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Clearcutting a forest ecosystem can result in a drastic reduction of stand productivity. Despite the severity of this distur-
bance type, past studies have found that the productivity of young regenerating stands can quickly rebound, approaching
that of mature undisturbed stands within a few years. One of the obvious reasons is increased leaf area (LA) with each
year of recovery. However, a less obvious reason may be the variability in species composition and distribution during the
natural regeneration process. The purpose of this study was to investigate to what extent the increase in gross ecosystem
productivity (GEP), observed during the first 4 years of recovery in a naturally regenerating clearcut stand, was due to (i) an
overall expansion of leaf area and (ii) an increase in the canopy’s photosynthetic capacity stemming from either species
compositional shifts or drift in physiological traits within species. We found that the multi-year rise in GEP following harvest
was clearly attributed to the expansion of LA rather than a change in vegetation composition. Sizeable changes in the rela-
tive abundance of species were masked by remarkably similar leaf physiological attributes for a range of vegetation types
present in this early-successional environment. Comparison of upscaled leaf-chamber estimates with eddy-covariance-based
estimates of light-response curves revealed a broad consistency in both maximum photosynthetic capacity and quantum
yield efficiency. The approaches presented here illustrate how chamber- and ecosystem-scale measurements of gas exchange
can be blended with species-level LA data to draw conclusive inferences about changes in ecosystem processes over time in
a highly dynamic environment.

Keywords: chamber-based gas exchange method, eddy-covariance method, forest disturbance and regeneration, forest
ecophysiology from leaf to canopy, leaf area index, upscaling.

Introduction , . . .
in the dynamics of a forest’s carbon cycle has piqued in recent

Forests occupy ~30% of the terrestrial land surface (FAO 2006)
and absorb roughly 59 Pg of carbon from the atmosphere on
an annual basis (Beer et al. 2010), representing ~49% of the
total annual gross primary productivity on earth (Denman et al.
2007). Due to forests’ potential to act as sinks for rising atmo-
spheric CO, (Myneni et al. 2001, Goodale et al. 2002), interest

decades (Bonan 2008). The sink capacity of a forest ecosystem
depends on a range of factors, including climate (Nemani et al.
2003), species composition (Kirby and Potvin 2007), stand age
(Pregitzer and Euskirchen 2004), site quality (Oren et al. 2001),
site management (Jandl et al. 2007, Finkral and Evans 2008)
and disturbance events (Amiro et al. 2010). Disturbances, such
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as fires (Dixon and Krankina 1993, Amiro et al. 2001, Bond-
Lamberty et al. 2007), harvest (Keenan and Kimmins 1993),
herbivory (Kielland and Bryant 1998), ice storms (Hooper et al.
2001, Rustad and Campbell 2012), insect infestations and
pathogens (Hicke et al. 2012), pollution (Kozlowski 1980) and
windfall (Everham Ill and Brokav 1996), have varying degrees of
severity, perturbing the forest carbon cycle in unique ways.

Clearcutting is one of the most severe disturbances to the
carbon uptake of forested ecosystems, requiring 10 years
or more for the system to recover its carbon sink capacity
(Amiro et al. 2010). While the initial recovery of productivity
after a clearcut at the site can be attributed to increasing leaf
area index (LAl; Humphreys et al. 2005, Bracho et al. 2012,
Coursolle et al. 2012), changes in the composition of vegeta-
tion at the site, with time, are also likely to occur (Bazzaz 1979,
Keenan and Kimmins 1993). Given that some species have
higher rates of photosynthesis compared with others (Dillen
et al. 2012), the overall increase of the site's CO, uptake could
be, in part, due to this changing vegetation composition.

A number of studies have examined the dynamics of clearcut
regeneration. Many used the chronosequence approach, simulta-
neously comparing sites of similar stand composition and grow-
ing in similar environments, but of varying age (Amiro et al. 2010,
Canadian Carbon Program 2011). Fewer studies have followed
the dynamics of regeneration for a single site from the time of
clearing to maturity (Likens et al. 1978). Furthermore, while past
studies have looked at initial stages of regeneration, showing a
steady increase in gross ecosystem productivity (GEP), we are
unaware of any study documenting the underlying cause of this
initial rise of GEP in a temperate, deciduous broadleaf forest envi-
ronment, other than vegetation regeneration and expansion.

This study reports a detailed physiological study of a small
(8 ha) clearcut located in the Harvard Forest Long-Term
Ecological Research site in central Massachusetts, USA. Such
clearcuts are not common in central Massachusetts, com-
prising <10% of all harvested lands (Kittredge et al. 2009,
Twibell and Williams 2011), but clearcutting is more common
regionally (Smith et al. 2009) and the practice is expected to
increase in the future (Becker et al. 2009). Implications for
regional carbon, water and energy budgets and dynamics have
received relatively little attention, but have been the subject of
intensive monitoring and measurement at the Harvard Forest
clearcut site, where we have documented a rapid increase in
GEP within the first 4 years of regeneration (Williams et al.
2014). The purpose of this study was to identify the leading
cause of the observed multi-year rise in productivity in the first
4 years of recovery: (i) an overall expansion of the leaf area
(LA) or (ii) changes in vegetation composition toward species
with higher photosynthetic capacity. We combined measure-
ments of species composition and LA, species-specific rates of
photosynthesis and ecosystem-scale GEP, measured over the
first 4 years post-clearcut.

Materials and methods
Site location and description

The study site occupies roughly a 200 x 400 m? area (8 ha) near
the top of Prospect Hill (42.546N, 72.174W, elevation 403 m)
within the Harvard Forest Long-Term Ecological Research Site,
in Petersham, MA, USA. Prior to the clearcut in the autumn of
2008, the site was a white spruce (Picea glauca) and Norway
spruce (Picea abies) plantation that was established between
1916 and 1937. Large amounts of coarse woody debris were
left behind at the site after the harvest (Vanderhoof et al.
2013). Regeneration of vegetation at the site after the harvest
was rapid, with over 20 different species identified during the
first year of surveying (see Table S1 available as Supplementary
Data at Tree Physiology Online). Seedlings reached an average
height of 1.4 £0.8 m by 2012 (three growing seasons post-
clearing) with a stem density averaging 29,000 tree stems per
hectare. Following the US Soil Taxonomy, the soil at our site is
classified as a well-drained Spodosol, of the Typic Haplorthod
great group, characterized by coarse-loamy texture with a sub-
surface illuvial layer (NRCS 2010). The mean annual temper-
ature at Harvard Forest is 7.8 £0.8 °C and the mean annual
precipitation is 972 + 171 mm, based on a 30-year record from
1980 to 2012 collected at the local weather station (Boose
2001). This estimate of precipitation may underestimate con-
tributions from snow. Additional site details are presented in
Williams et al. (2014).

