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Abstract

Clearcutting and other forest disturbances perturb carbon, water, and energy balances in significant ways, with corre-

sponding influences on Earth’s climate system through biogeochemical and biogeophysical effects. Observations are

needed to quantify the precise changes in these balances as they vary across diverse disturbances of different types,

severities, and in various climate and ecosystem type settings. This study combines eddy covariance and micrometeo-

rological measurements of surface-atmosphere exchanges with vegetation inventories and chamber-based estimates

of soil respiration to quantify how carbon, water, and energy fluxes changed during the first 3 years following forest

clearing in a temperate forest environment of the northeastern US. We observed rapid recovery with sustained

increases in gross ecosystem productivity (GEP) over the first three growing seasons post-clearing, coincident with

large and relatively stable net emission of CO2 because of overwhelmingly large ecosystem respiration. The rise in

GEP was attributed to vegetation changes not environmental conditions (e.g., weather), but attribution to the expan-

sion of leaf area vs. changes in vegetation composition remains unclear. Soil respiration was estimated to contribute

44% of total ecosystem respiration during summer months and coarse woody debris accounted for another 18%.

Evapotranspiration also recovered rapidly and continued to rise across years with a corresponding decrease in sensi-

ble heat flux. Gross short-wave and long-wave radiative fluxes were stable across years except for strong wintertime

dependence on snow covered conditions and corresponding variation in albedo. Overall, these findings underscore

the highly dynamic nature of carbon and water exchanges and vegetation composition during the regrowth following

a severe forest disturbance, and sheds light on both the magnitude of such changes and the underlying mechanisms

with a unique example from a temperate, deciduous broadleaf forest.
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Introduction

Stand-replacing disturbances such as severe fires,

severe insect outbreaks, and clearcut’s are common

agents of change perpetually altering forest resources

(e.g., Kurz & Apps, 1999) and contributing an impor-

tant source of variability at the landscape scale (Cohen

et al., 1996; Law et al., 2004; Turner et al., 2007). Severe

disturbances perturb a wide range of ecosystem traits

such as stand structure, leaf area, species composition,

canopy ecophysiology, rates of decomposition and

microclimate, with potentially large and long-lasting

effects on carbon, water, and energy fluxes (Chen et al.,

1996, 1999, 2004; Liu et al., 2005; Kashian et al., 2006;

Randerson et al., 2006; Amiro et al., 2011; Coursolle

et al., 2012; Ghimire et al., 2012; Williams et al., 2012).

Such disturbance processes typically involve within-

class land conversion, that is, ‘forest land remaining

forest land’, and have yet to be incorporated in most

earth system models partly because of complexity aris-

ing from large site-to-site variability in post-disturbance

dynamics (e.g., Turner et al., 1999; Kowalski et al., 2004;

Amiro et al., 2011). Quantitative descriptions to date,

reviewed below, have tended to focus on temperate

and boreal coniferous forests, under representing some

important forest types such as broadleaved deciduous

forests. Past work has also focused on carbon balance

dynamics, thus providing only a partial characteriza-

tion of the full net radiative effects on the climate sys-

tem (e.g., Jackson et al., 2008). This study quantifies

carbon, water, and energy flux dynamics with detailed

observations from an intensely instrumented site in a

highly dynamic post-clearcut environment undergoing

rapid vegetative regrowth typical of a broadleaf decidu-

ous forest in the northeastern USA. The research was

conducted within the Harvard Forest Long-Term

Ecological Research site (HF LTER).
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Forest clearing and natural regeneration are wide-

spread in today’s temperate forests of the northeastern

USA.Clearcut logging is one of themajor causes of stand-

replacing disturbances both globally and across much of

the United States (Jones et al., 2003; Smith et al., 2009;

Miner, 2010). In the northeastern USA, about half of all

timberland that experienced cutting from 2001 to 2005

(4884 km2 yr�1) involved clearcut methods (2394 km2

yr�1) (Smith et al., 2009; table 43). In central and western

Massachusetts, estimates of harvest rates range from

1.4% per year (Kittredge et al., 2003; McDonald et al.,

2006) to 2.3% per year (Smith et al., 2009), and are similar

to that for heavily managed forests of the southeast and

south central regions of the country. Forests naturally

recover in many of these clearings, with less than 20% of

all harvesting involving conversion (McDonald et al.,

2006). Though the average harvesting intensity can be

modest in central Massachusetts, with much of the har-

vesting taking place as selective logging, about one-fifth

involves clearcut practices (Kittredge et al., 2003). Fur-

thermore, clearcuts are likely to becomemore frequent in

the future due to growing pressures for biomass energy

(Becker et al., 2009). Combined with the expansion of

invasive insects such as the hemlock woolly adelgid (Or-

wig et al., 2008; Nuckolls et al., 2009), Asian longhorned

beetle (Haack et al., 2010), and emerald ashborer (Cappa-

ert et al., 2005; Poland & McCullough, 2006) that are

resulting in salvage and pre-emptive logging, overall

harvestingpressures havegrown in recent years.

Flux tower contrasts and age-sequences offer a valu-

able approach to documenting how carbon, water, and

energy balances change with disturbance and recovery

processes, though such a sequence has thus far been

lacking in a temperate broadleaf deciduous forest envi-

ronment (Amiro et al., 2000, 2006; Law et al., 2001, 2003;

Litvak et al., 2003; Chen et al., 2004; Clark et al., 2004;

Binford et al., 2006; Goulden et al., 2006, 2011; Schwalm

et al., 2007; McMillan & Goulden, 2008; Zha et al., 2009).

A recent paper by Amiro et al. (2011) offered an insight-

ful carbon flux synthesis across these sites. They report

a general post-harvest net ecosystem productivity

(NEP) pattern indicating transition from carbon source

to carbon sink over the first decades following stand

replacement, often involving relatively constant annual

ecosystem respiration (Reco) but a gradual increase in

gross ecosystem productivity (GEP). However, between

site variability in timing is large, and the early transition

from source to sink can be dominated either by a strong

decline in GEP that then recovers, or a large increase in

Reco that then declines. For example, Florida slash pine

and Oregon ponderosa pine chronosequences (clearcut

and fire, respectively) showed GEP being relatively

constant from 3 to 20 years post-disturbance but Reco

generally declining from an early and abrupt post-dis-

turbance increase (Law et al., 2001; Clark et al., 2004).

