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Abstract: Longleaf pine has been classified as very shade intolerant but leaf physiological
plasticity to light is not well understood, especially given longleaf pine’s persistent
seedling grass stage. We examined leaf morphological and physiological responses to light
in one-year-old grass-stage seedlings and young trees ranging in height from 4.6 m to 6.3 m
to test the hypothesis that young longleaf pine would demonstrate leaf phenotypic plasticity
to light environment. Seedlings were grown in a greenhouse under ambient levels of
photosynthetically active radiation (PAR) or a 50% reduction in ambient PAR and whole
branches of trees were shaded to provide a 50% reduction in ambient PAR. In seedlings,
shading reduced leaf mass per unit area (LMA), the light compensation point, and leaf dark
respiration (RD), and increased the ratio of light-saturated photosynthesis to RD and
chlorophyll b and total chlorophyll expressed per unit leaf dry weight. In trees, shading
reduced LMA, increased chlorophyll a, chlorophyll b and total chlorophyll on a leaf dry
weight basis, and increased allocation of total foliar nitrogen to chlorophyll nitrogen.
Changes in leaf morphological and physiological traits indicate a degree of shade tolerance
that may have implications for even and uneven-aged management of longleaf pine.
Keywords: Pinus palustris; shade tolerance; leaf mass per unit area; photosynthesis
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1. Introduction
Longleaf pine (Pinus palustris Mill.) is a conifer of the southeastern U.S. that once dominated the
southern landscape, but because of land use changes, difficulties in seedling establishment, lack of fire
and conversion to other southern pines, it now occupies 3%–5% of the original expanse [1,2]. The
open-canopy structure of natural longleaf pine ecosystems is characterized by different age cohorts of
longleaf pine in varying gap sizes within a mosaic of diffuse and direct light [3]. There is a renewed
interest in restoring the longleaf pine ecosystem but successful establishment of longleaf pine is
limited by an incomplete understanding of factors influencing juvenile growth [4]. Of the southern
pines, longleaf pine is considered the most intolerant of competition [5]. However, field studies of
shade tolerance in longleaf pine are often confounded by limitations in multiple resources. For
example, Brockway and Outcalt [6] reported no relationship between light and longleaf pine seedling
growth in gaps and speculated that root gaps were important in increasing available soil moisture and
subsequent growth of seedlings. Rodriquez-Trejo et al. [7] observed that shade from adult longleaf
pine trees had a nurse tree effect on longleaf pine seedlings along gap edges presumably by decreasing
transpirational water losses and mortality from drought. In contrast, a strong positive relationship
between light availability in gaps and seedling growth has been reported by McGuire et al. [8].
Longleaf pine may be moderately shade tolerant when young but become more intolerant of shade
with increasing age or size [9]. Longleaf pine has a unique seedling grass stage in which internode
elongation is suppressed, the terminal bud is protected from fire, and carbohydrate reserves in root
systems accumulate to support a subsequent bolting stage of rapid stem elongation [10]. Even though
longleaf pine has been classified as very shade intolerant based on its need for high light levels
characteristic of clear cut and canopy gap environments [11–13], there are reports of grass stage
durations in longleaf pine of 12 years and longer with partial shade [14]. Questions have been raised
concerning the degree of shade tolerance in longleaf pine. For example, Bhuta et al. [9] examined
historic growth responses of remnant longleaf pine stands to release events and concluded that longleaf
pine seedlings may be less shade intolerant than formerly thought and seedlings can survive under
heavy overstory competition awaiting release.
Successful establishment and early growth of longleaf pine in even and uneven-aged management
systems would be enhanced by a better understanding of leaf plasticity to light environment [15].
Shade tolerance is an important consideration in determining plantation density, gap sizes and gap
shapes. The objective of this research was to examine leaf morphological and physiological traits in
grass-stage seedlings and young trees of longleaf pine under varying light availability to understand
the ecological requirements in early growth stages. Seedlings were grown in pots and subjected to
shade treatments in a greenhouse under optimal nutrient and water availability. Trees were
approximately 15 years of age and considered young given that maturity is reached in 150 years and a
lifespan of up to 300 years or more is possible in longleaf pine [16]. Leaf photosynthetic response to
light, chlorophyll concentrations and leaf morphology were examined in seedlings and branches of
trees exposed to 0% and 50% reductions in ambient PAR over one growing season. The 50% shade
treatment was selected based on the mean annual canopy light transmittance of 30% to 80% observed
in a canopy gap environment in longleaf pine forests [17]. We tested the hypothesis that artificially
regenerated seedlings and young trees will exhibit phenotypic plasticity to light in leaf physiological
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and morphological traits. Specifically, that phenotypic plasticity to light would be expressed by
changes in leaf traits that enhance energy capture and carbon gain in low light [18], such as reductions
in the leaf mass per unit leaf area (LMA), dark respiration (RD), and the light compensation point (LCP)
