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a  b  s  t  r  a  c  t

The  spruce-fir  [Picea  rubens  Sarg.-Abies  fraseri  (Pursh)  Poir.]  forests  of the  southern  Appalachian  Moun-
tains 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  sug-
gested  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  accom-
panying  cloud  conditions.  Approximately  60%  of  all summer  days  had at least  2  h 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  (� )  increased  significantly  (∼0.2 MPa;  values)  from  morning  to  afternoon  on  cloud-immersed
days.  In contrast,  clear  days  showed  no  afternoon  recovery  in  �  , but a continued  decrease  during  the
afternoon.  Juvenile  � was  more  responsive  to daily  cloud  regime  compared  to  adult  �  and  had  a strong
negative  correlation  with  vapor  pressure  deficit.  When  all  measurement  days  were  sorted  by  the  cloud

pattern of the  previous  day,  there  was  a strong  response  in  juveniles  trees,  i.e. �  increased  following
previous  afternoon  cloud-immersion.  Juveniles  of both  species  also  had  greater  seasonal  decreases  in  �
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  condi-
tions, the  water  relations  of  Abies  fraseri  and  Picea  rubens  could  be  substantially  and  negatively  influenced.
. Introduction

The spruce-fir (Picea rubens Sarg.-Abies fraseri (Pursh) Poir.)
orests of the southern Appalachian Mountains occur on seven

ountaintop areas in southern Virginia and western North Car-
lina (Oosting and Billings, 1951; Ramseur, 1960; White, 1984).
hese communities are considered remnants of the most south-
rn boreal forest that dominated even the lower elevations of the
outheastern United States during the late Pleistocene (Delcourt
nd Delcourt, 1984). Over the years, these forests have been threat-

ned by such contemporary stress factors as logging in the early
0th century, deposition from acid rain, attacks from the invasive

nsects (e.g. balsam wooly adelgid (Adelges piceae (Ratzeburg)), and

∗ Corresponding author. Tel.: +1 336 769 6743; fax: +1 336 758 6008.
E-mail address: berrzc9@wfu.edu (Z.C. Berry).

168-1923/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.agrformet.2012.04.005
© 2012 Elsevier B.V. All rights reserved.

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 and
90% of mature A. fraseri since the 1950s and regeneration of mature
spruce-fir forest is still uncertain (Eagar, 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 com-
munities at such southern latitudes (Cogbill and White, 1991). The
prediction of altered cloud regimes with continued climate warm-
ing is still poorly understood, yet considered of primary importance
in understanding the effects of global change on ecosystem func-

tion (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

dx.doi.org/10.1016/j.agrformet.2012.04.005
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
mailto:berrzc9@wfu.edu
dx.doi.org/10.1016/j.agrformet.2012.04.005
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ccording to geographic location. For example, Richardson et al.
2003) found the cloud ceiling had actually lowered in the past 30
ears in the southern Appalachians. Other studies have reported
elationships between temperature, radiative forcing, and cloud
atterns, but these results also vary by region (Croke et al., 1999;
regory and Webb, 2008). In this regard, the IPCC climate-change
anel concluded that changes in cloud patterns remain the largest
ource of uncertainty in all climatic models (IPCC, 2007).

Mountains that commonly experience clouds, including cloud
mmersion, occur on a broad geographic scale (Bruijnzeel et al.,
010) and have been found to result in less intense sunlight, a
reater proportion of diffuse light, decreased air temperatures, and
igher ambient humidity levels (Gu et al., 2002; Letts and Mulligan,
005; Min, 2005). However, relatively few studies have reported
omparable measurements of microclimate during different cloud
ypes and patterns, nor the associated impacts on plant ecophys-
ology (Young and Smith, 1983; Knapp and Smith, 1990; Johnson
nd Smith, 2008; Reinhardt and Smith, 2008b).

The present study describes quantitative patterns of daily cloud
over and immersion patterns that occurred during the morning
nd afternoon, as well as corresponding effects on plant water rela-
ions in both juvenile and adult trees of A. fraseri and P. rubens.
ecause afternoons typically have higher air temperatures and
reater water stress, we hypothesized that days with afternoon
loud cover and/or cloud immersion, would act to enhance plant
ater status especially. Additionally, because juveniles may  be
ore vulnerable to unfavorable conditions, we expected that the
ater status of juvenile trees might be benefited more by daily

loud patterns than adult trees (Reinhardt and Smith, 2008a).