At these sites, roots and coarse woody debris (CWD)

may be decomposing more rapidly, or left in larger vol-

ume, than at the higher latitude, colder, boreal sites that

make up most of the other harvest chronosequences. In

another interesting departure from the general pattern,

Humphreys et al. (2005) found a large rise in GEP in the

first 3 years post-clearing that was matched by a corre-

sponding rise in Reco for a Douglas-fir planting on Van-

couver Island. Both patterns were attributed mainly to

a rapid and sustained expansion of understory growth

rather than growth of woody species. Sizable under-

story regeneration of bamboo played a similarly impor-

tant role in the rapid rise of GEP following clear-cutting

of a cool-temperate, coniferous-broadleaf mixed forest

that was replaced with a larch plantation in Japan (Tak-

agi et al., 2009). Studies also report wide variation in the

heterotrophic vs. autotrophic contributions to total soil

and total ecosystem respiration among post-harvest

sites, depending on a combination of factors such as

post-cutting management of harvest removals and deb-

ris, litter and slash quality, as well as climate. Thus, the

precise patterns of GEP and Reco following stand

replacement cannot be easily generalized.

Forest disturbances also influence water fluxes, typi-

cally decreasing evapotranspiration and increasing run-

off (Bosch & Hewlett, 1982). This was clearly

demonstrated from deforestation plus herbicide treat-

ments at the Hubbard Brook Experimental Forest in

New Hampshire (Likens et al., 1970, 1994). Decades of

additional research at the catchment-scale show con-

vincing evidence of reduced runoff from forested catch-

ments compared to adjacent non-forested counterparts

(Zhang et al., 2001; Brown et al., 2005; Marc & Robinson,

2007), though the difference declines as forests age

(Marc & Robinson, 2007). Similarly, in a global synthesis

of afforested sites, Farley et al. (2005) reported large

average reductions in annual runoff with grassland or

shrubland conversion to forests (44% and 31%, respec-

tively). With eddy covariance data from a post-fire chro-

nosequence of boreal Alaska, Liu et al. (2005)

documented a similar initial decline of evapotranspira-

tion in younger sites and gradual recovery with forest

age. Importantly though, such findings are not univer-

sal. For example, a review article by Stednick (1996) ana-

lyzed changes in annual water yield across paired

forested and deforested catchments. The study indi-

cated no detectable change in water yield when less

than 20% of a catchment’s area was harvested, and some

catchments that were completely deforested showed no

detectable change in water yield. With the eddy covari-

ance technique, Gholz & Clark (2002) reported equal, if

not higher, evapotranspiration post-clearcut compared

to neighboring midrotation and rotation-aged slash pine
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forests of Florida. These contrasting findings motivate

additional study of how evapotranspiration changes fol-

lowing forest disturbances. Evapotranspiration can also

provide useful insights into the mechanisms that may

be responsible for variation in GEP during the early

years following clearing, helping to separate effects of

expanded leaf area and canopy conductance from possi-

ble effects of a changing microclimate.

Radiation fluxes and energy balance can also be sig-

nificantly altered by stand-replacing disturbances. For

example, Liu et al. (2005) documented how the surface

energy budget is altered by the legacy of fire with a

chronosequence of sites in the interior of Alaska. They

reported lower net radiation and lower sensible heat

flux, particularly in spring when snow cover and sur-

face albedo varied the most across sites of different

ages. Such changes in surface energy fluxes can contrib-

ute substantially to the total radiative forcing effects of

disturbances, often offsetting the warming effects of

CO2 emissions by increasing surface albedo, especially

when disturbances reduce shading of a snow covered

surface (Randerson et al., 2006). Corresponding analysis

has not been performed for clearcut disturbances.

Nearly all prior work examining ecosystem- atmo-

sphere fluxes after forest clearing has been performed in

coniferous forests (pine, spruce, or fir), oftenwith planta-

tion treatments rather than natural regeneration (Gholz

& Clark, 2002; Kowalski et al., 2004; Humphreys et al.,

2005; Ball et al., 2007; Grant 2007; Takagi et al., 2009; Zha et

al., 2009; Coursolle et al., 2012). Almost all have empha-

sized carbon balance dynamics, omitting potentially

important variations inwater andenergyfluxeswithpost-

disturbance recovery. The large and lasting albedo and

evapotranspiration legacies reported for post-fire boreal

and tundra sites (Liu et al., 2005; Randerson et al., 2006;

Liu & Randerson, 2008; Rocha & Shaver, 2011) have not

been examined for post-harvest sites. Quantifying the full

dynamics of the coupled cycling of carbon, water, and

energy fluxes following clearing will more comprehen-

sively characterize impacts of harvesting and deepen

understanding of the drivers of ecosystem physiological

changes in thehighlydynamicpost-clearingenvironment.

This study’s main objective was to quantify the tem-

poral dynamics of water, energy, and carbon dioxide

exchanges with the atmosphere in a rapidly and natu-

rally regenerating broadleaf deciduous forest following

a clearcut disturbance. We use the first 3 years of data

from a flux tower deployed in the Harvard Forest

Long-Term Ecological Research (LTER) site to begin

addressing the following broad questions:

• How do GEP, Reco, and NEP vary with vegetation

recovery in a post-clearcut, deciduous forest environ-

ment of the northeastern USA?

• Is there a sustained decrease in evapotranspiration

following clearing and how rapidly does evapotrans-

piration recover with vegetation regrowth?

• How do gross and net radiative fluxes vary season-

ally and annually in the early years following forest

clearing?

Materials and methods

Site description

The clearcut site is located near the top of Prospect Hill

(42.546°N, 72.174°W, elevation 403 m.a.s.l.) within the

Harvard Forest LTER site, clearly visible in a color orthophoto

of the site from the spring of 2009 (Fig. 1) (USGS Color Ortho

Imagery made available from MassGIS (http://www.mass.

gov/mgis/colororthos2008.htm). The clearcut site (Fig. 1) was

formerly a white and Norway spruce (Picea glauca and abies,

respectively) plantation established between 1916 and 1937,

but numerous hardwood deciduous trees and understory

herbaceous plants had grown into gaps created by fallen

spruce trees. The site was commercially harvested in the fall

of 2008 as a clearcut with a mechanical harvester that sheared

fine branches and tree tops and cut trees to length, clearing

all trees within a roughly 200 9 400 m area (8 ha) except for

a few remaining seed trees of mature deciduous species.

Many logs were rejected because of low economic value, con-

tributing to a large volume of CWD left to decompose on-site

after harvesting. CWD density was estimated by measuring

the length and end diameters of all CWD pieces located

within nine 20 9 20 m plots spread throughout the clearcut,

following methods recommended in Harmon & Sexton

(1996). CWD volume per unit area was found to increase

from 0.001 m3 m�2 pre-clearcut to 0.024 m3 m�2 post-clearcut

(Marshall et al., 2011). This large volume of CWD is typical of

other clearcut environments in the region (Marshall et al.,

2011). Soil at the clearcut site is a well-drained Typic Haplor-

thod (coarse-loamy texture, isotic, frigid) (NRCS, 2010). The

monthly mean temperature for Harvard Forest (2005–2010) in

January was �4.5 °C and in July was 20.6 °C. The mean

annual precipitation, for 2005–2009, was 1355 mm and exhib-

its only weak seasonality ranging from a minimum monthly

total averaging 66 mm in January to a maximum monthly

total averaging 125 mm in October (Boose, 2001).

