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ABSTRACT 

Berry, Z. Carter 

 

ECOPHYSIOLOGICAL RESPONSES AND FOLIAR UPTAKE OF FOG IN 

SOUTHERN APPALACHIAN CLOUD FORESTS 

 

Dissertation under the direction of William K. Smith, Ph.D. 

Charles H. Babcock Professor of Botany 

 

 

 Numerous species and communities around the world are functionally linked to frequent 

cloud immersion including the coastal forests of the Pacific Northwest (USA), the Loma 

vegetation of Andean Peru, the coffee forests of Angola, and the relic spruce-fir communities of 

the southern Appalachian Mountains, USA.  In these climates cloud immersion can provide an 

important subsidy of moisture that can improve plant water relations as well as photosynthetic 

status through alleviation of high sunlight and temperature stress.  However, leaf wetting events 

can negatively affect carbon uptake by blocking stomatal pores, inhibiting CO2 exchange.  Thus, 

in the southern Appalachian cloud forest ecosystem, the effects of cloud immersion on whole 

plant physiological ecology, including carbon uptake and water balance needed to be examined. 

 This dissertation research sought to address how cloud immersion affects microclimate, 

physiological gas exchange, and daily water functioning (Chapter 1), how this varied between 

sites at the upper and lower elevational limits of the communities (2), the relative influence of 

cloud immersion on available plant water (3), whether each species exhibits the capacity for foliar 

uptake (FU) (4), and whether FU and physiological functioning vary with different cloud 

immersion frequencies and timings (5).   

 At the tops of the peaks that harbor these communities, 60-75% of all summer days had at 

least two hours of cloud immersion with the large majority (80.3%) of cloud immersion periods 
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occurring during morning hours.  This led to drastic reductions in cumulative daily PPFD and 

mean VPD.  Water potentials were greater on cloud immersed days with increases from morning 

to afternoon by ~0.2 MPa demonstrating an ability to replenish xylem water faster than loss due 

to transpiration.  Juveniles were also more responsive to cloud immersion fluxes than adult trees 

and consistently operated at lower water potentials.   

 Gas exchange measurements were not depressed by cloud immersion.  Afternoon 

photosynthesis and conductance were more than double on cloud-immersed days, likely due to 

low transpiration values reducing water loss and allowing for greater stomatal conductance.  

These same patterns were similar at the lower limit of the community’s elevational range except 

with more negative water potentials, lower maximum photosynthesis and conductance, and a 

lesser improvement from cloud immersion.   

 Saplings also obtained as much as one-third of their water from cloud immersion.   

Using stable isotopes and a two-isotope mixing model, fog water contributed 14-31 % of plant 

water at upper elevations and 4-17 % at lower elevational limits.  This was the result of fog drip 

into the soil and foliar uptake.  In an experimental setting, both species exhibited foliar water 

uptake which contributed 3.7-6.4% of leaf water and improved plant water potentials by as much 

as 0.33 MPa.  When this effect was examined under three different cloud regimes (morning, 

afternoon, and evening cloud immersion), foliar uptake was greatest during morning cloud 

immersion when stomatal conductance and photosynthesis were greatest.   

 In conclusion, southern Appalachian spruce-fir forests benefit from cloud immersion 

through improved water status, greater leaf conductance and photosynthesis later in the day, with 

up to 31% of plant water coming from fog, and the ability to directly absorb surface moisture into 

leaves.  With climate change scenarios predicting changes to cloud frequency, patterns, and 

height the persistence of these forests may depend on the magnitude of these changes and the 

species ability to adapt to a new environment. 
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CHAPTER I 

AN INTRODUCTION TO CLOUD FORESTS 

 

Cloud forest background 

 Forests that experience frequent cloud immersion occur worldwide, across many 

latitudes, and from coastal islands to mountain peaks (Weathers 1999).  While there is no 

universal definition of cloud forests, they typically experience high frequencies of clouds 

that regularly immerse vegetation (Bruijnzeel et al. 2011).  Even by this loose definition, 

cloud forests are rare, occupying less than 1.4% of tropical forests and an even smaller 

area worldwide (Scatena et al. 2010).  Examples of coastal cloud forests include Chile, 

Namibia, and California where advection fog occurs as moist, warm air moves over a 

cooler surface (the cold ocean) resulting in condensation of water (Dawson 1998). 

Alternatively, in mountain systems such as the cloud forests of Costa Rica, the Andes, 

and the southern Appalachians, clouds form through orographic lifting of moist air 

masses, leading to cooling below the dew point, and convective cloud formation (Smith 

1979).  In many cloud-inundated ecosystems, the distribution of certain species or forest 

types are assumed to be reliant on the beneficial effects from fog. Examples of these 

include the coffee forests of Angola, the Loma vegetation of Peru, many epiphytes of the 

Pacific Northwest, and Abies fraseri (Fraser fir) in the southern Appalachian mountains 

(Cogbill & White 1991, Weathers 1999).   

 Cloud forests provide a unique climate of reduced temperature, photosynthetically 

active radiation (PAR), vapor pressure deficit, and increased moisture availability (Berry 

& Smith 2012).  In cloud forests, temperatures average 4 °C cooler than non-cloud 
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forests in the tropics and ~1.5 °C in temperate southern Appalachian zones (Jarvis & 

Mulligan 2011, Berry & Smith 2013).  The reduced temperatures and incident sunlight 

alleviate an extreme climate that can inhibit plant functioning through photoinhibition, 

particularly for cloud forest plants typically adapted to cooler climates (Germino & Smith 

1999).  Perhaps more critically, cloud immersion dramatically alters the moisture 

availability and hydraulic cycling within these forests.  In the tropics, cloud forests 

average 184 mm year
-1

 more incident rainfall than similar forests that do not experience 

clouds (Jarvis & Mulligan 2011).  This does not include the additional moisture inputs 

into the system from mist that can contribute an average of 34 ± 8% of the total available 

forest water in coastal redwood ecosystems (Dawson 1998).  Cloud forest environments 

thus have less distinct seasonality due to cloud immersion reducing the frequency of 

extreme abiotic climates such as very hot temperatures or drought periods.  Cloud forests 

are thus milder and wetter than their surroundings. 

 

Physiological ecology in cloud forests 

 The alteration of climate can also have strong influences on both the hydraulic 

functioning and photosynthetic gas exchange of plants in cloud-inundated ecosystems.  

The low vapor pressure deficit (VPD) and reduced leaf temperature affects plant water 

functioning in three ways: (1) by altering plant energy balance, (2) increasing soil 

moisture through canopy drip and soil moisture interception, and (3) the direct foliar 

uptake of water on leaf surfaces (Goldsmith et al. 2013).  These factors result in reduced 

plant water demand through lower transpiration rates and improved plant water status 

(Burgess & Dawson 2004, Reinhardt & Smith 2008, Gotsch et al. 2013).  Transpiration 
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rates can be reduced to less than 10% of pre-fog values and actually improve water status 

back to pre-dawn values through the middle of the day while photosynthesis occurs 

(Berry & Smith 2013a).  This low transpiration rate is driven by the moisture in the air 

reducing the vapor gradient from the leaf to the air.  Additionally, during most fog events, 

substantial leaf wetting occurs through interception of water droplets moving through the 

ecosystem.  Once on the leaf surface, this condensed water can either be absorbed 

directly into leaf tissue or drip to the soil when the plant canopy storage capacity is 

exceeded (Gomez-Peralta et al. 2008).  Fog water contributes between 6% and 66% of 

plant water depending on species (Dawson 1998).  In both coastal redwood ecosystems of 

California and southern Appalachian spruce-fir forests these contributions are greater to 

saplings and understory species which are less reliant on rainfall for moisture (Dawson 

1998).  Additionally, this contribution is strongly seasonal, playing a greater role during 

the summer months in alpine environments and in the dry season in locations with strong 

seasonality (Burgess & Dawson 2004). 

 Until recently, leaf wetting was thought to negatively influence plant performance 

by hindering the uptake of CO2 through stomatal pores (Smith & McLean 1989).  

Undoubtedly, if water covers stomata, CO2 uptake through that pore is severely reduced 

as CO2 diffuses through water ~10,000 times more slowly than through air.  Reduced 

photosynthetic rates have been reported across an array of species during leaf wetting 

(e.g. Weast 1986, Smith & McLean 1989, Brewer & Smith 1995, Letts & Mulligan 

2005).  However, studies in ecosystems where fog and leaf wetness are common 

occurrences have demonstrated improvements in carbon gain during leaf wetting events 

(Boucher et al. 1995, Simonin et al. 2009).  During days where fog events reduce 
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evaporative water demand, plants also seem to have high conductance values later into 

the day increasing total daily carbon gain (Berry et al. 2013).  Many cloud forest species 

also have low light saturation points (light value that maximizes photosynthesis), 

allowing them to maintain high rates of carbon gain during foggy conditions (Johnson & 

Smith 2006).  Cloud forest species have adapted to a climate that provides frequent 

moisture in the air, reduced temperatures, and lower sunlight levels.  By harnessing low-

intensity, diffuse light, plants can improve both carbon gain and water status during fog 

events essentially decoupling water and carbon balance. 

 

Southern Appalachian cloud forests 

 Southern Appalachian cloud forests are high-elevation conifer forests dominated 

by red spruce (Picea rubens Sarg.) and Fraser fir (Abies fraseri (Pursh) Poir.).  These 

forests occupy approximately 26 kha and exist above ~1500 m elevation on only seven, 

isolated mountaintop areas in southern Virginia, western North Carolina, and eastern 

Tennessee (Figure I – 1; Oosting & Billings 1951, Ramseur 1960, White 1984).  These 

communities are remnants of the most southern boreal forest that dominated the 

southeastern United States from northern Mississippi to the coasts of North Carolina and 

Virginia during the late Pleistocene (~19,000 years before present; Delcourt & Delcourt 

1984).  As the earth warmed since the Late Wisconsin glacial maximum, southern boreal 

forests retreated to higher latitudes and mountains with spruce-fir populations became 

increasingly isolated from each other.  Fraser fir, for example, likely became genetically 

isolated from its most closely related species, the Balsam fir (Abies balsamea L.) between 

7-10,000 years ago (Clark et al. 2000).  



5 

 

 In the more recent past, multiple threats have affected the extent and health of 

southern Appalachian cloud forests including logging, attacks from insects, and acid rain.  

Numerous areas were clear-cut in the early 1900s and site degradation resulted in failed 

regeneration of these forests (Pyle 1984).  Fortunately, the unique value of these forests  

was realized and most spruce-fir forests were put under protection with the establishment 

of Mount Mitchell State Park (1915), Pisgah National Forest (1916), and Great Smoky 

Mountains National Park (1934) (Silver 2003).  As the 20
th

 century marched forward, 

attacks from an exotic pest, the balsam woolly adelgid (Adelges piceae (Ratzeburg)), 

became the primary management issue.  From the 1950s to the late 1980s, Fraser fir has 

experienced 67% mortality of adult trees and in certain areas as much as 91% (Eager 

1984, Dull et al. 1988).  Through this time period acid rain deposition was linked to 

individual tree death, lowered photosynthetic rates, and decreased cold hardiness 

(Mohnen 1992, Schier & Jensen 1992).  Despite reduced tree deaths from adelgid attacks 

and acid rain in the last two decades the current distribution is half of what it was in the 

late 1800s (Dull et al. 1988). 

 Southern Appalachian cloud forests are geographically isolated and their 

threatened status makes them a high conservation priority (Cogbill & White 1991).  

While some consider them extensions of the northern boreal forests (57% floristic 

similarity; White 1984), the southern spruce-fir forests have a remarkably unique climate 

that has resulted in at least 25 endemic species including the spruce-fir moss spider 

(Microhexura montivaga-endangered) and one of the primary canopy species, Fraser fir 

(Abies fraseri- threatened) (NCDENR 2010).  In addition to numerous endemics, 

southern Appalachian spruce-fir forests have a climate unique from their northern 
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counterparts.  The southern Appalachians are characterized by high rain and snow fall 

(>1,800 mm year
-1

 evenly distributed throughout the year), moderate temperatures (13.5 

°C mean maximum air temperature), and frequent fog and cloud immersion (60 to 75% 

of days) (Mohnen 1992, Reinhardt & Smith 2008, Berry & Smith 2012).  This mild, wet 

climate results in a single layered, closed canopy (10-20 m tall) with a rich understory of 

ericaceous shrubs, ferns, mosses, and herbs (NCDENR 2010).    

 Studies have suggested that the current extent of these forests is strongly defined 

by the prevailing elevation of cloud immersion (Siccama 1974, Cogbill & White 1991).  

This potential reliance on climate, particularly fog, makes the effects of climate change 

the largest threat to the existence of southern Appalachian spruce-fir forests in the future. 

 

Climate change and cloud forests 

 Based on regional climate models of the United States, southern Appalachian 

temperatures are projected to increase between 2.7 °C and 4.4 °C by the year 2100 

(IPCC, 2007; U.S. Global Change Research Program, 2009), depending on the emissions 

scenario.  The majority of climate models also predict higher cloud ceilings and a 

reduction in cloud frequency, particularly through mid-latitudes (Still et al., 1999; Foster, 

2001; Richardson, et al. 2003; IPCC, 2007).  For forests on mountain peaks such as 

southern Appalachian cloud forests and tropical montane cloud forests, this will mean a 

reduction in both the frequency and duration of plant exposure to fog.  This will most 

immediately affect plants at the edges (i.e. the lowest elevations) of cloud forests which 

will see the strongest increases in temperature and drastic reductions in cloud frequency 

and total rainfall.  These changes in climate will lead to novel climates across the 
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majority of the current distribution of southern Appalachian cloud forests by 2100 if not 

sooner.   

 The plants that inhabit these communities will likely experience increased water 

demand through rising temperature, less frequent cloud immersion, and more clear-sky 

days (IPCC 2007).  For southern Appalachian cloud forests, we are likely to see a 

movement towards higher elevation, increasing the isolation of these disjunct 

populations.  However, the magnitude of change in cloud elevation and frequency could 

define the future of these forests.  Forests at the lowest elevational extent only receive fog 

~40% of the time as opposed to ~70% at the high elevation plots (Berry & Smith 2013).  

This large variation gives hope that forests at the highest plots may still persist in a 

reduced cloud ecosystem.  Modelling changes in cloud patterns and the associated 

feedbacks are still the largest source of error in predicting future climate (IPCC 2007).  

As these models improve and scientists can more confidently predict future cloud 

patterns, our confidence in projections for cloud forests will also improve.  The other 

important component is understanding how key species (Picea rubens and Abies fraseri) 

will respond to changes in climate.  The interaction between changes in climate and the 

adaptive responses of species will ultimately drive future distributions. 

 

Objectives 

 My goal with this research was to examine how cloud immersion affects 

microclimate and understand how these changes drive plant physiological ecology in 

southern Appalachian cloud forests.  We focused on the two dominant canopy species (> 
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90% of cover) in southern Appalachian cloud forests, Picea rubens and Abies fraseri and 

examined physiological function across elevations and life history stages.  By gaining a 

more mechanistic understanding of how cloud forests rely on and utilize fog will aid us in 

better predicting their responses to future climate change.  This is of particular 

importance because these forests are already extremely isolated and harbor numerous 

endemic species including the threatened Fraser fir (Abies fraseri).   

The first study (Chapter II) quantifies the frequency of cloud immersion and 

examines how this affects daily and seasonal plant water status of juveniles and adults.  

Fog frequency was defined through a combination of temperature, relative humidity, leaf 

wetness, and sky photography to evaluate how often cloud immersion occurred, how long 

these periods typically were, and when they most frequently occurred.  Because of the 

reduced sunlight and increased humidity during cloud immersion, it was hypothesized 

that plant water status would be improved during cloud immersion and that this effect 

would be strongest for juveniles over adults.  Chapter III builds on Chapter II by 

examining how cloud immersion affects photosynthetic carbon gain in addition to water 

status on saplings at both the upper and lower elevational limits of southern Appalachian 

cloud forests.  This study was important for understanding the responses of both species 

to changes in cloud frequency and the associated changes in abiotic variables.  It was 

hypothesized that saplings would have greater water status, higher photosynthetic rates, 

and lower transpiration rates at high elevation sites due to more frequent cloud immersion 

leading to a more favorable climate.  Because previous research had found a strong 

reliance on fog water in cloud forest environments, Chapter IV sought to determine 

precisely how much water used by red spruce and Fraser fir came directly from fog 
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moisture.  Using stable isotopes and mathematical mixing models, the percent of plant 

water attributed to each potential water source (including fog) was determined for both 

species at the upper and lower elevational limits.  Because of lower fog frequency at the 

lower elevational limit (~1500 m), it was hypothesized that there would be a lower 

utilization of fog water at these sites.  Finally, Chapters V and VI both address if Abies 

fraseri and Picea rubens exhibit the ability to take in water directly through their leaves, 

a process known as foliar uptake of water (FU).  This mechanism has been demonstrated 

in a handful of cloud forest species and could be particularly advantageous as an 

immediate moisture source for leaves that frequently experience leaf wetting (from fog).  

Chapter V evaluates the existence of this pathway and how that might improve plant 

water status.  Chapter VI examines if changes to the daily timing of fog affects FU and 

associated water status and carbon gain.  Taken together, this dissertation demonstrates 

how cloud forest species respond to frequent fog and the adaptive mechanisms that exist 

to facilitate their existence. 
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Figure I – 1. Map showing the current extent of southern Appalachian spruce-fir forests.  

Spruce-fir forests are denoted in red while all protected forest areas are pictured in green 

(World Resources Institute 2010)  
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Abstract 

The spruce-fir [Picea rubens Sarg.-Abies fraseri (Pursh) Poir.] forests of the 

southern Appalachian Mountains are considered refugial, endangered communities that 

exist on only seven mountaintop areas in Virginia and North Carolina, USA.  These relict 

forests continue to be threatened by stress factors such as logging, acid rain deposition, 

attacks from invasive insects, and climate change.  It has been suggested that these 

communities have persisted because of frequent cloudiness and periods of cloud 

immersion (fog), although few studies have examined corresponding effects on 

microclimate and tree ecophysiology.  Incident sunlight (PPFD), air temperature, vapor 

pressure deficit (VPD), and xylem water potentials were measured throughout the 

summer growing season in Mount Mitchell State Park, NC (35°45’53‖N, 82°15’54‖W), 

along with continuous camera recordings of the forest canopy and accompanying cloud 

conditions.  Approximately 60% of all summer days had at least 2 hrs. of cloud 

immersion with the large majority (80.3%) of immersion events occurring during 

morning hours.  Cloud-immersed days had the greatest reduction in cumulative daily 

PPFD compared to clear days (11.09 mol m
-2

day
-1

 vs. 38.03 mol m
-2

day
-1

, respectively), 

as well as substantially reduced mean VPD (0.98 kPa vs. 1.81 kPa) but only slightly 

lower mean air temperatures (14.5°C vs. 14.9°C, respectively).  Moreover, xylem water 

potential (Ψ) increased significantly (~0.2 MPa; values) from morning to afternoon on 

cloud-immersed days.  In contrast, clear days showed no afternoon recovery in Ψ, but a 

continued decrease during afternoon.  Juvenile Ψ was more responsive to daily cloud 

regime compared to adult Ψ and had a strong negative correlation with vapor pressure 

deficit.  When all measurement days were sorted by the cloud pattern of the previous day, 
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there was a strong response in juveniles trees, i.e. Ψ increased following previous 

afternoon cloud-immersion.  Juveniles of both species also had greater seasonal decreases 

in Ψ than adults (P. rubens, adult: 0.05 MPa, juvenile: 0.13 MPa; A. fraseri, adult: 0.06 

MPa, juvenile: 0.20 Mpa).  For climate change models that predict a higher cloud base 

(resulting in less immersion) and dryer conditions, the water relations of Abies fraseri and 

Picea rubens could be substantially and negatively influenced. 

 

Keywords: cloud pattern, cloud immersion, fog, xylem water potential, juvenile and adult 

trees 
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Introduction 

The spruce-fir (Picea rubens Sarg.-Abies fraseri (Pursh) Poir.) forests of the 

southern Appalachian Mountains occur on seven mountaintop areas in southern Virginia 

and western North Carolina (Oosting and Billings 1951, Ramseur 1960, White 1984).  

These communities are considered remnants of the most southern boreal forest that 

dominated even the lower elevations of the southeastern United States during the late 

Pleistocene (Delcourt and Delcourt 1984).  Over the years, these forests have been 

threatened by such contemporary stress factors as logging in the early 20
th

 century, 

deposition from acid rain, attacks from the invasive insects (e.g. balsam wooly adelgid 

(Adelges piceae (Ratzeburg)), and alteration of the environment due to climate change 

(White 1984, Arthur and Hain 1986, Bruck and Robarge 1988, Busing et al. 1988, 

McLaughlin et al. 1990, White and Cogbill 1992).  It has been estimated that the balsam 

wooly adelgid has killed between 40-90% of mature A. fraseri since the 1950s and 

regeneration of mature spruce-fir forest is still uncertain (Eager 1984, Pauley and Clebsch 

1990, Nicholas et al. 1992).   

One abiotic factor, cloudiness, has been hypothesized as a major contributor to the 

continued existence of these boreal forest communities at such southern latitudes (Cogbill 

and White 1991).  The prediction of altered cloud regimes with continued climate 

warming is still poorly understood, yet considered of primary importance in 

understanding the effects of global change on ecosystem function (IPCC 2007).  