Tower flux and meteorological data

Since mid-June of 2009, the site has been instrumented with
a 3D sonic anemometer (CSAT3, Campbell Scientific, Logan,
UT, USA) and an open-path infrared gas analyzer (IRGA,
LI-COR LI-7500, Lincoln, NE, USA) located above the canopy
on a 5-m-tall tripod tower to measure the fluxes of carbon,
water, energy and momentum between the land surface and
the atmosphere. Eddy-covariance instruments were installed
at 3.0-5.5 m and elevated annually during May—June to main-
tain a measurement height at or >1.5 times the canopy height.
High-frequency (10 Hz) wind speed, air temperature, water
vapor concentration and CO, concentration were recorded and
processed into half-hourly turbulent fluxes of water vapor, sen-
sible heat, momentum and CO,. Half-hourly incoming and out-
going longwave and shortwave radiation fluxes were measured
with a Kipp and Zonen (Delft, The Netherlands) CNR1 radi-
ometer. Photosynthetically active radiation (PAR, umol m=2 s')
was recorded with a quantum sensor (LI-190SB, LI-COR).
Air temperature and humidity were recorded with a shielded,
solid-state sensor at 2.5-m height (Vaisala HMP45C, Campbell
Scientific). Volumetric soil water content (6, m3® H,O m=3 soil)
was measured with 15-cm-long frequency domain reflectom-
etry probes (CS615, Campbell Scientific), installed horizontally
in the soil at two separate locations, at the following depths:

Tree Physiology Volume 0O, 2014

¥T0zZ ‘9T Anr uo 1s9nb Aq /Bio'sfeuinolpioixo'sAydeay/:dny wolj pspeojumoq


http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpu049/-/DC1
http://treephys.oxfordjournals.org/

10, 25, 50 and 94 cm, or 10, 20, 40 and 80 cm. Soil tempera-
ture (7,) was measured with spatially averaging soil thermo-
couple probes (TCAV, Campbell Scientific), installed at 2 and
8 cm below the ground surface and within 2 m of soil mois-
ture probes. Meteorological measurements were averaged into
half-hourly intervals during analysis.

Precipitation data shown in this manuscript were obtained
from the Fisher Meteorological Station (Boose 2001), located
in an open field on the Harvard Forest property. Daily precipi-
tation was measured with a Met One 385 heated rain gauge
(Campbell Scientific; top of gauge 1.6 m above the ground).
Although heated, such precipitation gauges are prone to
underestimating the amount of snowfall.

Raw, high-frequency eddy-covariance (EC) data were fil-
tered to remove data spikes from instrument errors, followed
by further post-processing to calculate 30-min net CO, flux
estimates and involving additional data filtering to ensure a
footprint representative of the clearcut target, avoid low tur-
bulence conditions and remove wind sectors that sample the
clearcut target poorly. Data gaps were filled with the marginal
distribution sampling approach of Reichstein et al. (2005),
retaining only those data filled with high confidence regarding
quality. Measured net ecosystem CO, exchange was separated
into ecosystem respiration (R..,) and GEP using the approach
of Reichstein et al. (2005), as well as an alternative approach
of Lasslop et al. (2010). We found that, while the Lasslop et al.
(2010) method produced GEP values that were consistently
12-20% lower compared with GEP values produced by the
Reichstein et al. (2005) method, the overall rise and trends in
GEP across the years and months were comparable between
the methods (data not shown). Therefore, for the purpose of
this study, we used the Reichstein et al. (2005)-derived GEP
values. For full details on site instrumentation and flux data
processing, see Williams et al. (2014).

Ecosystem-level light-response curves from tower-generated
data were produced, for the years 2010 and 2012, separately,
as follows. Using half-hourly data collected only from May to
September of each respective year, PAR values were averaged
to the nearest 10 for PAR levels up to 100 umol m? s~' and
to the nearest 100 for PAR levels >100 umol m? s~ to define
data bins over a range of light levels. Within each light level, we
calculated statistics (mean and standard deviation) of the cor-
responding gap-filled GEP fluxes.

Vegetation surveys

Ground cover and vegetation composition Ground cover
was recorded using the line-intercept method along five
50-m-long transects radiating from the flux tower into the
surrounding clearcut area. Surveys were conducted annually
from 2010 to 2013 at the beginning of June and in July, and
included records of vegetation to the species level, bare soil,
rocks, stumps and coarse woody debris. The ground cover of
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each object i (i.e., vegetation, bare soil, rocks, woody debris,
stumps) was calculated as

width i (cm)

% ground cover | = m

x100%, (1)

where width is the total sum of measured widths of i occurring
along all five transects (5 x 50 m). Note that overlap of vegeta-
tive strata allows the sum of all ground cover to exceed 100%.
Data analysis involved aggregation into cover-type groups,
including vegetation types (i.e., herbs, shrubs and trees), bare
soil, rocks, stumps and debris. Each group’s relative contribu-
tion to total ground cover was calculated as the ratio of the
group’s ground cover to the overall site’s ground cover within
a given year.

To assess relative changes in vegetation composition, the
percentage of total vegetation cover for any species j crossing
the line intercept was calculated:

width j (cm)

% vegetation cover j = X 100%,

“width j (cm)
Jj=1

@)

where width is the total width of the jth species from all five
transects and n denotes the number of different species sam-
pled. Data from June and July surveys in each year were com-
bined to provide annual statistics.

Leaf area by species Species-specific leaf area (SLA, pro-
jected, one-sided LA per ground area occupied by an indi-
vidual plant of a particular species) was sampled for a select
number of species by destructive sampling (see Table S2 avail-
able as Supplementary Data at Tree Physiology Online). Two to
five representative individuals of each species were selected.
To minimize the method's impact, the number of individuals
destructively sampled was based on the prevalence of the spe-
cies within the study area. Individuals were chosen to represent
the size spectrum observed along the vegetation transects.
The aerial ground coverage of each individual was estimated
using two tape meters placed perpendicular to each other and
estimating the enclosed square, oval or triangular shape occu-
pied by the individual. This method can lead to underestimation
of aerial ground cover if the shade outline of the plant was not
within the square, or to overestimation if the plant’s outline
was smaller than the square outline. We assume that these two
errors in estimation would cancel each other out when sam-
pling several individuals.

Each individual was destructively sampled by removing all
the green leaves from the individual. Total (one-sided) LA was
determined by scanning the leaves in the laboratory, using a
LI-3000 leaf area meter (LI-COR). The scanned LA was divided
by the ground area occupied by the individual plant, to produce
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a leaf area estimate (LA) for the species. This value was used
to calculate species-specific LAl from the line-intercept vegeta-
tion cover, as described below.

Litterfall collection In August 2012, we deployed 25 litter
traps across the site along the five transects used for the line-
intercept survey. The traps were square frames, constructed
out of wood planks: either 70 x 70 cm? (0.490 m? in area) or
30.48 x 30.48 cm? (0.372 m?) in dimension, with fine-mesh
window screening stapled over the bottom of each frame.
Traps were placed close to the ground to maximize capture
of falling shrub foliage, while still elevated to avoid ground
contact and associated stimulation of decomposition. Litter in
the traps was collected on a biweekly basis, starting from 20
September 2012 until 17 November 2012, and air dried in
the laboratory. Each bag’s litter was sorted by species, sep-
arating out intact foliage. Unidentifiable leaf samples, fruits,
twigs, dead insects and seeds were placed into an aggregate
‘other’ subsample. Each identified foliar species subsample
was weighed and this weight was used to calculate the site
LAI for 2012, with the corresponding SLA, according to Eq.
(5) shown below.