Vegetation cover and composition were assessed with the

line-intercept method in late-May to early-June and again in

mid- to late-July in each of the second, third, and fourth years

following clearing. Five, 50 m transects traversing the clearcut

were established and resampled each year, documenting the

cover intervals of all plants at a species level. In addition, the

species type, diameter, height, canopy width, and number of

stems was measured for all seedlings and saplings within 24,

5 9 5 m plots, with each plot surveyed in June and half of the

plots resurveyed in July of each year (2010, 2011, and 2012).

Species-level leaf area index (m2 plant species per m2 ground

covered by the species) was also estimated in June to July 2010

with destructive sampling of five to ten individuals of repre-
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sentative stature for each of the major species. The projected

area (ground area) occupied by each individual plant was

measured, followed by complete removal of its leaves that

were then packed tightly but non-overlapping into a box that

included a graduated grid from which the total area of leaves

for the plant was determined. Vegetation, in the first growing

season following the clearcut, was dominated by hay-scented

fern (Dennstaedtia punctilobula), wood fern (Dryopteris spp.),

sedges (Carex spp.), and starflower (Treintalis borealis). Alle-

gheny blackberry (Rubus allegheniensis) became a dominant

species in the second and third growing seasons, while red

maple (Acer rubrum) and pin cherry (Prunus pennsylvanica)

showed an increase in dominance throughout the three grow-

ing seasons. Additional results regarding vegetation change

across years are reported in Tables 1 and 2.

Measurements and data processing

A 5 m tripod was instrumented with eddy covariance

instrumentation including a 3D sonic anemometer (CSAT3;

Campbell Scientific, Logan, UT, USA) measuring three-

dimensional, orthogonal components of velocity (u, v, w,

m s�1) as well as the ‘sonic’ air temperature (Ta, °C), and

an open-path infrared gas analyzer (IRGA, LI-COR LI-7500,

Lincoln, NE, USA) measuring concentrations of water vapor

(q in g H2O kg�1 air), and CO2 (lmol CO2 mol�1 air). Start-

ing in mid-June 2009, eddy covariance instruments were

installed at 3.0–4.5 m and elevated annually during May to

June to maintain a measurement height at or above 1.5

times the canopy height. The tower is located at a local

high point of a very gradually sloping landscape. Internal

chemicals of the IRGA were changed annually in spring-

time, followed by zero and span calibrations for CO2 and

H2O. Calibration gases included Grade�5, 99.999% pure

nitrogen for the zero of CO2 and H2O, and a NIST traceable

primary standard (�1% from Airgas, Inc., Fitchburg, MA,

USA) for CO2 that is confirmed with a secondary standard

calibration gas (�0.14 ppm) provided by Ameriflux, and a

LICOR dew point generator (LI-610) for H2O. Post-process-

ing of measured fluxes is described further below.

Average half-hourly incoming and outgoing long-wave and

short-wave radiation fluxes (Rlwin, Rlwout, Rswin, Rswout) were

measured with a Kipp and Zonen (Delft, the Netherlands)

CNR1 radiometer mounted at 3 m above the ground, the bal-

ance of which provides net radiation (Rn, W m�2). The domes

were not heated due to insufficient power supply. Average

half-hourly photosynthetically active radiation (PAR,

lmol m�2 s�1) was recorded with a quantum sensor leveled

at 2.5 m above the ground (LI-190SB, LICOR, Lincoln, NE,

USA). Additional measurement of air temperature and

humidity was recorded with a shielded, solid-state sensor at

2.5 m height (Vaisala HMP45C probe, Campbell Scientific).

Average half-hourly volumetric soil water content (h, m3

H2O m�3 soil) was estimated with 15 cm long Campbell Sci-

entific (Logan, UT, USA) frequency domain reflectometry

probes (CS615) installed horizontally in two separate profiles

at soil depths (z, cm) of 10, 25, 50, and 94 cm, or 10, 20, 40, and

80 cm. The probes have not been locally calibrated, and while

manufacturer notes suggest absolute accuracy to within 2%,

estimates of soil water content are approximate with respect

to the absolute water content but nonetheless provide a robust

measure of the relative moisture dynamics. Half-hourly aver-

aged soil heat flux (G, W m�2) was obtained with 3 self-cali-

brating soil heat flux plates (HFP01SC, Hukseflux Thermal

Sensors, Delft, the Netherlands) installed 5 cm below the

ground surface in representative settings (plant, litter, and

coarse woody debris environments). Spatially averaging soil

thermocouple probes (TCAV; Campbell Scientific) were

installed adjacent to heat flux plates, with probes at 2 and

(a)

(b)

Fig. 1 Flux footprint and wind direction tendencies shown by

wind direction and overlaying a color orthophoto of the site in

spring 2009 after the clearcut treatment in fall 2008. The irregu-

larly shaped polygon repeated in both panels traces the bound-

aries of the clearcut. Measurements were conservatively

discarded if the mean half-hourly wind direction arrived from

20° to 160°.

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12388

4 C. A. WILLIAMS et al.



8 cm below the ground surface. Rainfall per half hour was

measured with a tipping bucket precipitation gage (Met One

Rain Gage Model 385; Campbell Scientific) located adjacent to

the downwind side of the main sensor tripod at 2 m above the

ground and in an environment free of elevated obstructions to

quantify open field precipitation. However, because the gage

was not heated due to insufficient power supply we rely on

the Harvard Forest Fisher meteorological station for additional

measurements of precipitation (same gage but heated and

1.6 m above the ground in a pasture) recorded as total precipi-

tation delivered over 15 min intervals and available since

2001.

Table 1 Vegetation characteristics measured in June to July of the first 4 years post-clearcutting (CC). Seedlings refer to woody

plants shorter than 1.3 m and with a diameter of 3 cm or less measured 30 cm above the ground, while saplings are taller than

1.5 m

Year

Years

post-CC

Vegetation

fractional

cover May/July

Seedling/

sapling stem

density

(stems m�2)*

Mean Tree

height/canopy

width (cm)

75th percentile/

maximum

sapling

height (cm)

Mean diameter of

stems >1 cm (cm)†

2009* 1 0%/40% 0/0 0/0 0/0

2010 2 66%/70% 4.9/0.1 62/34 165/300 1.3

2011 3 87%/94% 3.3/0.7 89/43 173/285 1.4

2012 4 94%/99% 1.4/1.5 139/62 232/430 1.4

*Numbers for July 2009 are based solely on visual assessment.