Historical records and climate modeling suggest that, on average, cloud ceilings will rise 

with a warming climate (Pounds et al. 1999, Still et al. 1999, Foster 2001, Richardson et 

al. 2003), although this prediction varies considerably according to geographic location.  
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For example, Richardson et al. (2003) found the cloud ceiling had actually lowered in the 

past 30 years in the southern Appalachians.  Other studies have reported relationships 

between temperature, radiative forcing, and cloud patterns, but these results also vary by 

region (Croke et al. 1999, Gregory and Webb 2008).  In this regard, the IPCC climate-

change panel concluded that changes in cloud patterns remain the largest source of 

uncertainty in all climatic models (IPCC 2007). 

Mountains that commonly experience clouds, including cloud immersion, occur 

on a broad geographic scale (Bruijnzeel et al. 2010) and have been found to result in less 

intense sunlight, a greater proportion of diffuse light, decreased air temperatures, and 

higher ambient humidity levels (Gu et al. 2002, Letts and Mulligan 2005, Min 2005).  

However, relatively few studies have reported comparable measurements of microclimate 

during different cloud types and patterns, nor the associated impacts on plant 

ecophysiology (Young and Smith 1983, Knapp and Smith 1990, Johnson and Smith 

2008, Reinhardt and Smith 2008b).   

The present study describes quantitative patterns of daily cloud cover and 

immersion patterns that occurred during the morning and afternoon, as well as 

corresponding effects on plant water relations in both juvenile and adult trees of A. 

fraseri and P. rubens.  Because afternoons typically have higher air temperatures and 

greater water stress, we hypothesized that days with afternoon cloud cover and/or cloud 

immersion, would act to enhance plant water status especially.  Additionally, because 

juveniles may be more vulnerable to unfavorable conditions, we expected that the water 

status of juvenile trees might be benefited more by daily cloud patterns than adult trees 

(Reinhardt and Smith 2008a). 
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Methods 

To associate cloud pattern effects on daily and seasonal plant water status, field 

measurements of sunlight incidence were combined with continuous images of cloud 

conditions at the research sites taken with a recording web camera.  Videos of daily cloud 

patterns were compared with simultaneous measurements of sunlight irradiance, air 

temperature, vapor pressure deficit, and plant water status.  The relationship between 

daily cloud patterns (including cloud immersion), air temperature and humidity, and plant 

water status, was examined for the entire summer (2010) growth period.  

 

Study Site 

The study area was located in the spruce-fir forest of Mt. Mitchell, NC (Mt. 

Mitchell State Park, 35°45’53‖N, 82°15’54‖W), the highest point in the eastern United 

States (2037 m), and is dominated by Picea rubens (red spruce) and Abies fraseri (Fraser 

fir) (above ca. 1600 m elevation).  The area is characterized by high rainfall (>2000 mm 

year
-1

), moderate temperatures (13.5°C mean maximum air temperature during the 

growth season, May to September) and frequent cloud cover and immersion (Reinhardt 

and Smith 2008a).  Locations for all measurements were chosen within 50 m elevation of 

the 2037 m peak.  Healthy trees chosen visually were sampled from sites considered 

representative of this forest type, i.e. a mostly closed canopy (>80%) composed of both 

tree species, a dense ground layer of ferns and herbs, plus relatively frequent dead trees 

due, most likely, to balsam wooly adelgid infestation over the past half century (Pittillo 

and Smathers 1979, Bruck and Robarge 1988, Goelz et al. 1999). 
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Cloud Classification and Associated Microclimate 

A 7.5 meter tower was installed on the east-facing slope (~88° azimuth, 

35°45’53‖N, 82°15’54‖W) of Mt. Mitchell at 1991 meters elevation within an area 

chosen as representative of the spruce-fir forest on Mt. Mitchell (see above).  

Photosynthetic photon flux density (PPFD; µmol m
-2 

s
-2

, 0.4-0.7 µm wavelengths) 

sensors were placed ca. 2m above the tree canopy and at four heights approximately 2 m 

apart extending to the bottom of the leaf canopy.  Tower measurements of incident 

sunlight were coupled with camera images from a web camera to characterize the 

relationship between different degrees of cloud immersion and accompanying air 

temperatures, vapor pressure deficits, and sunlight levels.  Measurements of PPFD were 

logged from sunrise to sunset every 10 minutes from May 26, 2010 to September 28, 

2010 using Photosynthetic Light-Smart Sensors (Model S-LIA-M003; Onset, Bourne, 

MA) connected to four-channel HOBO Micro Station Data Loggers (Model H21-002; 

Onset, Bourne, MA).  All PPFD sensors were matched and calibrated against a recently 

calibrated (at factory) LICOR quantum sensor (model 190S) as well as a Science 

Associate precision solarimeter (model 1240), before installing in the field.  Air 

temperature and relative humidity were also measured every 10 minutes 2m above the 

ground in a nearby clearing within 20 m of the research site using a HOBO Pro v2 sensor 

and data logger (Model U23-001; Onset, Bourne, MA).  Calibration of the 

temperature/humidity sensor located at the central location was checked initially with 

well-ventilated and shielded, fine-wire thermocouple psychrometers under field 

conditions.  The air temperature/ humidity sensor was placed in an open area for greater 
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air flow and was shielded from direct sunlight through the entire day by a plastic shield 

painted with 3M white-velvet paint (total solar reflectance >90 % ) and mounted ~10cm 

above the sensors.  

The study utilized an eastward facing web camera mounted at the park office 

(North Carolina Division of Parks and Recreation) located at ~1900 m elevation and 

pointed at the forest edge displaying everything above mid-canopy level.  Because the 

camera was not precisely located at the field measurement sites, camera images were 

often compared with PPFD and humidity values to confirm estimates of cloud pattern for 

a given time period.  Based on visual observation, when the web camera was immersed, 

the forest canopy at the research site was also immersed.  Using still images captured 

every 10 minutes each of 125 measurement days were classified into discrete categories 

of daily cloud pattern based on the occurrence of clouds, cloud immersion, or clear skies 

in the morning (0630 to 1330) or afternoon (1330 to 2030).  For example, if more than 2 

hours of the morning were cloud-immersed that particular day was classified as having an 

immersed morning (I) and the same time of 2 hours was used to classify the morning as 

either cloudy (C) or sunny (S).  Using the same classification criteria for  the afternoon, a 

two letter code resulted in nine categorical day types, with the first letter indicating sky 

conditions during the morning and the second letter describing the afternoon period, i.e.: 

II (immersed morning and afternoon), IC (immersed morning; cloudy afternoon), and so 

forth (IS, CI, CC, CS, SI, SC, SS).   
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Species water relations 

Plant water status was determined by measuring xylem water potentials (Ψ) for 

adults and juveniles of each species  using a Scholander-type pressure chamber (Model 

1000, PMS Instrument Comp., Corvallis, OR).  Measurements of both adult and juvenile 

trees of each species were taken four times (~ monthly) from May to September (2010) at 

0600 h (predawn), 1000 h (morning), and 1400-1500 h (afternoon) and included 5 to 8 

replicates of stems 4-6 cm in length and located on the south-facing sides of each tree 

sampled.  Trees were considered juveniles if they were between 1-2 m in height, <5 cm 

DBH, and had no apparent cone production; trees considered adults were between 2 and 

7 meters in height, greater than 5 cm DBH, and had already produced cones.  Sampling 

included multiple, representative days for both clear and immersed conditions, 

representing the most extreme differences in cloud patterns.  

 

Statistics 

All data comparisons were tested for statistical significance using ANOVA with 

appropriate tests for normality and equality of variance.  Specifically, ANOVA was used 

to compare differences in air temperature and ambient vapor pressure deficit for all 

measurement days and according to each day’s classification of morning and afternoon 

cloud pattern.  When significant differences occurred, pairwise comparisons between 

each day-type were made using Tukey-Kramer HSD tests.  When the assumptions of 

ANOVA were not satisfied, non-parametric tests were employed using Wilcoxon Rank 

Sum tests with the alpha value recomputed using the Bonferroni Correction (Zar 1999).  

Best-fit regression analyses were determined for daily and seasonal values of xylem 
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pressure potential (Ψ), as well as when comparing Ψ to microclimatic variables.  All 

analyses were computed using JMP (SAS, Cary, North Carolina) and figures were 

constructed using SigmaPlot v. 11 (Systat Software, San Jose, California). 

 

Results 

Quantifying daily cloud types   

Of the 125 days during the growing season that were classified, the most frequent 

type of day (29.6% of all days) was an immersed morning with a cloudy afternoon, or IC.  

Both the II and CC days occurred on 16.8% of all days, while the rarest type of day was 

an immersed morning and a sunny afternoon (IS), which only occurred on 2.4% of all 

measurement days.  Days with cloud immersion in either the morning or afternoon 

occurred for 60.8% of all days.  For the days with cloud immersion, 80.3% had morning 

cloud immersion, or II, IC, or IS.  The remaining summer days had frequencies of daily 

cloud patterns of <9%, i.e. SC(8.0%), SS(8.0%), CS(6.4%), CI(6.4%), SI(5.6%), and 

IS(2.4%).  The day types tended to be evenly distributed across the entire study period.  

Each day type had at least one day in each of the four primary months (June-September).  

 

Daily cloud pattern frequency  

Fig. 1 shows a typical PPFD regime measured for a completely clear day (SS), a 

day of all-day cloud immersion (II), and the most frequent category of day —morning 

immersion with afternoon cloudiness, or IC.  During cloud immersion, PPFD values 

remained < 300 µmol
 
m

-2
s

-1
 while on clear days PPFD reached maximums between 2000 

and 2500 µmol
 
m

-2
s

-1
 during mid-summer. 
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Cumulative daily PPFD, cumulative morning PPFD (0630-1330 hr), and 

cumulative afternoon PPFD (1330-2030 hr) varied from near 4 mol m
-2

 day
-1 

to just over 

38 mol m
-2

 day
-1

 among the nine different day types (Fig. 2).  Pairwise comparisons 

between day categories showed that completely immersed (II) days had significantly less 

cumulative daily (11.09 mol m
-2

 day
-1

) and morning PPFD (4.14 mol m
-2

 day
-1

) than all 

other day types (e.g. SS cumulative daily PPFD: 38.03 mol m
-2

 day
-1

; morning PPFD: 

18.18 mol m
-2

 day
-1

).  Afternoon PPFD (6.02 mol m
-2

 day
-1

) for category II days was 

significantly less than all day types except for CI days (cloudy mornings and immersed 

afternoons) (Fig. 2).  Pairwise comparisons between the most frequent day type, IC 

(immersed morning, cloudy afternoon), and all other day types showed statistical 

significance in cumulative daily PPFD when compared to six other day types i.e. SS, SC, 

SI, CS, CC, and II days.  Mornings of IC days had significantly lower PPFD than seven 

other day types (SS, SC, SI, CS, CC, CI, II), as well as significantly lower afternoon 

PPFD than four other day types (SS, CS, CI, II).  Daily cumulative, morning cumulative, 

and afternoon cumulative PPFD all had overall significant differences according to the 

different day types measured (Daily: F8, 116=43.47, p<0.0001; Morning: F8, 116=54.32, 

p<0.0001; Afternoon F8, 116=22.71, p<0.0001).  

 

Air temperature and vapor pressure 

Overall, there were significant differences between daily cloud types according to 

daily maximum air temperature, daily minimum temperature, and daily mean temperature 

(Table 1: maximum temperature F8, 116=4.263, p=0.0002; minimum temperature F8, 

116=3.684, p=0.0007; average temperature F8, 116=2.56, p=0.013).  Completely immersed 
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days (II) had the lowest daily air maximum temperature (17.5°C), but not the lowest 

mean temperature (12.8°C) or minimum daily temperature (14.9°C).  Similarly, there 

were significant differences between types of daily cloud regimes in maximum, 

minimum, and mean daily VPD (Table 1: maximum Χ
2
=26.926, p=0.0007; minimum 

X
2
=60.305, p<0.0001; average X

2
=65.113, p<0.0001).  Completely immersed (II) days 

had the lowest maximum VPD (1.27 kPa), minimum (0.59 kPa), and mean (0.98 kPa) 

VPD of all days.  Pairwise comparisons between day types for air temperature and 

ambient VPD measurements are summarized in Table 1.  

 

Daily plant water status (Ψ) and cloud regime 

On fully immersed days (II), morning plant Ψ averaged -1.12 ± 0.04 MPa (mean 

± SE) and was significantly less than predawn (-0.84 ± 0.03 MPa) and afternoon 

measurements (-0.92 ± 0.04 MPa) in both species (Fig. 3: F2, 57=7.477, p=0.0013).  For 

predawn measurements, there was a significant species effect, with P. rubens (-0.96 ± 

0.05 MPa) having a lower Ψ than A. fraseri (-0.73 ± 0.06 MPa) (F1,18=8.022, p=0.011).  

The afternoon measurements also revealed a significant age class-effect with adult trees 

having a significantly lower Ψ than juveniles (-1.04 ± 0.08 MPa versus -0.80 ± 0.06 MPa, 

respectively) (F1, 18=5.506, p=0.031). 

For clear days (SS), average predawn Ψ was -0.80 ± 0.02 MPa which 

significantly decreased to -1.03 ± 0.04 MPa for morning measurements and to -1.09 ± 

0.04 MPa by the afternoon (Fig. 3: X
2
=17.682, p=0.0001).  Cloud-immersed days (II) had 

significantly higher afternoon Ψ (-0.92 ± 0.04 MPa) than clear days (-1.09 ± 0.04 MPa) 

(F1, 38=4.693, p=0.037).  Also, juveniles had lower Ψ than adults for predawn (-0.90 ± 
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0.03 MPa vs.-0.70 ± 0.03 MPa), morning (-1.23 ± 0.05 MPa vs. -0.83 ± 0.04 MPa), and 

afternoon (-1.26 ± 0.06 MPa vs. -0.92 ± 0.03 MPa) measurements (predawn F1, 

18=23.912, p=0.0001; morning F1, 18=43.537, p<0.0001; afternoon F1, 18=25.222, 

p<0.0001). 

 

Measured daily Ψ and prior-day cloud regime 

All measurements were sorted into two classifications—days where the previous 

afternoon was cloudy and days where the previous afternoon was cloud-immersed.  

Morning Ψ for previously cloudy days was -0.99 ± 0.02 MPa and -0.76 ± 0.03 MPa for 

previously cloud-immersed days.  Also, there was a significant difference in the morning 

measurements according to the two prior-day classifications (Fig. 4: X
2
=28.299, 

p<0.0001).  There were no significant differences among individual predawn 

measurements and subsequent afternoon measurements. 

 

Seasonal Ψ 

The highest seasonal values of Ψ occurred in May for juveniles (A. fraseri: -0.69 

± 0.10 MPa, P. rubens: -0.57 ± 0.08 MPa) and June for adults (A. fraseri: -0.49 ± 0.13 

MPa, P. rubens: -0.44 ± 0.12 MPa).  By September, there were significant decreases 

from these values in all four groups (adult A. fraseri: -0.72 ± 0.10 MPa, juvenile A. 

fraseri: -0.93 ± 0.11 MPa, adult P. rubens: -0.69 ± 0.16 MPa, juvenile P. rubens: -0.87 ± 

0.09 MPa) (Fig. 5: adult P. rubens F3,19=3.067, p=0.050; juvenile P. rubens F3,19=6.167, 

p=0.004, adult A. fraseri F3,19=3.187, p=0.047, juvenile A. fraseri F3,19=3.377, p=0.040). 
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In general, juveniles had lower Ψ than adults with a greater (up to 0.21MPa) 

difference occurring later in summer.  Pairwise comparisons demonstrated that juveniles 

had significantly lower Ψ than the adults of the same species in June (P. rubens only), 

August (A. fraseri only), and September (both species) (Fig. 5: June F3, 19=5.237, 

p=0.010; August F3, 19=5.994, p=0.006; September F3, 19=7.975, p=0.002).   

 

Ψ and environmental variables 

Type 2 regressions were used to relate plant Ψ to environmental variables that 

have previously been linked to responses to plant water status.  For predawn 

measurements, there was a significant positive correlation between adult tree Ψ and the 

cumulative afternoon PPFD the previous day, but the relationship was insignificant for 

juveniles (Fig. 6; adults p=0.018, juveniles p=0.101).  

Regressions comparing afternoon Ψ and vapor pressure deficit resulted in a 

significant negative relationship for juvenile trees. (Table 1).  There was no significant 

relationship for adults (Fig. 6; adults p=0.835, juveniles p=0.003).   

 

Discussion  

The current study quantifies the frequency of cloud cover and immersion during 

the summer of 2010, plus the corresponding effects on incident sunlight, air temperature 

and vapor pressure deficit within the spruce-fir communities of the southern Appalachian 

Mountains.  Additionally, our study examined the relationship between cloud patterns 

with associated changes in plant Ψ in juveniles and adults of P. rubens and A. fraseri 

over the course of single days measured throughout the summer growth season. 
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Occurrence of daily cloud types 

Our goal was to compare the frequency of cloudy, cloud-immersed, and clear sky 

days for both the morning and afternoon periods.  During the study period, cloud 

immersion of at least two hours during the day occurred on 61% of days and 80% of 

these had morning immersion.  All other days within the different cloud pattern 

categories occurred less than 9% of the time.  Overall, morning cloud immersion was the 

most frequent daily pattern of cloud occurrence with 49% of all days having morning 

cloud immersion.  As expected, PPFD values for immersion events remained below a 

maximum of 700 µmol m
-2

s
-1

, often below 300 µmol m
-2

s
-1

 for much of the day.  These 

values are similar to understory PPFD previously reported on clear days in the same 

spruce-fir communities (Johnson and Smith 2006, Urban et al. 2007, Reinhardt and Smith 

2008a).  Additionally, because cloud-immersed days produce more diffuse radiation than 

clear days, PPFD values remain lower and sunlight can penetrate further through the leaf 

canopy (Urban et al. 2007).  Reinhardt et al. (2010) found that cloud immersion altered 

the spectral irradiance by increasing both the blue: red ratio and the red: far red ratio in 

open and understory habitats.  Thus, cloud immersion generated an understory light 

environment characterized by low PPFD values, diffuse radiation, and altered spectral 

quality in the canopy. 

Although cloud immersion compared with all other days resulted in the greatest 

decrease in cumulative and maximum PPFD values during a day, P. rubens and A. fraseri 

appear well adapted for photosynthetic carbon gain, i.e. light response curves (at the same 

location as our study) for photosynthesis have shown a light saturation point of 
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approximately 200 to 400 µmol m
-2

 s
-1

 (Reinhardt and Smith 2008a).  In the current 

study, PPFD measurements were consistently in this range during the large number of 

days that were cloud-immersed, but rarely in this range during clear days.  It is likely that 

A. fraseri and P. rubens are maximizing carbon gain during much of the day for most of 

the summer (Gu et al. 2002).  Additionally, because very high PPFD levels can cause 

photoinhibition of photosynthesis in many species of plants at higher elevations, cloud 

immersion events may also act to minimize this potential loss in carbon gain, especially 

following cold nights (e.g. Germino and Smith 1999). 

Mean air temperature did not vary significantly according to the daily cloud 

regime, although VPD decreased significantly.  Cloud immersion resulted in a decline in 

mean daily VPD to near 0.98 kPa, as compared to 1.81 kPa on completely sunny days 

(SS, Table 1).  By comparison, mean temperature among days with the same cloud 

patterns ranged only from 14.9 °C to 14.5 °C and were not statistically different.  

Maximum daily air temperatures for all days had greater variation (17.5°C to 21.3°C), 

with completely immersed days having the lowest mean daily air temperature (17.5°C), 

but were statistically different from only four other cloud categories.  However, these 

four cloud categories were IC, CC, CS, and SC, suggesting that cloud immersion alone 

does not influence maximum air temperature to the same degree as the lowering of VPD.  

The low VPD measured here has been shown to reduce transpiration at the same degree 

of stomatal opening (Reinhardt and Smith 2008a).  Low VPD is also known to stimulate 

stomatal opening in a number of conifer tree species, as well as a large variety of other 

species (Cowan 1994, Monteith 1995).  
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Plant Ψ and cloud pattern 

Cloud pattern had a strong influence on plant Ψ measured through the summer.  

Days that were cloud-immersed had a significant afternoon rebound in Ψ compared to 

clear days, e.g. from -1.12 ± 0.04 MPa in the morning to -0.92 ± 0.04 MPa in the 

afternoon.  Days with clear skies (S) did not show this same recovery, but a continued 

decrease in Ψ for the remainder of the day.  Few studies have reported a recovery in plant 

Ψ over the course of a day and those have reported only slight recoveries (Brodribb and 

Holbrook 2004, Johnson et al. 2009).  The strong recovery by mid-afternoon to a Ψ value 

more similar to predawn (fully recharged) values suggests that the low light conditions 

and low vapor pressure deficit may enable greater transpirational water conservation 

while still photosynthesizing at near maximum photosynthesis (Reinhardt and Smith 

2008a).  Reinhardt and Smith (2008a) noted frequent leaf wetness in the field during 

cloud-immersed conditions and our personal observations support this idea.  The strong 

Ψ recovery is likely due to the very low VPD within such a moist boundary layer or, 

possibly, plant absorption of cloud water (see Limm et al. 2009). 