Leaf physiology Specific leaf area Specific leaf area (in
cm? g7') was estimated for the 10 most abundant species
(Table 1), present in both years when SLA was sampled (i.e.,
2010 and 2012). These species represented some 80% of the
vegetation in year 2012 (Table 1 and see Table S1 available as
Supplementary Data at Tree Physiology Online).

More than 100 leaves were sampled for each species in
August of 2012. Leaves were collected randomly along the
five transects used for vegetation line-intercept measurements
and analyzed within 2 days of collection. Individual leaves were
scanned on the LI-3000 leaf area meter (LI-COR) and their
area (in cm?) recorded. Scanned leaves were oven-dried for
48 h (at 60 °C). Dried leaves were weighed on a digital bal-
ance and SLA was calculated for each leaf as follows:

area (cm?)

A eight (9) ©

where area is the one-sided projected LA of a single leaf and
weight is the dry weight of that leaf. A mean across all leaves
sampled, for each species sampled, was used in LAl calcula-
tions from the litter-trap data, as described below.

Leaf-scale photosynthesis measurements From June to
September in 2010 and from the end of May to July in 2012,
leaf-scale photosynthesis was measured on select, sun-lit
leaves across a number of species (see Table S3 available
as Supplementary Data at Tree Physiology Online) with a portable
open-path gas exchange measurement system (LI-6400, LI-COR).

Light-response curves were measured by clamping a
2 %X 3-cm? chamber onto a healthy, sun-lit leaf at the top to mid-
level of the canopy, under a constant CO, of 380 ppm (using the
6400-01 CO, Injector from LI-COR); chamber air temperature
was set to reflect outside ambient conditions, within 5 °C; flow
was set to a constant water mole fraction targeting the value
that was established on the clamped leaf prior to the beginning
of the response-curve measurement. Net photosynthesis (A,
was logged at each set light-level, in replicates of three that were
later averaged to give a single reading per light level, prior to
further analysis. In 2012, the following light levels were sampled,
by adjusting PAR levels inside the chamber with the red—blue
light source (6400-2B LED light source, LI-COR): 1800, 1200,
1000, 800, 600, 400, 200, 50 and O (in umol m=?s'). For
the zero-PAR setting, the light source was switched off and the
branch containing the sampled leaf was shaded with a dark
cloth. Intercellular CO, concentration (C) was allowed to stabilize
before logging the measurement at a given light setting. After
measurement, the leaf was detached and transported back to the
laboratory for further analysis. Leaves that did not occupy the full
area of the 2 x 3-cm? chamber were scanned in the laboratory
for leaf area. During the 2010 measurement campaign, readings
were taken at the following light levels: 1400, 1200, 1000, 800,
600, 400, 200, 100, 50, 40 and O umol m= s,

For the CO,-response curves, similar procedures were used
as for the light-response curves, except that the light inside the
chamber was maintained at a constant level of 1800 pumol m=2 s,
while the following CO, concentration settings in the refer-
ence cell were cycled: 380, 100, 50, 380, 380, 500, 800 and
1000 ppm. During the 2010 measuring campaign, the follow-
ing instrument settings were used: chamber CO, concentrations
were set to 380, 180, 100, 70, 45, 380, 600, 720, 1000 and
2000 ppm; chamber temperature was set to 25 °C; the light
inside the chamber was set to 1500 pmol m= s™'; and the cham-
ber relative humidity was maintained between 50 and 80%.

For the instantaneous photosynthesis survey measurements,
three replicate individuals for 10 dominant plant species were
selected and marked. During the 2012 measuring campaign,
the same leaves were re-measured throughout the season,
unless the leaf was damaged or browsed in between mea-
surement dates, at which point the leaf was replaced by a new
sample. During the 2010 measuring campaign, leaves were
harvested at the end of the day. During measurements, light
inside the chamber was set to match that outside, as recorded
by the external PAR sensor. Leaf temperature was set to that of
the leaf being measured at the beginning of the measurement
period. Flow was set to ~500 umol s~' and sample CO, was set
to 380 ppm. Once photosynthesis and conductivity stabilized,
three replicate readings were taken, within 2-3 min, which were
averaged before further analysis. The survey was performed
twice a day, once in the morning and once in the afternoon,
weather permitting. Survey measurements were performed on

Tree Physiology Volume 0O, 2014

¥T0zZ ‘9T Anr uo 1s9nb Aq /Bio'sfeuinolpioixo'sAydeay/:dny wolj pspeojumoq


http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpu049/-/DC1
http://treephys.oxfordjournals.org/lookup/suppl/doi:10.1093/treephys/tpu049/-/DC1
http://treephys.oxfordjournals.org/

5

Causes of GEP increase post-clearcut

Downloaded from http://treephys.oxfordjournals.org/ by guest on July 16, 2014

-5 2-W F0D) [ow Jo syun uy SFT pue
“reak yoes Jo A|nf pue auN( :SJUSWSINSBIW OM] UO PISEQ B SUOITRIASP PJepue)s pue sueal ayl ‘poyjau 1dadiajul-aul] 3y} wodj [y pue JoA0d punoib pue uoneiaban o4 Ajpanoadsal ‘210z pue 01Oz Ul JoA0d punolb
[e101 9} JO %G8 pue 9G Juasaidal a1ay pals| $9199dS |y pue JaA0d UoneIaban Joy asimeyl| ‘dnolb yoes Ul Sa109ds |[e Jo WNS [e10] Y1 JoU pue ‘9[qe] S|y} Ul Palsl| $9199ds 9yl JO WNS 8] SI (S99J) pue SgnJYs ‘snoadeqay “a'1) dnoibgns yoes Joj 19n0d punoib ay],

(o) (on) (o) (z2) (ez81) piqns

alv FSL 8000 F 650'0 HEFLLL 200FS00 00T L0O0 O00F000 «£0F12Z -0LFF6€8L O00FS0  E€0FLO 1'0F20 I'OF 1'0 oy 3eo pay snasangy

(%) (2) (2) (8) (2) (8 (z2) (961) pu0IBS

@89 FEEL qeIE T LOL 0lO0TF6V00  qLOOOF L1900 SEFLOL  2vFEZL 200F2H0 €00F020 200F¥IO «€0F02 pL8LFOLYL €LF08 OLFGSS 20T It SLTFLS og Auayd xoelg snunig

D2IU

(9) (2) (1) (2) (1) (82) (512) -pAAsuuad

(1) 1L «¥2F8LL 0L0O0F2KO0  «LO0OF Y900 «EVF2EL  «¥2FLEL LOOFLYO SIOFYYO OOFOLO «€0FG2 -0/2F08.L LOLFL6Z €0F69 61F0SH VOFIL od  Ausyd uig snunid
(81) (12) (9eg)

*9E FSEL YO0F6L0 0Z0FSO0 00F000 «20FEZ -9EEFSBLL  €1LF22 2OFLO 90F I'L 20F€0 g saypulg ‘ds pjnjag
(e) (2) (2) (8) (2) (8) (92) (£02)

