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potentially to increases in the ceiling of the cloud base and, 
thus, less frequent cloud immersion, persistence of these 
relic mountaintop forests may depend on the magnitude of 
these changes and the compensating capabilities of other 
water sources.
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Introduction

cloud immersion is a global phenomenon that ranges from 
coastal islands to interior mountain peaks (Weathers 1999). 
In many of these ecosystems, frequent cloud immersion 
seems linked functionally to the existence of endemic spe-
cies and communities, including epiphytes of the Pacific 
northwest (Usa), the loma vegetation of andean Peru, 
the coffee forests of angola, and the ecosystem studied 
here—the relic spruce-fir communities of the southern 
appalachian Mountains, Usa (Weathers 1999; cogbill and 
White 1991; Johnson and smith 2006). cloud immersion 
in these systems may be an important subsidy of moisture 
that can improve both plant water and, thus, photosynthetic 
relations (Bruijnzeel 2001). Thus, immersion can improve 
plant water relations during the day by reducing the leaf-to-
air vapor pressure deficit, as well as by enhancing stoma-
tal opening and subsequent photosynthetic carbon gain due 
to reduced solar heating and suboptimal leaf temperatures 
(Dawson 1998; Johnson and smith 2006; Breshears et al. 
2008; limm et al. 2009; Berry and smith 2013a).

cloud-immersion fog can contribute to plant water in 
two primary ways. During immersion water condenses 
on plant surfaces and eventually falls to the soil below, 
improving soil moisture. More recently, a second pathway 
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top communities grow only above ~1,500 m elevation, har-
bor the endemic Abies fraseri, and have been proposed to 
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portion of plant water derived from cloud moisture in this 
ecosystem. Using the isotopic mixing model, Isosource, 
we analyzed the isotopic composition of hydrogen and 
oxygen for water extracted from ground water, deep soil, 
shallow soil, fog, and plant xylem at the upper and lower 
elevational limits both in May (beginning of the growing 
season) and October (end of the growing season). cloud-
immersion water contributed up to 31 % of plant water at 
the upper elevation sites in May. high-elevation plants of 
both species also experienced greater cloud immersion and 
had greater cloud water absorption (14–31 %) compared to 
low-elevation plants (4–17 %). greater cloud water uptake 
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onstrate the important water subsidy that cloud-immer-
sion water can provide. With a warming climate leading 
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with more immediate effects on water use has also been 
demonstrated—direct foliar water uptake (Boucher et al. 
1995; yates and hutley 1995; Martin and von Willert 2000; 
gouvra and grammatikopoulos 2003; Burgess and Daw-
son 2004; limm et al. 2009; Berry and smith 2013b). The 
amount of literature suggesting this latter mechanism is 
growing and includes a wide range of plant families, from 
ferns to herbs to conifers (e.g., Burgess and Dawson 2004; 
limm et al. 2009).

The mountaintop spruce-fir [Picea rubens sarg.-Abies 
fraseri (Pursh) Poir.] forests of the southern appalachian 
Mountains experience cloud immersion on 60–75 % of 
summer days (Berry and smith 2012). These relic for-
ests used to dominate large areas of the southeastern 
United states during the late Pleistocene, but currently 
exist only at seven locations above ~1,500 m in Virginia, 
north carolina, and Tennessee (Oosting and Billings 
1951; ramseur 1960; White 1984; Delcourt and Del-
court 1984). as a result of their isolation and diminish-
ing size, these communities harbor numerous endem-
ics, including the threatened Abies fraseri (Fraser fir; 
ncDenr 2010). In addition, the occurrence of frequent 
cloud immersion has been hypothesized as a major con-
tributor to the persistence of these forest communities at 
such southern latitudes (Braun 1964; cogbill and White 
1991). Improved plant water status, reduced transpira-
tion, and increases in photosynthetic carbon gain have 
been reported to result from cloud immersion (Johnson 
and smith 2006; reinhardt and smith 2008b; Berry 
and smith 2012), while recent research has also dem-
onstrated that foliar water uptake also occurs in both A. 
fraseri and P. rubens (Berry and smith 2013b). While it 
seems probable that cloud-immersion water contributes 
directly to plant water, no studies to date have quanti-
fied the relative contribution of cloud immersion to plant 
water use for this habitat.