†Diameter measured 30 cm above the ground.

Table 2 Species composition ordered by rank abundance (rank of 1 is most abundant) based on areal extent determined with the

line-intercept method in July of 2010 and 2011, and associated species-level leaf area index [LAIsp, (m
2 leaf m�2 area vegetated by

species)] estimated from destructive sampling methods in July 2010

Common name Scientific name 2009* 2010 2011 Species LAI, 2010 (select)

Knotweed Polygonum sp. 1 6 6 2.64 � 0.86

Hayscented fern Dennstaedtia punctilobula 2 13 5 2.27 � 0.69

Woodfern Dryopteris spp. 3 2 7 1.64 � 0.43

Starflower Treintalis borealis 4 11 17 1.23 � 0.26

Allegheny blackberry Rubus allegheniensis 5 1 1 2.25 � 1.11

Canadian may-lily Maianthemum canadense 6 12 16 1

Sweetfern Comptonia pergrina 7 27 <30
Elderberry Sambucas pubens 8 10 11 3.28 � 0.66

Red maple Acer rubrum 3 3 2.81 � 0.59

Pin cherry Prunus pennsylvanica 4 2 1.47 � 0.30

Black cherry Prunus serotina 5 9 2.49 � 0.72

American red raspberry Rubus idaeus 7 4 1.87 � 1.37

Sedge Carex spp. 8 8 2.68 � 0.95

Yellow/black birch Betula spp. 9 10 3.32 � 0.96

White spruce Picea glauca 11 14 2.46 � 0.53

Striped maple Acer pennsylvanicum 14 19 1.57 � 0.08

American hornbeam Carpinus caroliniana 16 <30
Lowbush blueberry Vaccinium angustifolium 17 <30 2.30 � 0.66

Paper birch Betula papyrifera 18 12 1.40 � 0.21

Eastern hemlock Tsuga canadensis 19 30 2.43 � 1.32

White pine Pinus strobes 20 18 3.93 � 1.20

Red oak Quercus rubra 21 24 1.15 � 0.20

Wild sarsaparilla Aralia nudicaulis 22 15 1

Serviceberry Amelanchier sp. 23 26

Dewberry Rubus sp. 24 13 1.55 � 0.20

Three-leaf goldthread Coptis groenlandica 25 <30 1

Bluebead lily Clintonia borealis 26 21 1

*Presence and approximated rank abundance based solely on visual assessment for 2009.
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Above-canopy vapor pressure deficit (Da) was calculated as

the difference between the saturation vapor pressure at the air

temperature [Ta, (°C)], and the atmospheric water vapor pres-

sure obtained from q and atmospheric pressure [Pa (kPa)

recorded by the LI-7500]. Total soil water storage (S, cm) was

calculated as the sum of Si, where

Si ¼
h1½ðz2 � z1Þ=2þ z1� for i ¼ 1
hiðziþ1 � zi�1Þ=2 for 1\i\N

hN ½65� ððzN � zN�1Þ=2þ zN�1Þ� for i ¼ N

8<
:

9=
;; ð1Þ

and where N is the number of measurement depths (z). The

potential latent energy flux (LEpot, mm d�1) was estimated

with the Priestley & Taylor (1972) formulation

LEpot ¼ aQ
D

Dþ c
; ð2Þ

where (a = 1.26) is the Priestley–Taylor coefficient accounting

for effects of advection and large-scale entrainment that may

elevate potential evapotranspiration above that due to radia-

tion supply, Q is the available energy (W m�2 averaged for a

half hour period), c is the psychrometric constant (k Pa K�1),

D is the slope of the saturation vapor pressure curve evaluated

at Ta (k Pa K�1) (Brutsaert, 1982; Campbell & Norman, 1998).

Canopy conductance to water vapor (mol H2O m�2 s�1) was

calculated with inversion of the Penman–Monteith equation

(Monteith, 1965):

Gv ¼ cGaX
½DQþ qaCpDaGa�=LE� D� c

; ð3Þ

where Ga is the canopy-scale aerodynamic conductance calcu-

lated from half-hourly friction velocity [u*, (m s�1)] divided

by mean horizontal wind speed (m s�1), qa is the density of

air (kg air m�3), Mv is the molecular weight of water

(=18.02 g mol�1), Cp is the specific heat capacity of air

(J kg�1 K�1) (Brutsaert, 1982; Campbell & Norman, 1998), and

Ω converts conductance from (m s�1) to (mol m�2 s�1)

{=44.6*[273/(Ta + 273)]*[Pa/101.3]} (Pearcy et al., 2000). A

rectangular hyperbolic light response function was used to

parameterize the relationship between GEP and PAR,

GEP ¼ apP1PAR

apPARþ P1
; ð4Þ

where is ap represents the quantum yield and P∞ is the asymp-

totic value of GEP at high light.

Post-processing of the raw high frequency (10 Hz) data

for calculation of above-canopy, half-hourly turbulent fluxes

of sensible heat (H, W m�2), water vapor (LE, W m�2), and

carbon dioxide (Fc, mg CO2 m�2 s�1) was consistent with

methods described in Lee et al. (2004). It first involved spike

filtering based on instrument diagnostics, logical limits, and

based on a 4 SD threshold within 3-min data windows. The

velocity field was rotated with the planar method of

Wilczak et al. (2001) applied to monthly data for 30 degree

sectors. We corrected sonic temperature to air temperature

according to the work of Schotanus et al. (1983). LE and Fc
were corrected with the Webb–Pearman–Leuning correction

(Webb et al., 1980) plus an additional term accounting for

surface heating of the instrument (Burba et al. 2006). Fre-

quency response correction of some of the energy lost due

to instrument separation and gas analyzer response for LE

and Fc was performed with empirical cospectral adjustment

to match the H cospectrum (Eugster & Senn, 1995; Su et al.,

2004). Heat and mass fluxes were calculated with

conventional equations (see e.g., Moncrieff et al., 1997;

Aubinet et al., 2000). Net fluxes (LE, H, Fc) are reported as

positive when from the land to the atmosphere. Lacking

measurements of the vertical profile of CO2 concentration

and expecting a modest storage flux given the ecosystem’s

low stature, we assumed that net ecosystem-atmosphere

CO2 exchange (NEE) equals measured Fc. Lateral and drain-

age flows of carbon toward groundwater, rivers, and

streams can also be important for the net carbon balance of

landscapes (Butman & Raymond, 2011; Lauerwald et al.,

2012) and may be particularly important following forest

disturbance (Schelker et al., 2012). However, such

fluxes have not been measured in this work which has a

central focus on ecosystem carbon exchange with the

atmosphere.