PLFEY  02F69  qILO0T LS00  49000F 2500 o8’k FOL SHFF9 YOOFOFO LOOF290 O00F¥20 «€0F9L pFECFOSHE  SOFO022 €0F¥8 €2FSIL 90798 wy  ojdew pay  wniqgni iady
(rst)

200F900 200F800 00F200 @®SSF29lZ  SEFEBL LOFSY E0T V6 60F9 ay  Ausqgdsey  snapps sngny

SIS

(e) (® (2) (e (2) (21 (s2) (esh) -uajuaybajjp

@GP FO08  €9F66 q¥O00FSE00 6000 F 6500 8'EF6'LL OV FELL 900FSGZ0 OVOFLEO OOFETO 90FSZ ¢695F2'122 LSHF89S COFHSE 81F882 OEFEOE ag  Auagypelg snqny

() (9) (e (6€1) ‘ds

@/ 10'0 F 8500'0 £ETOCL I00OF Y00 200F900 LOOFEOO HOFEZ £€86F6962 LYFSLL 21F89 2LFLS 60769 My pasmiouy wnuobAjod

(@ (@ (@ (@ (6) wiey  pjngojpdund

€0FO0Y aS000F H0'0 ®S0F¥'6  LOOFI00 €00FS00 OLOF LOO «£0FET 2E€EIFE0Z GS8FYEL 0TFSE 62799 OvFLE JH pajusds-Aey  pipapisuuaq

(2v1) e|juedesres sinbajpnu

I00F 100 0'0F000 808F96/2 21F8L  FOFEO  8OFOL 20FE0 SM PIIM i1y

sdeny 1daouayul 1deouayul 0102
22102 20102 210z okoz JoNIZI0Z  PulZIOZ  duOoloz  1yblem 12102 49102 J3A0D 2|07 49A0D  ,010Z 49402 2pod auwrey dureu
sexeen SEEE @ PRI wnueNd) @ pRIA WMuend  .zi0z My 0102 "y v senads |y]sepeds |y]sepeds 9 Njes]  (1-6.wd) ¥IS  punoin g punoin o uonerebap 9 uoneiebo % Hoys  uowwod RITIEIES

"D11SI1e)S PaYeID0SSE DU} 918|Nd[ED 0} pash azis a|dwes a1edipul sasayjualed Ul SIOQUINN ‘[9AS] 92USPYUOD %G6 Y3 1
JURIIp A|[edisiyels Jou aJe 4o139| 1d1osIadns awes Sy} YIM SaN[eA UBS|s "aHS INDJea|D JN0 Je 2102 Pue 00z Ul pajdwes saioads uoperaban 1099s Jo sonsiieioeseyd [edibojoisAyd Asy sawos | 9jqel

://www.treephys.oxfordjournals.org

Tree Physiology Online at http


http://treephys.oxfordjournals.org/

6 Khomik et al.

4 days in 2010 (15 June, and 8, 26 and 27 July) and on 6 days
in 2012 (12, 15, 18 and 27 June, and 2 and 3 July).

Leaf nitrogen Select leaves from a number of species (Table 1)
were dried in an oven at 60 °C for 48 h, ground with a mortar
and pestle, packed and analyzed for nitrogen content. In 2010,
leaf nitrogen was analyzed with a dynamic flush combustion
method using a NC 2100 Soil Analyzer (Carlo Erba Strumen-
tazione, Rodano, ltaly). In 2012, samples were analyzed in a
CHNOS Elemental vario micro-cube analyzer (Elementar Analy-
sensystem, GmbH), located at Harvard Forest. Only leaves on
which light- and CO,-response curves were measured were
collected and sampled for carbon and nitrogen contents.

Leaf area index determination

From the line-intercept method The percent ground cover
of each species sampled (j) along the line intercept describes
the amount of ground cover that species occupied at the site at
the time of sampling. We multiplied this percentage by the cor-
responding LA for that species (obtained from destructive har-
vesting, as described above) to quantify species-specific LAI:

LAI, = % ground cover; X LA,. (4a)

Although the sum of all species-specific LAl values would have
given us the total site-level LAl, we were not able to destruc-
tively sample examples of all species present along the tran-
sects. To account for the missing species, we weighted the sum
of sampled species-specific LAl by the vegetation cover of the
respective group, x (i.e., herbs, shrubs and trees). The result was
the group-specific LAl (LAL):

_N LA,
LA _2[(%veg cover) % 100%]’ (4b)

j=1 J

where n denotes the number of different species sampled from
each group, x.

Finally, the sum of weighted group-specific LAl values pro-
duced the overall total site LAl

I—Alsite = LAlherb + LAlshrub + LAltree' (4(:)

From litter-trap collection Given the deciduous nature of
the foliage at our site, species-specific LAl was estimated by
collecting fallen leaves with traps of fixed area, weighing the
resulting foliage by species and multiplying this by the species-
specific leaf areas:

_ weight; X SLA;
LAl = 10.12m? ' )

where weight; is the total dry weight of the foliage of species j
(in grams, g) collected at the end of the growing season within

all traps (i.e, 22 traps in total, equating to 10.12 m?) and SLA is
the mean specific LA of species j (m? g'). Each species-specific
LAl value was grouped into the three corresponding vegetation
groups (x) and weighted to account for unsampled vegetation,
following Eq. (4b). The final site-level LAl value was the sum of LAl
values from each group: herb, shrub and trees, following Eq. (4c).

LAI-2000 sampling In late August 2012, site-level LAl was
also estimated with the LAI-2000 Plant Canopy Analyzer
(LI-COR) optical plant area meter. Measurements were per-
formed along one of the five line-intercept transects, just
below the canopy, along eight points, at dusk. A 45° angle
cap was used and data were corrected accordingly. Two addi-
tional measurements were performed before and after the
transect survey, but in an adjacent open area free of shading.
The difference between the mean open and the mean tran-
sect value provided an estimate of plant area index (PAl) at
our site. Measured PAl was translated to LAIl, by correcting
for branches sampled during our destructive harvesting cam-
paign (described above for estimation of species-level leaf
area, involving select patches of trees: red maple, Acer rubrum
(6.6 m?); pin cherry, Prunus pennsylvanica (9.7 m?); and black
cherry, Prunus serotina (11.1 m?). During that sampling cam-
paign, we took measurements with the LAI-2000 instrument
before and after leaf harvest within each patch. The corre-
sponding ratio of LAl to PAl in defoliated patches was used to
correct the measured site-total PAl to provide just the portion
related to leaves (i.e., LAI).