. Methods

To associate cloud pattern effects on daily and seasonal plant
ater status, field measurements of sunlight incidence were com-

ined with continuous images of cloud conditions at the research
ites taken with a recording web camera. Videos of daily cloud pat-
erns were compared with simultaneous measurements of sunlight
rradiance, air temperature, vapor pressure deficit, and plant water
tatus. The relationship between daily cloud patterns (includ-
ng cloud immersion), air temperature and humidity, and plant

ater status, was examined for the entire summer (2010) growth
eriod.

.1. Study site

The study area was located in the spruce-fir forest of Mt.
itchell, NC (Mt. Mitchell State Park, 35◦45′53′′N, 82◦15′54′′W),

he highest point in the eastern United States (2037 m),  and is
ominated by Picea rubens (red spruce) and Abies fraseri (Fraser
r) (above ca. 1600 m elevation). The area is characterized by
igh rainfall (>2000 mm year−1), moderate temperatures (13.5 ◦C
ean maximum air temperature during the growth season, May

o September) and frequent cloud cover and immersion (Reinhardt
nd Smith, 2008a).  Locations for all measurements were chosen
ithin 50 m elevation of the 2037 m peak. Healthy trees chosen

isually were sampled from sites considered representative of this
orest type, i.e. a mostly closed canopy (>80%) composed of both
ree species, a dense ground layer of ferns and herbs, plus relatively
requent dead trees due, most likely, to balsam wooly adelgid infes-
ation over the past half century (Pittillo and Smathers, 1979; Bruck
nd Robarge, 1988; Goelz et al., 1999).
.2. Cloud classification and associated microclimate

A 7.5 m tower was installed on the east-facing slope (∼88◦

zimuth, 35◦45′53′′N, 82◦15′54′′W)  of Mt.  Mitchell at 1991 m
 Meteorology 162– 163 (2012) 27– 34

elevation within an area chosen as representative of the spruce-fir
forest on Mt.  Mitchell (see above). Photosynthetic photon flux den-
sity (PPFD; �mol  m−2 s−2, 0.4–0.7 �m wavelengths) sensors were
placed ca. 2 m above the tree canopy and at four heights approx-
imately 2 m apart extending to the bottom of the leaf canopy.
Tower measurements of incident sunlight were coupled with cam-
era 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. Mea-
surements of PPFD were logged from sunrise to sunset every 10 min
from May  26, 2010 to September 28, 2010 using Photosynthetic
Light-Smart Sensors (Model S-LIA-M003; Onset, Bourne, MA)  con-
nected 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 quan-
tum sensor (model 190S) as well as a Science Associate precision
solarimeter (model 1240), before installing in the field. Air temper-
ature and relative humidity were also measured every 10 min  2 m
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 psychrom-
eters under field conditions. The air 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 3 M white-velvet paint (total solar reflectance >90%)
and mounted ∼10 cm 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 dis-
playing 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 min  each of 125 measurement days were clas-
sified into discrete categories of daily cloud pattern based on the
occurrence of clouds, cloud immersion, or clear skies in the morn-
ing (0630–1330) or afternoon (1330–2030). For example, if more
than 2 h of the morning were cloud-immersed that particular day
was classified as having an immersed morning (I) and the same
time of 2 h 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).

2.3. Species water relations

Plant water status was determined by measuring xylem water
potentials (� ) 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 5–8 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

and 2 m in height, <5 cm DBH, and had no apparent cone produc-
tion; trees considered adults were between 2 and 7 m in height,
greater than 5 cm DBH, and had already produced cones. Sampling
included multiple, representative days for both clear and immersed
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Fig. 1. Example daily curves of PPFD for three day types: clear all day (A-SS), morning
Z.C. Berry, W.K. Smith / Agricultural and 

onditions, representing the most extreme differences in cloud pat-
erns.