and by increases in the ratio of light-saturated assimilation (Amax) to RD, leaf apparent quantum yield
(Φ), chlorophyll a, chlorophyll b and total chlorophyll concentrations, and the percentage of total foliar
nitrogen (N) allocated to chlorophyll nitrogen (N).
2. Methods
2.1. Seedling Study
In September 2009, one-year-old, nursery-grown container stock seedlings in the grass stage were
planted in 6 L pots with a 65:20:15 mixture of peat, vermiculite and perlite along with micronutrients
and placed outside in full sunlight and watered every other day to soil field capacity. Root collar
diameters at planting were less than 1.0 cm. Seedlings were from a mixed variety of sources across the
Southeast (International Forest Company, Moultrie, GA, USA). Seedlings were watered every other
day and fertilized every two to three weeks with a 400 ml solution of 30:10:10 (N:P:K) per pot.
The seedling study was conducted in a climate-controlled greenhouse in which conditions were
maintained close to ambient outside the greenhouse. Treatments were initiated 1 June 2010. The study
was designed as a randomized block design with four blocks based on location in the greenhouse and
two shade treatments and six seedlings in each treatment-block combination (48 seedlings total). Shade
treatments consisted of a control treatment in which seedlings received ambient levels of
photosynthetically active radiation (PAR) in the greenhouse or a 50% shade treatment in which
ambient PAR in the greenhouse was reduced by 50%. Shade chambers (1.2 mL × 0.5 mH × 0.5 mW)
were constructed out of 1.3 cm diameter polyvinyl chloride (PVC) pipe and covered with 50% shade cloth
(Gempler’s, Madison, WI, USA). During a sunny day under no cloud conditions on 1 August 2010,
ambient PAR was monitored at 0830, 1200, and 1530 hours outside the greenhouse and within the
greenhouse directly above the seedlings in both shade treatments using a quantum sensor (LI-190,
LICOR Inc., Lincoln, NE, USA). Photosynthetically active radiation in an open area adjacent to
the greenhouse ranged from 793 to 1533 µmol m−2 s−1 and ambient PAR in the greenhouse ranged
from 441 to 1343 µmol m−2 s−1 (Figure 1). In the 50% shade treatment, PAR ranged from 223 to
672 µmol m−2 s−1. Air temperature and relative humidity were measured at the same time as PAR
using the portable gas exchange systems. Shade chambers decreased air temperature on average by
0.07 °C with no change in relative humidity.
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Figure 1. Mean photosynthetically active radiation (PAR) measured over one clear day
under ambient conditions (a) outside and inside the greenhouse and under the 50% shade
treatment in the seedling study; and (b) outside and within the shade chambers in the tree
study. For all means, the standard error was less than 12 µmol m−2 s−1.
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2.2. Tree Study
In designing the study, we assumed that tree branches were predominantly autonomous with respect
to carbohydrate supply and that responses to shading would not be confounded by carbohydrate
movement from sunlight branches into shaded branches. These assumptions were based on research by
Cregg et al. [19] who reported no significant carbohydrate movement from branches of mature loblolly
pine (Pinus taeda L.) in full sunlit to branches subjected to a 50% or 70% reduction in ambient PAR.
Similarly, Henriksson [20] observed that shaded branches in downy birch (Betula pubescens Ehrh.)
were autonomous. In young English walnut (Juglans regia L.) trees, carbon movement between
branches subjected to shading treatments was only 1% of the diurnal net assimilation of a branch [21].
Branches have been found to be essentially autonomous with respect to water supply as well [22].
Five open-grown longleaf pine trees approximately 15-years-old and ranging in height from 4.6 m
to 6.3 m (Table 1) planted on the campus of Auburn University within a 0.32 ha plot were selected for
measurements. Individual tree crowns were open with no branch overlap within and among whorls and
no crown overlap between trees. On 25 May 2010, one lower whorl was selected on each tree and a
branch was randomly assigned to a 0% shade treatment (ambient PAR) or a 50% shade treatment (50%
reduction in ambient PAR). Square shade chambers were constructed out of 1.3 cm diameter PVC pipe
(0.6 m × 0.6 m × 0.6 m) and covered on all sides with 50% shade cloth (Gempler’s, Madison, WI).
Shade chambers were installed over entire branches and covered all existing foliage, which included
two flushes from the previous year with room for shoot elongation due to new growth. Chambers were
supported with legs and guy wires to allow flexibility and movement with wind. Stem diameter at
breast height (1.37 m), total height, height to the whorl, diameter of the branch at the stem, and branch
length at the beginning of the study are given in Table 1. Trees were not irrigated. During a sunny day
under no cloud conditions on 2 August 2010, PAR was measured above each control branch and
within each shade chamber at 0830, 1200, and 1530 hours. At 1200 hours, PAR was 1542 and 766
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μmol m−2 s−1 for the 0% and 50% shade treatment, respectively (Figure 1). During PAR measurements,
shade chambers decreased air temperature on average by 0.6 °C and increased relative humidity by
less than 1%.
Table 1. Initial stem diameter at breast height (Dbh, 1.37 m), total tree height, and for
branches selected for shading treatments, height on the stem, branch diameter at the stem
and branch length in the longleaf pine tree study. Measurements were taken prior to
treatment initiation.
Tree