Upscaling photosynthesis from leaf scale to canopy

Leaf-level net assimilation was multiplied by the correspond-
ing species-specific leaf area (LAl) to obtain species-specific
A, per ground area. Note that chamber-based measurements
provide net assimilation, which includes dark leaf respira-
tion (R, Which is signed negatively for a release from the
leaf), while tower-based assimilation values represent gross
assimilation without dark leaf respiration. In our comparison
of light-response curves, the upscaled chamber-based curves
were adjusted to account for R, which was obtained from
the zero-PAR measurements, to give the upscaled-GEP. The
species-specific, site-level responses were summed across
corresponding vegetation groups, x (i.e., herbaceous, shrubs
and trees), for each light level. The summed-up curves were
weighted to reflect the species sampled (n), compared with the
total species present, per vegetation group (x):

weighted f (upscaled GEP, PAR)

year, x

= Y ({Ax ~ Rurh PAR) x total %veg cover
j=1 ‘ 1%veg cover;
-

year,x

(6)
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The weighted curves were summed to provide an estimate of
the ecosystem-scale light-response curve.

For the instantaneous survey measurements, upscaling
was completed for each individual day separately. If morning
and afternoon measurements were available for a given day,
these two sets of measurements were averaged per species.
Each species-specific A, value was then multiplied by the
species-specific LAl value, for each species j sampled, and
corrected for R, losses, to give upscaled-GEP,, by species.
This species-specific upscaled-GEPy,, was then weighted by
the percentage of vegetation cover represented by all species
sampled (n) that day:

D (A= Re) xLAL
upscaled — GEP,,, = — !
Zjﬂ%veg cover;

X100% | .(7)

day

Comparisons of the instantaneous upscaled A, measurement
with half-hourly ecosystem-level GEP from the EC method were
made, using tower data collected within 30 min of chamber-
based measurements.

Note that we used two different LAIJ- estimates, one from
the line intercept and the other from the litter-trap data, to cal-
culate two different upscaled-GEP,,, values in the year 2012.
The percentage of vegetation sampled in each day is shown in
Table S4 available as Supplementary Data at Tree Physiology
Online.

Curve fitting and data analysis

Measured light-response curves were fitted using a rectangu-
lar hyperbola model, following Hanson et al. (1987):

, @)

R, \CPARIN
Anet = Amax - Amax X (1 - Am(:x)

where A, (Umol of CO, m2s™) is net photosynthesis at a
given light (PAR, umol m=2s™) level, A .,
tosynthetic capacity at saturating light levels (umol of
CO, m?s™), Ry is the dark respiration rate of the leaf (umol
of CO, m?s™) and I"is the light compensation point. Fitted
curves for each species that were sampled are shown in Figure
S2 available as Supplementary Data at Tree Physiology Online.
The maximum quantum yield (@, in pmol of CO, per pumol
PAR), which describes the number of CO, molecules absorbed
per quantum of light absorbed, was calculated from the first
derivative of the above equation (Hanson et al. 1987):

) ©)

is maximum pho-

@zAmaxx(1 Ry )xln(1—

r Anax Avax
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Data processing and analysis was performed with R-software
(version 2.15.0), using the R-Studio user interface and also in
Microsoft® Excel software (version 2010). The resulting fitted
parameters represent photosynthetic yield at the leaf tempera-
ture of the measured leaf.

The maximum carboxylation efficiency (V,,,) for select spe-
cies at our site was calculated following Sharkey et al. (2007).
In our analysis and comparisons, we used the temperature-
corrected V., values (i.e., V ..»5) available as output from
the Sharkey et al. (2007) routine.

Results

Gross ecosystem productivity recovery after the clearcut

The recovery of GEP post-clearcut at our site was steady and
rapid (Figure 1). Growing season uptake increased 1.2 times
(16%) from 2010 to 2011 and 1.4 times (44%) from 2010
to 2012 (Figure 1). By 2012, total growing season (May to
September) GEP reached 1351 g C m= year~'. Similarly, when
comparing the mean of daily GEP values from our upscaled
survey measurements, using the line-intercept-derived LAl
values for upscaling, the upscaled 2010 mean value was
12.9 umol CO, m= s (n=4), while the upscaled 2012 mean
value was 21.3 umol CO, m? s~ (n=6)—a 65% increase
from 2010 to 2012 (see Figure 4a). Climate over the course of
these 4 years was relatively comparable, without any positive
trends that could be potentially related to the rising GEP (see
Figure S1 available as Supplementary Data at Tree Physiology
Online).

Attributing the observed increase in GEP

Expansion of vegetation cover Vegetation cover increased
rapidly in the first three growing seasons following forest clear-
ing (Figure 2a). Within 3 years, bare ground, exposed rocks,
stumps and woody debris were overgrown with vegetation.
Overall, total ground cover increased 1.2 times (from 129 to
152%) in 2011 and 1.5 times (increased to 199%) in 2012
compared to 2010 (Figure 2a). The increase in LAl was more
pronounced: estimated LAl increased 1.4 times from 2010
to 2011 (1.2 to 1.7 m? m™) and more than doubled by 2012
(increased to 2.5 m? m=) (Figure 3). The estimated LA at our
site for the year 2012, from three different methods, ranged
from 2.2+ 0.2t029+£0.2 m*> m=2.

Changes in vegetation composition The relative contribu-
tion of each vegetation group to the overall increase in ground
cover varied over the years (Figure 2b). Contributions from
herbs remained relatively constant, comprising about a quarter
of total ground cover over all 3 years (24—25%, Figure 2b).
Contributions from shrubs increased 1.2-fold (32.7 to 40.7%)
from 2010 to 2011, and remained relatively constant in 2012.
In contrast, tree cover consistently increased in its contribution
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Figure 1. Monthly GEP for May to September across the 4 years of observation. Tower flux measurements began in mid-June of 2009. Total sea-
sonal GEP values are listed next to each year in the legend. Gross ecosystem productivity clearly increased from 2010 to 2012, up by 16% from

2010 to 2011 and by 38% in 2012.

to total ground cover at the site—1.5-fold (17.6 to 25.8%)
from 2010 to 2011 and twofold (17.6 to 35.1%) by 2012.
Likewise, when considering LAl increases, the increase in tree
LAl was by far the greatest of all the three groups from 2010
to 2012—a threefold increase according to the line-intercept-
derived LAl (from 1.2 to 2.5 m? m=; Figure 3).

We also observed changes in species composition (between
years) (Figure 2c). The abundance of herbs decreased some-
what during 4 years of the study (31.6 to 24.4%), while that of
trees increased by up to 1.5-fold (23.3 to 35.8%). When con-
sidering the contribution of individual species to increasing veg-
etation cover from 2010 to 2012, pin cherry (P. pennsylvanica),
birch (Betula sp.), red oak (Q. rubra) and red maple (A. rubrum)
all increased substantially (Table 1 and see Table S1 available
as Supplementary Data at Tree Physiology Online). There was
also an initial shift from hay-scented fern (D. punctilobula) in
2009 to Allegheny blackberry (R. allegheniesis).

Variability in photosynthetic capacity Table 1 reports that
maximum photosynthesis at saturating light levels (A,.,),
maximum quantum yield efficiency (@) and maximum rate of
carboxylation (V,,,,) were all quite similar among the species
tested (see Figure S4 available as Supplementary Data at Tree
Physiology Online). This was consistent with the subtle variation
in leaf nitrogen content across species (Table 1). These find-
ings were true across a wide range of plant functional types,
spanning herbaceous to woody plants. Red maple presented a
noticeable exception to these broad patterns, with low photo-
synthetic capacity and low leaf nitrogen content relative to the

other species (Table 1). There was also some separation of
mean values across the remaining species, but these were not
significantly different given the sizeable standard deviations
around sample means for species.

