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CLOUDS AND CLOUD IMMERSION ENHANCE

PHOTOSYNTHESIS IN UNDERSTORY SPECIES OF A SOUTHERN
APPALACHIAN SPRUCE–FIR FOREST (USA)1
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High-altitude forests of the southern Appalachian Mountains (USA) are frequently immersed in clouds, as are many mountain
forests. They may be particularly sensitive to predicted increases in cloud base altitude with global warming. However, few
studies have addressed the impacts of immersion on incident sunlight and photosynthesis. Understory sunlight (photosynthetically
active radiation, PAR) was measured during clear, low cloud, and cloud-immersed conditions at Mount Mitchell and Roan
Mountain, NC (USA) along with accompanying photosynthesis in four representative understory species. Understory PAR was
substantially less variable on immersed vs. clear days. Photosynthesis became light-saturated between ;100 and 400 lmol  m2 
s1 PAR for all species measured, corresponding closely to the sunlight environment measured during immersion. Estimated daily
carbon gain was 26% greater on clear days at a more open canopy site but was 22% greater on immersed/cloudy days at a more
closed canopy site. Fv/Fm (maximum photosystem II efficiency) in Abies fraseri seedlings exposed to 2.5 min full sunlight was
significantly reduced (10%), indicating potential reductions in photosynthesis on clear days. In addition, photosynthesis in
microsites with canopy cover was nearly 3-fold greater under immersed (2.6 mmol  m2  h1) vs. clear conditions (0.9 mmol 
m2  h1). Thus, cloud immersion provided more constant PAR regimes that enhanced photosynthesis, especially in shaded
microsites. Future studies are needed to predict the survival of these refugial forests under potential changes in cloud regimes.
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The relic spruce–fir forests of the southern Appalachian
Mountains (Abies fraseri and Picea rubens) spend 30–40% of a
typical day in various degrees of cloud immersion (Mohnen,
1992). Most of this immersion occurs at night and at early
morning. Early morning is particularly important for daily
photosynthetic carbon gain because of the common occurrence
of the maximum water status for the day, and the potentially
strong impacts of low nighttime temperatures followed by high
sunlight levels in the morning (low-temperature photoinhibition; Germino and Smith, 1999, 2000). Cloud immersion also
accounted for over 45% of the total annual water input in this
forest type (Smathers, 1982). Despite these important
relationships, few studies exist in which the ecophysiological
effects of cloud immersion in these or other forests have been
evaluated (e.g., Letts and Mulligan, 2005). Moreover, future
cloud ceilings have been predicted to rise in this and other high
mountain environments as the climate changes, resulting in
substantially less cloud immersion (Croke et al., 1999; Still et
al., 1999; Richardson et al., 2003). In general, forests that are
frequently immersed in clouds (i.e., ‘‘cloud forests’’) may be
particularly sensitive to the impacts of climate change
worldwide (Foster, 2001) as evidenced by local declines in
population sizes and species extinctions already reported (e.g.,
Pounds et al., 1999).
Little is known about the specific sunlight environments of
cloud-immersed plant communities or the corresponding
impacts on photosynthetic carbon gain. Both cloud immersion
(e.g., fog and mist) and cloud cover can result in major changes
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in the incident photon flux density and directional quality
(diffuse vs. direct) of sunlight (e.g., Gu et al., 1999; Letts and
Mulligan, 2005; Min, 2005). For example, a much greater
proportion of sunlight will become diffuse/scattered under the
influence of clouds, as opposed to the direct (collimated)
sunlight of clear days. However, the variability of this diffuse
light regime can vary significantly, along with corresponding
impacts on photosynthesis. No studies (to our knowledge) have
evaluated the photosynthetic impacts of the diffuse light regime
beneath forest overstories during clear or cloud-immersed days.
Even on clear days, tree spacing and canopy architecture can
generate a broad range of sunlight irradiance in the understory
due to penumbral effects (Smith et al., 1989).
Leaf photosynthesis in terrestrial plants often becomes lightsaturated at irradiances of about one third to one half of full
sunlight (Lambers et al., 1998), and forest researchers now
recognize that a more diffuse form of sunlight can lead to major
increases in photosynthesis at the plant canopy level (Hollinger
et al., 1994; Gu et al., 1999, 2002; Min, 2005). Increases in
canopy photosynthesis on a ground area basis have also been
attributed to a more homogeneous light distribution within a
plant canopy under clouds (Horn, 1971; Norman and
Arkebauer, 1991). On a global scale, the unusual stabilization
in the atmospheric CO2 concentration under the plume of the
Mount Pinatubo eruption may be another example. The greater