Turbulent flux data were excluded based on instrument

diagnostics, data exceeding logical bounds, inappropriate

wind direction, low turbulence, and large flux footprint extent.

Table 3 summarizes the fraction of data retained after each

progressive filter following the approach of Stoy et al. (2006).

The instrument filter ensures proper sonic anemometer and

IRGA function. The logical filter removes unrealistic data

points. The wind direction filter removes samples unrepresen-

tative of the clearcut as well as flows that may be adversely

influenced by the tower-related hardware itself, conserva-

tively defined as a mean half-hourly wind direction arriving

from 20° to 160°. Outside of these sectors fluxes were seen to

vary little with wind direction (Fig. S1). The friction velocity

filter removes measurements taken when turbulence was not

developed well enough to ensure adequate measurement of

the surface-atmosphere exchange during the measurement

interval. Insufficient turbulence was defined with the method

of Papale et al. (2006), which identifies the friction velocity

above which the measured nighttime CO2 flux is within 90%

of that measured in conditions of even greater turbulence as

the median across 6 levels of temperature. The threshold was

separately determined for 3 month segments of data identify-

ing a u* threshold and ranged from 0.12 to 0.18 m s�1 (Fig.

S2). The extent of the flux footprint was estimated with the

analytical flux footprint model of Hsieh et al. (2000) and indi-

cates that a source area within 150 m upwind of the tower

contributed 80% of the measured flux 95% of the time, well

Table 3 The percentage of turbulent flux data remaining

after progressive data filters

Filter

Daytime Total

Fc LE H Fc LE H

Instrument 96.3 96.3 96.3 96.2 96.2 96.2

Logical 85.6 88.5 96.3 84.7 87.9 96.2

Wind Direction 81.7 83.6 90.3 79.5 81.8 88.8

Turbulence 68.2 69.3 74.9 56.2 57.3 62.8

Footprint 67.8 68.8 74.3 54.9 55.9 61.5
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within the clearcut area (Fig. 1). Measurements were excluded

when the 80% flux footprint extended beyond an upwind dis-

tance of 200 m and into the land cover types surrounding the

clearcut target. Energy balance closure, defined as (H + LE)/

(Rn-G), averaged 62% for half-hourly data (intercept of

12.5 W m�2) and 74% for the daily time scale (intercept of

0.85 W m�2). Lack of closure is a well-known chronic issue

with the eddy covariance method, but even so this site’s clo-

sure is lower than the norm. It is not clear to what this can be

attributed though the large volume of coarse woody debris

may contribute a sizable capacity to store and release energy,

a term that is not measured.

Net ecosystem CO2 exchange (NEE) was separated into eco-

system respiration (Reco) and gross ecosystem productivity

(GEP) with the approach of Reichstein et al. (2005). Briefly, this

approach equates valid nighttime NEE observations with

nighttime Reco, derives temporally varying (15-day) empirical

coefficients relating Reco to temperature with the Lloyd & Tay-

lor (1994) model, applies the model to estimate a continuous

series of Reco, and calculates GEP from Reco – NEE.

Data gaps were filled with the Marginal Distribution Sam-

pling approach of Reichstein et al. (2005). This approach

replaces missing values with the mean of temporally local,

valid flux measurements under analogous environmental con-

ditions (Rswin, Ta, Da). The size of the data window is progres-

sively expanded until filling is successful up to a maximum

window size, here up to 2 weeks. Gap-filling, though possible

beyond the 2 week window, was deemed to be of low confi-

dence and thus excluded. We only retained values classified

as high confidence (class A) by the quality control rating in

[Reichstein et al. (2005), see appendix A therein].

Carbon dioxide releases were also measured from CWD

and soil plots during summer field campaigns using portable,

chamber-based instruments (LI-6200, LI-COR, Lincoln

Nebraska) (Vanderhoof et al., 2013). The rate of CO2 release

from CWD was measured in situ under ambient conditions on

sixteen sample logs cut to 50 cm in length with a range of

diameters 8–20 cm. Each was placed one at a time inside an

air tight plastic chamber with a wire rack at the bottom of the

chamber and with an internal fan to provide good air circula-

tion around the log and through the chamber (Liu et al., 2006;

Gough et al., 2007). An LI-6200 infrared gas analyzer (IRGA)

pumped air through the chamber in a closed loop at a set rate.

The CO2 concentration was recorded every 10 s until a rise of

50 ppm CO2 was recorded relative to the starting concentra-

tion, or until 900 s had passed, whichever was first. To avoid

the effects of air disturbance caused by opening the chamber

cover, data for the first 45 s after the start of measurements

was not used (Jomura et al., 2007). Log-level respiration was

calculated as grams of CO2 emitted per unit of wood surface

per unit of time (Hagemann et al., 2010). Soil respiration was

also measured in the summers of 2011 and 2012, with the

chamber method. Sixteen PVC collars (diameter = 25.4 cm,

20 cm deep) were installed at the site and a LI-6200 IRGA was

used to record the rate of soil respiration. In spring 2012, three

of the sixteen collars were installed on trenched plots

(1 9 1 9 0.3 m deep), where all vegetation was removed.

The plots were covered with landscape cloth to prevent

herbaceous regrowth. The difference between trenched

and untrenched soil respiration rates was used to estimate

the autotrophic/heterotrophic partitioning of total soil

respiration.

Results

Gross ecosystem productivity (GEP) increased mark-

edly with each year following the clearcut (Fig. 2). Dur-

ing the middle of the growing season typical midday

rates equaled 13, 17, and 22 micromoles CO2 m�2 s�1

in 2009, 2010, and 2011 (Fig. 2), respectively, indicating

a 1.7-fold increase from the first to third year post-clear-

ing. With no appreciable change in short-wave radia-

tion flux or ambient air temperature (Fig. 2), the

observed increase in GEP with time since clearing does

not appear to be the result of meteorological differences

and instead suggests an increase in physiological poten-

tial for carbon assimilation. Focusing on the summer

season, precipitation and soil moisture were lower in

2010 than the other years (Figs 3 and 4), particularly

during the late summer (August, biweeks 16–19), and
this was commensurate with elevated vapor pressure

deficit (Fig. 2). While it is possible that this contributed

to lower August GEP in 2010 compared to 2011, soil

moisture and Da were similar in other months, while

GEP was clearly higher in 2011. Also worth noting is a

wetter than normal June in 2009 (Fig. 3), which led to

sustained high soil moisture during the early summer

and lower Da (Fig. 2), but this did not translate into

higher GEP in 2009 (Fig. 2) due to the low leaf area.