The Ψ of the juveniles appeared more responsive to the daily cloud regime than 

the adult trees sampled.  Not only did Ψ decline more with greater sun exposure, but 

afternoon Ψ was strongly correlated with the vapor pressure deficit (Fig. 6).  This is 

similar to many other studies demonstrating that moisture content of the air and plant Ψ 

were positively related (e.g. Farquhar 1978, Schultze et al. 1987, Passos et al. 2009).  

Additionally, juveniles in our study had a greater decrease in Ψ through the growing 

season than adults.  However, it is important to note that this study found no relationship 

between adult Ψ of either species and vapor pressure deficit, only juveniles. 
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The more negative Ψ of juveniles is likely driven by greater photosynthesis, 

assimilation and more rapid growth (Kohyama 1983).  Because leaf level photosynthesis 

and hydraulics tend to decrease with age, the juveniles in this system are likely 

maximizing development, especially on cloud-immersed days (Niinemets 2002, Thomas 

and Winner 2002).  Maximizing growth before snowfall and winter temperatures is 

crucial to prolonged success.  Additionally, it is likely that adult trees are able to access a 

larger area of soil moisture and are less prone to microsite variation in soil moisture 

availability.  Surprisingly, we also found a greater decrease from predawn to morning 

measurements (especially in juveniles) on cloud-immersed days than clear days.  This 

finding needs further investigation, but is possibly due to increased stomatal conductance 

on cloud-immersed days (Johnson and Smith 2008). 

A significant relationship occurred between cloud patterns during the previous 

day and plant Ψ the following day, indicating an effect due to immediate cloud history.  

There was a lower predawn and afternoon Ψ when the previous day’s afternoon had been 

cloudy versus cloud-immersed (Fig. 4). When compiling all data points in a regression 

analysis, juvenile trees had higher predawn Ψ when the previous day had greater total 

PPFD (Fig. 6).  The possibility exists that on days with high sunlight, the stomata begin 

to close earlier in the day, leading to a greater recharge of soil water on the previous 

sunny day (Mitamura et al. 2009).  This might be a likely scenario in this spruce-fir forest 

where stomatal opening could be acclimated to cloud immersion and low PPFD levels 

(Reinhardt and Smith 2008a), resulting in prolonged periods of higher stomatal 

conductance compared to forests not experiencing cloud immersion. 
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Conclusions 

The present study found similar, high frequencies of cloud cover and cloud 

immersion (Vogelmann et al. 1968, Smathers 1982, Saxena and Lin 1990, Mohnen 1992, 

Baumgardner et al. 2003), with most of the immersion events occurring during the 

morning hours.  Cloud immersion dramatically reduced the amount of available PPFD 

and the vapor pressure deficit, and corresponded to increases in plant Ψ, particularly at 

the juvenile life stage.  It was also apparent that plant Ψ was influenced by cloud 

conditions on the preceding day.   

Understanding the ecophysiology of juvenile trees is critical in determining the 

limitations to regeneration in these already threatened forests.  Future research in this 

ecosystem should focus on identifying the abiotic limitations to seedling success and 

attempt to gain a better understanding of how the spruce-fir forest will respond to 

changing climate scenarios.  Beckage et al. (2008) has already reported a rapid (~100 m 

in 43 years) upslope shift of spruce-fir communities in the northern Appalachian 

mountains.  With the prediction of higher cloud ceilings in the next century, southern 

Appalachian A. fraseri and P. rubens may experience an unfavorable microclimate that 

could lead to an upward shift to higher elevation (Still et al. 1999, Foster et al. 2001, 

Richardson et al. 2003).  Understanding their ability to survive in an environment that is 

warmer, sunnier, and has a lower ambient humidity could be crucial in predicting 

regeneration success and species zonation in these relic forests. 
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Table II – 1. Average values for air temperature and vapor pressure deficit (VPD) for 

each type of daytime classification.  Asterisks (*) represent significant differences from II 

days and crosses (+) represent significant differences from IC days. 

Day 

Classification 

 

Maximum 

temperature 

(°C) 

Minimum 

temperature 

(°C) 

Mean 

temperature 

(°C) 

Maximum 

VPD 

(kPa) 

Minimum 

VPD 

(kPa) 

Mean 

VPD 

(kPa) 

II 
+
17.5 12.8 14.9 

+
1.27 0.59 0.98 

IC *19.5 12.9 15.3 1.59 0.62 1.05 

CI 19.8 13.0 15.5 1.64 0.45 1.16 

CC *20.5 13.2 16.0 *
+
1.87 0.68 1.29 

IS 18.0 9.5 12.9 
+
1.73 0.52 1.06 

CS *21.3 13.6 16.4 *
+
2.00 0.88 *

+
1.44 

SI 18.4 10.0 13.8 *
+
2.06 *1.30 *

+
1.72 

SC *21.3 13.3 16.6 *
+
2.01 *1.11 *

+
1.63 

SS 19.6 
+
10.3 14.5 *

+
2.29 *

+
1.32 *

+
1.81 
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Figure captions 

 

Figure II – 1. Example daily curves of PPFD for three day types: clear all day (A-SS), 

morning cloud-immersed and a cloudy afternoon (B-IC), and all day cloud-immersed 

(C-II). 

Figure II – 2. Cumulative daily photosynthetic photon flux density (PPFD), cumulative 

morning PPFD, and cumulative afternoon PPFD for each of the nine types of 

categorized days.  On the x-axis, I means cloud-immersed, C means cloudy, and S 

means sunny conditions.  The first letter for each code represents the morning and the 

second letter represents the afternoon. 

Figure II – 3. Xylem water potential (Ψ) of adult and juvenile Picea rubens and Abies 

fraseri over the course of a cloud-immersed day (A) and a clear sky day (B). 

Figure II – 4. Overall plant water status (Ψ) sorted by the cloud patterns in the afternoon 

on the day preceding the measurements.  The solid circles denote when the previous 

afternoon was simply cloudy and the open circles denote when the previous afternoon 

was cloud-immersed. 

Figure II – 5. Plant predawn water status (Ψ) for adult and juveniles of P. rubens and A. 

fraseri from May to September. 

Figure II – 6. Regressions of predawn Ψ versus previous afternoon cumulative PPFD (A) 

and for afternoon Ψ versus morning vapor pressure deficit (VPD) (B).  Regression 

lines are plotted on the graph and r
2
 values shown when significant.  Solid bullets and 

lines represent adults and open circles with dashed lines represent juveniles. 
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Abstract 

Climate warming predicts changes to the frequency and height of cloud immersion events 

in mountain communities.  Threatened southern Appalachian spruce-fir forests have been 

suggested to persist because of frequent periods of cloud immersion.  These relic forests 

exist on only seven mountaintop areas, grow only above ca. 1500 m elevation (maximum 

2037 m), and harbor the endemic Abies fraseri.  To predict future distribution, we 

examined the ecophysiological effects of cloud immersion on saplings of A. fraseri and 

Picea rubens at their upper and lower elevational limits.  Leaf photosynthesis, 

conductance, transpiration, xylem water potentials, and general abiotic variables were 

measured simultaneously on individuals at the top (1960 m) and bottom (1510 m) of their 

elevation limits on numerous clear and cloud-immersed days throughout the growing 

season.  The high elevation sites had 1.5 as many cloud-immersed days (75% of days) as 

the low elevation sites (56% of days).  Cloud immersion resulted in higher 

photosynthesis, leaf conductance, and xylem water potentials, particularly during 

afternoon measurements.  Leaf conductance remained higher throughout the day with 

corresponding increases in photosynthesis and transpiration, despite low PFD levels, 

leading to an increase in water potentials from morning to afternoon.  The endemic A. 

fraseri, had a greater response in carbon gain and water balance in response to cloud 

immersion.  Climate models predict warmer temperatures with a decrease in the 

frequency of cloud immersion for this region, leading to an environment on these peaks 

similar to elevations where spruce-fir communities currently do not exist.  Because 

spruce-fir communities may rely on cloud immersion for improved carbon gain and water 
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conservation, an upslope shift is likely if cloud ceilings rise.  Their ultimate survival will 

likely depend on the magnitude of changes in cloud regimes. 

 

Keywords: fog, photosynthesis, transpiration, xylem water potential, climate warming 

  



53 

 

Introduction 

 The success of young life stages of plants, such as tree saplings, may be critical to 

establishment, especially in harsh environmental conditions.  Saplings tend to have 

distinct physiological and morphological differences compared to adult plants, such as 

increased photosynthetic capacity, carbon allocation, and unique xylem considerations 

(Day et al. 2001; Niinemets 2002).  As a result, juvenile age classes are generally 

considered more sensitive to environmental stress than mature trees (Smith et al. 2003; 

Greenwood et al. 2008).  These differences may enable young life stages to maximize 

carbon uptake, growth, and carbon storage, thus over-winter survival.  Ultimately, 

seedling and young sapling physiological success can dictate species distribution, 

particularly across ecotonal gradients such as forest treelines (Clark et al. 1999; Germino 

et al. 2002; Bader et al. 2007).  

The spruce-fir (Picea rubens Sarg. and Abies fraseri (Pursh) Poir.) forests of the 

southern Appalachian Mountains are considered remnants of the most southern boreal 

forest that dominated the lower elevations of the southeastern United States during the 

late Pleistocene.  These mountain-top communities occur today only at seven locations 

throughout southern Virginia, western North Carolina, and eastern Tennessee (Oosting 

and Billings 1951; Ramseur 1960; White 1984; Delcourt and Delcourt 1984), existing 

within a mosaic of northern hardwood forests and grass bald communities (Whittaker 

1956; Mark, 1958).  In the recent past, these relic forests have been threatened by stress 

factors such as logging, acid rain, attacks from invasive insects (e.g. balsam wooly 

adelgid (Adelges piceae (Ratzeburg)), and alteration of the environment due to climate 
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change (White 1984; Arthur and Hain 1986; Bruck and Robarge 1988; Busing et al. 

1988; McLaughlin et al. 1990; White and Cogbill 1992).  

Cloudiness, specifically cloud immersion, is one environmental factor 

hypothesized as a major contributor to the continued existence of these boreal, spruce-fir 

forest communities at such southern latitudes (Cogbill and White 1991).  Moreover, the 

mean altitude of the cloud base of the southern Appalachians has been associated with the 

current distribution and persistence of spruce-fir forests on these mountaintops (Braun 

1964).  Scientists consider the effects of clouds of primary importance in understanding 

the impacts of climate change on ecosystems, yet are poorly understood (IPCC 2007; 

Ruddiman 2008).  Climate models suggest that, in general, clouds will become less 

frequent and cloud ceilings will rise in the southern Appalachians with warmer air 

temperatures (Pounds et al. 1999; Still et al. 1999; Foster 2001; Richardson et al. 2003; 

Brient and Bony 2011).  However, these model predictions vary widely depending on the 

algorithms applied and geographic location.  In direct contrast to these predictions, 

Richardson et al. (2003) found that the cloud ceiling had lowered slightly over the past 30 

years in the southern Appalachians, but that this change lies within the natural variability 

of cloud heights at that time scale.  Other studies have reported relationships between 

temperature, radiative forcing, and cloud patterns, but these results also vary by region 

(Croke et al. 1999; Gregory and Webb 2008).  Undoubtedly, cloud patterns seem to 

remain one of the greatest sources of uncertainty in the IPCC predictions of climate 

change impacts (IPCC 2007). 

Mountains that commonly experience clouds, including cloud immersion, occur 

on a broad geographic scale (Bruijnzeel et al. 2010) and have been found to generate less 
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intense sunlight, a greater proportion of diffuse light, decreased air temperatures, and 

higher ambient humidity levels (Gu et al. 2002; Letts and Mulligan 2005; Min 2005).  

The current paper examines the difference in microclimate and the resulting plant 

physiology between two elevations with a specific focus on cloud immersion.  Few 

studies have reported comparable measurements of microclimate during cloud immersion 

with an additional comparison of the variation between upper and lower elevation limits 

(Young and Smith 1983; Knapp and Smith 1990; Johnson and Smith 2008; Reinhardt and 

Smith 2008b).  This is of additional importance in the southern Appalachian spruce-fir 

forests because their distribution is confined to only ~500 m in elevation between their 

upper (1960 m) and lower (1510 m) limits.  The maximum elevation possible in the 

southern Appalachians is 2037 m, the height of Mt Mitchell. 

Photosynthesis, transpiration, leaf conductance, and water status (xylem water 

potentials) were measured for saplings of P. rubens and A. fraseri at their lowest (1510 

m) and highest (1960 m) elevational limits (henceforth LE and HE, respectively).  

Photosynthetic photon flux density (PFD), air temperature, and vapor pressure deficit 

(VPD) were also measured continuously at each site.  We hypothesized that cloud-

immersed days would result in greater leaf conductance and photosynthetic carbon gain, 

especially in the afternoon on clear days when stomata typically begin to close in 

response to greater water stress.  Leaf transpiration should also be reduced on cloud-

immersed days, causing greater plant water potentials, leaf conductance, and 

photosynthesis by midday and during the afternoon.  We also expected that the LE sites 

would experience less frequent cloud immersion and, thus, higher temperatures and 

transpiration, resulting in greater reductions in leaf conductance and photosynthesis due 
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to even more negative xylem water potentials than the HE sites.  Because A. fraseri tends 

to dominate the community at higher elevations (Whittaker 1956), greater effects in this 

species at the LE sites were anticipated. 

 

Materials and Methods 

To examine the difference in photosynthetic gas exchange and water status, field 

plots were established at the upper (HE) and lower (LE) elevational limits of Southern 

Appalachian spruce-fir communities. Measurements were taken over a summer growth 

season (early, middle, and late) of 2011.  The HE and LE sites were alternated between 

being measured first or second and were both measured within one hour of each other 

starting at the specified time.  All data were compared between the LE and HE plots, 

between clear and cloud-immersed days, and between species (Abies fraseri and Picea 

rubens). 

 

Study Sites 

Study areas were located in the spruce-fir forest of the Black Mountains near Mt. 

Mitchell, NC (Mt. Mitchell State Park, 35°45’53‖N, 82°15’54‖W), the highest point in 

the eastern United States (2037 m).  The Black Mountains are dominated by Picea rubens 

(red spruce) and Abies fraseri (Fraser fir) above ca. 1500 m elevation and are 

characterized by high rainfall and snowfall (>1800 mm year
-1

 evenly distributed through 

the year), moderate temperatures (13.5°C mean maximum air temperature during the 

growth season, May through September) and frequent cloud cover and immersion 

(Mohnen 1992; Reinhardt and Smith 2008a).  All physiological measurements were taken 
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on saplings of both study species along a transect at 1510 m (35°71’ N, 82°27’ W) and 

1960 m (35°76’ N, 82°26’ W) elevation.  Transects were selected on south facing slopes 

in forest sites that were considered representative of the forest type at that elevation, i.e. a 

mostly closed canopy (>80%) composed of both tree species and a ground layer of ferns 

and herbs, plus some dead trees due, most likely, to balsam wooly adelgid death (Pittillo 

and Smathers 1979; Bruck and Robarge 1988; Goelz et al. 1999).  Healthy saplings 

between 0.7 to 1 m in height and without noticeable cone production were selected along 

transects that were considered representative of the mature spruce-fir communities, 

although some important differences between the LE and HE sites should be noted.  At 

the low elevation site, spruce dominated both the sapling and canopy communities, 

canopy trees were generally taller (~12 vs. ~8 m), and the canopy was slightly more 

closed [12 vs. 18% canopy openness determined using a hand-held spherical convex 

densitometer (Model A; Forestry Suppliers Inc., Jackson, MS)].  Both sites were likely 

harvested for timber before the development of Mt. Mitchell state park (1915) and Pisgah 

national forest (1916), making the current, second-growth forest around 100 years old.   

 

Microclimate and cloud regime 

Air temperature, humidity, and photosynthetic photon flux density (PFD) were 

measured continuously throughout the entire growing season.  At each site, three sensors 

measuring photosynthetic photon flux density (PFD; µmol m
-2 

s
-1

, 0.4-0.7 µm 

wavelengths) were placed at approximate sapling heights (1 m above ground) and spaced 

ca. 10 m apart.  Measurements of PFD were logged from sunrise to sunset every 15 

minutes from May 23, 2011 to September 28, 2011 using Photosynthetic Light-Smart 
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Sensors (Model S-LIA-M003; Onset, Bourne, MA) connected to four-channel HOBO 

Micro Station Data Loggers (Model H21-002; Onset, Bourne, MA).  All PFD sensors 

were matched and calibrated against a recently calibrated (at factory) LICOR quantum 

sensor (model 190S), as well as a Science Associate precision solarimeter (model 1240), 

before installing in the field.  Air temperature and relative humidity were measured every 

15 minutes at 1 m above the ground using a HOBO Pro v2 sensors and data logger 

(Model U23-001; Onset, Bourne, MA).  Calibration of the temperature/humidity sensor 

located at the central location was checked periodically with well-ventilated and shielded, 

fine-wire (36 ASW gauge) thermocouple psychrometers under field conditions.  The 

temperature/humidity sensor was placed in an open area for greater air flow and was 

shielded from direct sunlight through the entire day by a plastic shield painted with 3M 

white-velvet paint (total solar reflectance >90 %) and mounted ~5 cm above the sensors.  

To verify cloud immersion for each measurement day, the study utilized an 

eastward facing web camera mounted at the park office (North Carolina Division of 

Parks and Recreation) located at ~1900 m elevation and pointed at the forest edge 

displaying everything above mid-canopy level.  Because the camera was not located 

precisely at the field measurement sites, camera images were compared with PFD and 

humidity values to confirm estimates of canopy immersion for a given time period.  Each 

morning and afternoon was classified as cloud-immersed, cloudy, or sunny by requiring 

at least two hours of each condition (see Berry and Smith (2012) for details of specific 

classification criteria).  While measurements were made on other day types as well this 

study compares only days categorized as cloud-immersed for both morning and afternoon 

time periods with those classified as sunny during the same periods.   
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Leaf gas exchange and water relations  

 Plant xylem pressure potentials (Ψ), photosynthesis, leaf conductance, and 

transpiration were measured three times (early, middle, and late) during the growing 

season of 2011.  Measurements at both LE and HE sites for both species were taken on 2-

3 completely cloud-immersed days and 2-3 completely clear days during  May, July, and 

September (2011). Xylem pressure potential measurements were taken at 0600 h 

(predawn), 1000 h (morning), and 1500 h (afternoon) and included 5 replicates of shoots 

4-6 cm in length and located on the south-facing sides of each individual sampled.  Plant 

water status was determined by measuring Ψ for saplings of each species using a 

Scholander-type pressure chamber (Model 1000, PMS Instrument Comp., Corvallis, OR).   

Leaf gas exchange was measured on the same individuals and days as Ψ 

measurements using a Li-Cor LI-6400 model portable photosynthesis system (Li-Cor, 

Lincoln, Nebraska).  Measurements were made at 0900 h (morning) and 1400 h 

(afternoon) on previous-year shoots on south-facing sides of the sapling at mid-tree 

heights.  During measurement, the natural orientation of shoots was maintained and air 

temperature and relative humidity inside the leaf chamber were regulated to be within ±5 

% of ambient values.  This was accomplished by measuring relative humidity outside the 

chamber and setting the relative humidity of the incoming air to this value.  The 

instrument maintains a flow rate to obtain the desired humidity.  When measurements 

were made during cloud immersion, needles were thoroughly blotted dry with tissue 

paper immediately before measurement (Brewer and Smith 1997).  Leaf conductance 

values were monitored very closely and all gas exchange measurements were discarded if 

conductance seemed inaccurately high due to moisture still on the leaf surface.  On 



60 

 

cloud-immersed days, PFD was <400 µmol m
-2

 s
-1

, the leaf-to-air vapor pressure 

difference (LAVD) remained <0.7 kPa, and leaf temperatures were within 0.5°C of 

ambient air temperature during morning and afternoon measurement periods.  On sunny 

days, PFD ranged from 700-1000 µmol m
-2

 s
-1

 during morning measurements and 1200-

1700 µmol m
-2

 s
-1

 during afternoon measurements.  The LAVD remained >1.2 kPa at HE 

and over 1.5 kPa at LE, while leaf temperatures were within 1°C of ambient air 

temperature (see Reinhardt & Smith 2008a and Berry & Smith 2012 for further details 

and data).  The Li-Cor LI 6400 clear conifer chamber was used for all measurements with 

total leaf area in the cuvette calculated by counting the number of leaves in the chamber 

and using a mean total leaf area determined as described in Smith et al. (1991). 

 

Statistics 

 All data comparisons were tested for statistical significance using ANOVA 

according to the appropriate tests for normality and equality of variance (Zar 1999).  

Specifically, ANOVA was used to compare differences between day type, elevation, 

species, time of day, and month.  When the assumptions (normality and/or equality of 

variance) of ANOVA were not satisfied, non-parametric tests were employed using 

Wilcoxon Rank Sum tests with the alpha value recomputed using the Bonferroni 

Correction.  Throughout the text, when ANOVA was used an F-value and probability are 

presented, and when the Wilcoxon Rank Sum test was used a χ
2 

value and probability are 

presented.  For all gas exchange measurements, there was no significant effect of the time 

of year measurements were taken and thus all months were grouped for statistical 



61 

 

analysis.  All analyses were conducted using JMP (SAS, Cary, North Carolina) and 

figures were constructed using SigmaPlot v. 11 (Systat Software, San Jose, California). 