penetration of diffuse sunlight into forest canopies (and greater
canopy photosynthesis) due to these volcanic aerosols may
have increased the global sink for CO2 absorption (Roderick et
al., 2001; Gu et al., 2003). On a smaller scale, Young and
Smith (1983) reported that understory plant species of the more
open subalpine forests of the south-central Rocky Mountains
(USA) generated greater photosynthetic carbon gain during
cloudy conditions, at a much lower cost in transpirational water
loss. In addition, significant reductions in photosynthesis can
develop at sunlight levels above saturation via downregulation
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and/or photoinhibition of photosynthesis in understory species,
especially, along with substantial increases in temperature and
transpirational costs (see Long et al., 1994; Adir et al., 2003,
for reviews).
The purpose of the present study was to measure incident
sunlight and corresponding photosynthetic performance for
selected understory species in a southern Appalachian spruce–
fir forest under both clear-sky and cloudy conditions (both low
cloud and cloud-immersed days). Corresponding differences in
daily photosynthetic carbon gain were predicted from sunlight
measurements and photosynthetic light response curves. In
addition, leaf fluorescence was measured to assess potential
depressions of photosynthesis due to prolonged exposure to
full sunlight.
MATERIALS AND METHODS
Study sites—Two study sites were selected at 1680 and 1908 m a.s.l.
(Carver’s Gap [CG] and Roan High Knob [RHK], respectively) on an eastfacing slope of the Roan Mountain massif (North Carolina, USA, 3685 0 N,
8288 0 W, 1910 m maximum elevation a.s.l.) in spruce–fir forests [dominant
canopy trees were Abies fraseri (Pursh) Poiret. and Picea rubens Sarg. at both
sites). As estimated from hemispherical photos, CG was a more closed canopy
site and RHK had a more open canopy (13 vs. 19% canopy openness,
respectively; see Johnson and Smith, 2005, for more details). One study site
was also established at Mount Mitchell, North Carolina, in a spruce–fir forest
(USA, 35854 0 N, 82817 0 W, 2037 m maximum elevation a.s.l.) on an eastfacing slope at an altitude of 2015 m and was used with landscape photographs
to document immersed and clear days (details described in PAR measurements
section).
PAR (photosynthetically active radiation) measurements—The objective
of this study was to record PAR levels at actual plant microsites so that the
effects on photosynthesis could be evaluated based on differences in measured
understory light for cloudy/immersed vs. clear-sky conditions. The purpose was
not to characterize the understory light environment of the entire forest
community, which would have required many PAR sensors throughout each
site and many more days sampled. Photosynthetically active radiation (PAR)
was measured instantaneously (no time averages) because in previous studies
instantaneous measurements of PAR are much more precise than time-averaged
measurements (e.g., Letts et al., 2005). PAR was measured every 10 min for 45
days (19 August to 2 October 2005) at each of the Roan Mountain sites using
one PAR sensor (LI-190, LICOR, Lincoln, Nebraska, USA) connected to a
voltage amplifier (Model UTA, EME Systems, Berkeley, California, USA) and
HOBO data logger (H8 4-channel logger, Onset Computer Corp., Bourne,
Massachusetts, USA). PAR sensors were placed in a central location in each
site at ground level (i.e., the approximate height of a seedling, 2–3 cm). To
compare predictions of PAR from hemispherical photographs to actual PAR
measurements, hemispherical photographs of the canopy were taken at seedling
heights (for the highest-altitude plot on Roan Mountain, RHK) and were
analyzed with HemiView software (version 2.1, Delta T Devices, Cambridge,
UK). Using the HemiView software, PAR was predicted at 5-min intervals for
an entire day and compared to actual values measured with PAR sensors.
PAR was also measured instantaneously at the Mount Mitchell site every
minute for 41 days (6 July to 16 August 2005) using the same sensors/
amplifiers/dataloggers as above to (1) compare to landscape photographs to
document immersion (ground-level clouds), low clouds (cloud base , ;20 m
above the forest canopy, but not contacting the canopy) and clear conditions
(clear sky or high, patchy clouds) and (2) to evaluate the effectiveness of 10
min measurement intervals in capturing understory sunlight regimes (i.e.,
comparing instantaneous measurements every minute to instantaneous
measurements every 10 min). Immersion and low clouds were difficult to
separate using PAR sensors, even though there were photographs and
measurements of PAR for each (periods of immersion and low clouds) from
Mt. Mitchell (Fig. 1c). However, clear conditions or clear conditions with high,
patchy clouds were easily distinguished from immersion/low cloud conditions.
Cloud immersion was documented (DMJ, personal observation) on many of the
days measured at Roan Mountain (including 20 August and 10 September).
Mean PAR (means of 4 days) was calculated using instantaneous