In contrast to photosynthetic parameters, SLA differed sta-
tistically between the three major groups (herbs, shrubs and
trees) and even among some trees (Table 1). Herbaceous veg-
etation tended to have larger SLA compared with shrubs, while
trees had the lowest SLA. Overall, these findings suggest that
changes in species composition did not appear to significantly
shift photosynthetic capacity at the ecosystem level, and there-
fore the annual rise in GEP was not likely to have been driven
by changes in photosynthetic rates over the past 4 years of
recovery.

Changes in vegetation composition vs. expanded leaf
area Direct comparison of leaf-upscaled GEP and tower-
based instantaneous GEP showed good agreement for both
2010 and 2012 (Figure 4a). On uncommonly hot days, tem-
perature and moisture at the surface of measured leaves
inside the chamber were substantially hotter and drier than
the conditions measured at the tower. On these days, sampled
leaves were more stressed than what was typical for the whole
canopy, leading to lower leaf-based estimates of assimilation.
Vapor pressure deficit on those 3 days inside the chamber
was about twice that outside of the chamber (data not shown),
potentially leading to closed stomates.

We also compared GEP light-response curves from the tower
with those derived from upscaled leaf-chamber measurements
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Figure 2. (a) Expansion of ground cover from 2010 to 2012 as measured with the line-intercept method during May to July of each year. Species
overlap causes total ground cover to exceed 100% of the sampled length as indicated by totals reported in the legend; there was a steady increase
in vegetation cover over the 4 years. However, not all vegetation types expanded equally. In (b), relative changes in the percent contribution of
each cover type to total ground cover (i.e., normalized % ground cover, relative to total ground cover) are shown. The greatest change in ground
cover was due to tree expansion. Changes in the site’s canopy composition in the first few years of recovery are shown in (c). Clearly, despite the
constant relative percent contribution of herbs to total ground cover during the 4 years of recovery, herbs’ relative contribution to canopy composi-

tion decreased with time, at the expense of growing trees (c).

(Figure 5). The line-intercept approach resulted in somewhat
larger GEP estimates due to methodological differences in esti-
mating LAl (line-intercept vs. litterfall). Yet the two methods
produced a range of leaf-based estimates of GEP that bracketed
the maximum flux-tower-derived GEP values at high light levels
(Figure 5). The shape of the leaf-upscaled estimates of GEP
also reflected well the initial rise and slope of the tower values
for both years (Figure 5). At low light levels, up to ~250 pumol
the curves do match up well. However, tower-based response

curves did not exhibit the same saturation at intermediate to
high light levels as seen in leaf-based light-response curves
(Figure 5). The fit between the two curves in 2010 was better
compared with that in 2012, due to lower canopy stratifica-
tion into sun/shade leaves, as discussed below. The increased
stratification of the canopy from 2010 to 2012 is also reflected
in the much larger variability of GEP rates, with larger standard
deviations in 2012 compared with 2010 (dashed error bars,
Figure 5).
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Figure 3. Total LAl and its composition at the clearcut site from 2010 to 2012. Estimates shown have been derived from the line-intercept method,
except for the year 2012, where estimates from the litter-trap method and from measurements with the LAI-2000 were also available and are
shown. The values inside each bar represent the LAl of the corresponding vegetation group (i.e., herbs, shrubs and trees) and the percent values
in brackets represent the percent contribution of the subgroup’s LAl to the total estimated site’s LA The trends in LAl reflect the trends in ground
cover and vegetation composition shown in Figure 2. The greatest change in LAl occurred due to the expansion of tree canopy, which begins to

shade out herbs and shrubs.
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Figure 4. (a) Chamber-based upscaled-GEP vs. EC measured instan-
taneous GEP for the two upscaling methods (line-intercept and litter-
fall) and 2 years of observation (2010 and 2012); (b) above-canopy
air temperature (Tair) plotted vs. leaf temperature inside the chamber
sampled on the same day as the corresponding fluxes presented in
(@). Outliers (filled symbols with an x mark) indicate conditions when
the temperature of chamber-measured leaves substantially exceeded
air temperatures recorded on the tower. Overall, chamber tempera-
tures were higher vs. tower-recorded temperatures.

Overall, upscaled-GEP values were comparable to tower
GEP values (Figures 4 and 5), allowing us to use the upscaled
curves to quantitatively test whether the interannual changes
in vegetation composition or expanding LAl dominated the
rise in the GEP. To do so, we compared the true leaf-upscaled
results for 2012 with those we would have obtained if either
LAl or vegetation composition had remained fixed at the values
recorded in 2010 (Figure 6). Changing vegetation composition
was not capable of explaining the rise in GEP from 2010 to
2012, but changing LAl was (Figure 6). Using 2010 vegetation
composition and 2012 LA in upscaling leaf-level fluxes resulted
in upscaled values almost identical to the true 2012 upscaled
curve (Figure 6). In contrast, using 2012 vegetation composi-
tion, but 2010 leaf area, yielded upscaled light-response val-
ues much lower than those observed in 2012 (Figure 6).

Discussion

Gross ecosystem productivity recovery after the clearcut

Growing season (May to September) GEP increased steadily
at the site from 2009 to 2012, as was first reported by
Williams et al. (2014). By 2012, growing season GEP
(1351 gCm=? year') was comparable to that measured at
the nearby reference mature deciduous stand, monitored by
the Harvard Forest Environmental Monitoring Station (EMS).
Urbanski et al. (2007) reported GEP at the EMS site averag-
ing 1350 £ 160 g C m= year for the years 1992-2004, for
the period of April to October, and LAl values of ~5 m? m=.
Interestingly, when we compared LAI-normalized GEP for the 3
years of our study at the clearcut with that of the last 4 years of
data presented in Urbanski et al. (2007), we observed that the
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Figure 5. GEP light-response curves derived from EC data and upscal-
ing of leaf-chamber data, using either the line-intercept method or the
litterfall method to estimate LAIl. Values shown are averages for mea-
surements from May to September for (a) year 2010 and (b) year
2012. Error bars represent the standard deviation around the mean
GEP values for the tower, corresponding to each light level. In both
years, the upscaled values reflect well the initial rise and slope and
slope of the tower values. However, differences show up in the satu-
rating part of the curve. Overall, the canopy (i.e., tower GEP) EC mea-
surements never reached saturation, compared with enclosed leaves
(upscaled GEP). In 2012 our upscaled values were higher compared
with EC values at intermediate light levels, likely due to our inability to
account for shaded leaves.

mature stand’s GEP per unit LA (i.e., GEP/LAI) is relatively con-
stant and lower (range of 286-330), while that at the clear-
cut decreased with age in an approach to that of the mature
stand (i.e, 783, 644, 540 for years 2009, 2010 and 2012,
respectively).