 

Results 

Microclimate  

The HE sites had more frequent cloud immersion with 75% of days having at 

least 30 minutes of cloud immersion (56% for LE).  As expected, the LE sites had higher 

maximum air temperatures (18.4 °C versus 15.5 °C; F1,190=85.4, p<0.0001), vapor 

pressure deficits (1.78 kPa versus 1.52 kPa; F1,190=39.9, p<0.0001), and lower cumulative 

PFD (3.5 mol m
-2

 day
-1

 versus 10.4 mol m
-2

 day
-1

; F1,190=110.2, p<0.0001) than the HE 

sites.  Cloud-immersed days at the HE sites were significantly cooler with a mean daily 

temperature of 15.2 °C compared to 16.6 °C on clear days (Table 1; F1,94=8.75, p=0.004).  

Cloud immersion resulted in lower mean cumulative daily PFD (7.3 mol m
-2

 day
-1

 versus 

10.4 mol m
-2

 day
-1

; F1,94=25.1, p<0.0001) and mean daily VPD (1.40 kPa versus 1.57 

kPa; F1,94=5.7, p=0.019)(Table 1).  The VPD values were higher than expected during 

cloud-immersed days because their mean values incorporate some data points during the 

day when complete cloud immersion was temporarily absent.  At the LE sites cloud 

immersion also resulted in a lower mean temperature (17.8 °C versus 19.1 °C; F1,94=9.12, 

p=0.003), lower cumulative daily PFD (2.9 mol m
-2

 day
-1

 versus 4.5 mol m
-2

 day
-1

; 

F1,50=27.6, p<0.0001), and lower VPD (1.66 kPa versus 1.87 kPa; F1,94=15.3, p=0.0002).  

Days with different cloud regimes were evenly distributed across the entire study period.  
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Photosynthetic gas exchange 

There was a significant effect of cloud immersion on leaf level photosynthesis in 

both species and elevations (Fig. 1, Table 2; χ
 2

=5.93, p=0.015).  Afternoon 

photosynthesis was significantly greater on cloud-immersed days than clear days at both 

elevations (HE: χ
2
 = 22.29, p < 0.0001, LE: χ

2
 = 22.75, p < 0.0001).  For example, in 

May, HE A. fraseri had an afternoon photosynthesis of 0.63 µmol m
-2

 s
-1

 on clear days 

and 1.96 µmol m
-2

 s
-1

 on cloud-immersed days (Figs 1a and 1b).  Similarly for P. rubens 

in May, mean afternoon photosynthesis on cloud-immersed days was 1.00 µmol m
-2

 s
-1

 

versus 0.78 µmol m
-2

 s
-1

 on clear days (Fig. 1b).  Normalizing photosynthesis relative to 

PFD (photosynthesis/PFD) gave values greater during cloud-immersed periods.  On clear 

days, morning ratios ranged from 0.0022 to 0.0031 and afternoon ratios ranged from 

0.0003 to 0.0005, considerably less than morning values.  On cloud-immersed days these 

values were more similar between morning and afternoon (0.0034 to 0.0060 and 0.0027 

to 0.0050, respectively).  Photosynthesis at LE was always lower than at HE, but 

followed the same trend (χ
2
 = 65.89, p < 0.0001).  For example, LE A. fraseri had a mean 

afternoon photosynthesis in May of 0.42 µmol m
-2

 s
-1

 on clear days versus 0.67 µmol m
-2

 

s
-1

 on cloud-immersed days (Fig. 1).  Morning (0900 h) measurements tended to be 

similar across day types within each elevation and species, and no significant differences 

occurred between monthly measurements (χ
2
 = 5.06, p = 0.08). 

Leaf conductance followed a similar trend with afternoon measurements being 

significantly greater on cloud-immersed days (Fig. 2, Table 2; HE: χ
2
 = 29.25, p < 

0.0001; LE: χ
2
 = 30.21, p < 0.0001).  On clear days, afternoon values were under 0.1 mol 

m
-2

 s
-1

 for both species at both elevations.  On cloud-immersed days, afternoon 
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conductance varied between 0.20 and 0.35 mol m
-2

 s
-1

 at HE and between 0.13 and 0.20 

mol m
-2

 s
-1

 at LE (Fig. 2).  As expected, afternoon conductance was significantly less 

than morning values (χ
2
 = 123.08, p < 0.0001) and, as with photosynthesis, morning 

measurements tended to be similar between clear and cloud-immersed days without 

significant differences between months (χ
2
 = 3.63, p = 0.16). 

 

Transpiration and plant water status 

 There was also a significant, negative association between cloud immersion and 

transpiration (Fig. 3, Table 2: χ
2
 = 113.32, p < 0.0001).  In contrast to leaf conductance 

and photosynthesis, differences in transpiration were much more pronounced for morning 

(0900 h) measurements, i.e. less than 0.3 mmol m
-2

 s
-1

 on cloud-immersed days compared 

to 1.2 and 1.5 mmol m
-2

 s
-1

 on clear days (χ
2
 = 44.29, p < 0.0001) at both the LE and HE 

sites.  Differences in afternoon transpiration were less pronounced, but still significant 

(Fig. 3; HE: χ
2
 = 32.85, p < 0.0001; LE: χ

2
 = 7.36, p = 0.007).  A decrease from morning 

to afternoon measurements was less severe on cloud-immersed days (Table 2).  Overall, 

cloud-immersed transpiration was similar to clear-day transpiration only when leaf 

conductance was low.   

 On cloud-immersed days, xylem water potential (Ψ) improved from morning to 

afternoon measurements whereas clear days declined continuously into the afternoon 

(Fig. 4, Table 2).  Also, this increase in Ψ on cloud-immersed days was more pronounced 

at LE sites than HE sites.  For example, A. fraseri Ψ in May at HE sites improved by 0.11 

MPa while no change occurred at LE sites.  There was a significantly lower Ψ (χ
2
 = 

77.58, p < 0.0001) at the LE sites (Fig. 4).  At both elevations, predawn Ψ values were 
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statistically similar between clear and cloud-immersed days (HE: χ
2
 = 0.04, p = 0.84; LE: 

χ
2
 = 1.65, p = 0.20).   

  Differences in Ψ between clear and cloud-immersed days were most pronounced 

during the afternoon in both species (Fig. 4: χ
2
 = 4.34, p = 0037).  For example, afternoon 

Ψ was 0.30 to 0.55 MPa greater on cloud-immersed days than clear days at high 

elevation, and was less pronounced at low elevation (0.05 and 0.25 MPa greater).  

Although there was a significant decrease in Ψ from May to September in all 

measurements (χ
2
 = 228.71, p < 0.0001), all differences between clear and cloud-

immersed days were statistically similar across months. 

 

Discussion 

Microclimate 

 Our goal was to examine the effect of cloud immersion on photosynthetic gas 

exchange and water status in P. rubens and A. fraseri saplings at their lower and upper 

elevational limits of occurrence.  The HE plots had more frequent cloud immersion (75% 

versus 56%) and corresponding changes in air temperature, vapor pressure deficit, and 

PFD (Table 1).  Cloud immersion was associated with an ~1.5 °C decline in mean daily 

air temperature at both elevational plots.  Similarly, mean daily vapor pressure deficit 

was reduced by ~0.2 kPa and total daily PFD was reduced by 1.5-3.0 mol m
-2

 day
-1

 on 

cloud-immersed days (Table 1).  However, LE cloud-immersed days still had higher VPD 

(1.66 kPa vs. 1.57 kPa) and temperature (17.8 °C  vs. 16.6 °C) than HE clear days. 
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Leaf conductance and photosynthesis   

 Afternoon leaf conductance and photosynthesis values were greater on days with 

prolonged cloud immersion than clear days, ranging from 30 to 230 % (Figs 1 and 2, 

Table 2).  Stomata remained open well into the afternoon on cloud-immersed days, along 

with higher photosynthetic carbon gain.  Conductance and photosynthesis on cloud-

immersed days were also greater at the high than low elevation sites (Figs 1 and 2).  The 

down-regulation of afternoon photosynthesis on sunny days is likely due to the higher 

transpirational demands earlier in the day leading to lower xylem water potentials and 

partial stomatal closure (Urban et al. 2012).  

In addition to enhanced stomatal opening, another possible explanation for higher 

photosynthesis in understory saplings, is the alteration in the directional nature of the 

incident sunlight.  Cloud immersion increases the diffuse component of direct, incident 

sunlight which generates deeper penetration into the forest canopy and can increase 

canopy photosynthesis per unit ground area (Campbell and Norman 1998; Min 2005; 

Urban et al. 2007; Dengel and Grace 2010).  Once diffuse light reaches the understory, 

Ishii et al. (2012) found that needle arrangement in Picea species utilized diffuse light 

effectively at a wide range of incoming angles.  Also, diffuse light contains a higher 

portion of blue wavelengths than direct-beam sunlight, potentially stimulating greater 

stomatal opening, as found in Picea species at relatively low PFD levels (0-300 µmol m
-2

 

s
-1

; Morison and Jarvis 1983).  Measured light response curves for photosynthesis 

showed a light saturation point of approximately 200 to 400 µmol m
-2

 s
-1

,in both A. 

fraseri and P rubens supporting the idea that both study species can  maximize 

photosynthesis in low levels of diffuse light such as found during cloud immersion 
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(Reinhardt and Smith 2008a).  While low light saturation values often leads to lower light 

levels for initiating photoinhibition, photosynthetic light response curves for these two 

species showed no evidence of photoinhibition up to 2000 µmol m
-2

 s
-1

 (Johnson and 

Smith 2006), well above the maximum PFD in this study (1700 µmol m
-2

 s
-1

).  Also, a 

quantitative evaluation of changes in photosynthesis versus leaf conductance found a 

strong linear relationship (clear-sky r
2
= 0.83, cloud-immersed r

2
= 0.72) suggesting that 

the afternoon decline in photosynthesis on clear days was tightly coupled to 

corresponding decreases in leaf conductance (data not shown). 

 The results above are similar to several other studies examining the effect of 

cloud and light quality on plant ecophysiology.  Results reported by Urban et al. (2007) 

and Dengel and Grace (2010) showed enhancement of leaf conductance in Abies and 

Picea species under cloudy and overcast conditions, but did not measure complete cloud 

immersion.  Simonin et al. (2009) did find an increase in photosynthesis in Sequoia 

sempervirens as a result of fog.  Tropical montane cloud forest studies have suggested 

that lower PFD from clouds would result in reduced photosynthesis (Bruijnzeel and 

Veneklaas 1998; Letts and Mulligan 2005).  These differences could perhaps be due to 

the differential light requirements of conifers and tropical broadleaves.   

A potential limitation of cloud-immersion to gas exchange would be the 

prolonged formation of water films on leaf surfaces.  Smith and McClean (1989), 

Ishibashi and Terashima (1995), and Letts and Mulligan (2005) reported large decreases 

in photosynthesis as a result of moisture and water-film formation on leaf surfaces, 

presumably because of the much lower diffusivity of carbon dioxide in water versus air 

(ca. 10
4
 times slower in air).  While there clearly was moisture on needles of both species 



67 

 

during cloud immersion, a hydrophobic epicuticular wax layer, a small and curved needle 

shape, and a steep leaf inclination results in water beads that are easily shed (relatively 

low retention; Reed and Smith, 2012) preventing any water film formation.  

Transpiration and plant water status 

 During cloud immersion, transpiration remained below 0.5 mmol m
-2

 s
-1

 in both 

morning and afternoon measurements.  This value was substantially less than on 

mornings of clear days (1.5 and 2.0 mmol m
-2

 s
-1

) and even less compared to afternoon 

transpiration values (Fig. 3, Table 2).  The low vapor pressure deficits during cloud 

immersion were more tightly coupled with transpiration rate than leaf conductance 

because conductance was high during both the morning and afternoon measurements.  

Continued low transpiration throughout the morning hours is a likely factor driving the 

high afternoon conductance values in response to greater (Ψ).  These data are 

corroborated by several other studies that reported a reduction in transpiration during 

cloud-immersed conditions (Graham et. al 2003; Burgess and Dawson 2004; Johnson and 

Smith 2008).   

As mentioned above, cloud immersion probably led to improved plant Ψ, 

particularly by afternoon.  On cloud-immersed days, there was an afternoon rebound in Ψ 

at HE sites by an average of 0.13 MPa, and as much as 0.25 MPa from morning to 

afternoon measurements (Fig. 4, Table 2).  While this improvement seems minimal, it 

becomes more meaningful compared to clear days when a continued decrease in plant Ψ 

by a mean 0.14 MPa resulted in an mean decline of 0.27 MPa in afternoon between clear 

and cloud-immersed days.  Although information is growing, few studies have reported a 
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recovery in plant Ψ over a daytime or the association with cloud immersion (Brodribb 

and Holbrook 2004; Johnson et al. 2009; Berry and Smith 2012).   

Instantaneous water use efficiency (A/E) from morning to afternoon 

measurements actually showed decreases in WUE on cloud-immersed days and increases 

on clear days (Table 2), similar to the results of Reinhardt and Smith (2008a).  During all 

measurements Ci/Ca values averaged 0.81 ± 0.06, within the standard range previously 

reported near our sites (Reinhardt and Smith 2008a).  The change in WUE was likely the 

result of a greater decrease in photosynthesis than transpiration from morning to 

afternoon on cloud-immersed compared to clear days, although both values were reduced 

(also see Reinhardt and Smith 2008a).  

 

Effect of elevation 

Leaf photosynthesis, conductance, transpiration, and plant Ψ in both species were 

greater at HE sites compared to the same species at LE sites, especially for the endemic 

A. fraseri.  For example, afternoon photosynthesis on cloud-immersed days averaged 0.9 

µmol m
-2

 s 
-1

 greater at HE sites compared to only 0.4 µmol m
-2

 s 
-1

 at LE sites (Fig. 1).  

Additionally, there were smaller changes from morning to afternoon measurements in 

photosynthesis, transpiration, and Ψ at HE sites particularly on cloud-immersed days 

(Table 2).  These increased values at high elevation suggest that both species, but 

particularly A. fraseri, are better suited to the microclimate at HE sites where more 

frequent cloud immersion occurred.  This difference in microclimate between the two 

elevations includes an increase in the number of cloud-immersed days per growing 
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season and a significant reduction in mean daily temperature and vapor pressure deficit 

(Table 1).   

 

Conclusions 

 To our knowledge, data comparing gas exchange traits between the upper and 

lower elevational limits of P. rubens and A. fraseri and for clear and cloud-immersed 

days do not currently exist.  The present study showed increases in photosynthesis, 

conductance, and xylem water potentials during cloud immersion, particularly in 

afternoon measurements at HE sites.  Cloud-immersed days resulted in higher leaf 

conductance in both species during the afternoon measurement period, corresponding to 

increased photosynthesis with a stronger response at HE sites.  Cloud immersion also 

corresponded to substantially reduced transpiration throughout the entire day leading to 

an improved Ψ.  Xylem water potentials showed a significant improvement from morning 

to afternoon measurements demonstrating a role for cloud immersion in lessening daily 

plant water stress.  Moreover, LE sites had reduced conductance and photosynthesis, 

increased transpiration, and more negative Ψ than the plots at the high elevation 

boundary of these species.  Overall, both species experienced improved carbon gain and 

plant water status on cloud-immersed days.  Also, the endemic, Abies fraseri, showed the 

greatest improvement in gas exchange physiology as a result of cloud immersion and 

seems particularly vulnerable at LE sites.   

Understanding the ecophysiology of saplings may be critical in determining the 

limitations to regeneration in these already threatened forests, as well as potential shifts in 

elevational occurrence.  Climate models predict an increase in summer temperatures of at 
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least 3°C (and up to 6°C) by 2100 in moderate scenarios (Delcourt and Delcourt 1998; 

IPCC 2007).  These temperatures would result in southern Appalachian mountain peaks 

having air temperatures comparable to locations where spruce-fir communities currently 

do not exist (Pounds et al. 1999; Still et al. 1999; Foster 2001; Richardson et al. 2003; 

Brient and Bony 2011).  If clouds become less frequent and cloud ceilings rise, as 

predicted by some climate models, the existence of southern Appalachian spruce-fir 

communities could be severely threatened.  Because spruce-fir communities seem to be 

reliant on these cloud-immersed days for improved carbon gain and water conservation, it 

is likely that they will shift upward in elevation if cloud ceilings rise.  The ultimate 

survival of this relic, refugial forest could certainly depend on the magnitude of future 

changes predicted for cloud regimes in these mountains.  
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Table III – 1. Mean daily air temperature, vapor pressure deficit (VPD) and cumulative 

daily photon flux density (PFD) on clear and cloud-immersed days at high and low 

elevation plots. 

 Mean daily air 

temperature 

Mean daily VPD Cumulative daily 

PFD 

 (°C) (kPa) (mol m
-2

 day
-1

) 

1960 m    

      Clear  16.6 1.57 10.4 

      Cloud-immersed  15.2 1.40 7.3 

1510 m    

      Clear  19.1 1.87 4.5 

      Cloud-immersed 17.8 1.66 2.9 
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Table III – 2. Percent change from morning to afternoon values  of photosynthesis (A), 

transpiration (E), leaf conductance (g), plant water potentials (Ψ), and instantaneous 

water use efficience (WUE) for Abies fraseri and Picea rubens. 
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Figure captions 

 

Figure III – 1. Net photosynthesis (Anet) during morning (900) and afternoon (1400) on 

saplings of A. fraseri (triangles) and P. rubens (circles).  Measurements were taken 

simultaneously near the top (1960 m) and bottom (1510 m) of the communities’ 

elevational extent on five individuals each day and repeated for 2-3 days of each day 

type.  Solid symbols and lines represent high elevation measurements and open 

circles with dashed lines represent low elevation measurements. 

Figure III – 2. Leaf conductance measurements during morning (900) and afternoon 

(1400) on saplings of A. fraseri (triangles) and P. rubens (circles).  Measurements 

were taken simultaneously near the top (1960 m) and bottom (1510 m) of the 

communities’ elevational extent on five individuals each day and repeated for 2-3 

days of each day type.  Solid symbols and lines represent high elevation 

measurements and open circles with dashed lines represent low elevation 

measurements. 

Figure III – 3. Transpiration measurements during morning (900) and afternoon (1400) 

on saplings of A. fraseri (triangles) and P. rubens (circles).  Measurements were taken 

simultaneously near the top (1960 m) and bottom (1510 m) of the communities’ 

elevational extent on five individuals each day and repeated for 2-3 days of each day 

type.  Solid symbols and lines represent high elevation measurements and open 

circles with dashed lines represent low elevation measurements. 

Figure III – 4. Xylem pressure potentials (Ψ) during predawn (600), morning (1000), and 

afternoon (1500) measurements on saplings of A. fraseri (triangles) and P. rubens 
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(circles).  Measurements were taken near the top (1960 m) and bottom (1510 m) of 

the communities’ elevational extent on five individuals each day and repeated for 2-3 

days of each day type. Solid symbols and lines represent high elevation 

measurements and open circles with dashed lines represent low elevation 

measurements.  
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Figure III – 3  
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Figure III – 4  
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CHAPTER IV 

 

 

CLOUD IMMERSION: AN IMPORTANT WATER SOURCE FOR SPRUCE AND FIR 

SAPLINGS IN THE SOUTHERN APPALACHIAN MOUNTAINS 
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Abstract 

Cloud immersion can provide a potentially important moisture subsidy to plants 

in areas of frequent fog including the threatened spruce-fir communities of the southern 

Appalachian Mountains (USA).  These mountain-top communities grow only above 

~1500 m elevation, harbor the endemic Abies fraseri, and have been proposed to exist 

because of frequent cloud immersion.  While several studies have demonstrated the 

importance of cloud immersion to plant water balance, no study has evaluated the 

proportion 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 growing 

season) and October (end of 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 

occurred in May compared to October, despite similar rainfall and cloud immersion 

frequencies.  These results demonstrate the important water subsidy that cloud immersion 

water can provide.  With a warming climate leading potentially to increases in the ceiling 

of the cloud base and, thus, less frequent cloud immersion, persistence of these relic 

mountain-top forests may depend on the magnitude of these changes and the 

compensating capabilities of other water sources. 

 

Keywords: fog, stable isotopes, IsoSource, Abies fraseri, Picea rubens 
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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 species 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 stomatal 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 2013).   

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, 

potentially improving soil moisture.  More recently, a second pathway with potentially 

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 Dawson 2004; Limm et al. 2009; 

Berry and Smith in review).  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).   
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The mountain-top 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 forests used to dominate large areas 

of the southeastern United States during the late Pleistocene, but currently exist only at 

seven locations above ~1500 m in Virginia, North Carolina, and Tennessee (Oosting and 

Billings 1951; Ramseur 1960; White 1984; Delcourt and Delcourt 1984).  As a result of 

their isolation and diminishing size, these communities harbor numerous endemics, 

including the threatened Abies fraseri (Fraser fir; NCDENR 2010).  In addition, the 

occurrence of frequent cloud immersion has been hypothesized as a major contributor to 

the persistence of these forest communities at such southern latitudes (Braun 1964; 

Cogbill and White 1991).  Improved plant water status, reduced transpiration, 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 demonstrated that foliar water uptake also occurs in 

both A. fraseri and P. rubens (Berry and Smith in review).  While it seems probable that 

cloud immersion water contributes directly to plant water, no studies to date have 

quantified 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 

mathematical mixing model approach (Phillips and Gregg 2003).  Cloud immersion water 

tends to have greater quantities of the heavier isotopes (
2
H and 

18
O) than soil or 
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groundwater due to greater evaporation of the lighter isotopes in cloud water (Dawson et 

al. 1998).  Similarly, shallower soil water will be isotopically heavier than deep soil or 

groundwater because of increased exposure to evaporation.  In the present 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 2013), we expected cloud water to have a greater contribution to plant water.   