.4. Statistics

All data comparisons were tested for statistical significance
sing ANOVA with appropriate tests for normality and equality of
ariance. Specifically, ANOVA was used to compare differences in
ir temperature and ambient vapor pressure deficit for all measure-
ent days and according to each day’s classification of morning and

fternoon cloud pattern. When significant differences occurred,
airwise comparisons between each day-type were made using
ukey–Kramer HSD tests. When the assumptions of ANOVA were
ot satisfied, non-parametric tests were employed using Wilcoxon
ank Sum tests with the alpha value recomputed using the Bon-

erroni Correction (Zar, 1999). Best-fit regression analyses were
etermined for daily and seasonal values of xylem pressure poten-
ial (� ), as well as when comparing � to microclimatic variables. All
nalyses were computed using JMP  (SAS, Cary, North Carolina) and
gures were constructed using SigmaPlot v. 11 (Systat Software,
an Jose, California).

. Results

.1. Quantifying daily cloud types

Of the 125 days during the growing season that were classified,
he most frequent type of day (29.6% of all days) was  an immersed

orning with a cloudy afternoon, or IC. Both the II and CC days
ccurred on 16.8% of all days, while the rarest type of day was  an
mmersed morning and a sunny afternoon (IS), which only occurred
n 2.4% of all measurement days. Days with cloud immersion in
ither the morning or afternoon occurred for 60.8% of all days. For
he days with cloud immersion, 80.3% had morning cloud immer-
ion, or II, IC, or IS. The remaining summer days had frequencies of
aily cloud patterns of <9%, i.e. SC(8.0%), SS(8.0%), CS(6.4%), CI(6.4%),
I(5.6%), and IS(2.4%). The day types tended to be evenly distributed
cross the entire study period. Each day type had at least one day
n each of the four primary months (June–September).

.2. Daily cloud pattern frequency

Fig. 1 shows a typical PPFD regime measured for a completely
lear day (SS), a day of all-day cloud immersion (II), and the
ost frequent category of day—morning immersion with afternoon

loudiness, or IC. During cloud immersion, PPFD values remained
300 �mol  m−2 s−1 while on clear days PPFD reached maximums
etween 2000 and 2500 �mol  m−2 s−1 during mid-summer.

Cumulative daily PPFD, cumulative morning PPFD
0630–1330 h), and cumulative afternoon PPFD (1330–2030 h)
aried from near 4 mol  m−2 day−1 to just over 38 mol  m−2 day−1

mong the nine different day types (Fig. 2). Pairwise comparisons
etween day categories showed that completely immersed (II)
ays had significantly less cumulative daily (11.09 mol  m−2 day−1)
nd 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
PFD: 18.18 mol  m−2 day−1). Afternoon PPFD (6.02 mol  m−2 day−1)
or category II days was significantly less than all day types except
or CI days (cloudy mornings and immersed afternoons) (Fig. 2).
airwise comparisons between the most frequent day type, IC
immersed morning, cloudy afternoon), and all other day types
howed statistical significance in cumulative daily PPFD when

ompared to six other day types, i.e. SS, SC, SI, CS, CC, and II days.
ornings of IC days had significantly lower PPFD than seven other

ay types (SS, SC, SI, CS, CC, CI, II), as well as significantly lower
fternoon PPFD than four other day types (SS, CS, CI, II). Daily
cloud-immersed and a cloudy afternoon (B-IC), and all day cloud-immersed (C-II).
Each curve was from the following day: SS-July 24, 2010, IC-July 19, 2010, and II-July
12,  2010.

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).

3.3. 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: max-
imum temperature F8,116 = 4.263, p = 0.0002; minimum temper-
ature F8,116 = 3.684, p = 0.0007; average temperature F8,116 = 2.56,
p = 0.013). Completely immersed 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 X2 = 26.926, p = 0.0007; minimum X2 = 60.305,
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Fig. 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
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he  afternoon. Error bars represent standard error. As indicated over each bar, (a) r
ignificant difference in cumulative morning PPFD from II days, and (c) represents a

 < 0.0001; average X2 = 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 compar-
sons between day types for air temperature and ambient VPD

easurements are summarized in Table 1.

