appears to undergo chloroplast degradation in high 

irradiance environments and therefore cannot increase its photosynthesis rate in high light. These 

experimental1"esults would predict that R. maximum is best adapted to high moisture, low light 

environments. Direct gradient analysis of plots sampled on Brush Mountain confmn this predic-

tiona R. maximum reaches its highest importance in the valleys which are located on the high end 

of the moisture gradient and the low end of the light gradient for this area. 

K. lalifalia proved to be tolerant to both high. irradiance and low moisture. Greenhouse ex-

periments showed an increase in the light saturation point and the net rate of photosynthesis in high 

light environments. K. lalifalia also showed no photosynthetic sensitivity to low soil water avail

ability during the course of the drying experiment. Perhaps an extended drying trial would show 

more conclusive results. The results of these experiments would suggest that K. lalifalia could oc-

cupy high irradiance t low moisture sites. Direct gradient analysis shows that K. lalifalia reaches its 

highest importance on SW slopes in high irradiance, low moisture environments. 

R. nudiflarum showed tolerance to high irradiance and moderate amounts of water stress 

during greenhouse experiments. Since R. nudiflarum can increase its light saturation point and 

maximum rate of photosynthesis in high irradiance conditions, one would expect it to be present 
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in high irradiance environments. However, in this study area R. nudiflorum did not occur on the 

high irradiance sites (the SW slopes). Although soil moisture was not found to be different between 

the NE and SW slopes, atmospheric water demand may be more severe on the SW slopes due to 

higher irradiance and temperature. R. nudiflorum shows some sensitivity to high vpd and therefore 

may not be able to become established on SW slopes due to atmospheric water stress. R. 

nudiflorum has been observed in other high irradiance sites where water may not be limiting and 

vpd may be lower. Gradient analysis reveals that R. nudiflorum is present on moderate moisture 

sites. 

Further areas of study which might lend more evidence to these conclusions include: 1.) 

Better defmition of moisture and light gradients; 2.) Closer examination of vpd in the study area; 

3.) Transplant studies or manipulations of environment for natural populations; 4.) Field meas· 

urement of photosynthesis rates on individuals growing in their predicted environment and at the 

extremes of their predicted environment. 
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