We also measured differences in water use between May (early growing season) and 

October (end of growing season) to determine if cloud immersion might have a different 

level of contribution at different periods of the growth season.   

 

Methods 

Study site and species 

The present study was conducted in a mesic spruce-fir forest in the Black 

Mountain chain of the southern Appalachians.  The Black Mountains harbor threatened 

communities dominated by Picea rubens (red spruce) and the endemic Abies fraseri 

(Fraser fir) above ca. 1500 m elevation.  Field measurements were collected near the peak 

of Mt. Mitchell (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 forests are unique from their more northern counterparts in that they 

receive higher amounts of rain and snow (over 1800 mm year
-1

), have more moderate 
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temperatures (13.5°C mean maximum air temperature during the growth season, May 

through September), and more frequent 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 1510 m 

(35°71ʹN, 82°27ʹW) and 1960 m (35°76ʹN, 82°26ʹW) in the Black Mountains of North 

Carolina.  Transects at each elevation were selected on south facing slopes in 

representative spruce-fir communities with mostly closed canopies composed of both tree 

species, and a ground layer of ferns, herbs, and scattered 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 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 (1960 m) and bottom (1510 m) of their 

elevational range and at the beginning of the growth season (May 29-30, 2012) and near 

the end of the season (Oct 3-4, 2012).  One shoot from six individuals for each species 

were 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 Oakfield soil auger (Model B, Oakfield 
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Apparatus Company, Oakfield, Wisconsin).  Fog water was collected using the design 

described in Juvik and Nullet (1995), i.e. a cylinder of louvered aluminum measuring 

12.7 cm in diameter 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 two 

hours.  Groundwater samples (n=4) were taken from a ground well located within Mt. 

Mitchell 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 supplied from the ground well.  All 

samples were immediately sealed with laboratory film and kept under 5°C for transport.  

Once in the laboratory, the samples were transferred 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 growing seasons, five-year 

averages of rainfall, temperature, and relative humidity, as well as two-year averages of 

number of fog days per month, were calculated.  Fog days were determined using a 

continuous-recording video camera located near the top of Mount Mitchell and confirmed 

by the daily climate data (for more detail, see Berry and Smith 2012). 

 

Water extraction and isotopic analysis 
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In the laboratory, sample water was extracted from soil and leaf samples using 

cryogenic vacuum distillation (Ehleringer 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, USA).  Four replicate injections were 

introduced into the chamber using a PAL auto sampler (Leap Technologies, Carrboro, 

NC, USA); 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 (VSMOW).  Instrument precision 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 evaluate 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 IsoSource 

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 compositions 

between May and October samples and, thus, these values were combined for all 

analyses.  To compare relative 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 χ
2
 value) was chosen because the outputs from IsoSource commonly give 
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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 Inc., Cary, NC, USA). 

 

Results 

Rainfall and cloud immersion frequency 

The four year (2009-2013) mean of annual rainfall was 1982 mm year
-1

, varying 

from a high of 2434 mm yr
-1

 in 2009 to a low of 1677 mm yr
-1

 in 2010 (Figure 1).  

Monthly rainfall was fairly consistent throughout these years, remaining above 120 mm 

month
-1

.  Mean monthly rainfalls for May and October were 183 mm and 130 mm, 

respectively. Until a decline in October, the mean daily relative humidity remained above 

80 % for the entire summer growing season.  The number of days with at least 3 hours of 

cloud immersion was calculated from three years (2010-2012) of web camera pictures 

near the top of Mt. Mitchel in Mt. Mitchell State Park.  Through the entire growing 

season (May to 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 lower mean air 

temperatures, 11.1 °C and 7.0 °C, respectively (Figure 1).   
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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 October, all individual sources were 

combined (Figs 2 and 3).  For both sampling periods, groundwater, deep soil, and shallow 

soil all had relatively similar isotopic compositions (Figs 2 and 3).  In contrast, fog water 

had the most enriched isotopic composition across both elevations (high elevation:  δ
18

O 

= -1.6 ‰, δD = -9.8 ‰; low elevation: δ
18

O = -3.9 ‰, δD = -7.8 ‰) while groundwater 

had the lowest isotopic composition (δ
18

O = -6.9 ‰, δD = -40 ‰).  Deep soil and 

shallow soil water both had values near groundwater but were more enriched in both 

isotopes (Figs 2 and 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 and 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 and 3).  Also, plant water isotopic compositions tended to be 

more enriched in δ
2
H and δ

18
O at the higher than lower elevation sites, and values in May 

tended to be greater than corresponding values in October (Figs 2 and 3). 

 

Quantifying source contributions  

In May, fog water had a larger contribution 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; Figure 4).  
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For P. rubens, these same contributions were significantly less, i.e. 17-24 % of plant 

water at high elevation and 9-15 % at low elevation.  In October, for A. 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; 

Figure 4).  All comparisons of percent fog water contributions were significantly 

different from each other; high elevation measurements had greater contributions from 

fog, May had greater fog contributions than October, and A. fraseri had greater fog 

contributions than P. rubens (χ
2

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 degrees of freedom. 

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 October for P. rubens (Table 1).  Groundwater had a significant contribution, 

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 elevation site.  The potential contributions 

of shallow soil water to plant water ranged from a minimum of 17 % for A. fraseri in 

May to a maximum of 79 % for A. fraseri in October.  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 
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contributions of deep soil and groundwater at the low elevation sites included zero 

percent as possible contributions. 

 

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 

forest; contributing as much as 31 % to plant water samples (Table 1).  Moreover, 

monthly fog occurrence was relatively consistent throughout the summer growing season, 

suggesting that cloud immersion water may contribute to plant water throughout the 

entire summer period (Figure 1).  However, 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 October.  We also found significant elevation and 

intraspecific effects with the higher elevation plants and the endemic, A. fraseri, 

demonstrating a possible species-specific 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 surfaces and reduced evapotranspiration from the soil surface (Bruijnzeel et al. 

2011).  However, foliar water absorption has now been demonstrated in a number of 

species, including the two in this study, A. fraseri and P. rubens (Berry and Smith, in 

review).  Undoubtedly, soil and groundwater provide reliable, primary sources of plant 
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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 groundwater 

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 demonstrated across 

numerous plant groups (conifers to succulents), 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 in review).  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, demonstrated 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 (Figure 1) were from an intermediate elevation, 

previous research has demonstrated that fog frequency at our high elevation plots 
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increases by as much as 133% compared to the lower elevation sites (Berry and Smith 

2013).  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 2013).  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 evaporative demand from leaf surfaces (Holder 2007).  

Regarding intraspecific variation in foliar water uptake, others have suggested changes in 

cuticular structure (such as degradation 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 condensation 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, 2013).   

It is interesting that fog had a significantly greater contribution to the plant water 

of the endemic, A. fraseri (16-31 %), than P. rubens (14-24 %) for all measurement 

periods at high elevation sites (Figure 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, 

Figure 4).  Because A. fraseri grows only in cloud forest environments and does not tend 

to dominate the canopy until above ~1800 m, a greater reliance on fog water might be 

expected (Ramseur 1960).  It would be interesting to examine the relative contribution of 
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fog water to A. fraseri across other mountain peaks that harbor these communities, 

utilizing natural variation 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 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 

important 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 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 geological 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 a couple feet 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. 
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fraseri tends to have a slightly deeper root profile, possibly explaining its reliance on 

groundwater late in the season.  Additionally, excavation of 10-12 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 pers. comm.).  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 17-64 % 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. 

 

Conclusions 

In the present study, fog appeared to make significant contributions 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 contributed a greater 
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proportion of plant water early in the growing season (May) than late (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 

2013).  

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 2013).  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 Delcourt 1998; IPCC 2007).  It might be predicted that 

declines in cloud cover, thus fog frequency and rainfall, would negatively impact these 

refugial, relic forests of the southern Appalachian Mountains.  For example, a decline in 

immersion 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 ecosystem services (e.g. 

snow capture and seasonal persistence) could certainly be jeopardized.  
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Table IV – 1. Relative contributions of water sources to plant water during each 

measurement period as a range of outputs from a two-isotope mixing model. 

 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 
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Figure captions 

 

Figure IV – 1. (a) Monthly rainfall, mean temperature, and mean relative humidity for 

each month at a ranger station near the top of Mt Mitchell, North Carolina.  Data were 

calculated as four-year averages (2009-2012) from a long term data weather station 

run by NC 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. 

Figure IV – 2. δ2H- δ18O values of fog, shallow soil, deep soil, ground,  and plant water 

(Abies fraseri and Picea rubens) from collections in May (May 29-30 2012) at high 

elevation (a: 1960 m) and low elevation (b: 1510 m) plots.  Plant isotope values are 

represented by solid symbols and bolded regression lines and source waters are 

represented by open values and dashed regression lines. 

Figure IV – 3. δ2H- δ18O values of fog, shallow soil, deep soil, ground,  and plant water 

(Abies fraseri and Picea rubens) from collections in October (October 3-4, 2012) at 

high elevation (a: 1960 m) and low elevation (b: 1510 m) plots.  Plant isotope values 

are represented by solid symbols and bolded regression lines and source waters are 

represented by open values and dashed regression lines. 

Figure IV – 4. Percentage of plant water from fog for Abies fraseri and Picea rubens at 

high and low elevation plots in May and October, 2012.  Relative contributions were 

determined using a 4-source, 2-isotope 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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CHAPTER V 

 

 

EXPERIMENTAL CLOUD IMMERSION AND FOLIAR WATER UPTAKE IN 

SAPLINGS OF ABIES FRASERI AND PICEA RUBENS 
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Abstract 

In ecosystems with frequent cloud immersion, the influence on plant water 

balance can be important.  While cloud immersion can reduce plant water loss via 

transpiration, recent advances in methodology have suggested that many species also 

absorb water directly into leaves (foliar water uptake).  The current study examines foliar 

water uptake and its influence on daily plant water balance in tree species of the 

endangered spruce-fir forest of the southern Appalachian Mountains, USA.  These 

mountain-top communities are considered relic, boreal forests that may have persisted 

because of the benefits of frequent cloud immersion.  We examined changes in needle 

water content, xylem water potentials, and stable isotope values in saplings of the two 

dominant tree species, Abies fraseri and Picea rubens before and after a 24 h period of 

experimental cloud immersion.  Both species exhibited foliar water uptake following 

immersion, evidenced by substantial changes in stable isotope values of extracted needle 

water that reflected the composition of the fog water.  In addition, total needle water 

content improved 3.7-6.4% following experimental submersion and xylem water 

potentials were significantly greater (up to 0.33 MPa) in cloud-immersed plants over 

control plants.  These results indicate that foliar water uptake may be an adaptive strategy 

for utilizing cloud water and improving overall tree vigor in these most southerly 

distributed boreal species. 

 

Keywords: stable isotopes, fog, xylem water potential, climate warming, Abies fraseri, 

Picea rubens 
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Introduction 

 The phenomenon of cloud immersion occurs worldwide in a variety of 

ecosystems from coastal islands to mountain peaks e.g. the coasts of Chile, Namibia, and 

California and montane locations such as the cloud forests of Costa Rica, sections of the 

Andes, and the southern Appalachians (Weathers 1999).  Specifically for mountain 

environments, clouds typically form by orographic lifting of moist air masses, adiabatic 

cooling, and convective cloud formation (Smith 1979).  As a result, cloud immersion 

(fog) can provide potentially significant inputs to the water balance of plants and, thus, 

maintain stomatal opening later into the day and increase total daily carbon gain by 

reducing extreme temperatures and radiative stress (Dawson 1998; Johnson and Smith 

2006; Breshears et al. 2008; Limm et al. 2009; Berry and Smith 2012).  Moreover, the 

frequency of cloud immersion seems to be functionally linked to the distribution patterns 

of certain species and ecosystem types (Qiu et al. 2010).  This association includes many 

epiphytes of the Pacific Northwest, USA, the Loma vegetation of Andean Peru, the 

coffee forests of Angola, as well as 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) 

 One effect of cloud immersion is the condensation of water onto plant leaves, 

creating a film of water through which physiological gas exchange can be seriously 

constrained if stomatal pores are covered (Smith and McClean 1989; Jagels 1991; 

Burgess and Dawson 2004).  Because CO2 diffuses through water ~10,000 times more 

slowly than through air, reduced photosynthetic carbon uptake during leaf and needle 

wetting has been reported (Weast 1979; Smith and McClean 1989; Brewer and Smith 
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1995; Letts and Mulligan 2005).  Even on surfaces that have high hydrophobicity, there is 

some time period before water is completely shed during cloud-immersed episodes.  

Furthermore, acid fog events can result in the deposition of concentrated acid and 

pollutants from evaporating water droplets resulting in cuticular damage and needle death 

in P. rubens (Schier and Jensen 1992; Thorton et al. 1994).   

 Despite potentially negative effects, recent studies also suggest that cloud forest 

species may benefit from frequent cloud immersion.  Cloud immersion alters plant 

microclimate largely by reducing the leaf to air vapor pressure deficit (LAVD) driving 

plant transpiration to near zero (Young and Smith 1983; Gu et al. 2002; Burgess and 

Dawson 2004; Johnson and Smith 2008).  Reduced direct-beam and total solar radiation 

may prevent photosynthetic photoinhibition, increase the diffuse component of light, and 

reduce leaf temperatures, all of which can act to reduce evapotranspiration while 

maintaining high photosynthetic carbon gain (if a water film is not inhibiting CO2  

uptake) and, thus, increase instantaneous water use efficiency (Gu et al. 2002; Letts and 

Mulligan 2005; Min 2005).  Accordingly, cloud immersion has been shown to 

substantially improve overall plant water relations, as evidenced by increases in plant 

water potentials and negative sap flow during immersion episodes (Burgess and Dawson 

2004; Limm et al. 2009; Berry and Smith 2012).  In addition, Reinhardt and Smith (2008) 

demonstrated increases in photosynthesis during cloud immersion due to particularly low 

light saturation points.  Simonin et al. (2009) reported similar ecophysiological 

improvements in the redwood forests of northern California for Sequoia sempervirens. 

 The spruce-fir (Picea rubens Sarg.-Abies fraseri (Pursh) Poir.) forests of the 

southern Appalachians are considered cloud forests with 60-75% of the summer days 
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experiencing cloud immersion (Berry and Smith 2012).  These relic forests once 

dominated areas of the southeastern United States during the late Pleistocene, but have 

since retreated and exist only above ~1500 m elevation at seven locations in southern 

Virginia, western North Carolina, and eastern Tennessee (Oosting and Billings 1951; 

Ramseur 1960; White 1984; Delcourt and Delcourt 1984).  The elevational zonation of 

these spruce-fir forests has been correlated with cloud ceiling height and generally 

considered a major contributor to their persistence at such southern latitudes (Braun 

1964; Cogbill and White 1991).  In spite of the fact that these forests receive significant 

amounts of cloud immersion, no one has examined the possibility of foliar water uptake 

in saplings of either of the dominant forest tree species (Abies fraseri and Picea rubens). 

 The present study evaluated the occurrence of foliar water uptake and 

corresponding improvements in plant water status in P. rubens and A. fraseri saplings 

following exposure to experimental cloud immersion.  Experiments were conducted in 

glasshouse chambers where the density and duration of cloud immersion could be 

controlled.  We hypothesized that a prolonged period of experimental immersion would 

result in foliar water uptake by both species and improvements in plant water status.  

Because A. fraseri has previously shown a greater stomatal sensitivity to cloud 

immersion, we anticipated that any foliar uptake and corresponding improvements in 

water status would be more pronounced than in P. rubens (Berry & Smith 2012).   

 

Methods 

 We conducted two experiments to determine if A. fraseri and P. rubens possess 

the capability for foliar water uptake from experimental cloud mist.  First, we conducted 
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a submersion experiment with each species to determine the potential of foliar uptake and 

the relative quantitative contribution to needle water content.  Second, we conducted an 

immersion experiment where saplings of each species were exposed to a prolonged 

period of simulated cloud immersion.  By controlling the isotopic composition of cloud 

and soil water we were able to determine if the hydrogen isotope composition of needle 

water was increased by exposure to cloud water during the immersion treatment.  

Experimental cloud immersion was designed to closely mimic conditions in the field by 

attempting to match humidity, temperature, and fog density during these events. 

 

Species 

 Abies fraseri (Pursh) Poir. (Fraser Fir) and Picea rubens Sarg. (Red Spruce) are 

the dominant canopy species in the threatened spruce-fir communities of the southern 

Appalachian.  While P. rubens extends north into eastern Canada, A. fraseri is an 

endemic to seven mountaintop areas in the southern Appalachians (Ramseur 1960).  

Abies fraseri is of particular interest here because it persists only in areas with frequent 

cloud immersion—southern Appalachian spruce-fir forests experience some cloud 

immersion on 60 to 75 percent of all days during the growth season (Saxena and Lin 

1990, Mohnen 1994, Baumgardner et al. 2003, Berry and Smith 2012). 

Individuals were collected from three different sites on Mt. Mitchell, NC (Mt. 

Mitchell State Park, 35°45’53‖N, 82°15’54‖W), the highest point in the eastern United 

States (2037 m), and transported back to a glasshouse with their root masses (~0.3 m
3
 soil 

collected) contained in plastic containers lined with damp cloths, and kept in a cooler.  

All saplings used in this study were between 0.30 and 0.45 m tall, estimated to be 
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between 5 and 10 years old, and had not yet reached a reproductive age.  Once in the 

glasshouse each individual was transplanted into 7.3 liter pots filled equally with Metro 

Mix 360 potting soil (Sun Gro Horticulture, Vancouver, Canada).  Plants were allowed to 

acclimate in the glasshouse for six weeks with day temperatures near 25°C, night 

temperatures between ca. 10-15°C, and relative humidity ranging between 30 and 90% 

(Fig. 1).  Midday PPFD averaged around 1000 µmol m
-2

s
-1

 similar to late summer in the 

field with typical overcast conditions (see: Berry and Smith 2012).  Soil was kept 

consistently moist by watering each plant with approximately 500 ml of water every 3 

days with the last day of watering occurring the day before the experiment.  This quantity 

was chosen to keep soil water content high (as typically seen in the field) and to minimize 

any confounding effects of plant water stress on foliar uptake.   

 

Foliar water uptake capacity  

 We measured direct water absorption of submerged leaves and shoots to examine 

the existence of foliar water uptake and its relative contribution to needle water content.  

To standardize the potential needle surface area available for foliar water uptake, terminal 

shoots (5-8 cm) with 20 needles were excised for A. fraseri and with 40 leaves for P. 

rubens.  The cut surface of each shoot was immediately sealed with thermosetting 

adhesive (Adhesive Technologies, Hampton, New Hampshire) to prevent evaporation. 

 The potential for foliar water uptake was determined by computing the difference 

between mass before and after submergence and correcting for residual needle water 

(Limm et al. 2009).  The starting mass (Mass1) of the shoot was measured and then 

immediately submerged in deionized water with the cut end left outside of the water 
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reservoir.  Deionized water was used to reduce any potential variation in foliar uptake 

due to osmotic gradients.  This cut end was mounted immediately above the water line in 

the beaker and allowed to sit for 180 minutes to test for potential foliar water uptake 

through changes in needle water content.  Following submergence, the entire shoot was 

removed from the water, thoroughly patted dry, and the mass again recorded (Mass2).  To 

account for any residual water remaining on needle surfaces, the shoot was air-dried to 

allow for evaporation and weighed again (Mass3).  Finally, the shoot was quickly 

submerged back in the deionized water for 1-2 s, blotted dry again, and reweighed 

(Mass4).  This method accounted for residual surface needle water only because the 

amount of submersion time was not sufficient time to allow for foliar uptake.  Following 

the submersion experiment, the projected needle and shoot area were measured using a 

ΔT Area Meter (Delta T Devices, Cambridge, United Kingdom).  Finally, each shoot was 

kept in a drying oven at 60°C for 72 h and then weighed one final time to obtain the dry 

mass (MassDry) of each sample. 

 The amount of foliar uptake was calculated as (Eq. 1): 

Uptake = (Mass2 – Mass1) – (Mass4 – Mass3)    (1) 

where individual masses are described in the preceding paragraph (Limm et al. 2009).  

This uptake was then standardized per needle and shoot area (cm
2
) for each sample.  The 

increased percentage of leaf water content (%LWC) was calculated as well to determine 

relative changes in LWC following the equation (Eq. 2): 

       [
      -(     -     )-        

     -       
- ]         (2) 

where each mass is as given above.  One sample, student t-tests (α=0.05) were used to 

determine if the quantity of foliar water uptake and the increase in leaf water content 
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were significantly greater than zero, while ANOVA was used to examine differences 

between the two species.   