current techniques utilizing naturally occurring stable 
isotopes of hydrogen and oxygen can determine the relative 
contribution of isotopically distinct sources of plant water 
(Dawson 1998). By analyzing the isotopic composition of 
each potential water source and plant water, the percent 
contribution of each source can be calculated via a mathe-
matical mixing model approach (Phillips and gregg 2003). 
cloud-immersion water tends to have greater quantities 
of the heavier isotopes (2h and 18O) than soil or ground-
water due to greater evaporation of the lighter isotopes in 
cloud water (Dawson 1998). similarly, shallower soil water 
will be isotopically heavier than deep soil or groundwater 
because of increased exposure to evaporation. In the pre-
sent study, we determined the stable isotopic composition 
of cloud, shallow soil, deep soil, ground, and plant water 
to use this information in the calculation of the relative 
contribution of each source. We examined plant water 

of saplings of the two dominant species, A. fraseri and P. 
rubens, at their upper and lower elevational limits in the 
southern appalachians. Because cloud immersion occurs at 
a greater frequency at the high-elevation plots (Berry and 
smith 2013a), we expected cloud water to contribute more 
to plant water. We also measured differences in water use 
between May (early growing season) and October (end of 
the growing season) to determine if cloud immersion might 
have a different level of contribution at different periods of 
the growth season.

Materials and methods

study site and species

The present study was conducted in a mesic spruce-fir for-
est in the Black Mountain chain of the southern appalachi-
ans. The Black Mountains harbor threatened communities 
dominated by Picea rubens (red spruce) and the endemic 
Abies fraseri (Fraser fir) above ca. 1,500 m elevation. Field 
measurements were collected near the peak of Mt Mitch-
ell (Mt Mitchell state Park 35°76′n, 82°26′W), the highest 
point in the eastern United states, and in Pisgah national 
Forest (35°71′n, 82°27′W). These southern spruce-fir for-
ests are unique from their more northern counterparts in 
that they receive higher amounts of rain and snow (over 
1,800 mm year−1), have more moderate temperatures 
(13.5 °c mean maximum air temperature during the growth 
season, May up to and including september), and more fre-
quent cloud cover and immersion (60–75 % of all growing 
season days; Mohnen 1992; reinhardt and smith 2008a; 
Berry and smith 2012).

Field sampling

Plant and soil samples were collected randomly along 
400-m transects at 1,510 m (35°71′n, 82°27′W) and 
1,960 m (35°76′n, 82°26′W) in the Black Mountains of 
north carolina. Transects at each elevation were selected 
on south facing slopes in representative spruce-fir com-
munities with mostly closed canopies composed of both 
tree species, and a ground layer of ferns, herbs, and scat-
tered downed trees due, most likely, to the balsam woolly 
adelgid, Adelges piceae (Pittillo and smathers 1979; 
Bruck and robarge 1988; goelz et al. 1999). Fog water, 
shallow soil, deep soil, and ground water samples were 
collected during the same time periods and analyzed for 
their isotopic composition. leaf and stem samples taken 
from the mid-canopy (~1 m) of saplings (between 1.5 
and 2 m height, without visible cone production) were 
collected from each species. sampling occurred near the 
top (1,960 m) and bottom (1,510 m) of their elevational 
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range and at the beginning of the growth season (29–30 
May 2012) and near the end of the season (3–4 October 
2012). One shoot from six individuals for each species 
was collected from saplings at each site. leaf tissue was 
removed and shoots were immediately sealed in 60-ml 
glass vials. soil samples were collected at two different 
depths: within the first 25 cm and between 1.2 and 1.5 m 
(henceforth “shallow soil” and “deep soil,” respectively). 
at the same field sites where shoots were collected, 
four soil samples were taken each month using an Oak-
field soil auger (Model B, Oakfield apparatus company, 
Oakfield, Wisconsin). Fog water was collected using the 
design described in Juvik and nullet (1995), i.e., a cyl-
inder of louvered aluminum measuring 12.7 cm in diam-
eter and 40.6 cm in height. The cylinder was fitted with 
a sloped aluminum roof to exclude rainfall and mounted 
over a glass reservoir for collection. One fog collector 
was employed at each elevation and fog water collected 
and sealed into 3.5 ml vials immediately following four 
fog events in May and four fog events in October. Fog 
collection always occurred before midday on days where 
fog lasted at least 2 h. groundwater samples (n = 4) 
were taken from a ground well located within Mt Mitch-
ell state Park, as well as from several water taps located 
throughout the park. Because of the consistency found 
between tap measurements and well measurements, all 
future groundwater was taken from the park taps sup-
plied from the ground well. all samples were immedi-
ately sealed with laboratory film and kept under 5 °c for 
transport. Once in the laboratory, the samples were trans-
ferred to a −10 °c freezer until isotopic analyses were 
conducted.

