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Background

The overall objective of this research has been to develop the capacity to predict how future
climatic variation may affect carbon cycle processes and net CO, exchange with the atmosphere
at the Howland Forest, a temperate-boreal ecotonal forest that uniquely represents this ecosystem
type in the AmeriFlux network. Major goals of the project have been to (1) provide a detailed
characterization of C-cycle processes at Howland; (2) develop and test prognostic models to
forecast future C-cycle processes; and (3) obtain defensible estimates of the uncertainties in
measured and modeled C fluxes and pools.

Whole ecosystem carbon flux measurements began at Howland in late 1995 and continue to this
day. Detailed meteorological and ecological studies began in the 1980°s. Notable previous
results relevant to carbon cycle science from Howland include that this mature (> 140 years old)
forest is still vigorously accumulating carbon, that cold autumnal temperatures abruptly and
irreversibly reduce photosynthetic capacity until spring, that photosynthetic uptake will occur on
warm winter days, that warmer than normal spring temperatures lead to enhanced carbon
sequestration while warmer temperatures in the autumn lead to higher carbon losses (e.g.
Hollinger et al. 1999, 2004; Piao 2008). Using our unique two-tower design we showed that flux
towers make representative and repeatable measurements of forest carbon exchange, quantified
the uncertainty in flux measurements, and developed methods for determining uncertainty at
single tower sites (Hollinger and Richardson 2005; Richardson et al. 2006, 2007). We also
strongly promoted the use of these methodologies, which are an integral part of all data-model
fusion efforts (Richardson et al. 2007, 2009; Williams et al. 2009). We investigated the
partitioning of C fluxes into gross ecosystem production and respiration, and further partitioned
respiration into above- and belowground components and isolated the causes of variation in these
fluxes (Davidson et al. 2006; Richardson et al. 2008).

We have produced high quality, comprehensive, and accessible data sets during our entire
program. As a result, Howland data have helped inform more than 50 cross-site synthesis
studies and Howland was chosen to be the prototype site for the current NACP Site Level
Synthesis Project. Howland data are also critical elements in several on-going studies led by
other researchers (NASA projects led by S. Ollinger (UNH), S. Saatchi (JPL) and F. Rahman
(IU), NSF project led by M. Rudnicki (U. Conn.), and NOAA project led by Richardson
(Harvard).

Highlights of our most significant results

We focus here on three areas; long-term trends in C exchange, new understanding of respiratory
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fluxes, and our development of a comprehensive modeling framework.

Long-term trends in C Exchange. With a fourteen-year record of measurement at Howland, we
now find that there is a significant (P<0.01) trend of increasing C uptake and storage

(sequestration) in this mature forest

350

yr

= 0 : .
q,}" 300 b . 7 X’f.{‘—- _(Flg. 1,_top_). S(_equestratlon has been
= / \ A increasing in this mature, unmanaged
o 20} e forest by ~11 (+7) g C m? y™* (mean
o 200 '_,;.::’.7/ \ and 95% confidence interval). The

0 150¢ " increasing trend accounts for slightly
TH] =—n Howland L

Z 100 : more than half of the variation

2000 observed over time. Partitioning the

o yr net flux into photosynthetic uptake

o ot (GEP) and ecosystem respiration

1600 —N\ - isi

S A—a A (Reco), We find, surprisingly, that the
@) A v * ~a—B A . . .

S, 1400 ST e e e A4—%=a—2| trend is not due to increasing

5 1200t T T weec——e___, | photosynthetic uptake but to

2 1000}, , ? ¢ dec_reasing respirato_ry Iosse_s (P_<0.01).
2 800} a—a cep This result (decreasing respiration with
% 1995 2000 time) is especially strong during the

O months of June and August. However,

there is no long-term trend in either of

Fig. 1. Significant increases in net carbon sequestration have
occurred in the unmanaged “over mature” forest at Howland.

the key drivers of respiration
(temperature or rainfall) in June,
August, or on an annual basis (data not

shown). Long-term measures of soil

respiration (Fig. 2) also fail to show this trend, suggesting that the aboveground portion of
respiration is declining. A potential explanation for these observations is input and subsequent
decay of woody debris (branches, needles, standing dead trees) arising from a large-scale ice
storm in January 1998. We will continue our efforts to determine whether these observations

represent a long-term response from an
episodic disturbance or a more
fundamental shift reflecting changes in
primary drivers such as increasing
atmospheric CO,, temperature, and/or
precipitation.

Environmental Controls of Respiration.
Soil respiration (Rs) is a combination of
autotrophic and heterotrophic
respiration, but it is often modeled as a
single efflux process, influenced by
environmental variables similarly across
all time scales. Continued progress in
understanding sources of variation in
soil CO, efflux requires development of
Rs models that incorporate
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Fig. 2. There has been no significant trend in the
soil component of total ecosystem respiration.

environmental influences at multiple time scales. Coherence analysis, which requires high
temporal frequency data on Rs and related environmental variables, permits examination of
covariation between Rg and the factors that influence it at varying temporal frequencies, thus
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isolating the factors important at each time-scale (Savage et al. 2008). Automated growing
season Rs measurements, along with air, soil temperature and moisture have been collected at
half hour intervals at the Howland Forest since 2005.