 

Cloud immersion experiment 

 We measured changes in needle water hydrogen isotope composition (δ
2
H) and 

xylem water potential (Ψ) between two chambers located within the glasshouse: one with 

complete cloud immersion for 24 h (700 to 700 h) and one with ambient sunlight 

conditions.  All experiments took place inside hand-built chambers measuring 0.9 x 1.6 x 

0.8 m, covered in clear polyvinyl sheeting, and equipped with an electric, waterproof fan 

(Adda AQ series, Brea, California), to circulate the fog and ambient air.  Ten A. fraseri 

and 10 P. rubens were randomly assigned to a chamber and the specific location within 

the chamber.  Air temperature and relative humidity were measured every 15 minutes on 

the opposite side of the chambers from the fans using a HOBO Pro v2 sensor and data 

logger (Model U23-001; Onset, Bourne, MA).  Calibration of the temperature/humidity 

sensors had previously been checked with well-ventilated and shielded, fine-wire (36 

ASW gauge) thermocouple psychrometers.  Photosynthetic photon flux density (PPFD; 

µmol m
-2 

s
-1

, 0.4-0.7 µm wavelengths) sensors were placed in each chamber and logged 

every 10 minutes using Photosynthetic Light-Smart Sensors (Model S-LIA-M003; Onset, 

Bourne, MA) connected to four-channel HOBO Micro Station Data Loggers (Model 

H21-002; Onset, Bourne, MA).  All PPFD sensors were matched against a recently 

calibrated (at factory) LICOR quantum sensor (model 190S).  Fog was generated using a 

five-disk ultrasonic fog-generating device (Chaoneng Electronics, Nanhai, Guangdong, 

China) sitting in a 5 liter distilled water reservoir.  To ensure water availability during the 
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experiment, this reservoir was supplied with water from a 200 liter reservoir outside of 

the chambers through a passive control valve (Hudson Valve, Bakersfield, California).  

To ensure that our isotopic composition for fog water was significantly different from 

soil water, the reservoir was enriched before the experiment with a calculated quantity of 

99.9% Deuterium oxide (Sigma Aldrich, St. Louis, Missouri) to approximately 15‰ 

(δ
2
H) (all values Vienna standard mean ocean water-V-SMOW).  Burgess and Dawson 

(2004) confirmed that the fog-generating device does not cause significant fractionation.  

To determine that any changes in plant hydrogen isotope composition was due to foliar 

uptake and not from soil interactions, the entire pot of each plant was completely sealed 

using a polyvinyl plastic bag attached tightly (using a waterproof adhesive) to the 

primary shoot at soil level.  Soil δ
2
H composition was measured before and after the 

experiment to ensure no significant changes due to the treatment and to ensure there 

wasn’t significant drip down the plant shoot through the sealed plastic.     

 Immediately before the onset of the fog treatment, predawn xylem water 

potentials (Ψ) of terminal shoots were measured for all plants using a Scholander type 

pressure chamber (PMS Instruments, Corvallis, Oregon; model 1000).  Water potentials 

of shoots were taken again at 1400 h and at predawn (600 h) the next morning 

immediately before termination of the experiment.  To assess the effect of fog on Ψ, 

differences were tested using a two-way ANOVA between predawn Ψ and afternoon Ψ 

(1) and predawn Ψ (2) were calculated and differences compared between untreated 

control plants and experimental, treatment plants. 

 For δ
2
H composition, plant needles were taken before the experiment began and 

24 h later just before the experiment was completed.  To ensure enough tissue for water 
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extraction, ~0.6 g of P. rubens and ~1.0 g of A. fraseri were taken at each measurement 

point.  Needle samples were clipped from the plant, sealed in 60-ml glass vials, and the 

lids reinforced with laboratory film (Parafilm, Pechiney Plastic Packaging, Menasha, 

Wisconsin) around the seal.  These samples were placed in a -10°C freezer until 

preparation for water extraction and isotopic analysis.  All sampled needles were rinsed 

with deionized water to remove residual fog water on the plant surface and then very 

thoroughly hand-dried.  Following the 24 h fog treatment, plant sampling was repeated as 

described above.  To ensure that the isotopic composition of our sources did not change 

during the experiment, we collected ~5 g of soil before and after the treatment in 

experimental and control chambers.  Fog moisture was collected before and after 

treatments to ensure stability in its δ
2
H composition.  Soil was collected in 30-ml vials, 

fog water was collected in 3.5-ml vials, and all vials were also sealed with laboratory film 

and stored at -10°C until analysis.   

 Water extraction and analysis was performed at the SIRFER lab at the University 

of Utah.  Water was extracted from soil and needle samples using cryogenic vacuum 

distillation (Ehleringer et al. 2000) and samples were then analyzed using isotope ratio 

infrared spectroscopy on a wavelength-scanned cavity ring-down spectrometer water 

analyzer (model L1102-I; Picarro, Sunnyvale, CA, USA).  Four replicate injections were 

introduced into the chamber using a PAL auto sampler (Leap Technologies, Carrboro, 

NC, USA) and reported data represent the average of the third and fourth injections.  

Samples were then analyzed using three lab reference materials calibrated to the Vienna 

Standard Mean Ocean Water (VSMOW).  It should be noted that this method of isotopic 

analysis can be affected by secondary metabolites in plant tissue (West et al. 2010). 
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Because all tissue was analyzed by the same method we assume that any possible effect 

of metabolites was equal across treatments.  Instrument precision was specified at ± 1.6 

‰ for hydrogen and ± 0.2 ‰ for oxygen.  The difference between control and cloud-

immersed plants were evaluated for statistical inference using a two way, fixed factor 

ANOVA (Zar 1999). 

 

Results 

Foliar water uptake capacity experiment 

 Abies fraseri and Picea rubens showed foliar water uptake during the submersion 

experiment.  Both species exhibited similar absorption rates per needle area, 

approximately 3 mg H2O cm
-2

 (Fig. 2; A. fraseri, p = 0.0072, P. rubens, p = 0.0057).  

Both species also experienced a significant increase in percent leaf water content with P. 

rubens having a 3.7 % (p = 0.0018) increase and A. fraseri having a 6.4 % (p = 0.0022) 

increase (Fig. 2).  Abies fraseri had a significantly greater increase in the percentage of 

leaf water content (6.43 %), than P. rubens (3.65 %; F1,12 = 5.26, p = 0.04). 

 

Cloud immersion exposure experiment 

 During the cloud immersion experiment PPFD peaked at 406 µmol m
-2

s
-1

 while 

the control chamber’s maximum PPFD was 1069 µmol m
-2

s
-1

 (Fig. 1).  Temperatures 

were also cooler in the cloud immersion chamber reaching a maximum of 14.6 °C, about 

six degrees cooler than the control chamber which peaked at 20.9 °C.  As expected, 

relative humidity in the cloud immersion chamber remained above 96 % for the duration 
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of the experiment while the control chamber midday relative humidity was around 30 % 

(Fig. 1).  

 Cloud immersion generated higher water potentials than those in the control 

group (Fig. 3).  There was a significant effect of immersion on water potentials in the 

afternoon and the following morning (Fig. 3; F = 48.32, p1,16 < 0.001).  The difference 

between predawn and afternoon measurements was between -0.1 and -0.3 MPa in cloud 

immersed plants and between -0.6 and -0.7 MPa for control group plants.  The twenty-

four hour difference in water potentials resulted in an increase in Ψ for immersed plants 

(0.09 and 0.14 MPa), as opposed to a decrease in control plants, possibly due to 

decreased soil moisture during the experiment (-0.18 and -0.19 MPa) (Fig. 3). 

Needle δ
2
H increased (+17.25 ± 3.33 ‰ for A. fraseri, +11.25 ± 1.25 ‰ for P. 

rubens) in the twenty-four hour period in the cloud immersion treatment for both species 

while control plants had little to no change in needle δ
2
H (Fig. 4; F = 28.72, p1,16 < 

0.001).  There was no significant change in soil δ
2
H (0.1 ± 0.4 ‰ before experiment, -0.8 

± 0.6 ‰ after experiment) indicating that the change in needle isotopic composition can 

be attributed to foliar uptake (F = 0.09, p1,16= 0.769).  If the fog water with a more 

positive δ
2
H composition (16 ± 2.2 ‰) had influenced the soil isotopic composition 

through drip or bypass of the polyvinyl barrier, then soil δ
2
H would have been enriched 

as well.  Additionally, because there was no change in needle δ
2
H in control plants, the 

change in the cloud-immersed plants was not likely to be due to evaporative enrichment.  

This result demonstrates the absorption of high δ
2
H fog water directly into needle tissue 

during the study period. 
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Discussion 

 In the present experiment, it appears that saplings of both dominant tree species of 

this southern Appalachian spruce-fir forest can absorb moisture directly into needle or 

shoot tissue (foliar uptake) during cloud immersion.  Although  A. fraseri and P. rubens 

absorbed similar quantities of water, the former absorbed a greater proportion of total 

needle water content, along with corresponding increases in xylem water potentials (Figs 

2 and 3).  To our knowledge, this study is the first to report foliar water uptake and 

subsequent effects on plant water status in A. fraseri or P. rubens. 

 Foliar water uptake led to an increase in leaf water content by 3.7% and 6.4% in 

P. rubens and A. fraseri, respectively, (Fig. 2).  While the presence of cloud immersion 

likely reduces transpirational water loss (Berry and Smith 2013), it is important to note 

that the drop in water potentials indicate that there was transpiration and stomatal 

conductance during cloud immersion.  It is possible that changes in needle stable isotope 

composition could have been due to isotopic exchange without water entering the leaf,  

our stable isotope analysis combined with changes in water potentials and increases in 

leaf water content indicate that the change in leaf isotopic composition is the result, at 

least partially, of foliar water uptake (Figs 2 and 4).  Previous research reported needle 

conductance and photosynthesis values that were similar between cloud-immersed versus 

clear mornings, demonstrating that the near zero VPD during cloud immersion may also 

be a contributor to improved plant water status, regardless of stomatal effects (Berry and 

Smith 2013).   In this system, cloud immersion contributes to improved water status via 

reduced transpiration and foliar water uptake without strong inhibition of CO2 uptake.  

The current study also associates cloud immersion results with improvements in plant 
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water status compared to clear days.  Picea rubens had an increase in water potential of 

0.09 MPa during the experimental immersion treatment, while A. fraseri had a 0.14 MPa 

increase (Fig. 3).  In contrast, control plants revealed a decrease of 0.19 MPa (P. rubens) 

and 0.18 MPa (A. fraseri) resulting in a net difference between treatment groups of 0.32 

MPa (A. fraseri) and 0.28 MPa (P. rubens).  Despite these findings, the degree to which 

plant water status is improved by either foliar water absorption or the large reduction in 

transpiration due to low needle-to-air water vapor deficits is unresolved.  More data are 

needed describing the change in plant water status elicited by each of these factors 

independently. 

 It is important to note that both cloud forest species had the capability for foliar 

water uptake.  However, A. fraseri had a higher percentage of potential foliar water 

uptake capacity (Fig. 2) and has previously been demonstrated to have a greater 

sensitivity in water potentials to cloud immersion (Berry and Smith 2012).  The 

difference in percentage of water uptake was possibly due to the lower leaf water content 

in A. fraseri before the experiment began.  While P. rubens grows well into the boreal 

forests of Canada, and with only minimal cloud immersion in many of these locations, 

the mountain tops of the southern Appalachians may provide refugia at the southern 

limits of its geographic range.  If their range in the south is limited by increased 

temperatures and the associated demands on maintaining a favorable water balance, then 

it would follow that cloud immersion facilitates P. rubens existence at more southern 

latitudes.  Work in the California redwood forests found that foliar water uptake was 

common for at least 10 species ranging from endemics to species that were widespread 

across ecotones (Limm et al. 2009).   
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In addition to improvements in soil water availability, there is growing evidence, 

as presented here, that leaf surface wetting may also involve the direct uptake of 

deposited water (Monteith 1963; Hutley et al. 1997; Dawson 1998).  The body of 

literature suggesting that foliar water uptake occurs includes a range of species from 

herbs to ferns to conifers (Katz et al. 1989; Boucher et al. 1995; Yates and Hutley 1995; 

Martin and von Willert 2000; Gouvra and Grammatikopoulos 2003; Burgess and Dawson 

2004; Limm et al. 2009).  Although leaf wetting is likely a common event in these 

species, very little data are available describing the occurrence of wetting events and the 

associated impacts on leaf surface properties and dynamics.  Understanding the pathway 

of water into the leaf has also been particularly elusive.   Some studies have reported that 

specialized structures such as hydathodes or absorbent trichomes can absorb water 

(Benzing et al. 1978; Martin and von Willert 2000), while others have suggested that 

uptake sites could be cuticular or stomatal (Jagels 1991; Limm et al. 2009; Burkhardt et 

al. 2012).  In A. fraseri and P. rubens, there are no significant trichomes or hydathodes 

and, thus, the absorption pathway is likely stomatal or cuticular.   

We have previously reported that cloud immersion reduced transpiration, 

improved plant water status, and increased photosynthetic carbon gain in these dominant 

tree species (Berry and Smith 2012).  The improved carbon gain (up to 22% higher than 

non-immersed days) was the result of high stomatal conductance that persisted well into 

afternoon periods on cloud-immersed days (Johnson and Smith 2006, Reinhardt and 

Smith 2008, Berry and Smith 2012).  From our results here, it now appears that cloud-

immersion may, not only reduce transpirational water loss, but also contribute directly to 

greater needle water contents.  This further highlights the importance of cloud immersion 
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in these spruce-fir ecosystems as a mechanism for improved ecophysiology, supporting 

the observed associations with the elevational band having frequent cloud-immersion 

(Cogbill and White 1991).   

The seven mountaintop areas that harbor spruce-fir communities in the southern 

Appalachians vary in their cloud immersion frequency.  If increased capacity for foliar 

water uptake is associated with increased cloud immersion, then different populations 

may exhibit differential abilities to utilize cloud water. For example, Polystichum 

munitum (Western Sword Fern) has shown geographic variation in foliar uptake capacity 

(Limm and Dawson 2010).  Future studies should examine the potential for foliar water 

uptake in other threatened or  localized species from this ecosystem such as 

Leptohymenium sharpii (an endemic moss), Rugelia nudicaulis (Rugel’s ragwort-

endemic), Dryopteris campyloptera (Mountain Wood Fern), Rhododendron catawbiense 

(Catawba Rhododendron), Sorbus americana (American Mountain-ash) (NCDENR 

2010).   

Climate models predict an increase in summer temperatures of at least 3°C (and 

up to 6°C) by 2100 in moderate scenarios (IPCC 2007).  These predictions, along with 

potential declines in annual cloud cover and rainfall, are likely to increase water stress in 

southern Appalachian spruce-fir forests.  If clouds become less frequent, cloud ceilings 

rise, and immersion frequency declines (as predicted by some climate models), southern 

Appalachian spruce-fir communities are likely to see decreases in the quantity and 

frequency of an important microclimatic facilitation and water source.  As a result, it is 

possible that there could be a contraction in the upper elevational zone harboring these 

forests.  A more complete understanding of the ecophysiological importance of cloud 
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immersion, combined with predicted changes in cloud patterns could provide evidence 

for the future survival of these relic, mountaintop forests and the important ecosystem 

services they provide. 
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Figure captions 

 

Figure V – 1. Photosynthetic photon flux density (PPFD), temperature, and relative 

humidity for the two days preceding and the 24-period of the cloud immersion 

exposure experiment.  The left column contains data from the fog chamber (a, c, e) 

and the right column contains data from the control chamber (b, d, f).  The bold line 

on the lowest x-axis represents the point where the cloud immersion experiment 

began. 

Figure V – 2. The total quantity of foliar water uptake (left) and the percent increase in 

leaf water content (right) of shoots of A. fraseri and P. rubens in the foliar uptake 

capacity experiment .................................................................................................... . 

Figure V – 3. Xylem pressure potentials (Ψ) during predawn day 1 (600), afternoon 

(1400), and predawn day 2 (600) measurements on saplings of A. fraseri (solid 

symbols) and P. rubens (open symbols).  Measurements were taken on plants in two 

chambers: one exposed to constant cloud immersion (triangles) and the other exposed 

to no cloud immersion (circles). 

Figure V – 4. The change in water potentials (top) and leaf deuterium (bottom) of 

saplings of A. fraseri and P. rubens.  The changes in water potentials were calculated 

from the data presented in figure 3.  Saplings were either exposed to a 24h period of 

constant cloud immersion (solid symbols) or no cloud immersion (open symbols). 
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FOLIAR UPTAKE, CARBON FLUXES, AND WATER STATUS ARE AFFECTED 

BY THE TIMING OF DAILY FOG IN SAPLINGS FROM A THREATENED CLOUD 
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Abstract 

In cloud forests, foliar uptake of water (FU) is a common strategy for relieving 

daily water and carbon stress.  While the prevalence of FU seems common, how daily 

variation in fog timing may affect this process has not been studied.  We examined the 

quantity of foliar uptake, water potentials, gas exchange, and abiotic variation at the 

beginning and end of a nine-day exposure to fog in a glasshouse setting.  Saplings of 

Abies fraseri and Picea rubens were exposed to morning, afternoon, or evening fog 

regimes to assess the ability to utilize fog water at different times of day and after 

sustained exposure to simulated fog.  The greatest amount of FU occurred during 

morning fog (up to 50%), followed by afternoon fog (up to 23%), and then evening fog, 

which surprisingly had no FU.  There was also a positive relationship between leaf 

conductance and FU.  Moreover, morning and afternoon fog lead to the greatest 

improvements in daily water balance and carbon gain, respectively.  Foliar uptake is 

important for improving plant ecophysiology but is influenced by diurnal variation in fog.  

With climate change scenarios predicting changes to cloud patterns and frequency, cloud 

forests that rely on this water subsidy could be affected. 

 

Keywords:  Abies fraseri, climate change, cloud forest, fog, foliar uptake, Picea rubens, 

southern Appalachians, stable isotopes. 

  



 

 

147 

 

Introduction 

 The importance of fog to ecosystems has been considered and debated for 

centuries (e.g. Hales 1757, Stone 1957a, b), but only in recent years has our development 

of new techniques such as high-precision sap flow, gas exchange, and stable isotopes 

allowed us to apply this to the water balance, carbon relations, and ecological processes 

of cloud forests (e.g. Dawson 1998; Bruijnzeel et al. 2011; Berry and Smith 2013a).  Fog 

can enhance stomatal opening throughout a day, reduce extreme temperatures and 

radiative stresses, and increase plant water potentials via condensation drip and foliar 

uptake (FU) of water (Johnson and Smith 2006; Breshears et al. 2008; Reinhardt and 

Smith 2008; Limm et al. 2009; Berry and Smith 2012).  The prevalence of fog has been 

functionally linked to the distributions of several ecosystems, including epiphytes and 

redwood trees of the Pacific Northwest, USA, the coffee forests of Angola, the Loma 

vegetation in Peru, many tropical montane cloud forests throughout central and South 

America, and the forests in this study, the relic spruce-fir forests of the southern 

Appalachian Mountains, USA (Weathers 1999; Cogbill and White 1991).  While these 

ecosystem types vary in structure and species composition, the physiological mechanisms 

underlying the beneficial effects of fog seem to be similar.  These include increases in 

leaf wetting leading to reduced transpirational water loss and/or reversed sap flow and 

foliar uptake (FU) (Burgess and Dawson 2004; Limm et al. 2009; Berry and Smith 2012; 

Eller et al. 2013; Gotsch et al. 2013). 

 While fog is a common occurrence in these ecosystems, it does not occur all the 

time.  In fact, many of these forests experience dramatic seasonality in fog frequency 

(Dawson 1998; Holwerda et al. 2010).  Additionally, there are times through a day where 
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certain ecosystems are more likely to experience fog.  For example, in southern 

Appalachian spruce-fir forests most fog occurs during the morning hours, in the Peruvian 

Andes fog is frequently in the midday and afternoon hours, and in the coastal California 

redwood forests fog seems more common during the night (Limm et al. 2009; Berry and 

Smith 2012; M. Silman pers. comm.).  This has led some to propose that plants in these 

ecosystems are not only adapted to fog, but adapted to utilize it at these particular times 

of day (Berry and Smith 2013a).  To this point, we examined how fluctuation in the 

timing of daily fog regimes affects FU and physiological functioning during fog events. 

 While in some instances leaf wetting can hinder carbon exchange through 

stomatal pores, it can also significantly improve plant water status through reduced 

transpirational water loss and the addition of surface water into the leaf (Smith and 

McClean 1989; Brewer and Smith 1995; Simonin et al. 2009).  Foliar uptake of water is 

the phenomenon whereby intercepted water on leaf surfaces is absorbed into the leaf and 

has now been demonstrated in over seventy species worldwide (Boucher et al. 1995; 

Martin and von Willert 2000; Gouvra and Grammatikopoulos 2003; Limm et al. 2009; 

Berry and Smith 2013b; Goldsmith et al. 2013).  These species span a wide range of plant 

families, including some that do not occur in ―cloud forests‖, suggesting that this 

mechanism may be more ubiquitous than previously thought and simply requires leaf 

wetting events.  Foliar uptake has been demonstrated for both species studied here (Abies 

fraseri and Picea rubens), contributing as much as 6.5 % of total leaf water content in a 

24 hour simulated fog period.  Under field conditions, fog water contributed up to 31 % 

and 24 % to total leaf water content in A. fraseri and P. rubens, respectively (Berry et al. 

2013).  



 

 

149 

 

 Southern Appalachian spruce-fir [Picea rubens Sarg.-Abies fraseri (Pursh) Poir.] 

forests experience fog 60-75% of growing season days with 80% of those days having 

morning fog (Berry and Smith 2012).  These relic forests only exist above ~1500 m 

elevation at seven locations in Virginia, North Carolina, and Tennessee and have been 

suggested to co-occur with the prevalence of fog (Oosting and Billings 1951; Ramseur 

1960; White 1984; Cogbill and White 1991).  Moreover, current climate models for cloud 

forest regions suggest that, in general, clouds will become less frequent and cloud 

ceilings will rise with warmer air temperatures (Pounds et al. 1999; Still, Foster and 

Schneider 1999; Foster 2001; Richardson et al. 2003; Brient and Bony 2012).  However, 

it is difficult for these models to predict changes in the seasonal or diurnal patterns that 

are currently unique to these cloud forests.  It is, thus, important for scientists to examine 

how these species and their communities will be affected by changes in cloud regimes.  