climate data were accessed from a weather station at 
the top of Mt Mitchell (maintained by the north carolina 
Division of Parks and recreation). To examine variation 
in cloud immersion and rainfall dynamics through grow-
ing seasons, 5-year averages of rainfall, temperature, and 
relative humidity, as well as 2-year averages of number of 
fog days per month, were calculated. Fog days were deter-
mined using a continuous-recording video camera located 
near the top of Mt Mitchell and confirmed by the daily cli-
mate data (for more detail, see Berry and smith 2012).

Water extraction and isotopic analysis

In the laboratory, sample water was extracted from soil and 
leaf samples using cryogenic vacuum distillation (ehler-
inger et al. 2000), and then analyzed using isotope-ratio, 
infrared spectroscopy on a wavelength-scanned, cavity 
ring-down spectrometer analyzer (model l1102-I; Picarro, 
sunnyvale, ca). Four replicate injections were introduced 
into the chamber using a Pal auto sampler (leap Tech-
nologies, carrboro, nc); data reported here are means of 

the third and fourth injections. samples were then analyzed 
using three lab reference standards calibrated using values 
for Vienna standard mean ocean water. Instrument preci-
sion was specified as ±1.6 ‰ for hydrogen and ±0.2 ‰ 
for oxygen.

To assess the relative contribution of each water source 
to plant water, we used the Isosource program to evalu-
ate a four-source (fog, shallow soil, deep soil, and ground 
water), two-isotope (hydrogen and oxygen) mixing model 
presented in Phillips and gregg (2003). Isosource assumes 
more sources exist than are available for isotopic analysis. 
all possible combinations of sources from 0 to 100 % were 
tested incrementally and the combinations that are within 
the set tolerance limits are considered possible solutions 
(increment 1 %, tolerance 0.05 %). all outcomes from Iso-
source should be reported as a range of feasible solutions 
instead of mean values. at the higher and lower elevation 
sites, there were no differences in source isotopic composi-
tions between May and October samples and, thus, these 
values were combined for all analyses. To compare rela-
tive contributions of fog water, all possible combinations of 
contributions of fog water from the Isosource model were 
counted as individual observations (Phillips and gregg 
2003). The non-parametric Kruskal–Wallis test (reported as 
a χ2-value) was chosen because the outputs from Isosource 
commonly give non-normal distributions that violate the 
assumptions of an anOVa. Pairwise comparisons between 
measurement groups were performed using Wilcoxon rank-
sum tests with a revised alpha computed via the Bonferroni 
correction (Zar 1999). all data were analyzed using JMP 
version 7 (sas Institute, cary, nc).

Results

rainfall and cloud-immersion frequency

The 4-year (2009–2013) mean of annual rainfall was 
1,982 mm year−1, varying from a high of 2,434 mm year−1 
in 2009 to a low of 1,677 mm year−1 in 2010 (Fig. 1). 
Monthly rainfall was fairly consistent throughout these 
years, remaining above 120 mm month−1. Mean monthly 
rainfalls for May and October were 183 and 130 mm, 
respectively. Until a decline in October, the mean daily rel-
ative humidity remained above 80 % for the entire summer 
growing season. The number of days with at least 3 h of 
cloud immersion was calculated from 3 years (2010–2012) 
of web camera pictures near the top of Mt Mitchel in Mt 
Mitchell state Park. Through the entire growing season 
(May–October), every month averaged at least 14 days of 
cloud immersion, with the most frequent occurring in May 
(18.5 days). as expected, summer temperatures peaked at 
16.2 °c in July, while May and October had considerably 
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lower mean air temperatures, 11.1 and 7.0 °c, respectively 
(Fig. 1).