Fig. 1. Sunlight measurements: predicted vs. measured and summary
of measurements under clear skies, low clouds, and cloud immersion. (a)
Measured (solid line) and predicted clear-day sunlight regime (from
hemispherical photographs; dashed line) at Roan Mountain, NC, (b)
measured clear-day sunlight regime sampled every minute (solid line) and
every 10 min (dashed line) at Mount Mitchell, NC, and (c) summary of
photosynthetically active radiation (PAR) measurements from 6 July 2005
to 16 August 2005 )at Mount Mitchell, NC (randomly sampled and
documented as immersed, low clouds, or clear sky using landscape
photographs, Solar Time, see List 1971). Boxes represent 25th to 75th
percentiles, horizontal lines within boxes represent median values,
horizontal lines outside of boxes represent 10th and 90th percentiles,
and closed circles represent actual range of values of all sampled PAR
measurements.
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measurements at 10-min intervals from 4 days each with immersed (20, 28
August; 10, 16 September) and clear-sky conditions (21 August; 6, 18, 27
September) at Roan Mountain that were selected for their similarity to previous
PAR measurements under documented clear and immersed conditions, personal
observations at Roan Mountain, and from personal observations and landscape
photographs of Mount Mitchell (Fig. 1c). Mean PAR values were integrated
from 0600 to 2000 hours (when there was measurable PAR) to determine the
total amount of PAR received at each site. Sunlight regimes for representative
clear (6 September) and immersed (20 August) days at Roan Mountain were
also plotted to show the impact of averaging (mean PAR values) vs.
instantaneous sunlight levels on typical days.
Net photosynthesis and daily carbon gain—Species for photosynthetic
measurements were selected to include a variety of common plant types found
in the spruce–fir forest understory (conifer tree seedlings, broadleaf shrubs, and
herbs). Photosynthetic carbon gain in understory plants (Abies fraseri: 2-yr-old
seedlings; Aster divaricatus L., Eupatorium rugosum Houttuyn., and Sambucus
pubens Michaux.: 2–5-yr-old seedlings) of RHK and CG was estimated by
combining instantaneous photosynthetic light response curves and measured
PAR values. Individuals (N ¼ 4–6 for each PAR value) of A. divaricatus, E.
rugosum, and S. pubens were selected in the understory of RHK for light
response curves; all light response curve parameters for A. fraseri were taken
from Johnson and Smith (2005). Leaves were illuminated with different
irradiance levels using a blue/red LED light source (6400–02B LED, LICOR).
Initially, when leaves were placed in the leaf cuvette, PAR inside the chamber
was 200 lmol  m2  s1. PAR inside the chamber was experimentally
increased or decreased to construct light response curves for net photosynthesis.
All light response measurements were taken between 1000 and 1400 hours, and
each leaf was used for four consecutive measurements at different PAR values.
Net CO2 exchange was measured after each leaf had stabilized, which typically
took around 1–2 min. Greater exposure times to each new level of PAR (up to
10 min) did not result in significant changes in photosynthesis (P ¼ 0.01).
Instantaneous solar radiation measurements (measured every 10 min) were then
used to estimate daily carbon from the measured light response curves by
integrating photosynthesis (for each instantaneous sunlight measurement) from
0600 to 2000 hours. Net photosynthetic CO2 flux densities were computed on a
total leaf area basis (total leaf area in the chamber; Smith et al., 1991). In all
cases, net photosynthesis was measured using a LICOR-6400 portable
photosynthesis system (LICOR).
Fluorescence of A. fraseri 2-year old seedlings (Fv/Fm, i.e., maximum
photosystem II efficiency) was measured at approximately 530–600 (predawn),
1000 and 1330 hours on 13 June and 2 August at RHK. All leaves were dark
adapted for 20 min prior to each measurement, which were performed with a
PAM fluorimeter (model FMS-2, Hansatech Instruments, Norfolk, UK).
Additionally, supplemental light was added to small groups of seedlings (6–
10 seedlings) using a halogen spotlight (model Thor-X, Cyclops Solutions,
Bedford, Texas, USA). To prevent heating, seedlings were cooled with a small
fan, and light from the spotlight was passed through a 2.5-cm piece of acrylic to
remove near-infrared radiation. Seedlings were exposed to approximately 500,
1000, or 2000 lmol  m2  s1 PAR (monitored with a LI-250 handheld PAR
sensor, LICOR) for either 1 or 2.5 min.
Sampling and statistics—Statistical analyses were employed using JMP
Statistical Analysis Software, version 3.2, (SAS, Cary, North Carolina, USA).
Measurements of photosynthesis were averaged for each species (N ¼ 4–6
individual measurements at each PAR value for each species; measurements
were not repeated on individuals), for a given PAR level, and for time of
measurement. The Tukey–Kramer multiple-comparison method (Zar, 1999)
was used for evaluating statistical differences between fluorescence measurements under ambient light levels and predawn Fv/Fm values with and without
supplemental light as well as PAR measurements from Mount Mitchell. Best-fit
regression curves (curvilinear) were used to generate equations for the
photosynthetic light response curves for each species.