Dbh (cm)

Height (m)

1

7.0

5.2

2

12.1

6.3

3

10.0

6.3

4

10.3

5.4

5

5.5

4.6

Shade
0%
50%
0%
50%
0%
50%
0%
50%
0%
50%

Branch height (m)
0.58
0.58
1.30
1.30
1.42
1.15
1.50
1.50
1.48
1.49

Branch diameter (cm)
1.85
1.77
4.06
3.98
3.12
2.39
3.90
3.59
1.45
1.51

Branch length (m)
0.63
0.66
2.08
1.50
1.09
1.11
1.69
1.35
0.27
0.29

2.3. Leaf Physiology and Morphology
The response of net photosynthesis (Pnet) to PAR was measured using portable open gas exchange
systems equipped with a CO2 injector (LI-COR 6400; LI-COR Inc., Lincoln, NE, USA). Seedling gas
exchange measurements were conducted on the first current year’s flush, which was 95% developed,
prior to treatment initiation, on 20–23 July 2010 and the second current year’s flush, which developed
fully under the treatments, on 24–27 August 2010 since the first flush was becoming shaded by the
second flush. All seedlings were measured. Measurements on trees were conducted on one-year-old
foliage (the second flush from the previous year) on 7 July 2010 and the first flush of growth of the
current year on 18–19 August 2010. Seedlings were watered to full soil capacity the night before each
measurement day. One attached fascicle was placed in a cuvette and light curves were initiated at a
PAR of 2000 µmol m−2 s−1 followed by an eight-step reduction (2000, 1500, 1000, 500, 200, 100, 50,
20, 0 µmol m−2 s−1). Measurements were made at ambient temperature and ambient vapor pressure
deficit and a set cuvette CO2 concentration of 400 ppm. Foliage was allowed to equilibrate for a
minimum of five minutes at each light level. Light-saturated assimilation and stomatal conductance
(gsmax), RD, the LCP, and Φ were derived from the light response curves [23]. Gas exchange rates were
corrected for total leaf surface area inside the cuvette [24]. All measurements were conducted by block
with random selection of block and treatment order within a block. Two portable gas exchange
systems were used with a machine measuring each shade treatment within a block simultaneously. One
block a day was measured in the seedling study and two to three trees were measured a day in the tree
study. Measurements were conducted on consecutive days and all days were clear during
measurements. Gas exchange measurements were conducted between the hours of 0900 and 1400.
Predawn (ΨPD) (at 0500 hours) and midday (ΨMD) (at 1200 hours) leaf water potentials were measured
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on adjacent needles of the same age during each seedling and tree measurement session with a pressure
chamber (PMS, Instrument Corp., Corvallis, OR, USA).
Leaf mass per unit area (LMA) was measured on the fascicles used in gas exchange measurement
sessions. Needle lengths and fascicle diameters were measured and total fascicle area calculated
following Samuelson et al. [24]. Fascicles were oven-dried to a constant mass at 70 °C and LMA was
calculated as the ratio of needle dry mass to total needle surface area.
2.4. Chlorophyll
In September 2010, 10 fascicles from the current year’s second flush in all seedlings and current
year’s first flush in all tree branches were collected for chlorophyll measurements. Chlorophyll
extraction procedures followed Minocha et al. [25]. Seedling foliage was collected on 20–22 September
and tree foliage on 26–28 September 2010. Needles were chopped into 3–4 mm segments in the dark
and stored in the dark in a freezer at −20 °C for 48 hours. Needle segments were then allowed to thaw
in the dark and 0.2 g of material was placed in glass scintillation vials with 20 mL of 95% ethanol.
Scintillation vials were placed in a water bath at 65 °C for 16 hours. After 16 hours, vials were cooled
to room temperature and samples were vortexed at slow speed for 1 min then centrifuged for 5 min at
13,500 g and filtered. Absorbance of the samples was recorded at 649 nm and 664 nm with a
spectrophotometer (Milton Roy Spectronic 1201, Milton Roy Analytical Products Division, Rochester,
NY, USA). Chlorophyll a and b (µg mL−1) were determined following Lichtenthaler [26]. Ten
additional needles were collected from each seedling for measurement of relative water content which
was used to calculated chlorophyll concentrations.
To determine if shading influenced the amount of foliar nitrogen (N) allocated to chlorophyll N, N
concentration was measured on foliage samples using an EA Flash 1112 analyzer (ThermoFinnigan,
Milan, Italy). Foliage samples were dried at 70 °C, and then finely ground using a ball mill to a 0.2 mm
particle size. Ten percent of all of the samples were duplicated to check the instrument’s precision.
One NBS standard and one CE Elantech Inc. (Lakewood, NJ, USA) certified standard were used in
each sample set to check the accuracy of the sample values. Sample sets were rerun if the coefficient of
variation exceeded 5%. Chlorophyll N content was calculated as 6.25% of total chlorophyll [27].
Foliar N was expressed on a leaf dry weight (NW) and leaf area (NA) basis.
2.5. Data Analysis
Differences between seedlings and trees were not tested due to different growth environments
(greenhouse versus field, shading of entire seedlings versus branches) and greater nutrient and water
availability in the seedling study. Light response curve data were fit to the model by Hanson et al. [23]
using a modified Gauss-Newton non-linear iterative method until model convergence (SAS version 9.2;
SAS Institute Inc., Cary, NC). The model was:

Y = ß1 [1 − ((1 − ß3/ß1)(1−I/ß2))]

(1)

where Y is Pnet; ß1 is Amax at light saturation; ß2 is the LCP; ß3 is RD at zero irradiance; and I is
irradiance; Leaf gsmax was calculated using the same model. Quantum yield was calculated from:
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Φ= [(Amax/LCP) × (1 − RD/Amax) × Log(1 − RD/Amax)]

(2)

Data were averaged by date of measurement (foliage age), block or tree, and shade treatment. All
six seedlings in a block x treatment combination were measured for all variables and the average of the
six seedlings represented the experimental unit. Shade effects on all variables were tested using
randomized block design and analysis of variance (ANOVA). All statistical analyses were conducted
using SAS statistical software (SAS version 9.2; SAS Institute Inc., Cary, NC, USA). Treatment
effects were considered significant at α = 0.10. Given the exploratory context of the research a more
liberal decision criterion was selected.
3. Results
3.1. Seedlings
The 50% shade treatment reduced LMA from 52 to 44 g m−2 in July and from 50 to 38 g m−2 in
August (Table 2). Photosynthetic response to PAR in the 0% and 50% shade treatments followed the
non-linear pattern described by Hanson et al. [23] (Figure 2).
Figure 2. Mean (± SE) response of net photosynthesis (Pnet) to photosynthetically active
radiation (PAR) and shading treatment in longleaf pine seedlings measured in July (a) and
August (b) and young trees measured in July (c) and August (d). For seedlings, needles
measured in July were the current year’s first flush and needles measured in August were
the current year’s second flush. For trees, needles measured in July were one-year-old
foliage and needles measured in August were the current year’s first flush.
a.

4
2
0% Shade
50% Shade

0
0

1000

1500

2000

0

4
2
0

500

1000

1500

2000

2500

500

1000

1500

2000

2500

d.

6
Pnet (μmol m-2 s-1)

-2

2

2500

-1

Pnet (μmol m s )

500

4

0

b.

6

c.

6
Pnet (μmol m-2 s-1)

Pnet (μmol m-2 s-1)

6

4
2
0

0

500

1000

1500

PAR (μmol m-2 s-1)

2000

2500

0

PAR (μmol m-2 s-1)

Forests 2012, 3

691

Table 2. Mean (± SE) leaf mass per unit area (LMA), light-saturated net photosynthesis
(Amax) and stomatal conductance (gsmax), and predawn (ΨPD) and midday (ΨMD) leaf water
potential in response to shade treatment in longleaf pine seedlings (S) and young trees (T).
For seedlings, needles measured in July were the current year’s first flush and needles
measured in August were the current year’s second flush. For trees, needles measured in
July were one-year-old foliage and needles measured in August were the current year’s
first flush.
Age

Month
Jul.