The large presence of pin cherry at the clearcut site, but
not at the mature EMS site, might contribute to the GEP at
the clearcut site being comparable to that at the neighboring
mature forest, despite lower LA within the clearcut site. Pin
cherry has been reported to retain green foliage longer and
to sustain a longer photosynthetically active season compared
with birch (Betula sp.), beech (Fagus sp.), and red maple,
which were more prevalent at the mature site (Amthor et al.
1990). We have also found pin cherry to have the highest rate
of photosynthesis per unit LA among the species studied here,
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Figure 6. Here we show what our upscaled GEP for 2012 would
look like had we used 2010 vegetation composition but 2012 LAl to
upscale the chamber measurements (filled circles). Similarly, we also
plot the result upscaled using 2012 vegetation composition but 2010
LAl (open circles). Clearly, changing the composition does not make
much of a difference in our upscaled values—they are almost identical
to the 1 : 1 line. In contrast, changing LAl to that of 2010 reduced the
upscaled values well below the 1 : 1 line. Data points represent values
for each sampled light level (from the upscaled GEP-PAR curves, as
shown in Figure 5).

which could also contribute to the rapid rise in GEP possibly
even surpassing that in the neighboring mature forest.

The recovery of GEP at our clearcut site was rapid compared
with past studies in humid temperate regions of the USA. For
example, during the first year after clearcutting at Coweeta
Hydrological Station in North Carolina, the site’s annual pro-
ductivity was only 22% of that in a neighboring mature undis-
turbed stand (Boring et al. 1981). Similarly, when the clearcut
watershed at Hubbard Brook in New Hampshire was allowed
to regenerate naturally, the above-ground productivity was
5% of that observed in an adjacent undisturbed stand in Year
1, ~25% in Year 2 and 63% in Year 4 (Likens et al. 1978).
We note, however, that although the studies mentioned above
were done in similar ecosystems and climate to ours, they used
different methods to determine annual productivity, relying on
biometric estimates that could miss some of the gross photo-
synthetic uptake.

Several studies have used the EC method to follow sites for
multiple years immediately following a clearcut. For example,
Takagi et al. (2009) measured GEP in a temperate mixed-
wood forest in Japan before clearcutting and continued mea-
surements 3 years post-clearcut, when the site was planted
with larch trees. The recovery of their stand was similar to ours
in terms of GEP. By the third season post-clearcut, their site’s
GEP recovered to ~70% of GEP in the pre-harvest stand (cf.
plantation at 3 years post-clearcut GEP of 1014 g C m=2 year
vs. mature mixed-wood stand GEP of 1439 g C m= year™).
They suggest that much of the recovery was likely due to the
largely undisturbed bamboo understory left at the site during
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harvesting (Takagi et al. 2009). Despite the large increase
in GEP over the years, Takagi et al. (2009) reported a pre-
harvest stand PAl of 3.2-4.6 and a 3 years post-harvest
PAI of 1.28. In another study, which used the EC method to
monitor post-clearcut regeneration, Humphreys et al. (2005)
reported a recovery of GEP in a coastal Douglas fir plantation
on Vancouver lIsland, BC, Canada. Their stand was a planta-
tion prior to harvest and was replanted with the same spe-
cies post-harvest, unlike in Takagi et al. (2009) and in the
present study. The rate of recovery of GEP of the Canadian
stand was slower compared with what we observed at our
site. In the third year of recovery, the GEP at the plantation
(640 g Cm= year"; Humphreys et al. 2005) was only about
a third of the GEP of a neighboring mature Douglas fir stand
(2158 £ 163 g C m= year™; Krishnan et al. 2009). Leaf area
index recovery was similar to that of GEP: by the third year
of recovery, the clearcut's LAl was 2.53 +£0.13, compared
with that of the neighboring mature stand with an LAl of 7.3
(Krishnan et al. 2009). Humphreys et al. (2005) noted that
most of the LAI recovery was due to the recovery of herbs
and shrubs in the understory and that the growth of planted
seedlings was relatively slow. The difference in tree species
present at the west-coast regenerating plantation, compared
with our pin-cherry-dominated stand, could be one reason for
the discrepancy in annual GEP recovery between our site and
that of Humphreys et al. (2005). Finally, in a comparison of a
mature (65-year-old) hardwood forest to that of a 3-year-old
clearcut located in WI, USA, Noormets et al. (2007) reported a
66% increase in GEP, but only a 20% increase in LAl (i.e., their
clearcut had a GEP of 697 £ 3.8 g C m= from May to October,
compared with the mature stand’s GEP of 1047 £ 5.4 g C m~,
while LAl at the clearcut was 0.8 +0.6 vs. 3.9 £0.6 at the
mature stand). The synthesis by Amiro et al. (2010) reports
that GEP recovery often continues over a period of 20-30
years following a disturbance. While it remains to be seen if
GEP continues to rise at our site, the fact that it has already
achieved rates of productivity comparable to that measured in
the adjacent mature forest highlights the resilience of vegeta-
tion recovery at our site.

Attributing the observed increase in GEP to mechanisms

We observed a positive linear relationship between LAl and GEP
at our site that unfolded over the first 4 years post-clearing.
This was similar to the pattern reported by Humphreys et al.
(2005) in their Douglas fir clearcut. Coursolle et al. (2012)
also reported a strong positive and linear relationship in a
boreal clearcut over the course of a 10-year recovery. The esti-
mated LAl at our site for the year 2012 was about half of the
estimated LAl for the neighboring EMS stand, which we use as
a reference mature stand. Urbanski et al. (2007) reported LAl
values between 4.5 and 5.6 m? m= for the period from 1998
to 2004 for the EMS stand. By the second growing season,

the LAl at our clearcut site was 1.2 m? m=, which was com-
parable to past studies in other northeast clearcut areas. For
example, the LAl of the Coweeta clearcut was 1.3 m? m= after
the first year and this was lower relative to the local undis-
turbed site with an LAl of 5m? m= (Boring et al. 1981), simi-
lar to the 2010 LAl of our clearcut site compared with the
mature EMS stand at Harvard Forest. The rise in LAl at our site
over the 4 years since the clearcut resembled the rise in LAl
at Hubbard Brook clearcut, where LA rose from 1.1 m2m= in
Year 1 to 5.5 m? m=2 in Year 4 after a clearcut (Marks 1974). In
the early stages of a pine forest regeneration in southeastern
USA, Bracho et al. (2012) attributed increases in their stand'’s
carbon assimilation to expansion of LAl In the first 4 years of
recovery, their site's GEP was almost that of the 25-year-old
stand (cf. 2458 vs. 2621 g C m? year™), while LAl was only a
sixth of that of the older stand (i.e., 0.99 vs. 6.23 m? m).

We also observed large changes in vegetation composition
over the 3 years, potentially introducing a trend in leaf-level pho-
tosynthetic capacity (Waring et al. 1995, Bassow and Bazzaz
1997) that could have also contributed to the rise in GEP. Trees
increased in dominance from 2009 to 2012. However, by year
2012, the two dominant species were Allegheny blackberry
and pin cherry. Both of these are considered pioneer species,
which grow after a disturbance in local deciduous forests in
the USA (Marks 1974, Amthor et al. 1990, Reich et al. 1990).
Photosynthetic capacity for early-successional species tends to
be high compared with late-successional species (Bazzaz 1979).