RESULTS
Measurement and modeling of PAR—Predictions of PAR
based on hemispherical photographs had little similarity to
actual PAR measurements from the same location (Fig. 1a),
although the timing of predicted peaks in PAR in the morning

1627

overlapped with the measured values. Daily mean absolute
differences and mean percentage differences between measured
and predicted PAR were 107 lmol  m2  s1 and 26%,
respectively. In the afternoon, there was no discernable overlap
in measured vs. predicted PAR. However, measurements made
every 10 min were similar to those made every 1 min (Fig. 1b).
Daily mean absolute differences and mean percentage
differences between 1-min and 10-min measurements were
9.7 lmol  m2  s1 and 1.7%, respectively. It appeared that
most of the variation in the 1-min measurement set was
captured using 10-min measurement intervals.
Sunlight regimes—Mean PAR values at Mount Mitchell
were significantly greater (P ¼ 0.05) under documented clear
conditions as compared to immersed and low clouds (Fig. 1c),
but median PAR was less under clear skies (compared to
immersion and low clouds). Mean maximum PAR (mean of
four highest sampled values) was significantly greater under
clear skies vs. low clouds and immersion (789% greater, P ,
0.01) and mean minimum PAR (mean of four lowest sampled
values) was significantly less under clear conditions (43% less,
P ¼ 0.05). There were no significant differences in PAR (mean,
mean maximum, or mean minimum) between immersed and
low cloud conditions.
Cumulative daily understory PAR was 50% greater under
clear skies compared to immersed conditions at RHK, but was
18% greater under immersed vs. clear-sky conditions at CG
(Table 1). However, when peaks of PAR . 1000 lmol  m2  s1
were removed (along with PAR values for the corresponding
times on cloudy days) representative day cumulative PAR was
3.1 mol  m2  d1 under immersion vs. 1.9 mol  m2  d1 under
clear skies at RHK (a 61% difference).
Peaks in maximum sunlight were reduced under immersion,
compared to clear days (Fig. 2). At RHK, there were 9 peaks of
greater than 200 lmol  m2  s1 PAR (the approximate light
saturation point for the species measured here) for mean clear
days, but for mean immersed days, there were only 3 peaks
greater than 200 lmol  m2  s1. Intensity of peaks in sunlight
was reduced by approximately 76% and 45% (Fig. 2) at RHK
and CG, respectively, under immersion.
Not only was peak sunlight intensity reduced during
immersion, but PAR values were also less variable. Cloud
immersion resulted in more time during a mean day when PAR
values were between 100 and 400 lmol  m2  s1 at both
RHK and CG (Table 2). Between 1000 and 1700 hours at
RHK, mean PAR for immersed and clear days remained
between 51 and 283 lmol  m2  s1 and 34 and 651 lmol 
m2  s1, respectively (Fig. 2a). Representative-day PAR at
RHK varied from 18 to 1253 lmol  m2  s1 and 53 to 405
lmol  m2  s1 on clear and immersed days, respectively (Fig.
2c). Afternoon mean PAR on immersed days at CG remained
between 70 and 120 lmol  m2  s1, whereas much of the
clear day PAR values were below 50 lmol  m2  s1 (Figs.
2b, 2d).
Photosynthesis—Photosynthetic light response curves for A.
fraseri, A. divaricatus, E. rugosum, and S. pubens all saturated
between 100 and 400 lmol  m2  s1 (Fig. 3; Light response
curves for A. fraseri from Johnson and Smith, 2005).
Maximum light-saturated photosynthesis values ranged from
approximately 2.0–3.2 lmol  m2  s1. Predicted carbon gain
for these species (as well as for A. fraseri seedlings) was 26%
higher at RHK on clear days vs. cloudy days but was 22%
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TABLE 1. Study site, cumulative daily photosynthetically active radiation
(PAR) (for mean clear and immersed days) and the percentage of
immersed days over the 45-d measurement period. RHK ¼ Roan High
Knob and CG ¼ Carver’s Gap.
Site

RHK
CG

Cumulative clear-day PAR
(mol  m2  d1)

5.22
1.82

Cumulative immersed-day PAR
(mol  m2  d1)

3.48
2.15

OF

higher at CG on immersed days than on clear days (Table 3).
Photosynthesis in areas shaded by canopy was greater during
immersion than during clear conditions. For example,
integrated carbon gain for A. fraseri seedlings was 1.9 times
greater for immersed conditions vs. clear conditions between
1200 and 1800 hours at CG (13.0 vs. 6.8 mmol  m2) and 2.9
times greater for immersed conditions vs. clear conditions
between 1230 and 1330 at RHK (2.6 vs. 0.9 mmol  m2).
Both simulated high-sunlight conditions (Fig. 4a) and
naturally occurring sun patches (Fig. 4b, 4c) resulted in
reduced Fv/Fm in seedlings of A. fraseri. A 2.5-min exposure to
2000 lmol  m2  s1 PAR resulted in a 9.5% decrease in Fv/
Fm (P ¼ 0.0051). Also, on a clear day when measured PAR at
1000 hours was above 1200 lmol  m2  s1, a significant
decrease (approximately 6% decrease from predawn values, P
¼ 0.0014) in Fv/Fm values was observed in the same seedlings,
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TABLE 2. The percentage of time between 0600 and 2000 hours on a
mean clear or immersed day when PAR was between 100 and 400
lmol  m2  s1 at each site. RHK ¼ Roan High Knob and CG ¼
Carver’s Gap.