Isotopic compositions at high and low elevation

Isotopic compositions of the sampled, potential water 
sources were separated between high- and low-elevation 
plots. Because there were no significant differences in 
the water source compositions between May and Octo-
ber, all individual sources were combined (Figs. 2, 3). 
For both sampling periods, groundwater, deep soil, and 
shallow soil had relatively similar isotopic compositions 
(Figs. 2, 3). In contrast, fog water had the most enriched 
isotopic composition across both elevations [high eleva-
tion, stable isotope ratio of oxygen (δ18O) = −1.6 ‰, sta-
ble istope ratio of deuterium (δ2h) = −9.8 ‰; low eleva-
tion, δ18O = −3.9 ‰, δ2h = −7.8 ‰] while groundwater 
had the lowest isotopic composition (δ18O = −6.9 ‰, 
δ2h = −40 ‰). Deep soil and shallow soil water both had 

values near those of groundwater but were more enriched 
in both isotopes (Figs. 2, 3). all isotopic compositions 
for plant water were between values for belowground soil 
sources and fog water, indicating a contribution of fog 
water to plant tissue (Figs. 2, 3). It is important to note that, 
while mean plant water compositions were greater than soil 
and groundwater, most plant values were very near shallow 
soil values (Figs. 2, 3). also, plant water isotopic compo-
sitions tended to be more enriched in δ2h and δ18O at the 
higher than lower elevation sites, and values in May tended 
to be greater than corresponding values in October (Figs. 2, 
3).

Quantifying source contributions

In May, fog water contributed more to plant water at the 
high-elevation versus low-elevation sites in both species. 
In A. fraseri, fog water contributed 25–31 % of plant water 
at the high-elevation sites and 11–17 % at low elevation 
(Table 1; Fig. 4). For P. rubens, fog water contributed 
significantly less to plant water, i.e., 17–24 % at high 
elevation and 9–15 % at low elevation. In October, for A. 

(b)

(a)

Fig. 1  a Monthly rainfall, mean temperature, and mean rela-
tive humidity for each month at a ranger station near the top of Mt 
Mitchell, north carolina. Data were calculated as 4-year averages 
(2009–2012) from a long-term data weather station run by the north 
carolina Division of Parks and recreation. b Three-year averages of 
the number of foggy days per month from april to October calculated 
from webcam images at the ranger station at Mt Mitchell state park. 
all bars represent se

(a)

(b)

Fig. 2  stable isotope ratio of deuterium (δ2h) vs. stable istope ratio 
of oxygen (δ18O) values of fog, shallow soil, deep soil, ground, and 
plant water (Abies fraseri and Picea rubens) from collections in May 
(29–30 May 2012) at high-elevation (a 1,960 m) and low-elevation (b 
1,510 m) plots. Plant isotope values are represented by solid symbols 
and solid regression lines and source waters are represented by open 
values and dashed regression lines
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fraseri, fog contributed 16–23 % of plant water at high 
elevation and 8–10 % at low elevation, while fog water 
contributed 14–22 % and only 4–8 %, respectively, in P. 

rubens (Table 1; Fig. 4). all comparisons of percent fog 
water contributions were significantly different from each 
other; high-elevation measurements showed greater con-
tributions from fog, May measurements showed greater 
contributions from fog than October ones, and A. fraseri 
showed greater contributions from fog than P. rubens 
(χ2

7,563
 = 516.48, p < 0.001). In this analysis, all possible 

contributions of fog water given from the Isosource model 
are considered, resulting in large df.