The springtime rise in GEP from near zero winter-

time values began as early as the 12th week of the year,

corresponding to late-March. This was noticeably ear-

lier than in the neighboring mature deciduous broad-

leaf forests but similar to that for neighboring hemlocks

(Wofsy et al., 1993; Goulden et al., 1996; Hadley et al.,

2008) and likely due to earlier leaf out of the herbaceous

and shrubby functional types in the early successional,

post-clearcut environment. Maximal rates of GEP were

achieved by around the 24th week of the year, or mid-

June and tended to remain fairly stable until mid- to

late-August (34th week of the year) when senescence

initiated a seasonal decline in GEP. Higher GEP in 2011

compared to 2010 and 2009 persisted from the summer

to autumn seasons. Still, by the end of the first growing

season post-clearing, GEP was already as high as that

in the following year (compare autumn 2009 and 2010

in Fig. 2).

Latent energy flux also increased markedly with time

since clearing (Fig. 2). Typical midday water flux rates

were 120, 190, 240 W m�2 during the midgrowing sea-

sons of 2009, 2010, and 2011, respectively, indicating a

doubling from the first to third years after clearing. A
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similar rate of increase is seen for evaporative fraction

(the ratio of actual to potential LE) (Fig. 2), noting that

cold season ratios are misleading because of vanishing

fluxes. This indicates that the pattern of LE increase

over time cannot be attributed to differences in meteo-

rology and instead resulted from increased canopy con-

ductance to water vapor as evidenced further below.

The seasonal pattern of LE closely resembled that of

GEP.

Ecosystem respiration exhibited relatively subtle var-

iation between years, if any. Mid-growing season Reco

was typically 10, 12, and 12 micromoles CO2 m�2 s�1

across years at corresponding midday temperatures of

23–26 °C, with a persistent, yet modest elevation of

Fig. 2 Mean biweekly fluxes and environmental conditions measured during the daytime hours of 10:00 hours to 13:00 hours for the

3 years following clearcutting.

Fig. 3 Cumulative seasonal and annual precipitation for the first 3 years post clearcutting where biweeks included in each season are

Winter 1–5 and 24–25, Spring 6–11, Summer 12–17, Summer* 13–17, Autumn 18–23, and Annual 4–25.

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12388
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2011 rates over those of 2009. Considering that respira-

tion releases continue into nighttime hours, unlike pro-

ductivity, it is worth noting the sizable ratios of midday

Reco to GEP, approximately 0.77, 0.71, and 0.55 for the

first 3 years post clearing.

The clearcut site released a large amount of carbon to

the atmosphere in each of the years of study (Fig. 4).

Net releases tended to be largest in summertime

despite sizable GEP. This was true even in 2011, when

annual GEP totaled almost 1400 g C m�2, but was over-

whelmed by massive Reco exceeding 2000 g C m�2 and

resulting in a net release of nearly 700 g C m�2. NEP

was also strongly negative in the autumn season,

because of a larger seasonal decline in GEP compared

to that for Reco. Modest respiration releases were seen to

continue even into wintertime.

The clearcut site released just less than 500 mm of

water to the atmosphere via evapotranspiration (ET) in

2010, and slightly more in 2011 (Fig. 4). Summer season

ET accounted for about 40% to 50% of the annual total,

while spring and autumn contributions accounted for

20% to 30% each. With annual precipitation of around

1108 mm in 2010 (Fig. 3), this indicates an ecosystem

water yield of 625 mm yr�1 (1108–483), or a runoff ratio

of ca. 0.56 (=625/1108).
Elevation of LE with time since clearing was evident

in summer and autumn. This pattern was consistently

matched by a corresponding decline in sensible heat

flux (H) (Fig. 4). There was a marked reduction in H

between years, particularly in the summer season when

the Bowen ratio (here H/ET) declined from nearly 1.0

in 2009 to only 0.17 in 2011. Also of note were the nega-

tive sensible heat fluxes in the winter season, logically

owing to a snow-covered surface cooler than the near

surface air such that it is a sink for atmospheric heat.

Radiation fluxes varied little between years (Fig. 5).

Season-wide net short-wave radiation flux was stable

across years for the summer and autumn seasons, indi-

Fig. 4 Cumulative seasonal and annual carbon, water, and energy fluxes for the first 3 years post clearcutting where biweeks included

in each season are Winter* 4, 5 and 24, Spring 6–11, Summer 12–17, Summer* 13–17, Autumn 18–23, and Annual 4–25. Winter results

are rescaled (x 7/3) to reflect 7 biweeks of results.

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12388
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cating the relatively constant albedo during the first

3 years after clearing (Fig. 2). Net long-wave radiation

flux was also largely stable during these seasons. Thus,

net radiation varied little between years. During winter,

net short-wave radiation flux was much lower (Fig. 5)

due to reduced insolation (Fig. 2) as well as higher

albedo when snow covered (Fig. 2). Wintertime net

long-wave flux was similar to that in other seasons

(Fig. 5). However, interpretation of wintertime fluxes

should be treated with caution because sensor and

power problems during the winter season led to inter-

mittent sampling (see Fig. 2). As with Rn, soil heat flux

(G) varied little between years (Fig. 2) though the

expected seasonal pattern is evident, with flux into the

ground during the warm season and release out of the

ground during the cold season.

The strong increase in GEP across years results from

an elevated CO2 fixation rate per unit of incident photo-

synthetically active radiation (PAR) (Fig. 6). Light

response curves indicate a large rise in GEP for a given

light-level, with the median rate in 2011 resembling or

exceeding the 99th percentile in 2009 and the median

rate in 2009 resembling the 1st percentile in 2011. This

pattern appears strongly in the multi-year rise in light

response parameters, including both quantum yield as

well as the asymptotic maximum photosynthetic rate

each inferred from fitting a rectangular hyperbolic

function (Table 4). It is unclear if this multi-year trend

is because a larger fraction of incident PAR is absorbed

by an expanding canopy, or if the ecosystem’s leaf-level

potential to assimilate CO2 has increased over years.

Both would be plausible. Sizable increases in leaf area

and vegetation cover are being recorded at the site

(Tables 1 and 2). Preliminary analysis of leaf-level gas

exchange data indicate large species level differences in

Fig. 5 Cumulative seasonal net radiation fluxes for the first 3 years post clearcutting where biweeks included in each season are Win-

ter* 4, 5, and 24, Spring 6–11, Summer 12–17, Summer* 13–17, Autumn 18 to 23. Winter results are rescaled (x 7/3) to reflect 7 biweeks

of results.

Fig. 6 Midgrowing season light response curves expressed as

boxplots. Curves indicate medians for 2009 (blue, long dash),

2010 (red, short dash), and 2011 (black, continuous). Boxes span

the 25th to 75th percentiles, while whiskers span �2.7 times the

SD (or roughly the 1st to 99th percentiles). Midgrowing season

is defined as the 12th to 17th biweeks of the year, or June to

mid-August.
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assimilation rate, with vegetation compositional shifts

and leaf area trending toward species with greater

physiological potential for carbon fixation.