Days with immersion
(%)

67% (30/45)
71% (32/45)

B OTANY

Site

Immersed days at
100–400 lmol  m2  s1
(%)

Clear days at
100–400 lmol  m2  s1
(%)

Increase in time with PAR at
100–400 lmol  m2  s1
on immersed day (%)

RHK
CG

44
9.8

33
6.6

þ33
þ48

but no changes in Fv/Fm values were measured during an
immersed day over the same time period.
DISCUSSION
Previous studies addressing cloud immersion in the southern
Appalachians have focused primarily on the potentially
negative impacts of increased exposure to pollutants via
increases in surface deposition. Polluted cloudwater can be
damaging in these forests because of the extremely low pH,
plus high sulfate and nitrate concentrations found in
Appalachian cloudwater (e.g., Mohnen, 1992; Thornton et
al., 1994). However, little work has addressed the potentially
strong influence of clouds on the understory sunlight
environment and corresponding plant ecophysiology (e.g.,

Fig. 2. Mean photosynthetically active radiation (PAR) (mean of 4 days; a, b) and actual PAR for a representative day (c, d) measured instantaneously
every 10 min for clear (light line) and cloud-immersed days (heavy line) at Roan High Knob (RHK; a, c) and Carver’s Gap (CG; b, d).
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TABLE 3. Light response equation parameters and predicted daily
photosynthetic carbon gain (PCG) on clear vs. immersed days. All
equations of form y ¼ a(1 – ebx); all parameters for Abies fraseri are
from Johnson and Smith (2005). PCG units are mmol  m2  d1.
RHK ¼ Roan High Knob and CG ¼ Carver’s Gap.
Species

a

b

RHK PCG
Clear

RHK PCG
Immersed

CG PCG
Clear

CG PCG
Immersed

Aster divaricatus
Abies fraseri
Eupatorium rugosum
Sambucus pubens

2.27
2.49
1.93
3.28

0.0013
0.012
0.0016
0.0011

12.8
27.4
12.9
16.1

9.5
26.4
9.8
11.8

4.9
16.0
5.0
6.1

6.1
18.8
6.2
7.5

During either cloud cover or cloud immersion, reductions in
sunlight intensity would be expected in open forests or
deforested areas, whereas increases in intensity, due to the
greater penetration of diffuse light, might be expected in more
closed forest types.

Fig. 3. Photosynthetic light response curves (instantaneous) of (a)
Aster divaricatus, (b) Eupatorium rugosum, and (c) Sambucus pubens
measured during midday (1100 to 1400 hours) at the Roan High Knob site
(see Table 1 for equation parameters). Points represent means of 4–6
replicates, and error bars are standard errors.

photosynthesis and transpiration). Only one group (to our
knowledge) has attempted to analyze the interaction between
cloud immersion and understory plant photosynthesis (Letts
and Mulligan, 2005), and they concluded that leaf surface
wetness and reduced PAR under clouds caused reductions in
photosynthesis in understory species of a tropical cloud forest.
However, PAR measured in deforested (open) areas was
compared with photosynthesis in forested (closed) areas.
Therefore, the study did not directly address the effects of
cloud immersion on photosynthesis in understory species.

Understory sunlight—The degree of canopy openness (i.e.,
gapiness) and leaf area index have been used as a measure of
sunlight penetration into plant canopies for over 50 years
(Lemmon, 1956; Evans and Coombe, 1959; Machado and
Reich, 1999). Although photographic estimates of openness
have appeared accurate for predicting cumulative sunlight in
certain forest types, this technique was inadequate for accurate
estimates of understory PAR and corresponding photosynthesis
in the understory species studied here. Sunlight regimes
computed from hemispherical photographs produced estimates
of photosynthetic carbon gain that were substantially higher
(up to 107% greater) than predicted from actual understory
PAR measurements. In contrast, instantaneous PAR measurements taken at 10-min intervals generated a much more
accurate estimate of the variability of sunlight values, with an
accuracy equivalent to that using 1-min measurement intervals.
In general, clouds alter the intensity, spectral quality, and
directional character (i.e., diffuse vs. direct) of sunlight. Clouds
typically increase the diffuse component of sunlight, enabling
greater penetration (lower attenuation coefficients) into
canopies and understories compared with direct-beam sunlight
(see Campbell and Norman, 1998). In previous studies of the
interaction of clouds, sunlight penetration, and canopy
photosynthesis, diffuse light from clouds not only increased
canopy penetration, but also canopy photosynthesis per unit
ground area (e.g., Roderick et al., 2001; Gu et al., 2003; Min,
2005) and radiation use efficiency (moles of CO2 per moles of
PAR-wavelength photons, e.g., Hollinger et al., 1994).
However, Graham et al. (2003) found that by adding light
under cloudy conditions, photosynthesis in a tropical tree
species increased, and Letts and Mulligan (2005) predicted that
decreases in PAR, due to cloudiness, would result in reduced
plant photosynthesis in a tropical forest. The variation in
photosynthetic responses to cloudiness and immersion is likely
due to differences in forest structure (i.e., open or closed
forests) and cloud type (optically thick vs. thin, see Min, 2005).
Cloudiness, and particularly cloud immersion, can provide
benefits other than increased diffuse light, including cooler leaf
temperatures and reduced leaf-to-air vapor deficit, both of
which decrease transpiration (Gu et al., 2002). In the present
study, immersion and low clouds resulted in similar understory
sunlight regimes with less variation, reduced irradiance levels
during sunlight peaks, and increased length of time near
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(i.e., with peaks of PAR . 1000 lmol  m2  s1 removed) at
the highest altitude site was 61% greater on immersed days.