Because these southern Appalachian forests harbor many endemics, including A. fraseri, 

and they are constrained to a small elevational band on only a refugial few peaks, 

ecophysiological data linking their persistence to interactions with cloud regime may 

provide a more mechanistic insight that can be applied to a broader geographic scale.  

 The present study addresses how changes to the time of day of fog will affect FU, 

carbon balance, stomatal control, xylem water potentials, and leaf wetness of saplings of 

A. fraseri and P. rubens, the dominant canopy species in southern Appalachian spruce-fir 

forests.  While fog occurs at all times of day in these cloud forests, it rarely occurs 

through the entire day.  This variation leads to fog days with distinct diurnal patterns that 

can have differential effects on plant ecophysiology.  Thus, in a glasshouse, we exposed 

saplings to a morning (MF), afternoon (AF), and evening (EF) fog regime and measured 
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the parameters above on the first day of fog and after nine days of exposure.  

Mechanistically, if foliar uptake varies with stomatal conductance, cellular 

photosynthetic activity, or light availability, an increase in foliar uptake (FU) during 

morning fog would be expected.  Additionally, under foggy conditions in the field, 

morning periods have significantly greater values of leaf level photosynthesis and greater 

water potentials than clear days and thus we expected similar ecophysiological 

improvements in this study (Berry and Smith 2013a).  Because fog regimes still aid in 

plant water conservation through reduced transpiration values, afternoon and evening fog 

both are likely to result in improvements in ecophysiological parameters over control 

plants as well, but not as strongly as the morning fog regime.  Previous work (e.g. Berry 

and Smith 2013a) has reported a greater physiological response to fog in A. fraseri than 

P. rubens and, thus, we predicted a similar result in this experiment.  

 

Materials and Methods 

 We conducted a glasshouse experiment to examine the responses of A. fraseri and 

P. rubens to three daily fog regimes, morning (MF), afternoon (AF), and evening (EF).  

Saplings of each species were randomly assigned to one of four groups: six hours of fog 

at the designated times or a control with no fog.  We measured photosynthetic responses, 

plant water potentials, and stable isotopic values of sapling needles both at the beginning 

and end of a nine day period.  By controlling the isotopic composition of cloud and soil 

water we were able to determine if the isotope composition of needle water was affected 

by exposure to fog water.  Previous field studies have demonstrated that morning hours 

are the most common period for fog in these, and other, temperate cloud forests.  This 
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study addressed whether the time of day of fog influenced ecophysiological parameters in 

these species. 

 

Species 

 Abies fraseri (Pursh) Poir. (Fraser Fir) and Picea rubens Sarg. (Red Spruce) grow 

in threatened spruce-fir communities of the southern Appalachian Mountains which 

experience cloud immersion on 60 to 75 percent of all days during the growth season 

(Saxena and Lin 1990; Mohnen 1992; Baumgardner et al. 2003; Berry and Smith 2012).  

Cloud immersion and rainfall both occur consistently throughout the year with no distinct 

seasonality (Berry and Smith 2012).   Abies fraseri is endemic to these temperate cloud 

forests which only remain on seven mountaintop areas in the southern Appalachians 

(Ramseur 1960).  Because of this endemism and the rarity of temperate cloud forest 

communities, these studies are of particular interest in understanding sapling responses to 

changes in climatic factors such as fog.  

Saplings were collected from three different sites on Mt. Mitchell, NC (Mt. 

Mitchell State Park, 35°45’53‖N, 82°15’54‖W), the highest point in the eastern United 

States (2037 m), and transported back to a glasshouse with their root masses (~0.3 m
3
 soil 

collected) contained in plastic bags lined with damp cloths in a cooler.  All saplings used 

in this study were between 0.30 and 0.45 m tall, estimated to be between 5 and 10 years 

old, and had not yet reached a reproductive age.  Saplings were transplanted into 7.3 liter 

pots filled with Metro Mix 360 potting soil (Sun Gro Horticulture, Vancouver, Canada).  

Saplings acclimated for eight weeks to glasshouse conditions of daytime highs 20-25°C, 

daily absolute humidity averaging ~5 g/m
3
, and midday PPFD around 1500 µmol m

-2
s

-1
.  
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Pots were watered with approximately 500 ml of water every 3 days to keep soil 

volumetric water content above 25% similar to field conditions (K. Reinhardt pers. 

comm.).  Watering ceased once the fog experiment began. 

 

Experimental Setup 

Four chambers were constructed with clear, polyvinyl sheeting, measuring 0.9 x 

1.6 x 0.8 m, and equipped with two electric, water proof fans to circulate fog throughout 

the chamber (Adda AQ series, Brea, California).  Four saplings of each species (A. fraseri 

and P. rubens) were randomly assigned to one of four chambers and to a position within 

the chamber.  Chambers were monitored before the onset of fog treatments to ensure no 

variation in temperature or sunlight between chambers due to location within the 

greenhouse.  Each chamber was assigned one of four treatments: morning fog (700 to 

1300), afternoon fog (1200 to 1800), evening fog (1800-0000), or no fog (control).  These 

were chosen as all three fog regimes here are seen in the field throughout the growing 

season.  All fog treatments ran for nine days.  In the cloud chambers, fog was generated 

using a five-disk ultrasonic fog-generating device (Chaoneng Electronics, Nanhai, 

Guangdong, China) sitting in a 5 liter distilled water reservoir.  Each reservoir was 

supplied with water from the same 200 liter reservoir located centrally to all chambers 

using ½ inch plastic tubing and a passive control valve (Hudson Valve, Bakersfield, 

California).  The chambers were equipped with HOBO Pro v2 sensors and data loggers 

(Model U23-001; Onset, Bourne, MA) to monitor air temperature and humidity every 15 

minutes.  The sensors had previously been calibrated with ventilated and shielded, fine 

wire thermocouple psychrometers (36 ASW gauge).  To measure photosynthetic photon 
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flux density (PPFD; µmol m
-2 

s
-1

, 0.4-0.7 µm wavelengths) each chamber was equipped 

with a Photosynthetic Light-Smart Sensor (Model S-LIA-M003; Onset, Bourne, MA) 

connected to a four-channel HOBO Micro Station Data Logger (Model H21-002; Onset, 

Bourne, MA) programmed to log every 15 minutes.  PPFD sensors were matched against 

a LICOR quantum sensor (model 190S).   

 

Leaf level gas exchange, xylem water potentials, and leaf wetness 

Leaf gas exchange was measured using a Li-Cor LI-6400 model portable 

photosynthesis system using the clear conifer chamber (Li-Cor, Lincoln, Nebraska) on 

day two and eight of the fog treatments.  These days were chosen to examine stomatal 

responses after one day of each fog regime and then again after a week of fog exposure to 

determine if extended periods of fog resulted in differential responses.  Gas exchange was 

measured at 900 h, 1200 h, and 1500 h on mature shoots at mid-sapling heights on all 

four saplings of each species in each chamber.  When gas exchange measurements were 

made during fog treatments, each chamber was rigged with a port to allow the individual 

shoot outside of the chamber, thoroughly blotted dry with tissue paper and immediately 

inserted into the cuvette.  Leaf conductance values were discarded if conductance seemed 

extraordinarily high, probably due to moisture still on the surface of the shoot.  

Additionally, air temperature and relative humidity inside the leaf chamber were 

regulated to be within ±5 % of ambient values by setting relative humidity to that value 

within the chamber, controlling the humidity of the air into the cuvette, and adjusting the 

flow rate accordingly.  Total PPFD varied with time of day, generally below 400 µmol m
-

2 
s

-1 
during morning measurements and between 500 and 900 µmol m

-2 
s

-1
 during midday 
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and afternoon measurements.  Total leaf area in the cuvette was calculated by counting 

the number of leaves in the chamber and using a mean total leaf area determined by leaf 

area measurements (as described in Smith et al. 1991).   

Xylem water potentials of terminal shoots were measured using a Scholander type 

pressure chamber (PMS Instruments, Corvallis, Oregon; model 1000) on days 1, 5, and 9 

of the fog treatments.  Water potentials were taken at 700 (predawn), 1100 (morning), 

and 1500 (afternoon) on one shoot of all four saplings per species in each chamber.  Two 

leaf wetness sensors (Model S-LWA-M003, Onset, Bourne, MA) were mounted on 

opposite sides of each chamber, connected to a four-channel HOBO Micro Station Data 

Logger (Model H21-002; Onset, Bourne, MA), and set to log every 15 minutes.  Sensors 

were calibrated before the experiment to determine the relative threshold sensor value 

that resulted in leaf wetness in each species. Values presented are the mean leaf wetness 

for each chamber. 

 

Isotope experiment and foliar uptake of water 

 We examined the influence of each fog regime on the isotopic composition of 

needle tissue with a focus on the potential for FU on day one of experimental fog 

exposure and after nine days of exposure.  To separate soil water isotopic composition 

and fog isotopic composition, each pot was wrapped entirely with polyvinyl plastic and 

attached with a waterproof adhesive to the primary shoot at the soil surface.  We 

measured the change in the isotopic composition of both hydrogen (δ
2
H) and oxygen 

(δ
18

O) of each sapling from before fog exposure to immediately after termination of the 

fog treatment.  To ensure enough needle tissue for the water extraction process, ~0.6 g of 
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P. rubens and ~1.0 g of A. fraseri were taken from each sapling (four saplings per species 

per chamber).  Needles were clipped from multiple locations on each plant, rinsed with 

deionized water to remove residual fog water on the plant surface, thoroughly hand-dried, 

immediately sealed in a 60 ml glass vial reinforced with laboratory film, and placed into a 

-10 °C freezer until water extraction occurred (Limm et al. 2009). 

Fog water was enriched before the experiment with a calculated quantity of 

99.9% Deuterium oxide (Sigma Aldrich, St. Louis, Missouri) to approximately 72‰ δ
2
H 

(Vienna standard mean ocean water-V-SMOW), well above the likely δ
2
H of any 

saplings in the experiment.  Burgess and Dawson (2004) had previously confirmed that 

the ultrasonic fog generating device does not cause significant fractionation.  To ensure 

that the isotopic composition of the fog and soil water did not change during the course of 

the experiment, we took samples of both before and after each measurement period.  Fog 

water (3.5-ml vials) and soil (30 ml vials) were collected and stored at -10°C until 

extraction or spectroscopy measurements occurred.  While water was not collected off of 

the leaf surface immediately before uptake, we are confident that fog and leaf surface 

water isotope ratios were nearly identical due to the saturated environment (relative 

humidity 100%) and presence of constant, dense water particles in the air.  This led to a 

saturated equilibrium between fog and leaf surface water where the values of the two 

were likely very similar or within the error of uncertainy. 

 Water was extracted from needle and soil samples using cryogenic vacuum 

distillation at the SIRFER lab at the University of Utah (Ehleringer et al. 2000).  Four 

replicate injections of each sample were analyzed using isotope-ratio infrared 

spectroscopy by introduction into a wavelength-scanned cavity ring-down spectrometer 
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water analyzer (model L1102-I; Picarro, Sunnyvale, CA, USA).  Laser-based isotopic 

analysis can be sensitive to error introduced by certain secondary organic contaminants 

(West et al. 2010).  To minimize any possible effects, the isotopic enrichment of fog 

water was well above any possible measured offsets from plant stable isotope ratios and 

reported data are the average of the third and fourth injections.  Three laboratory 

reference materials were also run through the spectrometer, calibrated to the Vienna 

Standard Mean Ocean Water (VSMOW), and used to calibrate sample measurements.  

The average uncertainty from the reference materials was 1.77 ‰ for δ
2
H and ± 0.17 ‰ 

for δ
18

O.  All isotopic compositions are expressed in delta notation (δ
2
H ‰) relative to 

the V-SMOW standard. 

 

Data Analysis 

 To determine the relative proportion of leaf water contributed by fog, a linear, 

two-source mixing model was applied (Dawson et al. 2002; Gotsch et al. 2013): 

    
     

     
    (1) 

where fA is the fraction of water contributed by fog, δA is the isotopic ratio of the enriched 

fog water, δB is the isotopic ratio of water in the leaf immediately before the onset of fog, 

and δt is the isotopic ratio of water in the leaf immediately following fog.  If the isotopic 

value decreased, which would lead to a negative value from the mixing model, the 

relative contribution of fog water to plant water is stated as zero.  All comparisons of 

ecophysiological data were tested for statistical significance using a two–factor ANOVA 

examining the effects of fog treatment and species following appropriate evaluations of 
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normality and equality of variance (Zar 1999).  In the text, p-values are reported only if 

the relationship was statistically significant.  Correlations were tested between 

ecophysiological variables and the change in isotopic ratios between before and after fog 

treatments.  All analyses and figures were generated using JMP (SAS, Cary, NC) or 

SigmaPlot v. 12 (Systat Software, San Jose, CA). 

 

Results 

Temperature, humidity, PPFD, and leaf wetness 

 Although all three experimental chambers received six hours of fog, the change in 

time of day significantly altered the diurnal fluctuations of abiotic variables.  Mean daily 

air temperatures ranged from 13.7 ± 0.49 °C during MF to 14.8 ± 0.45 °C during EF, 

similar to temperatures seen in field conditions (Berry and Smith 2013a).  Mean and 

maximum daily temperatures were greater during EF and AF than control and MF 

chambers (Table 1).  Similarly, and as expected, the mean and maximum daily humidity 

was greater in the experimental chambers over the control chambers.  Maximum absolute 

humidity was almost double the control chamber (10.92 ± 0.67 g/m
3
) in experimental 

chambers, ranging from 18.70 ± 1.12 g/m
3
 in the EF chamber to 20.94 ± 1.29 g/m

3 
in the 

AF chamber.  The MF and AF chambers had the lowest PPFD as fog occurred through 

midday when PPFD is typically greatest.  There were strong differences in the number of 

hours of leaf wetness.  Complete leaf wetness began within 15 minutes of fog onset in all 

three treatments, similar to observed wetness in the field.  In the MF chamber, moisture 

on leaves evaporated within thirty minutes of the cessation of fog (average 5.89 ± 0.09 
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hours per day).  In the AF and EF chambers, leaf wetness persisted for 15.63 ± 1.37 and 

13.06 ± 0.91 hours, respectively, presumably due to the fact that fog ceased during 

periods with lower atmospheric water demand.   

 

Foliar uptake of water 

 Foliar uptake of water occurred in both A. fraseri and P. rubens as evidenced by 

the change in leaf water δ
2
H in the direction of the enriched fog water (Figure 1).  The 

enriched fog water δ
2
H was 71.6 ± 1.2 ‰, while the soil water was -8.7 ± 2.2 ‰.  All 

needle δ
2
H values were between these two values when the experiment began and 

increased following fog exposure when FU occurred.  The δ
2
H of soil water did not 

change significantly during the experiment (0.27 ± 3.6 ‰) indicating that there was no 

leakage of condensed fog water into the soil or isotopic enrichment.  Using a 

mathematical mixing model, we found that the timing of fog exposure had a dramatic 

effect on the relative contribution of fog water to needle water (Figure 1).  Foliar uptake 

was greatest during MF on day one of the experiment with fog water contributing 46.6 ± 

8.7 and 55.0 ± 1.9 percent of needle water in A. fraseri and P. rubens, respectively.  With 

the exact same duration of fog, the contributions to needle water were less in the AF 

treatment, contributing about 23 % in both species (Figure 1).  Surprisingly, there was no 

FU during EF.  When FU was measured again, after nine days of fog exposure, fog water 

contributed less to leaf water.  In A. fraseri, fog contributions during MF dropped to 29.5 

± 3.5%, still making a significant contribution to leaf water.  The contribution of fog in 

AF remained similar to day one, but with greater variation, suggesting that there were 
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different responses between individuals.  For P. rubens, saplings in both MF and AF had 

strong decreases in the contribution of fog water to 8.1 ± 9.0% and 8.5 ± 2.7%, 

respectively (Figure 1).  On day 9, there was again no contribution of fog water to needle 

water when plants experienced fog in the evening.  Because of the strong association with 

time-of-day for fog occurrence, we tested the relationship between leaf conductance and 

FU.  There was a significant positive relationship (F1,24 = 14.78, p < 0.001, r
2
 = 0.38) 

between these two variables, suggesting a possible influence of leaf conductance on foliar 

uptake (Figure 2).  There was no relationship between FU and leaf water potentials or 

between leaf conductance and water potentials during fog events (data not shown). 

 

Leaf gas exchange 

Using a two-factor ANOVA, there was a significant effect of the timing of fog on 

net photosynthesis (F7,178=6.34, p<0.001), leaf conductance (F7,178=5.40, p=0.001), and 

transpiration (F7,178=12.26, p<0.001) (Figures 3 and 4).  Additionally, there was an 

overall species effect on photosynthesis only (F1,178=10.93, p=0.001) with P. rubens 

having greater photosynthesis.  There were no interaction effects between fog treatment 

and species or time of measurement across all subsequent analyses presented.  While 

there was no difference in morning (900 h) photosynthesis or leaf conductance, there was 

a significant decrease in transpiration (F3,54=118.27, p<0.001) driven largely by the very 

low transpiration rate in the MF chamber (Figure 3).  Consistent with field measurements 

for understory saplings (e.g. Berry and Smith 2013a), morning net photosynthesis ranged 

from 1.10-2.55 µmol m
-2

s
-1

 for A. fraseri and 2.09-3.99 µmol m
-2

s
-1

 for P. rubens.  
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Maximum daily leaf conductance occurred only during morning measurements and was 

similar for both species, ranging from 0.24-0.35 mol m
-2

s
-1

.  The presence of fog did not 

inhibit maximum photosynthesis or leaf conductance values.  Morning transpiration 

values were high (1.77-2.67 mmol m
-2

s
-1

) for all chambers except for the saplings 

experiencing morning fog treatment which, due to the lower vapor gradient from the leaf 

to the air, transpired at 0.17-0.44 mmol m
-2

s
-1

 (Figures 3 and 4). 

There were also significant differences between fog regimes in midday (1200 h) 

net photosynthesis (F3,54=8.56, p<0.001) and transpiration (F3,54=46.00, p<0.001), but not 

midday leaf conductance (Figure 3).  Saplings experiencing AF had greater midday net 

photosynthesis than all other plants.  Saplings in MF still had very low transpiration rates 

at midday relative to all other chambers driven by the presence of cloud mist still in the 

chamber (Figure 4).  There was a significant effect of the day of the experiment with 

significant increases in midday net photosynthesis in all three fog regimes after eight 

days of fog (morning fog F1,12=52.17, p<0.001; afternoon fog F1,12=22.22, p<0.001; 

evening fog F1,12=15.29, p=0.012, control chamber not significant).  These increases 

ranged from 0.9-1.8, 0.8-1.8, and 0.8-1.3 µmol m
-2

s
-1

 in the MF, AF, and EF treatments, 

respectively (Figures 3 and 4).  This corresponded with no increases in control plant net 

photosynthesis or changes in midday leaf conductance or transpiration rates.   

There were significant differences between fog regimes in afternoon net 

photosynthesis (F3,54=7.21, p<0.001), leaf conductance (F3,54=14.11, p<0.001), and 

transpiration (F3,54=54.01, p<0.001).  All experimental fog chambers had greater 

photosynthesis than control saplings with the difference being more pronounced after 

eight days of fog (Figures 3 and 4).  Morning and afternoon fog treatments had greater 
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afternoon net photosynthesis – always above 1.5 µmol m
-2

s
-1

 and up to 3.6 µmol m
-2

s
-1

.  

Afternoon net photosynthesis was greater on day eight compared to day two.  Leaf 

conductance remained above 0.2 mol m
-2

s
-1

 for all plants exposed to fog, while afternoon 

conductance in control plants was below 0.07 mol m
-2

s
-1

.  Afternoon transpiration was 

greatest in MF and EF saplings driven by the high afternoon stomatal conductance.  

Afternoon transpiration was very low (below 0.5 mmol m
-2

s
-1

) in control and AF 

saplings. 

 

Water potentials 

 There was a significant effect of fog treatment (F3,271=50.91, p<0.001) on xylem 

water potentials with all fog chambers experiencing greater water potentials than control 

plants.  Morning (1100 h) and afternoon (1500 h) water potentials were significantly 

greater in plants that experienced MF and AF (Figure 5; morning F3,85=32.17, p<0.001, 

afternoon F3,85=70.82, p<0.001).  Water potentials during MF remained above -1.0 MPa 

for the entire day throughout the experiment.  On day one, plants in AF decreased to -1.2 

to -1.5 MPa by midday, but by day nine morning and afternoon water potentials had 

improved and remained above -1.0 MPa for the entire day (Figure 5).  Saplings in EF also 

had significantly greater water potentials than controls, although the magnitude of this 

effect was smaller than for MF and AF.  After nine days, predawn, morning, and 

afternoon water potentials in control plants were significantly lower than all cloud-

immersed plants.  Minimum daily water potentials in control plants reached -1.75 to -2.0 

MPa.  There was also a significant species effect on water potentials (F1,271=8.23, 
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p=0.005) with A. fraseri having greater values.  There were no differences between 

treatments in predawn water potentials on day one indicating that water potentials were 

similar for all plants at the beginning of the experiment.   