.4. Daily plant water status (� ) and cloud regime

On fully immersed days (II), morning plant � averaged
1.12 ± 0.04 MPa  (mean ± SE) and was significantly less than
redawn (−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).
or predawn measurements, there was a significant species
ffect, with P. rubens (−0.96 ± 0.05 MPa) having a lower � than
. fraseri (−0.73 ± 0.06 MPa) (F1,18 = 8.022, p = 0.011). The after-
oon measurements also revealed a significant age class-effect
ith adult trees having a significantly lower � than juveniles

−1.04 ± 0.08 MPa  vs. −0.80 ± 0.06 MPa, respectively) (F1,18 = 5.506,

 = 0.031).

For clear days (SS), average predawn � was −0.80 ± 0.02 MPa
hich significantly decreased to −1.03 ± 0.04 MPa  for morn-

ng measurements and to −1.09 ± 0.04 MPa  by the afternoon

able 1
able showing average values for maximum air temperature, minimum air temperature, m
or  each type of daytime classification. Measurements were taken from all daylight hours
+) represent significant differences from IC days.

Day classification Maximum
temperature (◦C)

Minimum
temperature (◦C)

Mean temper
(◦C)

II +17.5 12.8 14.9
IC  *19.5 12.9 15.3 

CI  19.8 13.0 15.5 

CC  *20.5 13.2 16.0 

IS  18.0 9.5 12.9
CS *21.3  13.6 16.4 

SI  18.4 10.0 13.8 

SC *21.3  13.3 16.6 

SS  19.6 +10.3 14.5 
nts a significant difference in cumulative daily PPFD from II days, (b) represents a
ficant difference in cumulative afternoon PPFD from II days.

(Fig. 3: X2 = 17.682, p = 0.0001). Cloud-immersed days (II) had
significantly higher afternoon � (−0.92 ± 0.04 MPa) than clear
days (−1.09 ± 0.04 MPa) (F1,38 = 4.693, p = 0.037). Also, juve-
niles had lower � than adults for predawn (−0.90 ± 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).

3.5. Measured daily � and prior-day cloud regime

All measurements were sorted into two  classifications—days
where the previous afternoon was cloudy and days where the pre-
vious afternoon was cloud-immersed. Morning � for previously
cloudy days was −0.99 ± 0.02 MPa  and −0.76 ± 0.03 MPa  for previ-
ously cloud-immersed days. Also, there was  a significant difference

in the morning measurements according to the two  prior-day clas-
sifications (Fig. 4: X2 = 28.299, p < 0.0001). There were no significant
differences among individual predawn measurements and subse-
quent afternoon measurements.

ean temperature, maximum vapor pressure deficit, minimum VPD, and mean VPD
 on each day. Asterisks (*) represent significant differences from II days and crosses

ature Maximum VPD (kPa) Minimum VPD (kPa) Mean VPD (kPa)

+1.27 0.59 0.98
1.59 0.62 1.05
1.64 0.45 1.16

*+1.87 0.68 1.29
+1.73 0.52 1.06

*+2.00 0.88 *+1.44
*+2.06 *1.30 *+1.72
*+2.01 *1.11 *+1.63
*+2.29 *+1.32 *+1.81
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ig. 3. Xylem water potential (� ) of adult and juvenile Picea rubens and Abies fraseri
tandard error.

.6. Seasonal �

The highest seasonal values of � occurred in May  for juveniles
A. fraseri:  −0.69 ± 0.10 MPa, P. rubens:  −0.57 ± 0.08 MPa) and June
or adults (A. fraseri:  −0.49 ± 0.13 MPa, P. rubens:  −0.44 ± 0.12 MPa).
y September, there were significant decreases from these values

n all four groups (adult A. fraseri:  −0.72 ± 0.10 MPa, juvenile A.
raseri: −0.93 ± 0.11 MPa, adult P. rubens: −0.69 ± 0.16 MPa, juve-
ile P. rubens: −0.87 ± 0.09 MPa) (Fig. 5: adult P. rubens F3,19 = 3.067,

 = 0.050; juvenile P. rubens F3,19 = 6.167, p = 0.004, adult A. fraseri

3,19 = 3.187, p = 0.047, juvenile A. fraseri F3,19 = 3.377, p = 0.040).