S
Aug.

Jul.
T
Aug.

Shade

LMA (g m−2)

0%
50%
P>F
0%
50%
P>F
0%
50%
P>F
0%
50%
P>F

52.2 ± 1.1
43.6 ± 0.6
0.007
49.9 ± 0.9
38.5 ± 1.6
0.001
80.2 ± 5.9
77.6 ± 4.7
0.583
74.5 ± 3.7
64.4 ± 3.7
<0.001

Amax
(µmol m−2 s−1)
5.1 ± 0.2
5.8 ± 0.4
0.140
5.4 ± 0.4
4.6 ± 0.2
0.259
4.4 ± 0.8
3.3 ± 0.3
0.172
4.9 ± 0.6
3.5 ± 0.2
0.126

gsmax
(mmol m−2 s−1)
31.2 ± 1.3
36.9 ± 3.2
0.120
34.2 ± 3.7
34.1 ± 1.5
0.993
44.4 ± 3.7
32.1 ± 5.4
0.147
49.7 ± 9.4
27.8 ± 1.8
0.074

ΨPD (MPa)

ΨMD (MPa)

−0.71 ± 0.03
−0.73 ± 0.08
0.859
−0.72 ± 0.02
−0.69 ± 0.04
0.209
−1.72 ± 0.09
−1.76 ± 0.12
0.456
−1.34 ± 0.09
−1.18 ± 0.14
0.099

−0.99 ± 0.05
−0.92 ± 0.06
0.149
−0.90 ± 0.04
−0.78 ± 0.08
0.154
−1.80 ± 0.06
−1.54 ± 0.16
0.213
−1.78 ± 0.14
−1.35 ± 0.04
0.002

In July and August, the light saturation point, defined as PAR at 95% of Amax [28], was
approximately 700 µmol m−2 s−1 in the 0% and 50% shade treatments. No significant effect of shade
treatment on Amax was observed any month and Amax was on average 5.2 µmol m−2 s−1 (Table 2).
Shading had no effect on gsmax and average gsmax was 34 mmol m−2 s−1 (Table 2). In August, 50% shade
decreased RD and increased the Amax:RD ratio (Table 3). The LCP was unaffected by shading in July
but in August 50% shade reduced the LCP (Table 3). Shading reduced Φ in August (Table 3). No
effect of shading treatment was detected for ΨPD and ΨMD. Mean ΨPD ranged from −0.69 MPa to
−0.73 MPa and ΨMD ranged from −0.78 MPa to −0.99 MPa.
Foliar NW was similar between treatments and on average 25.9 mg g−1. Foliar NA was reduced by
the 50% shade treatment (Table 4). No effects of shading were detected for chlorophyll a but shading
increased chlorophyll b and total chlorophyll when expressed on a leaf dry weight basis (Table 5).
Shading had no significant effect on the chlorophyll a/b ratio and percentage of total N allocated to
chlorophyll N.
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Table 3. Mean (± SE) leaf dark respiration (RD), the ratio of light-saturated photosynthesis
(Amax) to RD, apparent quantum yield (Φ) and the light compensation point (LCP) in
response to shade treatment in longleaf pine seedlings (S) and young trees (T). For
seedlings, needles measured in July were the current year’s first flush and needles
measured in August were the current year’s second flush. For trees, needles measured in
July were one-year-old foliage and needles measured in August were the current year’s
first flush.
Age

Month
Jul.

S
Aug.

Jul.
T
Aug.