at the higher elevation sites, shallow soil, deep soil, and 
groundwater all contributed to plant water, ranging up to a 
maximum of 68 % contribution from shallow soil in Octo-
ber for P. rubens (Table 1). groundwater contributed signif-
icantly, particularly for A. fraseri, ranging from 20 to 40 % 
of plant water. These values were similar for P. rubens in 
May (23–42 %), but were much lower in October (0–18 %) 
and included zero as a possible value. at low-elevation 
sites, there was greater variance in isotopic composition 
for shallow soil water, but the range was still greater than 
the shallow soil contributions observed at the high-eleva-
tion site. The potential contributions of shallow soil water 
to plant water ranged from a minimum of 17 % for A. fra-
seri in May to a maximum of 79 % for A. fraseri in Octo-
ber. The contribution of shallow soil water as a dominant 
source resulted in lower relative contributions of deep soil 
and groundwater at the low-elevation plots, e.g., A. fraseri 
plant water in October had a groundwater contribution of 
0–4 % (Table 1). Overall, the majority of the relative con-
tributions of deep soil and groundwater at the low-elevation 
sites included zero percent as possible contributions.

(a)

(b)

Fig. 3  δ2h vs. δ18O values of fog, shallow soil, deep soil, ground, 
and plant water (A. fraseri and P. rubens) from collections in October 
(3–4 October 2012) at high-elevation (a 1,960 m) and low-elevation 
(b 1,510 m) plots. Plant isotope values are represented by solid sym-
bols and solid regression lines and source waters are represented by 
open values and dashed regression lines

Table 1  relative contributions of each water source to plant water 
during each measurement period

The percentages are expressed as ranges of feasible outputs from the 
two-isotope mixing models in Isosource (Phillips and gregg 2003)

(%) Abies fraseri Picea rubens

May October May October

high elevation

 Fog 25–31 16–23 17–24 14–22

 shallow soil 0–35 3–45 0–41 21–68

 Deep soil 0–45 0–54 0–53 0–57

 groundwater 24–40 20–39 23–42 0–18

low elevation

 Fog 11–17 8–10 9–15 4–8

 shallow soil 17–64 79–91 30–73 52–82

 Deep soil 0–66 0–11 0–55 0–40

 groundwater 0–26 0–4 0–22 0–15

Fig. 4  Percentage of plant water from fog for A. fraseri and P. 
rubens at high- and low-elevation plots in May and October 2012. 
relative contributions were determined using a four-source, two-iso-
tope mixing model using the Isosource software (Phillips and gregg 
2003). Error bars represent the range of possible outcomes from the 
Isosource outputs
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Discussion

Fog water appeared to supply significant amounts of water 
to the overall plant water budget of saplings of A. fraseri 
and P. rubens in this southern appalachian cloud for-
est; contributing as much as 31 % to plant water samples 
(Table 1). Moreover, monthly fog occurrence was relatively 
consistent throughout the summer growing season, sug-
gesting that cloud-immersion water may contribute to plant 
water throughout the entire summer period (Fig. 1). how-
ever, despite the general consistency of rainfall and fog on 
the days immediately preceding water collections, there 
was a greater relative contribution of fog water in May 
than in October. We also found significant elevation and 
intraspecific effects with the higher elevation plants and the 
endemic, A. fraseri, demonstrating a possible species-spe-
cific and elevational reliance on fog water.

Fog has also been suggested to contribute to plant water 
by improving both soil moisture to increase root uptake and 
through direct absorption of water deposited on leaf surfaces 
(gouvra and grammatikopoulos 2003; Burgess and Dawson 
2004; limm et al. 2009). It has been reported that fog events 
improve soil moisture through direct drip off of plant sur-
faces and reduced evapotranspiration from the soil surface 
(Bruijnzeel et al. 2011). however, foliar water absorption 
has now been demonstrated in a number of species, includ-
ing the two in this study, A. fraseri and P. rubens (Berry and 
smith 2013b). Undoubtedly, soil and groundwater provide 
reliable, primary sources of plant water, facilitate the uptake 
of many soil nutrients, and are important for maintaining 
hydraulic distribution throughout the plant (caldwell and 
richards 1989; Tinker and nye 2000; ryel et al. 2002). In 
this regard, the relative contributions of soil and groundwa-
ter sources varied in our study, but always contributed the 
majority of plant water (Table 1). The greatest contribution 
of fog water to plant water was in A. fraseri at high elevation 
in May (31 %) and, thus, the contribution of all remaining 
belowground sources was a minimum of 69 % (Table 1).