In general, juveniles had lower � than adults with a greater
up to 0.21 MPa) difference occurring later in summer. Pairwise

ig. 4. Overall plant water status (� ) sorted by the cloud patterns in the afternoon
n  the day preceding the measurements. The solid circles denote when the previ-
us afternoon was  simply cloudy and the open circles denote when the previous
fternoon was  cloud-immersed. Error bars represent standard error.

ig. 5. Plant predawn water status (� ) for adult and juveniles of P. rubens and A.
raseri from May  to September. Error bars represent standard error.
the course of a cloud-immersed day (A) and a clear sky day (B). Error bars represent

comparisons demonstrated that juveniles had significantly lower
� 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).

3.7. � and environmental variables

Type 2 regressions were used to relate plant � to environmen-
tal variables that have previously been linked to responses to plant
water status. For predawn measurements, there was a significant
positive correlation between adult tree � and the cumulative after-
noon PPFD the previous day, but the relationship was insignificant

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

Regressions comparing afternoon � and vapor pressure deficit
resulted in a significant negative relationship for juvenile trees

Fig. 6. Regressions of predawn � versus previous afternoon cumulative PPFD (A)
and  for afternoon � versus morning vapor pressure deficit (VPD) (B). Regression
lines are plotted on the graph and r2 values shown when significant. Solid bullets
and lines represent adults and open circles with dashed lines represent juveniles.
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Table 1). There was no significant relationship for adults (Fig. 6;
dults p = 0.835, juveniles p = 0.003).

. Discussion

The current study quantifies the frequency of cloud cover and
mmersion during the summer of 2010, plus the corresponding
ffects on incident sunlight, air temperature and vapor pres-
ure deficit within the spruce-fir communities of the southern
ppalachian Mountains. Additionally, our study examined the rela-

ionship between cloud patterns with associated changes in plant
 in juveniles and adults of P. rubens and A. fraseri over the course
f single days measured throughout the summer growth season.

.1. Occurrence of daily cloud types

Our goal was to compare the frequency of cloudy, cloud-
mmersed, and clear sky days for both the morning and afternoon
eriods. During the study period, cloud immersion of at least 2 h
uring the day occurred on 61% of days and 80% of these had morn-

ng immersion. All other days within the different cloud pattern
ategories occurred less than 9% of the time. Overall, morning cloud
mmersion was the most frequent daily pattern of cloud occurrence

ith 49% of all days having morning cloud immersion. As expected,
PFD values for immersion events remained below a maximum
f 700 �mol  m−2 s−1, often below 300 �mol  m−2 s−1 for much of
he day. These values are similar to understory PPFD previously
eported on clear days in the same spruce-fir communities (Johnson
nd Smith, 2006; Urban et al., 2007; Reinhardt and Smith, 2008a).
dditionally, because cloud-immersed days produce more diffuse
adiation than clear days, PPFD values remain lower and sunlight
an penetrate further through the leaf canopy (Urban et al., 2007).
einhardt et al. (2010) found that cloud immersion altered the spec-
ral irradiance by increasing both the blue: red ratio and the red: far
ed ratio in open and understory habitats. Thus, cloud immersion
enerated an understory light environment characterized by low
PFD values, diffuse radiation, and altered spectral quality in the
anopy.

Although cloud immersion compared with all other days
esulted in the greatest decrease in cumulative and maximum PPFD
alues during a day, P. rubens and A. fraseri appear well adapted for
hotosynthetic carbon gain, i.e. light response curves (at the same

ocation as our study) for photosynthesis have shown a light satura-
ion point of approximately 200–400 �mol  m−2 s−1 (Reinhardt and
mith, 2008a).  In the current study, PPFD measurements were con-
istently in this range during the large number of days that were
loud-immersed, but rarely in this range during clear days. It is
ikely that A. fraseri and P. rubens are maximizing carbon gain during

uch of the day for most of the summer (Gu et al., 2002). Addi-
ionally, because very high PPFD levels can cause photoinhibition
f photosynthesis in many species of plants at higher elevations,
loud immersion events may  also act to minimize this potential
oss in carbon gain, especially following cold nights (e.g. Germino
nd Smith, 1999).