Shade

RD (µmol m−2 s−1)

Amax:RD

0%
50%
P>F
0%
50%
P>F
0%
50%
P>F
0%
50%
P>F

0.22 ± 0.02
0.18 ± 0.02
0.422
0.32 ± 0.01
0.19 ± 0.02
0.001
0.29 ± 0.05
0.24 ± 0.04
0.568
0.27 ± 0.04
0.34 ± 0.07
0.310

31.4 ± 3.5
34.6 ± 6.6
0.763
19.0 ± 1.9
34.0 ± 3.2
0.002
16.8 ± 3.4
14.8 ± 1.9
0.704
19.8 ± 3.2
12.8 ± 3.4
0.148

Φ (µmol CO2 µmol
photon−1)
0.026 ± 0.001
0.025 ± 0.001
0.696
0.025 ± 0.001
0.022 ± 0.002
0.073
0.016 ± 0.002
0.015 ± 0.002
0.288
0.017 ± 0.003
0.025 ± 0.008
0.470

LCP
(µmol m−2 s−1)
8.5 ± 0.8
7.4 ± 0.8
0.492
13.1 ± 0.4
8.9 ± 0.7
0.005
19.6 ± 4.2
16.9 ± 1.3
0.577
17.2 ± 3.2
18.0 ± 4.2
0.912

Table 4. Mean (± SE) foliar nitrogen expressed on a leaf area (NA) and leaf dry weight
(NW) basis measured in September 2010 in response to shade treatment in longleaf pine
seedlings (S) and young trees (T). For seedlings needles measured were the current year’s
second flush and for trees needles measured were the current year’s first flush.
Age
S

T

Shade
0%
50%
P>F
0%
50%
P>F

NA (g m−2)
1.3 ± 0.1
0.9 ± 0.1
<0.001
0.6 ± 0.1
0.6 ± 0.1
0.737

NW (mg g−1)
26.9 ± 0.4
24.9 ± 0.8
0.110
7.4 ± 0.4
7.5 ± 0.6
0.953
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Table 5. Mean (± SE) chlorophyll a (Chl a), chlorophyll b (Chl b), and total chlorophyll
(ChlTotal) concentrations expressed on a leaf area or dry weight basis, the chlorophyll a/b
ratio (Chl a/b) and the percentage of total foliar nitrogen (N) allocated to chlorophyll N
(Chl N/Total N) measured in September 2010 in response to shade treatment in longleaf
pine seedlings (S) and young trees (T). For seedlings needles measured were the current
year’s second flush and for trees needles measured were the current year’s first flush.
Age

S

T

Chl a
(mg m−2)

Shade

Chl a
(mg g−1)

Chl b
(mg m−2)

Chl b
(mg g−1)

ChlTotal
(mg m−2)

ChlTotal
(mg g−1)

Chl a/b

Chl N/
Total N
(%)