We have found (as in other temperate and boreal forests) that seasonal variation in Rs was
strongly correlated with soil temperature. The organic and mineral layer water contents were
significantly related to Rs at synoptic time scales of 2-3 days to weeks, representing the wetting
and drying of the soils as weather patterns move across the region. Post-wetting pulses of Rs
were correlated with the amount of precipitation and the magnitude of the change from pre-wet
up moisture content to peak moisture content of the organic horizon during the precipitation
events. Although soil temperature at 10cm depth and Rs showed strong coherence at a 24-hour
interval, calculated diel Q;o values for Rs were unreasonably high (6 to 74), suggesting that other
factors that covary with soil temperature, such as canopy processes, may also influence the diel
amplitude of Rs. Lower diel Q;o values were obtained based on soil temperature measured at
shallower depths or with air temperature, but the fit was poorer and a lag was needed to improve
the fit (peak Rs followed peak air temperature by several hours), suggesting a role for delayed
substrate supply from aboveground processes to affect diel patterns of Rs (Savage et al. 2009).
The high frequency automated Rs datasets allowed us to disentangle the temporal scales at which
environmental factors, phenology, synoptic weather events, and diel variation in temperature and
photosynthesis, affect soil respiration processes.

Modeling Framework and Results. A third focus of our recent efforts has been to assemble a
comprehensive database of Howland carbon pools and fluxes and to use these data to test various
ecosystem carbon models. We have contributed these to the North American Carbon Program
(NACP) where because of the quality and completeness of our flux, meteorological, and
ecological data, the Howland forest was the first test site of the NACP Data-model comparison
project (Schwalm et al. 2010). We have worked with other modelers in the development and
testing of the ED2 and Standcarb models, and carried out our own modeling studies (Medvigy et
al. 2009; Sierra et al. 2009).

We conducted an inverse modeling analysis (Richardson et al. 2010) using a variety of data
streams (tower-based eddy covariance measurements of net ecosystem exchange, NEE, of COy;
chamber-based measurements of soil respiration, and ancillary ecological measurements of leaf
area index, litterfall, and woody biomass increment) to estimate parameters and initial carbon [C]
stocks of a simple forest C-cycle model, DALEC, using Monte Carlo procedures.

Our analysis focused on: (1) full characterization of data uncertainties, and treatment of these
uncertainties in the parameter estimation; (2) evaluation of how combinations of different data
streams influence posterior parameter distributions and model uncertainties; (3) comparison of
model performance (in terms of both predicted fluxes and pool dynamics) during a four-year
calibration period (1997-2000) and a four-year validation period (“forward run”, 2001-2004).

We evaluated how well we could model NEE, various other carbon fluxes, and the change in
woody biomass increment using different sets of measurements to constrain the model during the
calibration phase (initial 4-year period, Fig. 3). On the “X” axis the numbers refer to model runs
where the model results are constrained by (1) daytime NEE alone, (2) day and nighttime NEE,
(3) #2 plus limits on how fast forest C stocks can change, (4) #3 plus soil respiration, (5) #3 plus
LAI, (6) #3 plus litterfall, (7) #3 plus wood increment, and, (8) all previous constraints. We
found that biomass data, and, to a lesser degree, soil respiration measurements contribute to
marked reductions in uncertainties in parameter estimates and model predictions as these provide
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orthogonal constraints to the tower NEE measurements. However, none of the data are effective
at constraining fine root or
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gross primary productivity (iGPP), and soil respiration (iRsoil). Overall
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Other Important
Outcomes of this Work.

Automated Phenology Measurements via Webcams. In addition to the on-going collection and
analysis of meteorological and flux data, we are continuing studies of ecological aspects of the
forest, including leaf area index and canopy phenology. We have pioneered the use of near
surface remote sensing using digital webcams to document changes in canopy development and
found that the technique works in evergreen forests such as Howland as well as in deciduous
forests (pubs 11, 17, 24). We found that daily gross primary productivity (GPP) was highly
correlated to changes in the difference between the green and red and blue color channels of the
webcam. This work laid the foundation for regional- to continental-scale camera-based
monitoring of phenology at network observatory sites, e.g. National Ecological Observatory
Network (NEON) or AmeriFlux.

Impact of Nitrogen Deposition. In August 2008 we resampled all of the major biomass pools
(foliage, branches, stems, roots, soil) for isotopically labeled nitrogen (**N). This N had been
applied as part of previous DOE-supported work for 5 years at a rate of 18 kg N ha™ y* with the
goal of determining whether low levels of N fertilization increased forest carbon sequestration.
The forest was originally sampled for >N in 2003 and this work thus represented a following of
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the original *°N after 5 years. The results of our initial >N studies have been documented in Dail
etal. 2009 (pub 12). In this work we found that of the >N recoverable in plant biomass, only 3-
6% was recovered in green foliage and wood. Tree twigs, branches, and bark constituted the
most important plant sinks for both nitrate and ammonium, together accounting for 25 to 50% of
>N recovery for these ions, respectively. Forest floor and soil *°N retention was small compared
to previous studies. Retention by canopy elements (surfaces of branches and boles) provides a
substantial sink for N that may have been through physico-chemical processes rather than by N
assimilation as indicated by poor recoveries in wood tissues. The low recovery in wood tissue
indicates that there was little if any initial enhancement in carbon sequestration due to N
fertilization.

Participation in the North American Carbon Program (NACP). As part of this project, we have
been active participants in NACP synthesis efforts. Because of the quality and completeness of
our flux, meteorological, and ecological data, the Howland forest was the first site to be modeled
by the NACP Data-model comparison project, with results presented at the 2008 AGU meeting
and subsequently (e.g. pub 25). Two of the site investigators (Hollinger and Richardson) were
responsible with A. Barr of Environment Canada for determining uncertainty in the flux
measurement data for all sites used in this study. This work entailed development of a new
method for choosing when to exclude flux site nocturnal data that was subsequently published.
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