While soil uptake undoubtedly contributed most to plant 
water, foliar water uptake as an alternative water pathway 
has not received as much attention in the literature. as 
mentioned above, foliar water uptake has now been dem-
onstrated across numerous plant groups (conifers to suc-
culents), with the large majority of these species found 
in areas with frequent fog, e.g., coastal redwood forests 
(Burgess and Dawson 2004; limm et al. 2009), tropical 
montane cloud forests (eller et al. 2013), and southern 
appalachian cloud forests (Berry and smith 2013a). It is 
plausible that species experiencing frequent leaf wetness 
from dew or rainfall, common in even desert species, may 
also exhibit this functional trait. limm and Dawson (2010) 
demonstrated that the fern, Polystichum munitum, demon-
strated varying foliar uptake capacities at the landscape 

scale across sites of varying fog frequencies, suggesting 
that common fog occurrence may not be a prerequisite for 
foliar water absorption from ambient air.

The increased contribution of fog to plant water at high 
elevation may be due to the greater frequency of fog near 
the peaks of these mountains. While the cloud-immersion 
frequency data for this study (Fig. 1) were from an interme-
diate elevation, previous research has demonstrated that fog 
frequency at our high-elevation plots increases by as much 
as 133 % compared to the lower elevation sites (Berry and 
smith 2013a). This same study also found that shoot water 
potentials, photosynthesis, and leaf conductance were all 
greater at high-elevation plots suggesting that the improved 
water status from greater fog contribution to plant water 
leads to greater physiological performance (Berry and 
smith 2013a). Increased fog frequency also led to more 
frequent leaf wetness and increases in the wettability of 
leaf surfaces in Drimys brasiliensis (eller et al. 2013). 
greater leaf wetting increased fog drip and condensation 
directly onto the soil surface, as well as decreased evapora-
tive demand from leaf surfaces (holder 2007). regarding 
intraspecific variation in foliar water uptake, others have 
suggested changes in cuticular structure (such as degrada-
tion of waxes), or even specific water uptake pathways, in 
response to greater exposure to fog (limm and Dawson 
2010). additionally, it is possible that changes to branch 
structure such as needle density or size alter surface con-
densation and drip onto the soil. Our high-elevation sites 
also had a decreased mean air temperature of ca. 2.5 °c, 
due to fog events, further decreasing evaporative demand 
from leaves, reduced transpirational loss, and improved 
plant water status during daytime hours (Berry and smith 
2012, 2013a).

It is interesting that fog contributed significantly more to 
the plant water of the endemic, A. fraseri (16–31 %), than 
P. rubens (14–24 %) for all measurement periods at high-
elevation sites (Fig. 4). at low elevation, this trend was 
similar in A. fraseri with fog contributing 8–17 % of plant 
water, and for P. rubens 4–15 % (Table 1; Fig. 4). Because 
A. fraseri grows only in cloud forest environments and does 
not tend to dominate the canopy until above ~1,800 m, a 
greater reliance on fog water might be expected (ramseur 
1960). It would be interesting to examine the relative con-
tribution of fog water to A. fraseri across other mountain 
peaks that harbor these communities, utilizing natural vari-
ation in fog frequencies. examining the contribution of fog 
to P. rubens in cloud forest populations further north or to 
cultivated A. fraseri christmas tree stands, which receive 
significantly less fog, could also provide insight into the 
relative importance of, and adaptability to, fog in these 
species. Other studies have shown both geographic and 
intraspecific variation in contributions of water sources to 
plant water, so it is possible that plants could shift their 
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reliance on certain unique sources, such as fog, according 
to availability in the environment (Dawson and Pate 1996; 
Meinzer et al. 1999; limm and Dawson 2010).