Interestingly, leaf-level photosynthetic capacity did not vary
significantly between species in almost all cases. It is possi-
ble that our sampling was not intense enough to capture any
variability. In a separate study at the site, Dillen et al. (2012)
reported seasonal variability in leaf physiological traits and
among species from spring to fall, with the least seasonal vari-
ability in summertime (most of our measurements in 2012
were taken in June to July). Specific leaf area did differ statisti-
cally between the three major groups, reflecting the light envi-
ronment to which each group is adapted. Herbaceous species
often find themselves hidden below shrubs and trees, grow-
ing in more shaded environments, so they tend to maximize
their LA to weight (i.e., photosynthetic area per gram of tis-
sue). However, variation in SLA did not translate into variation
in photosynthetic capacity.

Red maple presented a noticeable exception to the above-
mentioned broad patterns, with low photosynthetic capacity
and low leaf nitrogen content relative to the other species.
Red maples are known to be a shade-tolerant species, with
low resource requirements and relatively low photosynthetic
capacity (Bassow and Bazzaz 1997, Abrams 1998). In a com-
parison of leaf traits of a regenerating oak forest in Wisconsin,
Reich et al. (1990) also reported leaf nitrogen of red maple
trees to be lower compared with that of blackberry (Rubus sp.)
and black cherry (P. serotina). At our site, red maples, which
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are commonly understood to be mid-to-late-successional
species, were second only to pin cherries in their contribu-
tion to the percent vegetation cover by trees in 2012. Their
regeneration was partly due to resprouting stumps at the site.
Even so, the low photosynthetic capacity of red maple was
inconsequential to ecosystem-scale productivity at the clearcut
site studied here. However, it is expected to gradually rise, as
red maple becomes canopy dominant, which is typical in the
mature stage of forest succession in this region.

Looking between years, leaf-level photosynthetic capacity
did not differ between 2010 and 2012 for the species mea-
sured in both years. This runs contrary to some past studies
that have shown how, as deciduous forests grow and develop,
photosynthetic capacity of individuals may change with age
(Wilson et al. 2001, Augspurger and Bartlett 2003). It could
be that during the 4 years post-clearcut, the competition for
light and nutrients is still only modest and/or that the vegeta-
tion is still relatively young, but this remains to be seen with
continued monitoring.

Finally, we should mention some of the challenges that
emerged in our tower- to chamber-based GEP comparisons.
Though direct comparison of leaf-upscaled and tower-based
instantaneous GEP showed good agreement overall, the tower-
based response curves did not exhibit the same saturation at
intermediate-to-high light levels as seen in leaf-based light-
response curves. The tower reflects the whole canopy, which
is composed of fully sun-lit and shaded leaves, while our mea-
surements were almost exclusively based on well-lit leaves.
The regenerating forest studied here had already developed a
three-layer canopy structure by 2012 (3 years following clear-
ing), with herbs at the bottom, shaded by shrubs, which were
in turn shaded by a tree layer consisting of seedlings and sap-
lings (with a mean height of 1.4 0.8 m, but reaching a maxi-
mum height of over 4 m). The trend in the GEP/LAI ratio at our
clearcut, mentioned above, is also suggestive of the develop-
ment of layers in the canopy and the increased presence of
shaded leaves, since for every extra LAl unit increase, our GEP
did not increase proportionately (instead it increased at a much
lower rate). Such layering could give rise to vertical variation
in leaf physiology and photosynthetic capacity (Ellsworth and
Reich 1993, Gill et al. 1998, Augspurger and Bartlett 2003).
However, we were unable to test the relative contribution of
shade and sun-lit leaves to GEP at our site, due to logistical
constraints on the amount of measurements we could take
in one growing season. When we compared our chamber-
measured A, values with those reported by Abrams (1998)
for shaded understory species in eastern North America, we
found our values to be higher, suggesting that the vegetation
sampled at our clearcut site was representative of sun-lit foli-
age (i.e, compare Table 1 with values from Abrams (1998):
A. rubrum range 2.7-4.4 umol CO, m=s™; P. pennsylvanica
5.0 umol CO, m=2 s7'; P. serotina 3.7 wmol CO, m=2 s~ Q. rubra
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2.4-7.4 pmol CO, m=2 s7"). Sun-/shade-leaf emergence due to
increased stratification could also cause the switch between
light- and Rubisco-limited photosynthesis to occur at different
points in the canopy. This reinforces the importance of sub-
canopy light limitation in mediating the GEP—LAI relationship at
this site as it grows further and matures.

Additionally, the tower-based curve was generated by
aggregating all data for a given PAR level. This inevitably
included GEP signals from early mornings, late evenings and
cloudy days—times when the leaf and canopy physiological
response to light might be different from that measured dur-
ing midday, because of bias in other environmental conditions
that are coincident (e.g., air temperature, humidity, light qual-
ity or vegetation hydration). Indeed, ~95% of the data at PAR
levels <250 umol were from measurements taken before 8:00
or after 18:00 h, with the remaining daytime measurements
falling on either rainy or overcast days (data not shown).

Another challenge we faced was methodological uncertainty
in LAl estimates. There were a few reasons to believe that the
LAI from the litter-trap method is too low. First, logistical con-
straints precluded us from collecting litterfall throughout the
growing season. In addition, we did not capture low-stature
herbs, such as the Canadian May lily or several grasses, due to
the litter traps being elevated just above the ground. Another
possible cause for underestimation is litter loss due to wind
blowing litter out of the traps between sampling dates. Even
so, the relative contributions across plant functional groups
remained similar between the methods (see Figure S5 avail-
able as Supplementary Data at Tree Physiology Online). And
despite these challenges, we obtained good overall agreement
between leaf-upscaled and flux-tower estimates of instanta-
neous GEP, as well as the maximum GEP at high light levels,
which lends confidence to the use of leaf-based upscaling to
attribute the multi-year rise in GEP to vegetation compositional
shifts vs. expanded LA.

Conclusions

The multi-year rise in GEP with early regrowth following
clearcutting was clearly attributed to the expansion of LA
rather than a change in vegetation composition. Sizeable
changes in the relative abundance of species were masked
by remarkably similar leaf physiological attributes for a range
of vegetation types present in the early-successional environ-
ment. Comparison of upscaled leaf-chamber estimates with
EC-based estimates of the light-response curve revealed a
broad consistency in both maximum photosynthetic capacity
and quantum yield efficiency. However, differences in the shape
of the curves suggested the need for a more sophisticated
upscaling that considers a multi-layered canopy with both sun-
and shade-leaf contributions. Seasonality of leaf physiological
traits should also be considered in similar future studies. The
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approaches presented here demonstrate how chamber- and
ecosystem-scale measurements of gas exchange can be use-
fully blended to draw conclusive inferences about changes in
ecosystem processes over time in a highly dynamic environ-
ment, such as the post-clearcut setting studied here.

Supplementary data

Supplementary data are available at Tree Physiology online.
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