Fig. 4. Fv/Fm (maximum photosystem II efficiency) values for Abies
fraseri 2-yr-old seedlings (a) predawn with supplemental light (asterisk
indicates significantly different from no light control, P ¼ 0.0051), (b)
throughout a clear (2 August, open squares) and an immersed morning and
early afternoon (14 June, immersed until approximately 1100, closed
circles) (* indicates significantly different from predawn measurement, P
¼ 0.0014), and (c) corresponding PAR. Points represent means of 4–6
replicates, and error bars are standard errors.

photosynthetic optima (nearer to the photosynthetic light
saturation point, Figs. 2, 3) as compared to clear conditions.
Measured understory PAR on a representative immersed day
remained between 53 and 405 lmol  m2  s1, whereas PAR
varied from 18 to 1253 lmol  m2  s1 on a representative
clear day (Fig. 2c) at the highest altitude site. In addition,
cumulative PAR within the optimal range for photosynthesis

Cloud effects on photosynthesis—Photosynthesis in all
three measured species had light saturation points between 100
and 400 lmol  m2  s1 PAR, typical for shade species (e.g.,
Naidu and Delucia, 1998). Photosynthesis in first-year
(germinant) seedlings of Abies fraseri at the same location
(Roan Mountain) also saturated at PAR values , 400 lmol 
m2  s1 (Johnson and Smith, 2005). In the present study,
PAR values measured during immersion at the high altitude
sites corresponded to either points along the initial slope of the
light response curve or the light saturation point for these
species. Moreover, these PAR values are optimal for
photosynthesis because they result in the greatest quantum
yield (Lambers et al., 1998, carbon fixed per photons
absorbed), they are well below values that would result in
photoinhibition, and they do not result in higher leaf
temperatures and increased transpiration at the same degree
of stomatal opening. Also, the more homogenous values of
sunlight under immersion prevents the acclimation period (i.e.,
induction, Chazdon and Pearcy, 1986) experienced by shade
plants when exposed to sun patches. Thus, not only does
sunlight under cloud immersion penetrate deeper into the
understory than direct light during clear-sky conditions but
actual values of PAR are more optimal for carbon capture. In
fact, A. fraseri seedlings at CG (greater canopy cover) were
predicted to fix 22% more carbon on cloudy days, while
seedlings at RHK (less canopy cover) were predicted to fix
26% less carbon on cloudy days than clear days. Seedlings in
areas directly shaded by the canopy were also predicted to fix
much more carbon during immersion than during clear
conditions (2.9 times more carbon gain for a 1-h interval at
RHK and 1.9 times more carbon gain for a 6-h interval at CG).
Similarly, afternoon cloudiness was predicted to increase
carbon gain by 41–69% in understory seedlings of Abies
lasiocarpa and Picea engelmannii (Johnson et al., 2004).
Carbon gain has been strongly associated with survival in
young seedlings of A. fraseri in the southern Appalachians
(Johnson and Smith, 2005), as well as in A. lasiocarpa and P.
engelmannii in the south central Rocky Mountains (Germino
and Smith, 1999).
Although clear and immersed conditions resulted in similar
amounts of predicted daily carbon gain, the effects of
photoinhibition, temperature, and water status were not taken
into consideration here, and all may be influenced strongly by
immersion. For example, depressions in Fv/Fm have been
observed in shade-adapted plants that were suddenly exposed
to high sunlight (e.g., Houter and Pons, 2005). In the present
study, approximately half to full sunlight exposure (for as little
as 2.5 min) resulted in depressed fluorescence in seedlings of
A. fraseri, although no depression in fluorescence was
observed (over the same time period) under cloud immersion.
It is also possible that measured PAR values under immersed
conditions were artificially low because only the upper
hemisphere was measured, and thus a portion of diffuse light
(lower hemisphere) was not measured. Also, no depression in
photosynthesis was seen at the highest PAR values on the light
response curves, most likely due to the brief duration of the
high-intensity light (approximately 60 s). Cloud immersion
may also result in leaf wetness (Letts and Mulligan, 2005),
which could reduce carbon gain due to the limited diffusion of
CO2 in water (Nobel, 2005). Leaf wetness during cloud
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immersion has been observed in the species measured in the
current study (D. M. Johnson and W. K. Smith, unpublished
data). However, many plant species in areas with frequent leaf
wetting have strategies for surface water repulsion (Brewer et
al., 1991; Brewer and Smith, 1997). In fact, water beading on
hydrophobic leaf surfaces can result in reduced transpiration
(saturated boundary layer) and increased photosynthetic carbon
gain (i.e., greater stomatal opening at low leaf-to-air vapor
pressure deficits, Smith and McClean, 1989). More work is
needed to determine the overall impacts of cloud immersion on
leaf surface wetness and gas exchange in this and other cloudimmersed systems.
Absorptance values for diffuse light incident on leaves are
not available in the literature. One unpublished study found
that diffuse light was both reflected and transmitted more than
direct-beam light in certain species (C. R. Brodersen and T. C.
Vogelmann, University of Vermont, unpublished data).
However, the large proportion of oblique rays in diffuse/
scattered light should result in greater reflection from a
horizontal, laminar leaf surface than for a more cylindrical
leaf shape such as a conifer needle. Although considerable
research has focused on sunflecks/sunpatches, leaf display, and
light interception (e.g., Chazdon, 1995), little work has dealt
with diffuse light interception, especially during cloudiness or
immersion. To our knowledge, no complete set of experimental
measurements has been published for leaves irradiated with
diffuse vs. direct-beam light, despite the fact that some crop
and forest canopies have been found to photosynthesize more
under diffuse sunlight (as compared to direct sunlight).
More data are needed to characterize the understory light
environment in different forest types and under different cloud
types during above-canopy clouds and cloud-immersed
conditions. The ability to quantify the altitude of the cloud
base is required for accurate measurements of the effects of
cloud base height and different cloud types on understory light
and plant physiology. Changes in cloud base height has already
been correlated with population declines in tropical cloud
forests (Pounds et al., 1999) and these data may be critical for
predicting potential changes in plant community composition
with future changes in cloud frequency.
LITERATURE CITED
ADIR, N., H. ZER, S. SHOCHAT, AND I. OHAD. 2003. Photoinhibition: a
historical perspective. Photosynthesis Research 76: 343–370.
BREWER, C. A., AND W. K. SMITH. 1997. Patterns of leaf surface wetness for
montane and subalpine plants. Plant, Cell and Environment 20: 1–11.
BREWER, C. A., W. K. SMITH, AND T. C. VOGELMANN. 1991. Functional
interaction between leaf trichomes, leaf wettability and the optical
properties of water droplets. Plant, Cell and Environment 14: 955–
962.
CAMPBELL, G. S., AND M. J. NORMAN. 1998. An introduction to
environmental biophysics. Springer, New York, New York, USA.
CHAZDON, R. L. 1985. Leaf display, canopy structure and light interception
of two understory palm species. American Journal of Botany 72:
1493–1502.
CHAZDON, R. L., AND R. W. PEARCY. 1986. Photosynthetic responses to
light variation in rain-forest species. 2. Carbon gain and photosynthetic efficiency during lightflecks. Oecologia 69: 524–531.
CROKE, M. S., R. D. CESS, AND S. HAMEED. 1999. Regional cloud cover
change associated with global climate change: case studies for three
regions of the United States. Journal of Climate 12: 2128–2134.
EVANS, G. C., AND D. E. COOMBE. 1959. Hemispherical and woodland
canopy photography and the light climate. Journal of Ecology 47:
103–113.