0%

190.5 ± 22.4

3.8 ± 0.5

106.9 ± 13.5

2.1 ± 0.3

297.4 ± 35.0

5.9 ± 0.8

1.9 ± 0.1

1.2 ± 0.2

50%
P>F

188.8 ± 15.7
0.938

5.0 ± 0.7
0.125

110.9 ± 13.1
0.513

2.9 ± 0.5
0.062

299.7 ± 28.5
0.934

7.9 ± 1.2
0.095

1.8 ± 0.1
0.151

1.7 ± 0.3
0.132

0%

71.0 ± 12.6

0.94 ± 0.2

21.3 ± 4.8

0.28 ± 0.1

92.3 ± 16.8

1.2 ± 0.2

3.5 ± 0.5

0.9 ± 0.2

50%
P>F

88.0 ± 12.8
0.174

1.28 ± 0.1
0.031

29.7 ± 3.8
0.088

0.43 ± 0.1
0.029

117.7 ± 12.3
0.137

1.7 ± 0.2
0.027

3.0 ± 0.2
0.199

1.2 ± 0.1
0.051

3.2. Trees
In the tree study, the 50% shade treatment did not significantly influence LMA in July, but in
August LMA was reduced from 74 g m−2 in 0% shade to 64 g m−2 in 50% shade (Table 2). The
response of Pnet to increasing PAR was non−linear in the two shade treatments (Figure 2). In August
the light saturation point was generally lower (<500 µmol m−2 s−1) in the 50% shade treatment
compared to the 0% shade treatment (approximately 700 µmol m−2 s−1). In July and August, Amax was
not significantly influenced by shading and average Amax was 4.0 µmol m−2 s−1 (Table 2). Shading
reduced gsmax in August. No significant effects of shade treatment on RD, Amax:RD, the LCP and Φ were
observed either month (Table 3). Significant treatment effects on leaf water potential were observed
only in August when shading increased ΨMD and ΨPD (Table 2).
Shading treatment had no significant effect on NW or NA, and NW was on average 7.4 mg g−1 (Table 4).
Chlorophyll b expressed on a leaf area basis and chlorophyll a, chlorophyll b and total chlorophyll on a
leaf dry weight basis and the ratio of chlorophyll N/total N were increased by the 50% shade treatment
(Table 5).
4. Discussion
Shade-intolerant species are often assumed to be less plastic in response to varying light
environments than shade-tolerant species, but in an extensive analyses of LMA response to light,
Poorter et al. [29] determined that species classified as shade intolerant had higher plasticity in light
response than shade tolerant species. Likewise, in some cases plasticity of leaf anatomical and
physiological traits to light may not be related to shade tolerance rankings [30]. Leaf mass per unit area
has been used as a measure of foliar plasticity to light environment, and lower LMA is a common
response to shaded environments, particularly in seedlings [31]. The ability to reduce LMA at low light
has been shown to correlate with seedling survival [32]. The reduction in LMA from shading can be
described as LMAsun/LMAshade [33] and the ratio in seedlings was 1.20 in July and 1.30 in August.
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Jose et al. [34] found a similar ratio of 1.20 in one-year-old longleaf pine seedlings grown in a 60% shade
treatment, and Groninger et al. [34] reported a similar ratio of 1.36 in loblolly pine (Pinus taeda L.)
seedlings grown under a 79% reduction in ambient PAR. Both the first flush and second flush of
seedlings demonstrated lower LMA with shading even though initial growth of the first flush began
outside the shade treatments. In foliage that develops in high light, LMA can adapt to shading within
days as a result of breakdown of proteins, starch and hemicellulose and reduced leaf density [29],
which is possibly the case for the first flush needles in seedlings. In trees, LMA was reduced by
shading only in foliage that developed fully in shade and LMAsun/LMAshade was 1.16. Niinemets et al. [35]
observed a significant relationship between LMA and canopy light environment in 16-year-old
longleaf pine trees ranging in height from 7–9 m and reported values of LMA ranging from 90–110 g m−2.
Despite the ranking of longleaf pine as more shade intolerant than other southern conifers, they
observed that LMA of longleaf pine was as plastic to light environment as LMA of loblolly pine and
Virginia pine (Pinus virginiana Mill.) [35].
In conifers, lower LMA in low light environments is associated with thinner needles and a smaller
volume to total leaf area ratio [34], less investment in photosynthetic enzymes, and lower metabolic
costs relative to higher LMA in high light environments [36,37]. If reduced LMA in low light is not
accompanied by physiological changes such as reductions in RD and increases in chlorophyll content
or Φ [38,39], then low LMA may be a symptom of growth in shade rather than an indicator of shade
acclimation [34]. In both seedlings and trees, no significant reduction in Amax or gsmax or increase in Φ
with shading was observed. The range in Φ we observed in longleaf pine is similar to the range of
0.017 to 0.031 µmol CO2 µmol photon−1 reported for four-year-old loblolly pine [40]. Similar to our
results, no change in Φ or Amax with shading was reported for loblolly pine seedlings [34,41]. Lack of a
shading effect on Φ has also been observed in more shade tolerant tree species such as Acer rubrum L.,
Fagus grandifolia Ehrh., Quercus alba L., and Quercus rubra L. [34,41,42]. Shaded longleaf pine
seedlings did demonstrate a lower LCP, decreased RD and increased Amax:RD. The light in
open-canopy longleaf pine forests has been described as a matrix of sunlit understory with shade
interruptions that change on a daily and seasonal basis [8]. The ability to maintain photosynthesis and
take advantage of higher light periods and sunflecks while reducing respirational costs in low light
periods may enhance seedling survival in partial shade and explain, in part, the ability of longleaf pine
to persist in the grass stage.
No changes in the LCP, Φ, RD or Amax:RD with shading were detected in trees. However,
acclimation to low light can also occur through changes in the relative investment of N between
photosynthetic components with re-allocation of N from soluble proteins into pigment-protein
complexes reflected by increases in chlorophyll per unit leaf dry mass [36,43]. Chlorophyll per unit
leaf dry mass is usually more responsive to light gradients than chlorophyll expressed on a leaf area
basis [36], and lower LMA in shaded seedlings and trees was associated with increases in chlorophyll