Mean air temperature did not vary significantly according to
he daily cloud regime, although VPD decreased significantly. Cloud
mmersion resulted in a decline in mean daily VPD to near 0.98 kPa,
s compared to 1.81 kPa on completely sunny days (SS, Table 1). By
omparison, mean temperature among days with the same cloud
atterns ranged only from 14.9 ◦C to 14.5 ◦C and were not statis-
ically different. Maximum daily air temperatures for all days had

reater variation (17.5–21.3 ◦C), with completely immersed days
aving the lowest mean daily air temperature (17.5 ◦C), but were
tatistically different from only four other cloud categories. How-
ver, these four cloud categories were IC, CC, CS, and SC, suggesting
 Meteorology 162– 163 (2012) 27– 34

that cloud immersion alone does not influence maximum air tem-
perature 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).

4.2. Plant � and cloud pattern

Cloud pattern had a strong influence on plant � measured
through the summer. Days that were cloud-immersed had a sig-
nificant afternoon rebound in � compared to clear days, e.g. from
−1.12 ± 0.04 MPa  in the morning to −0.92 ± 0.04 MPa in the after-
noon. Days with clear skies (S) did not show this same recovery, but
a continued decrease in � for the remainder of the day. Few studies
have reported a recovery in plant � 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 � value more similar to predawn (fully recharged) values sug-
gests 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 � 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 � of the juveniles appeared more responsive to the daily
cloud regime than the adult trees sampled. Not only did � decline
more with greater sun exposure, but afternoon � was  strongly cor-
related with the vapor pressure deficit (Fig. 6). This is similar to
many other studies demonstrating that moisture content of the air
and plant � were positively related (e.g. Farquhar, 1978; Schulze
et al., 1987). Additionally, juveniles in our study had a greater
decrease in � through the growing season than adults. However, it
is important to note that this study found no relationship between
adult � of either species and vapor pressure deficit, only juveniles.

The more negative � of juveniles is likely driven by greater pho-
tosynthesis, 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 devel-
opment, especially on cloud-immersed days (Niinemets, 2002;
Thomas and Winner, 2002). Maximizing growth before snowfall
and winter temperatures is crucial to prolonged success. Addition-
ally, 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 conduc-
tance on cloud-immersed days (Johnson and Smith, 2008).

A significant relationship occurred between cloud patterns dur-
ing the previous day and plant � the following day, indicating an
effect due to immediate cloud history. There was a lower predawn
and afternoon � 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
� when the previous day had greater total PPFD (Fig. 6). The pos-
sibility 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 open-
ing could be acclimated to cloud immersion and low PPFD levels
(Reinhardt and Smith, 2008a), resulting in prolonged periods of
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igher stomatal conductance compared to forests not experiencing
loud immersion.

. Conclusions

The present study found similar, high frequencies of cloud cover
nd cloud immersion (Vogelmann et al., 1968; Smathers, 1982;
axena and Lin, 1990; Mohnen, 1992; Baumgardner et al., 2003),
ith most of the immersion events occurring during the morn-

ng hours. Cloud immersion dramatically reduced the amount of
vailable PPFD and the vapor pressure deficit, and corresponded to
ncreases in plant � , particularly at the juvenile life stage. It was
lso apparent that plant � was influenced by cloud conditions on
he preceding day.

Understanding the ecophysiology of juvenile trees is critical in
etermining the limitations to regeneration in these already threat-
ned forests. Future research in this ecosystem should focus on
dentifying the abiotic limitations to seedling success and attempt
o gain a better understanding of how the spruce-fir forest will
espond to changing climate scenarios. Beckage et al. (2008) has
lready reported a rapid (∼100 m in 43 years) upslope shift of
pruce-fir communities in the northern Appalachian mountains.

ith the prediction of higher cloud ceilings in the next century,
outhern Appalachian A. fraseri and P. rubens may  experience an
nfavorable microclimate that could lead to an upward shift to
igher elevation (Still et al., 1999; Foster, 2001; Richardson et al.,
003). Understanding their ability to survive in an environment
hat is warmer, sunnier, and has a lower ambient humidity could
e crucial in predicting regeneration success and species zonation

n these relic forests.
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