1631

FOSTER, P. 2001. The potential negative impacts of global climate change
on tropical montane cloud forests. Earth Science Reviews 55: 73–106.
GERMINO, M. J., AND W. K. SMITH. 1999. Sky exposure, crown architecture,
and low-temperature photoinhibition in conifer seedlings at alpine
treeline. Plant, Cell and Environment 22: 407–415.
GERMINO, M. J., AND W. K. SMITH. 2000. Differences in microsite, plant
form, and low-temperature photosynthesis in alpine plants. Arctic,
Antarctic, and Alpine Research 32: 388–396.
GRAHAM, E. A., S. S. MULKEY, K. KITAJIMA, N. J. PHILLIPS, AND S. J.
WRIGHT. 2003. Cloud cover limits CO2 uptake and growth of a
rainforest tree during tropical rainy seasons. Proceedings of the
National Academy of Sciences, USA 100: 572–576.
GU, L. H., D. BALDOCCHI, S. D. VERMA, T. A. BLACK, T. VESALA, E. M.
FALGE, AND P. R. DOWTY. 2002. Advantages of diffuse radiation for
terrestrial ecosystem productivity. Journal of Geophysical Research
107: doi 10.1029.
GU, L. H., D. BALDOCCHI, S. C. WOFSY, J. W. MUNGER, J. J. MICHALSKY, S.
P. URBANSKI, AND T. A. BODEN. 2003. Response of a deciduous forest
to the Mount Pinatubo eruption: enhanced photosynthesis. Science
299: 2035–2038.
GU, L. H., J. D. FUENTES, H. H. SHUGART, R. M. STAEBLER, AND T. A.
BLACK. 1999. Responses of net ecosystem exchanges of carbon
dioxide to changes in cloudiness: results from two North American
deciduous forests. Journal of Geophysical Research 104: 421–434.
HOLLINGER, D. Y., J. KELLIHER, J. N. BYERS, J. E. HUNT, T. M. MCSEVENY,
AND P. L. WEIR. 1994. Carbon dioxide exchange between an
undisturbed old-growth temperate forest and the atmosphere. Ecology
75: 134–150.
HORN, H. S. 1971. The adaptive geometry of trees. Princeton University
Press, Princeton, New Jersey, USA.
HOUTER, N. C., AND T. L. PONS. 2005. Gap size effects on understory
saplings in a tropical rainforest. Plant Ecology 179: 43–51.
HUME, I., T. MCVICAR, AND M. RODERICK. 2002. Optical properties of
leaves in the visible and near-infrared under beam and diffuse
radiance. Report 02/3, Cooperative Research Center for Catchment
Hydrology, 1–57. Canberra, Australia.
JOHNSON, D. M., M. J. GERMINO, AND W. K. SMITH. 2004. Abiotic factors
limiting photosynthesis in Abies lasiocarpa and Picea engelmannii
seedlings below and above the alpine timberline. Tree Physiology 24:
377–386.
JOHNSON, D. M., AND W. K. SMITH. 2005. Refugial forests of the southern
Appalachians: photosynthesis and survival in current-year Abies
fraseri seedlings. Tree Physiology 25: 1379–1387.
LAMBERS, H., F. S. CHAPIN, AND T. L. PONS. 1998. Plant physiological
ecology. Springer, New York, New York, USA.
LEMMON, P. E. 1956. A spherical densiometer for estimating forest
overstory density. Forest Science 2: 314–320.
LETTS, M. G., P. M. LAFLEUR, AND N. T. ROULET. 2005. On the relationship
between cloudiness and net ecosystem carbon dioxide exchange in a
peatland ecosystem. Ecoscience 12: 53–59.
LETTS, M. G., AND M. MULLIGAN. 2005. The impact of light quality and leaf
wetness on photosynthesis in north-west Andean tropical montane
cloud forest. Journal of Tropical Ecology 21: 549–557.
LIST, R. J. 1971. Smithsonian Meteorological Tables. Smithsonian
Institution Press, Washington, D.C., USA.
LONG, S. P., S. HUMPHRIES, AND P. G. FALKOWSKI. 1994. Photoinhibition of
photosynthesis in nature. Annual Review of Plant Physiology and
Plant Molecular Biology 45: 633–662.
MACHADO, J.-L., AND P. B. REICH. 1999. Evaluation of several measures of
canopy openness as predictors of photosynthetic photon flux density
in deeply shaded conifer-dominated forest understory. Canadian
Journal of Forest Research 29: 1438–1444.
MIN, Q. 2005. Impacts of aerosols and clouds on forest-atmosphere carbon
exchange. Journal of Geophysical Research 110: D06203.
MOHNEN, V. A. 1992. Atmospheric deposition and pollutant exposure of
eastern U.S. forests. In C. Eager and M. B. Adams [eds.], Ecology
and decline of red spruce in the eastern United States, 64–124.
Springer-Verlag, New York, New York, USA.
NAIDU, S. L., AND E. H. DELUCIA. 1998. Physiological and morphological