when expressed on a leaf dry weight basis. Adaptation to shading can occur through an increase in
light harvesting chlorophyll-protein complexes which contain the majority of chlorophyll b [44].
Young trees exhibited increases in chlorophyll a, chlorophyll b and total chlorophyll and seedlings
showed increases in chlorophyll b and total chlorophyll. In addition, trees invested more total foliar N
in chlorophyll N in response to shading.
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Low N availability is typical of longleaf pine habitats [45] and average NW ranged from 7.4 to
7.5 mg g−1 in trees. The sufficiency level for NW in longleaf pine suggested by Blevins et al. [46] is
9.5 mg g−1, but NW in young longleaf pine trees can commonly range from 6–9 mg g−1 on well-drained
sandy soils [47]. In contrast, seedlings exhibited higher foliar N due to fertilization and the average NW
of 25.9 mg g−1 was within the range of 22–28 mg g−1 for fertilized container-grown longleaf pine [48],
and 25 mg g−1 is considered the upper end of optimal ranges for conifer seedlings [49]. Nutrient
loading has been suggested as a mechanism to increase cold hardiness, stem and root biomass, and
survival on outplanting sites in conifer seedlings including longleaf pine [48]. Therefore seedling NW
was within the range for container-grown longleaf pine seedlings. While NW varied greatly between
seedlings and trees, the evidence for dependence of light acclimation on nutrient availability is mixed.
Portsmuth and Niinemets [50] hypothesized that plasticity in response to light would increase with
increasing nutrient availability in tree seedlings, but found little nutrient dependent enhancement of
plasticity in shade intolerant species. Low NW could reduce the relative investment of available N in
Rubisco and photosynthetic electron transport that would affect Amax [51,52]. However, no interactive
effects of shading treatment and N fertilization on LMA and Pnet of longleaf pine seedlings grown in a
greenhouse were observed by Jose et al. [33], although NW increased significantly in response to
fertilization. Likewise, no interactions between shading and fertilization were reported for Pnet and
chlorophyll content in loblolly pine trees [27]. In Pinus strobus L. seedlings grown in a greenhouse,
Fownes and Harington [53] found that N fertilization increased NW and low light increased LMA but
light and N treatment did not affect Amax and no interaction between N and shade treatment was
observed for NW, LMA and Amax.
Pecot et al. [15] described two theories concerning mechanisms controlling longleaf pine seedling
success in uneven aged systems. The first is that belowground competitive interactions between
juvenile and mature trees rather than light limitations are most important in seedling establishment and
larger gaps of up to 2 ha that increase the border distance between seedlings and mature trees are
needed to reduce competition for nutrients and water [54]. However, larger gaps reduce pine litter fuel
and increase hardwood release [55]. The second theory proposes that seedling growth is mainly light
limited but smaller gaps provide sufficient light (35% to 60% gap fraction) for establishment of
advanced regeneration [17]. The light environment in gaps as small as 0.1 ha has been shown to
support longleaf pine seedling growth [8]. Plasticity to light in leaf physiological and morphological
traits observed in seedlings and young trees suggests that young longleaf pine is not extremely shade
intolerant as previously classified. A degree of shade acclimation may explain reports of higher than
expected growth rates in seedlings in smaller gaps with less light availability [8]. Shade tolerance is an
important consideration in determining plantation density and, in natural regeneration, gap sizes and
shapes. For example, lower planting densities are recommended for longleaf pine plantations relative
to the other southern conifers based on intolerance of competition for light and other resources [4].
Gagnon et al. [55] recommended group selection silviculture in longleaf pine management largely
based on the assumed shade-intolerant nature of longleaf pine. Manipulation of gap shape to provide
partial shade may enhance survival and growth of seedlings on drought prone sites in species that can
tolerate a degree of shading [7]. Seedlings were grown in pots and subjected to shade treatments in a
greenhouse under optimal nutrient and water availability. Accordingly, seedling responses observed in
this study may not be representative of seedlings naturally regenerated in gaps and application of these
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results may relate more to outplanted settings. However, these results do provide evidence that
longleaf pine is not extremely shade intolerant and further studies on leaf plasticity to light in naturally
regenerated seedlings are warranted. In addition to traits that enhance energy capture and carbon gain
in low light [47], conservation of other resources, resistance to herbivory and physical stresses, and
carbon storage and allocation patterns may also influence growth in shaded environments [56].
5. Conclusions
Longleaf pine seedlings and young trees demonstrated changes in leaf structure and in leaf
physiological traits that support the hypothesis that young longleaf pine can express a degree of leaf
phenotypic plasticity to light. These results have implications for management of longleaf pine, such as
in determining planting density, the optimal size of canopy openings for artificially regenerated
seedlings planted in gaps or in underplantings and for release of young cohorts in the understory. If
longleaf pine can express phenotypic plasticity to light, then higher densities, smaller gap sizes and
single tree selection approaches may provide sufficient light for growth of young longleaf pine while
maintaining fuels needed for frequent prescribed fire and reducing the need for mechanical control of
hardwoods [15].
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