The sizable increase in LE across years is consistent

with elevation of the rate of canopy conductance to

water vapor (Gv) (Fig. 7). From inverting the Penman–
Monteith model of evapotranspiration (Monteith, 1965),

we calculated instantaneous rates of water vapor con-

ductance at the canopy scale. Mid-growing season,

midday Gv increased each year, with a large increase

from 2010 to 2011. The rise in conductance between

years is consistent across time of day despite the typical

afternoon decline in conductance due to diurnal deple-

tion of plant water stores and elevated vapor pressure

deficit in the afternoon. The rise in conductance over

years cannot be attributed to a trend in vapor pressure

deficit itself between years because there is a clear rise

in canopy conductance for a given level of Da, both in

the morning and afternoon (Fig. 8). As with the noted

multi-year rise in GEP/PAR, it remains unclear if the

trend in conductance results from vegetation structural

changes, such as an expanded exchange surface

(LAIsp 9 fveg) and more extensive root systems, or

rather a compositional shift in canopy physiology, in

this case toward more water-use-intensive species.

The multi-year rise in both GEP and LE are reflected

in midgrowing season P∞ and Gv, respectively. Plotting

these parameters vs. fveg and (LAIsp x fveg) reveals non-

linear relationships, with a steeper rise from 2010 to

2011 compared to 2009 to 2010 (Fig. 9). Comparison to

values obtained at a nearby mature hardwood forest

(Harvard Forest Environmental Monitoring Station less

than 1 km away, based on Urbanski et al. (2007)) sug-

gests that a further rise in productivity is possible.

However, it is notable that after only 3 years following

clearcutting the site is already reporting rates of pro-

ductivity comparable to the low end of the range for

the nearby mature forest (75–100 year old) dominated

by oak and maple trees. This between-site comparison

also suggests that additional layers of leaves with

continued post-clearcut regrowth will yield a less

than proportional increase in GEP, consistent with self-

shading and overall light-limitation.

Discussion

Productivity recovered quickly but not enough to offset

respiration, which remained large and relatively stable

across years. This pattern was consistent with the

recent synthesis of flux tower data by Amiro et al.

(2011), which arrayed data from various forest types by

each site’s time since disturbance to study the broad

temporal trajectory of carbon fluxes following stand-

replacing disturbances. They reported a general post-

harvest pattern of relatively constant annual ecosystem

respiration (Reco) but a gradual increase in GEP over the

first decades following stand replacement. Our study is

in agreement with this general dynamic at least during

the first 3 years after clearcutting. Annual net carbon

emission was consistent over the first 3 years of study,

totaling about 700 g C m�2 yr�1, which is at the upper

end of the range (200 to 850 g C m�2 yr�1) reported

after clearcutting (Amiro et al., 2011). At this stage, it is

unclear when the Harvard Forest clearcut site will tran-

sition from carbon source to sink at the annual scale,

referred to as ‘crossover time’. The Amiro et al. (2011)

study reported a mean crossover time of about 10 years

for harvested sites in North America, with warmer sites

tending to have larger post-disturbance emissions and

faster recovery to annual NEP>0. One useful indicator

Fig. 7 Midgrowing season conductance to water vapor

during morning and early afternoon hours in the 3 years post

clearcutting expressed as box plots (as in Fig. 7). Conductance

was calculated with inversion of the Penman–Monteith

equation. Mid growing season is defined as the 12th to 17th

biweeks of the year.

Table 4 Light response curve parameters for midgrowing

season data in each year obtained in the rectangular-hyper-

bolic fits of GEP vs. PAR. Standard deviations on the parame-

ters were obtained from 50 bootstrap replicates involving

random resampling of 90% of the data with replacement

2009 2010 2011

ap 0.0279 � 0.0004 0.0452 � 0.0005 0.0529 � 0.0005

P∞ 18.63 � 0.15 21.27 � 0.13 28.57 � 0.13

R2 0.88 0.91 0.93
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Fig. 8 Midgrowing season conductance to water vapor vs. vapor pressure deficit during morning (9:00 hours–12:00 hours) and early

afternoon (12:00 hours–15:00 hours) in the 3 years post clearcutting expressed as box plots (as in Fig. 7). Curves indicate means for

2009 (blue, long dash), 2010 (red, short dash), and 2011 (black, continuous). Midgrowing season is defined as the 12th to 17th biweeks

of the year.

Fig. 9 Asymptotic ecosystem-scale photosynthetic rate at high light (P∞), and maximum canopy conductance to water vapor (Gv) for

morning hours and low vapor pressure deficit conditions each plotted vs. vegetation fractional cover and leaf area index during the

midgrowing season. Arrows indicate flow from 2009 to 2011. Leaf area index was approximated from average leaf area per species area

for the ten most abundant species (Table 2, LAIsp) times total vegetation cover for all species in July of each year (Table 1). Vertical bars

indicate estimates for the neighboring mature forest of the Harvard Forest Environmental Monitoring Station during the period

1992–2004 as reported by Urbanski et al. (2007).
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of the current carbon balance status is the ratio of

annual GEP to Reco, which has been shown to increase

from a low of 0.2–1.2 over the first 10–20 years after

harvest clearing for most sites (Amiro et al., 2011). In

this study, we found GEP/Reco of about 0.65 in the sec-

ond and third years post-clearing, which exceeded the

average reported by Amiro et al. (2011), and was con-

sistent with a rapid recovery of plant productivity and

vigorous vegetation regrowth.

The large volume of CWD and dead roots in the

post-clearcut environment contribute substantially to

ecosystem respiration, which again is about 1.5 times

larger than annual GEP. Chamber-based measurements

at our site indicate that CWD accounts for 18% of total

daytime ecosystem respiration during summer months

(Vanderhoof et al., 2013). This is much higher than the

2.3% estimated in a nearby forest after selective logging

(Liu et al., 2006), though that study sampled smaller

pieces of CWD just after cutting. Chamber-based soil

respiration (including litter) measurements during the

months of June and July indicate that it accounts for

another 44% of total ecosystem respiration, leaving 36%

to contributions from aboveground autotrophic respira-

tion, meaning leaves, and stems. For comparison, Lav-

igne et al. (1997) found soil respiration to comprise a

larger fraction (48–71%) of total ecosystem respiration

in boreal coniferous forests, and Janssens et al. (2001)