1632

A MERICAN J OURNAL

acclimation of shade-grown tree seedlings to late-season canopy gap
formation. Plant Ecology 138: 27–40.
NOBEL, P. S. 2005. Physiochemical and environmental plant physiology.
Academic Press, San Diego, California, USA.
NORMAN, J. M., AND T. J. ARKEBAUER. 1991. Predicting canopy light use
efficiency from leaf characteristics. Agronomy Monographs 31: 125–
143.
POUNDS, J. A., M. L. P. FOGDEN, AND J. H. CAMPBELL. 1999. Biological
response to climate change on a tropical mountain. Nature 398: 611–
615.
RICHARDSON, A. D., E. G. DENNY, T. G. SICCAMA, AND X. LEE. 2003.
Evidence for a rising cloud ceiling in eastern North America. Journal
of Climate 16: 2093–2098.
RODERICK, M. L., G. D. FARQUHAR, S. L. BERRY, AND I. R. NOBLE. 2001. On
the direct effect of clouds and atmospheric particles on the
productivity and structure of vegetation. Oecologia 129: 21–30.
SICCAMA, T. G. 1974. Vegetation, soil, and climate on the Green
Mountains of Vermont. Ecological Monographs 44: 325–349.
SMATHERS, G. A. 1982. Fog interception on four southern Appalachian
mountain sites. Journal of the Elisha Mitchell Scientific Society 98:
119–129.
SMITH, W. K., A. K. KNAPP, AND W. A. REINERS. 1989. Penumbral effects

OF

B OTANY

[Vol. 93

on sunlight penetration in plant communities. Ecology 70: 1603–
1609.
SMITH, W. K., AND T. M. MCCLEAN. 1989. Adaptive relationship between
leaf water repellency, stomatal distribution and gas exchange.
American Journal of Botany 76: 465–469.
SMITH, W. K., A. W. SCHOETTLE, AND M. CUI. 1991. Importance of leaf area
measurement to the interpretation of gas exchange parameters of
complex shoots (e.g., conifers). Tree Physiology 8: 121–127.
STILL, C. J., P. N. FOSTER, AND S. H. SCHNEIDER. 1999. Simulating the
effects of climate change on tropical cloud forests. Nature 398: 608–
610.
THORNTON, F. C., J. D. JOSLIN, P. A. PIER, H. NEUFELD, J. R. SEILER, AND J.
D. HUTCHERSON. 1994. Cloudwater and ozone effects upon high
elevation red spruce: a summary of study results from Whitetop
Mountain, Virginia. Journal of Environmental Quality 23: 1158–
1167.
YOUNG, D. R., AND W. K. SMITH. 1983. Effect of cloudcover on
photosynthesis and transpiration in the subalpine understory species
Arnica latifolia. Ecology 64: 681–687.
WHITTAKER, R. H. 1956. Vegetation of the Great Smoky Mountains.
Ecological Monographs 26: 1–80.
ZAR, J. H. 1999. Biostatistical analysis. Prentice-Hall, Upper Saddle River,
New Jersey.