 

Discussion 

The importance of daily immersion timing on foliar uptake of water 

 For saplings from a fog-adapted conifer ecosystem, foliar uptake of fog water was 

dependent on the time of day that the fog experience occurred.  Foliar uptake (FU) 

occurred during morning (MF) and afternoon (AF) hours, while no significant FU 

occurred during evening (EF) hours.  During MF, as much as half of leaf water came 

from foliar uptake which declined to a quarter of total leaf water during AF.  The fact that 

no FU occurred during EF was surprising because uptake has been found to occur at 

night for other species (Limm et al. 2009; Eller et al. 2013; Gotsch et al. 2013).  In 

southern Appalachian cloud forests, cloud immersion occurs most frequently during 

morning hours (Berry and Smith 2012), perhaps suggesting that both species are highly 

adapted to utilize fog water during the morning fog periods or that the utilization is 

different in our study species.  The largest contributions of fog water were in saplings 

experiencing low water stress following eight weeks of glasshouse acclimation and no 

exposure to cloud immersion, thus no previous exposure was necessary for FU to occur.  

However, the fact that there was variation across fog treatments suggests that the 

utilization of this subsidy is not necessarily universal.  Fog contributed significantly less 

to leaf water on day nine in MF and AF treatments.  While FU has been demonstrated in 
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a growing number of species across a wide range of phylogenies and growth habits 

(Goldsmith et al. 2013), this study suggests that the utilization of fog water does not 

simply occur when leaves are wet or plants are water-stressed and may be an active, 

selective process.  There are likely a complex set of interactions between numerous 

variables including environmental factors (VPD, temperature, and time of day), the 

plant’s need for an additional water subsidy, and an adaptive mechanism that drive the 

utilization of fog water.   

During fog conditions in the field and glasshouse, needles of both species stay wet 

despite the fact that these species (and conifers generally) are thought of as having 

hydrophobic needle surfaces (Reed and Smith 2012).  Contact angles for both species 

across multiple sites average over 90° which is generally considered non-wettable (Aryal 

and Neuner 2010; Reed and Smith 2012).  Thus, during high fog periods where water 

particles are intercepted by leaf surfaces, these ―non-wettable‖ surfaces still retain 

sufficient water for foliar uptake to occur.  Saplings in the MF treatment had high leaf 

wetness throughout the fog treatment but this surface water was absorbed by the leaf or 

evaporated following cessation of fog, likely driven by the high temperature and sunlight 

in the middle of the day (Table 1).  Saplings in the AF and EF treatments had much 

greater leaf wetness durations (15.63 ± 1.37 and 13.06 ± 0.91, respectively) driven by 

similar processes of lower quantities of FU and less evaporative demand at the times 

where fog ceased.  Thus a prolonged leaf surface wetness does not result in greater FU in 

our study species, further reaffirming the idea that this process may be selective.  While 

foliar uptake did not occur at night, prolonged leaf wetness through nighttime hours may 
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aid in plant hydraulic maintenance by limiting the nighttime transpiration that can occur 

(Eller et al. 2013). 

 The pathway for FU likely varies across species but has been difficult to 

demonstrate to this point.  Some have proposed specialized structures such as absorbent 

trichomes and hydathodes (Benzing et al. 1978; Martin and von Willert 2000) while in 

the absence of these structures there is debate over whether it is stomatal or cuticular 

(Jagels 1991; Limm et al. 2009; Goldsmith et al. 2013; Eller et al. 2013).  The crux of this 

conversation lies in fundamental physical tenets of plant ecophysiology.  If the pathway 

were stomatal, water film would have to cover stomata, severely limiting CO2 uptake 

(Smith and McLean 1989).  Alternatively, leaf cuticles are adapted to be selectively 

permeable.  The permeability of leaf surfaces is based on the chemical composition of 

protective waxes and vary across the surface (Shepherd and Wynne Griffiths 2006).  In 

this study we found a positive relationship between leaf conductance and the uptake of 

fog water (Figure 2).  While this does not demonstrate stomatal uptake, it does suggest 

that stomatal opening may play some role, likely in concert with the cuticle, in facilitating 

foliar uptake.  We believe at this point that with the present data, neither pathway can 

currently be excluded.  In A. fraseri, stomata occur in two distinct depressions on the 

underside of the needle and in a small bunch on the top of the needle at the tip (Reed and 

Smith 2012).  Most leaf wetting events in this system occur on the top of needles and 

when the needle is inclined, water frequently collects at the tips (Berry pers. obs.).  

Theoretically, FU could occur through the cuticle or stomata at needle tips while stomata 

on the underside still easily take in CO2.  Alternatively, the correlation between leaf 

conductance and FU could be explained by other processes that vary diurnally such as 
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such as numerous light- or temperature-limited cellular processes.  Although in this study 

no relationship was found between FU and water potentials, leaf wetness, or PPFD (data 

not shown).  Presently, elucidating the pathway (or multiple pathways) of this entry into 

the leaf and understanding the drivers that dictate FU are pressing questions that are 

pivotal to understanding the evolution of this trait and its adaptive significance.  

 

Foliar uptake reduces water loss and improves carbon gain 

 The presence of fog and occurrence of FU resulted in significant improvements in 

plant water status and carbon uptake.  For A. fraseri on day 1, following two months of 

no fog exposure, plant water potentials were greater than control plants in the MF and AF 

regimes (Figure 5a).  Morning fog resulted in the greatest water potentials throughout the 

day, (remaining mostly above -1.0 MPa) and following nine days of fog exposure, all 

plants had greater water potentials than control plants.  The afternoon water potentials 

were greatest in plants that experienced the most FU to that point in the day (MF and AF; 

Figure 5).  The high afternoon water potentials in MF saplings is likely driven by the fact 

that these plants also had the greatest FU (~50% on day 1) and the lowest daily 

transpirational water loss (Figure 3 and 4).  Morning fog exposure also resulted in the 

lowest morning and midday transpiration values due to the reduction in the leaf-to-air 

vapor pressure difference, even when leaf conductance was greatest.  Water potentials for 

evening-fogged plants remained greater than control plants despite no FU during the 

experiment.  This suggests that some nighttime transpiration could be occurring on clear 

nights which can be alleviated by fog and leaf wetness.  The low transpiration and 
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improved water potentials in response to fog are additional ways that cloud-immersed 

environments improve plant functioning. 

 In addition to improvements in water status, fog improved plant carbon gain, 

particularly in the afternoon (Figures 3 and 4), possibly associated with greater leaf 

conductance for all experimental fog treatments.  Saplings in the AF treatment had the 

greatest midday and afternoon net photosynthesis for both species.  Moreover, afternoon 

leaf conductance was greater in both species than control plants no matter what time of 

day fog occurred (panels (c) and (d), figure 3 and 4).  This greater leaf conductance led to 

greater midday and afternoon photosynthesis particularly on day eight in midday and 

afternoon measurements.  In theory, cloud immersion could limit photosynthesis by 

drastically reducing incident sunlight or by water film formation that could restrict 

stomatal CO2 uptake (Smith and McLean 1989).  This study builds on previous research 

demonstrating that due to the low light saturation points in A. fraseri and P. rubens (less 

than 400 µmol m
-2

 s
-1

) and the improved plant water status, maximum photosynthetic 

capacity can readily occur during cloud immersion (Johnson and Smith 2006; Reinhardt 

and Smith 2008; Berry and Smith 2013a).  Enhanced photosynthesis during cloud 

immersion is also explained by the increased diffuse light that penetrates deeper into 

understories and is effectively utilized by the unique needle arrangement in Picea and 

Abies (Ishii et al. 2012).  Additionally, cloud immersion eases photoinhibitive stresses 

from high sunlight and temperature (Johnson and Smith 2006; Reinhardt and Smith 

2008).   
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Conclusions – climate change, cloud forests, and foliar uptake 

 Based on regional climate models of the United States, southern Appalachian 

temperatures are projected to increase between 2.7 °C and 4.4 °C by the year 2100 (IPCC 

2007; U.S. Global Change Research Program 2009), depending on the emissions 

scenario.  Many climate models also predict higher cloud ceilings and a reduction in 

cloud frequency through mid-latitudes, likely reducing the exposure of cloud forests to 

frequent fog (Still et al. 1999; Foster 2001; Richardson et al. 2003; IPCC 2007).  The 

increase in temperature and reduction of fog will lead to non-analog climates by 2100, if 

not sooner.  Less frequent cloud immersion will lead to a lesser reliance on fog water 

during periods of increased temperature and plant water demand.  This study 

demonstrates that a reduction in cloud frequency may not be necessary for plants to have 

negative responses.  Simple changes in the diurnal or seasonal frequency could 

negatively affect FU and associated ecophysiology.  How Abies fraseri and Picea rubens 

are able to adapt to this warmer and dryer climate will likely dictate if we see further 

retreat to higher elevations or even potentially a loss of the entire ecosystem. 

 This paper has demonstrated that FU only occurred when fog occurred during 

daytime hours and that more fog water was utilized if fog occurred during morning hours.  

While FU is now believed to be a widespread phenomenon, this study suggests that 

utilization of this direct water source may be reliant on additional interactive factors.  

Addressing what factors drive the direct utilization of fog water will be important in the 

future.  Foliar uptake has now been demonstrated in over seventy species across 

numerous growth habits, phylogenies, morphologies, and biomes (Goldsmith et al. 2013).  

In many of these environments, FU seems like a strategy to alleviate water or temperature 
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stresses for species adapted to milder and wetter climates, but this is not universal.  Many 

of the suggested species are not from frequently foggy environments and, thus, simply 

having periods of leaf wetness may be a primary prerequisite.  Foliar uptake and its 

associated ecological impacts should be examined across a greater number of species and 

ecosystems, as well as from an evolutionary perspective.   
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Table VI – 1 .  Air temperature, absolute humidity, and number of hours per day of leaf 

wetness in the control chamber (no fog) and each of the three experimental fog chambers.   
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Figure Captions 

Figure VI – 1. The percent contribution of leaf water derived from foliar uptake 

calculated using a linear, two-source mixing model for Abies fraseri and Picea rubens.  

Saplings of each species were exposed to fog during morning, afternoon, or evening 

hours and the relative contribution of fog water measured on day one of fog exposure and 

after nine days of fog exposure.  Bars represent standard error. 

Figure VI – 2. Relationship between leaf level conductance during fog conditions and the 

change in δD ‰. This figure includes all plants from the morning and afternoon 

chambers where foliar uptake occurred. The r
2
 for this relationship is 0.38. 

Figure VI – 3. Net photosynthesis (a, b), leaf conductance (c, d), and transpiration (e, f) 

values during morning (0900 hours), midday (1200 hours), and afternoon (1500 hours) 

for saplings of Abies fraseri.  Saplings were exposed to morning fog (open circles), 

afternoon fog (closed triangles), evening fog (open triangles), or no fog (control, closed 

circles) and measurements conducted on day two, following one day of fog exposure, and 

on day eight. Bars represent standard error. 

Figure VI – 4. Net photosynthesis (a, b), leaf conductance (c, d), and transpiration (e, f) 

values during morning (0900 hours), midday (1200 hours), and afternoon (1500 hours) 

for saplings of Picea rubens.  Saplings were exposed to morning fog (open circles), 

afternoon fog (closed triangles), evening fog (open triangles), or no fog (control, closed 

circles) and measurements conducted on day two, following one day of fog exposure, and 

on day eight. Bars represent standard error. 
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Figure VI – 5. Xylem water potentials for saplings of Abies fraseri (a, b, c) and Picea 

rubens (d, e, f) measured at 700 h, 1100 h, and 1500 h. Saplings were exposed to morning 

fog (open circles), afternoon fog (closed triangles), evening fog (open triangles), or no 

fog (control, closed circles) and measurements conducted on day one, five, and nine of 

the experiment. Bars represent standard error. 
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Figure VI – 4  
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Figure VI – 5  
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CHAPTER VII 

CONCLUSIONS AND FUTURE RESEARCH 

 

Conclusions 

 The research presented in this dissertation elucidates the importance of regular 

fog occurrence on physiological functioning of two cloud forest species.  Natural 

variation in cloud frequency was utilized by taking measurements of leaf level gas 

exchange and water status across different cloud cover regimes, elevations, and within 

carefully controlled greenhouse settings to evaluate how variation in cloud patterns and 

fog frequency may affect carbon uptake and water loss.  This work builds on previous 

studies that have demonstrated an ability for cloud forest species to utilize low light 

levels through light saturation points. The studies demonstrate improved water status 

during fog events (Chapter II), improved carbon gain and water status in plants near the 

top of their elevational distribution (Chapter III), that fog water can contribute as much as 

31% of plant water in field conditions (Chapter IV), that both species can take in fog 

water directly through their leaves (Chapter V), and that both species are best adapted to 

utilize fog water to improve physiological functioning on days with morning fog regimes. 

 Chapter II defined how often cloud immersion events occur in southern 

Appalachian cloud forests, how this altered the microclimate of the community, and how 

microclimate affected plant water status.  Cloud immersion occurred for at least two 

hours on 60-75% of all growing season days with the prevailing cloud regime occurring 

during morning hours (80.3%).  As expected, this drastically reduced cumulative daily 
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PPFD by 70% (from 38.03 mol m
-2

 day
-1 

to 11.09 mol m
-2

 day
-1

) and the mean vapor 

pressure deficit (VPD) of the air by 50% (from 1.81 kPa to 0.98 kPa).  Mean daily air 

temperature was not strongly affected by the presence of cloud immersion, dropping from 

14.9 °C to 14.5 °C.  These changes in microclimate had strong effects on the overall 

water stress of Fraser fir and red spruce during cloud immersion events.  Most 

remarkably, water potentials of both species had strong improvements throughout cloud-

immersed days and juveniles seemed better adapted to do this.  Juveniles also had lower 

water potentials on clear days suggesting a stronger need to utilize fog water.  Water 

potentials of juveniles were strongly correlated with the vapor pressure deficit of the air 

in the morning.  Overall, juvenile conifers seem more reliant on cloud immersion for the 

alleviation of water stress. 

 Because plant water relations of saplings improved in response to fog, this 

dissertation next sought to examine how these improvements varied across the narrow 

elevational range where these cloud forests occur (Chapter III).  This approach utilized 

natural variation in fog frequency and associated abiotic variables to examine water 

relations and carbon balance of Fraser fir and red spruce saplings.  Fog occured 1.5 times 

more frequently at the upper elevations (~2000 m) versus the lower elevations (~1500 

m).  Carbon gain was significantly higher at the upper elevation and had stronger 

improvement in response to fog for saplings of both species.  Additionally, transpirational 

water loss was lower throughout the morning and afternoon at the upper elevation.  These 

changes were particularly pronounced during afternoon measurements.  On clear days at 

both elevations, gas exchange was nearly zero (as measured by leaf conductance, 

photosynthesis, and transpiration) while on foggy days, afternoon gas exchange was well 
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above zero.  At the upper elevation, plant water potentials were significantly greater 

during predawn, morning, and afternoon measurements. Similar to gas exchange 

measurements, this effect was strongest during the afternoon when clear day water 

potentials had dropped below -1.5 MPa and foggy day water potentials were -1.0 MPa 

and above.  The results from this chapter suggest that saplings of Fraser fir and red spruce 

both have improved carbon gain and water potentials during cloud-immersed periods and 

at the highest elevation of the cloud forest existence.  The lower physiological 

performance at the edges of the current spruce-fir forest distribution suggests that these 

areas may be particularly vulnerable if temperatures continue to increase and cloud 

immersion frequency lessens. 

 Chapter IV addressed how much water taken up by cloud forest plants came 

specifically from fog (Chapter IV).  The stable isotopes of hydrogen and oxygen in water 

were used as inputs into a 2-source, 3-endmember mixing model to experimentally 

determine the relative contribution of each potential water source to plant water.  This 

analysis was conducted for saplings at both the upper and lower elevational limits of the 

spruce-fir ecosystem and at the beginning (May) and end of the growing season 

(October).  Fog water was most utilized during the early growing season (May) and at 

high elevation, contributing between 25-31% of A. fraseri water and 17-24% for P. 

rubens.  The contribution of fog water at the end of the growing season (October) was 

lower but still 14-23% of plant water for both species.  Fog water was utilized less at the 

lower extent of the spruce-fir forest distribution ranging from 9-17% in May and 4-10% 

in October.  This lower utilization of fog water was likely due to the reduced frequency 
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of fog events at the lower elevation, highlighting that a future reduction in fog frequency 

could reduce water availability for these communities. 

 Recent research in fog-innundated ecosystems has highlighted two primary 

pathways for direct utilization of fog water. Either it drips to the soil and is absorbed 

through roots or through the direct uptake of water on leaf surfaces (foliar uptake).  

Because foliar uptake has only been demonstrated for a handful of species, this 

dissertation examined if foliar uptake occurs in southern Appalachian spruce-fir forests 

and how this affects plant water status (Chapter V).  Foliar uptake was measured utilizing 

stable isotopes of water in a controlled greenhouse setting.  Both A. fraseri and P. rubens 

directly absorbed fog water through needle surfaces.  The rates of foliar uptake were 

similar between the two species (~3.3 mg H2O cm
-2

) but due to A. fraseri needles having 

a lower initial water content this increased leaf water content by 6.4% suggesting a 

greater reliance on fog water for this endemic species (3.7% for P. rubens).  This strong 

increase in leaf water content in a 24 hour fog period also resulted in a improvement in 

leaf water status by 0.3 MPa.  This study was the first to demonstrate foliar uptake in 

southern Appalachian cloud forests and showed that one day of fog can significantly 

improve leaf water content and water status over non-fogged plants. 

 Finally, in Chapter VI, this dissertation examined the effect of three fog regimes 

on foliar uptake capacity, carbon gain, and water status.  Saplings were exposed to 

morning, afternoon, or evening fog for 6-hour periods.  The time of day was addressed 

for two reasons: firstly, fog predominantly occurs in these ecosystems during morning 

hours and, secondly, plant physiological functioning typically has strong diurnal patterns.  

Both species had varied foliar uptake depending on the time of day that fog occurred.  As 
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much as 50% of plant water came from fog water when fog occurred during morning 

hours, this dropped to 23% during afternoon fog and no foliar uptake occurred during 

evening fog. This result was particularly surprising as foliar uptake occurs during 

nighttime periods in many coastal redwood forest species.  There was also a correlation 

between the quantity of foliar uptake and leaf conductance suggesting that stomatal 

opening plays some role in foliar uptake.  The precise pathway and mechanism still 

remains elusive and more work needs to be conducted in this realm of foliar uptake.  

Moreover, this study demonstrated the importance of fog in alleviating midday water 

stress by reducing extremely high sunlight values, leaf temperatures, and reducing 

transpirational water loss.  These effects were most pronounced when fog occurred 

during morning hours but also still improved during afternoon fog events.  Nighttime fog 

seemed to minimally improve carbon gain and hydraulic function in addition to 

contributing no water to foliar uptake.   

Future Research 

 This dissertation research has demonstrated that fog improves carbon gain and 

water status through the alleviation of extreme sunlight, temperatures and water loss, and 

through the direct absorption of water on leaf surfaces (foliar uptake).  However, to more 

fully understand the functioning of southern Appalachian cloud forests, there are several 

unanswered questions that should be addressed in future studies.  Most importantly, we 

need to be able to better predict how these forests will respond to future climate change.  

This will require both field and greenhouse based experiments that control fog frequency, 

temperature, and CO2 levels and then examine both short term and long term responses of 

carbon gain, water stress, tree mortality, and tree recruitment.  Recreating these 
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conditions in the field will be challenging as it requires controlling both the number of 

days and the duration each day of fog.  To carry out these scenarios, better predictions of 

regional changes to cloud frequencies are also needed.  Regional climate modellers and 

ecologists need to work together to present confident predictions of changes to climate 

and associated changes to ecosystem response.  Additionally, other species in southern 

Appalachian cloud forests need to be studied to understand their functional responses to 

climate change.  While A. fraseri and P. rubens make up over 90% of the canopy trees 

and is the large majority of the plant biomass, there are several other important species.  

Specifically, yellow birch (Betula alleghaniensis), American mountain ash (Sorbus 

americana), and pin cherry (Prunus pensylvanica) are common canopy trees and 

Catawba rhododendron (Rhododendron catawbiense) dominants large parts of the 

understory.  In addition, there is a rich herbaceous and fern layer throughout the summer 

months.  All of these species can provide food and resources for fauna as well as 

ecosystem stability and thus should be studied in the future. 

 There is also significant work still needed to better understand the phenomenon of 

foliar uptake of water.  While this pathway has been suggested in literature for many 

years, it has only recently been demonstrated.  It has now been demonstrated in over 70 

species worldwide and over 80% of the species tested.  This has led many to suggest that 

the mechanism is a ubiquitous trait found throughout the plant kingdom not confined to 

any taxonomic lineage or ecosystem type.  Foliar uptake should be examined in other 

southern Appalachian cloud forests species mentioned above to determine how important 

fog water is for them as well. At present, no one has demonstrated the precise pathway of 

water into the leaf.  Stomatal pores, trichomes, hydathodes, and the leaf cuticle have all 
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been suggested as possible entry mechanism.  Determining the primary pathway, 

energetic costs, and trade-offs associated with foliar water uptake will be critical in 

understanding its evolutionary history.  Ultimately, all of these proposed ideas will 

address how cloud forests have adapted to foggy environments and how these 

communities may respond to future climates of changing fog patterns. 
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