reported a mean of 69% across European forests, or

63% when excluding forests with recent soil distur-

bance. Though the soil-derived fraction of total ecosys-

tem respiration is lower at the HF clearcut site, when

CWD releases are also included, the combined estimate

(62%) is more consistent with these multi-site synthe-

ses. Comparing soil respiration measurements across

years suggest a possible increase of emission over time

with mean rates averaging 5.3 � 0.3 lmol CO2 m�2 s�1

in 2011 and 5.8 � 0.3 lmol CO2 m�2 s�1 in 2012 (Kap-

pel et al., 2013). This trend is consistent with the rise in

GEP, which can be expected to elevate respiration

through belowground supply of carbohydrates, root

turnover, and litter input (H€ogberg et al., 2001). How-

ever, a t-test indicates that plot-to-plot and date-to-date

variability is large relative to the difference in means

between years (P = 0.5029). The trenched plot experi-

ment suggests that heterotrophic respiration accounts

for about 66% of total soil respiration, with a mean mid-

day rate of 4.1 � 0.3 lmol CO2 m�2 s�1 during the

summer months (Kappel et al., 2013). This is consistent

with expectations from a meta-analysis by Subke et al.

(2006), which indicates that the heterotrophic fraction

of total soil respiration tends to decrease with forest

age. This site’s heterotrophic respiration rate is higher

than that reported in some other studies (Tang & Bal-

docchi, 2005; Schuur & Trumbore, 2006), consistent

with the large mass of dead biomass decomposing

belowground. The root contribution (Rroot:Rsoil) is gener-

ally expected to range 0.3–0.5 in terrestrial ecosystems

(Raich & Schlesinger, 1992; Hanson et al., 2000) but has

been shown to vary more widely (0.0–0.6) in a recent

synthesis (Bond-Lamberty et al., 2004).

Evapotranspiration recovered rapidly and continued

to rise over thefirst 3 years in roughproportion to the rise

in GEP and despite greater precipitation and soil mois-

ture throughout much of summer of the first year post-

clearcut. A corresponding decline in H was observed,

and thus a decrease in the Bowen ratio (H/LE). Such

shifts in surface energy partitioning would be expected

to modify regional-scale boundary layer processes of

convection, mixing, and cloud formation if they take

place over a sufficiently large area and with appropriate

spatial arrangement (Avissar & Pielke, 1989; Pielke et al.,

1998; BaidyaRoy&Avissar, 2002). Evapotranspiration in

the second and third years of recovery (483 and

517 mm yr�1) was similar to, if not greater than, that

measured in neighboring hemlock and red oak-domi-

nated forests (327 and 417 mm yr�1, respectively) albeit

in different years (Hadley et al., 2008). Thus, one should

not expect a sustained increase in catchment water yield

(runoff)with clearcuttingwhen followed by rapid, vigor-

ous vegetation regrowth. This is consistent with findings

from the Florida slash pine clearcut study of Gholz &

Clark (2002); however, their site experienced frequent

flooding that likely supported a rapid recovery of ET.

With regard to the radiation fluxes, their general stability

across years during the non-snow covered season is

unsurprising, and strongdependence ofwintertime radi-

ation on snow cover and associated higher albedo is to be

expected. As the regrowing forest matures and vegeta-

tion continues to grow, we could expect increased shad-

ing of the snow cover and a reduction in albedo.

Comparison to the radiation fluxes over a neighboring

mature forest should provide a good indication of the

expected long-term trend in albedo and enable calcula-

tion of the net radiative forcing from the clearcut treat-

ment.

Seasonal patterns in GEP and ET both indicated

sizable vegetation activity in the spring and autumn

seasons, possibly more active than that reported for

neighboring deciduous broadleaf forests and more

akin to the neighboring coniferous forests (Wofsy

et al., 1993; Goulden et al., 1996; Hadley et al., 2008).

Though this needs to be assessed quantitatively by

comparative analysis across flux towers at the Har-

vard Forest, it is suggestive of earlier leaf out and

later leaf senescence and drop at the clearcut site

compared to the neighboring mature forests. If found

to be true this runs contrary to recent work indicat-

ing a general increase in growing season length with
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time since disturbance during mainly the first

20 years of stand development (Coursolle et al., 2012).

Site-specific monitoring of weekly phenology would

be ideal to determine if this is the case, but is unfor-

tunately not available for the first years of study at

the clearcut site. Satellite remote sensing of vegeta-

tion index may be a useful tool for future analysis,

but preliminary exploration with MODIS normalized

difference and enhanced difference vegetation indices

(MOD13Q1, NDVI and EVI) was not successful due

to low spatial resolution and associated difficulty in

distinguishing the clearcut tract from the surrounding

vegetation of mature hardwood and coniferous for-

ests.

We were unable to determine if rises in GEP and ET

can be attributed to the expansion of leaf area and vege-

tation cover or a change in vegetation physiology, or

maybe even microclimate. Detailed, intensive monitor-

ing of vegetation cover and composition, leaf area by

species, and leaf-scale physiological function are all

needed to adequately address this issue. By measuring

such ecosystem attributes over time, it should be possi-

ble to estimate the role of each factor.

This study is the first of its kind to offer as

detailed an account of the early temporal patterns of

carbon and water fluxes following forest clearing in

a temperate, deciduous broadleaf forest environment.

We found rapid recovery with sustained increases in

GEP over the first three growing seasons post clear-

ing, coincident with large and relatively stable net

emission of CO2 because of sizable ecosystem respi-

ration. Soil respiration is estimated to contribute 44%

of total ecosystem respiration during summer

months and coarse woody debris accounts for

another 18%. ET also recovered rapidly and contin-

ued to rise across years with a corresponding

decrease in H. Gross short-wave and long-wave radi-

ative fluxes were stable across years except for

strong wintertime dependence on snow covered con-

ditions and corresponding variation in albedo. Fur-

ther study is needed to determine the degree to

which vegetation structure, composition, and func-

tion are responsible for the observed increases in

GEP and ET. Continued monitoring of fluxes is

needed to further document how carbon, water, and

energy fluxes vary during this period of highly

dynamic vegetation change. Future work should uti-

lize the local network of flux towers to compare

fluxes among contrasting land cover types of Har-

vard Forest, including the post-clearcut environment,

mature hemlock forest, and oak-dominated decidu-

ous broadleaf forest, with analysis of each site’s

unique function as it varies at seasonal, annual, and

interannual scales.
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online version of this article:

Figure S1. Mean half-hourly turbulent fluxes of water (LE)
and carbon dioxide Net ecosystem exchange (NEE) with
wind direction in 30 degree data partitions.
Figure S2. Net ecosystem exchange (NEE) during nighttime
vs. friction velocity (u*). Data are pooled by time of year in
three-month segments for the year 2010, and for six, evenly
spaced data partitions of half-hourly temperatures.
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