While limited conclusions can be drawn about the non-
fog sources for water uptake, a result of the wide range of 
possible outcomes from the mixing models, two impor-
tant points should be noted. First, at high-elevation plots, 
saplings of A. fraseri seemed to have a strong reliance on 
groundwater (Table 1). In May the range was 24–40 % and 
in October it was 20–39 %. P. rubens had a similar range 
of values for May (23–42 %), but did not show the same 
reliance on groundwater in October (0–18 %). This result 
is somewhat surprising because water tables are typically 
deeper at higher elevation locations (sinai et al. 1981). 
however, the water table can be influenced by a variety of 
other variables such as the distance to the nearest stream and 
the underground hydrogeology suggesting that the variation 
in groundwater reliance in this study could be due to geo-
logical variation in water table depth (Thompson and Moore 
1996). crandall (1958) noted that soil profiles near the 
peaks in the great smoky Mountains were rarely more than 
0.6 m deep suggesting that the water table could be within 
the first 1.5 m where deep soil was sampled. Both species 
are generally shallow-rooted, but A. fraseri tends to have a 
slightly deeper root profile, possibly explaining its reliance 
on groundwater late in the season. additionally, excavation 
of 10- to 12-year-old A. fraseri planted on christmas tree 
farms found that all roots were within 0.6 m of the soil with 
no deep taproot (K. reinhardt, personal communication). 
While we do not have data on the specific rooting depths at 
the sites in this study, it is likely that the majority of roots of 
our saplings occur within the first 1.5 m of soil, in the range 
of where shallow and deep soil samples were taken.

secondly, at low-elevation plots, there seemed to be a 
strong reliance of all saplings on shallow soil. While the 
variation in these ranges was large, all were greater than 
zero demonstrating a significant contribution of shallow 
soil to plant water (Table 1). These contributions ranged 
from 17 to 64 % for A. fraseri in May to as high as 52–
82 % for P. rubens in October. This is at least in part due 
to the decreased reliance on fog water as a reliable source 
for P. rubens, but could also be explained by the fact that 
P. rubens tends to be more shallow rooted than A. fraseri 
(crandall 1958). Ultimately, the understanding of rooting 
strategies and belowground water sources in these forests 
remains an important unanswered question.

Conclusion

In the present study, fog appeared to make significant con-
tributions to plant water in A. fraseri and P. rubens, the two 
dominant tree species of threatened southern appalachian 

spruce-fir forests. cloud-immersion water seemed to play 
a larger role near mountain peaks where there is increased 
fog frequency and duration than at the lower elevation limits 
of these spruce-fir communities. additionally, fog contrib-
uted a greater proportion of plant water early in the growing 
season (May) than later (October); and for the endemic A. 
fraseri compared to the more widespread P. rubens. These 
results, along with previous research that demonstrates 
improved photosynthesis, leaf conductance, and water 
potentials at high-elevation plots, suggest that both species 
respond physiologically to the more frequent fog events that 
occur at these mountain peaks (Berry and smith 2013a).

To our knowledge, this is the first study to quantify the 
relative contribution of fog water to overall plant water in 
these cloud forests and builds on recent literature which 
suggests both species may be dependent on frequent cloud 
immersion (Johnson and smith 2006; reinhardt and smith 
2008a; Berry and smith 2013a). climate models predict an 
increase in summer temperatures of at least 3 °c (and up 
to 6 °c) by 2100 in moderate scenarios (Delcourt and Del-
court 1998; IPcc 2007). It might be predicted that declines 
in cloud cover, thus fog frequency and rainfall, would neg-
atively impact these refugial, relic forests of the southern 
appalachian Mountains. For example, a decline in immer-
sion frequency could result in an upward shift of the lower 
elevation limits of these forests to even cooler elevations. 
The compounding effects of increased temperatures, less 
frequent fog, and more variable rainfall may result in an 
even greater shift than what may be considered in modeling 
studies. Because these forest communities exist currently in 
a ca. 500-m elevational band on seven mountaintop areas, 
an upward shift would significantly reduce the breadth of 
their already limited elevational band. Thus, the survival of 
this boreal-like forest and a host of accompanying ecosys-
tem services (e.g., snow capture and seasonal persistence) 
could certainly be jeopardized.
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