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Project Objectives.

The overall goal of this work was to understand the various (and interacting) impacts of a changing
climate on carbon cycling at the Howland AmeriFlux site, representative of an important component of
the North American boreal forest. Qur focus was on quantitatively and continuously partitioning
respiration to better constrain carbon cycle models.

As the second-oldest site within the AmeriFlux network, Howland data provide a valuable perspective on
long-term trends and decadal-scale variability in forest C cycling. The Howland Forest is an unmanaged
spruce-hemlock forest that lies at the southern edge of the massive boreal zone, which stretches across the
entire North American continent; its ecotonal position should result in high sensitivity to climate change
impacts (Ryan et al. 2008). The patterns of interannual variability, which at Howland is overlain by a
long-term trajectory of annually increasing C sequestration, present challenging tests for any model.
Howland data address both short term and relatively long term processes because of the now 20-year
record of high-frequency flux measurements that are supplemented by information about site history and
abundant ancillary ecological measurements, all of which contribute to improved understanding for how
to represent “fast” and “slow” processes in models.

Proposed specific objectives within this project included:

e Test the viability of partitioning of soil and ecosystem respiration into autotrophic and
heterotrophic components using experimental manipulations, model optimization, and in sifu CO,
flux and isotopic CO, measurements.

e Explore (using information theoretic criteria) what observational data best reduce uncertainties in
simulated respiratory fluxes and below-ground processes, and how to best combine the
constraining influence of different data sets.

e Continue our long running measurements of whole-ecosystem and soil CO, exchange, climate
data and environmental drivers, and comprehensive suite of ecological factors.

o Evaluate the hypothesis that a statistically significant trend at Howland of increasing net C
sequestration over the first 13 years of the Howland record is associated with decreases in
ecosystem respiration.

o Investigate the relationships between CO, and CH, emissions in this mosaic landscape of
moderately well drained and very poorly drained soils by carrying out whole-ecosystem CH, flux
measurements.



e Usc eddy flux and new 8"°CO, measurements to investigate partitioning of daytime fluxes into
photosynthesis (GEE) and respiration.

This report describes our progress in achieving these objectives.

In addition to the researching specific aspects of the carbon cycle at the Howland forest, we also proposed
to participate in data-model comparison activities such as the North American Carbon Program (NACP)
site-level syntheses, and other synthesis activities. We participated in or led a number of these activities
as described in the “Products™ Section.

L. Partitioning of Respiration Studies and Results

Soil carbon dioxide (CO») flux is one of the largest fluxes in the terrestrial carbon (C) cycle, and in most
ecosystems it is second only to photosynthesis (Raich & Schlesinger, 1992). The soil CO, flux is
primarily the combination of two sources; these are called autotrophic respiration (R,), which is the CO,
produced from plant root metabolism and associated microbial respiration, and heterotrophic respiration
(Ry), which is CO, from free-living microbial decomposition of soil organic matter (SOM).

R, and Ry, are large components of the terrestrial C cycle, and they are also among the most poorly
constrained in C budgets, principally because they are hard to separate and quantify in the field. A key
component of this DOE project was to separate R, and Ry, and to assess the “value” of field-based
partitioning of the soil CO, flux for current and future predictions of the C cycle. To do this, we partition
the soil CO, flux into its respective autotrophic and heterotrophic components. We did this with two
different approaches: a classic root trenching experiment and an isotopic mass balance approach, using
the radiocarbon (**C) bomb spike. We combined these partitioning approaches with high-time resolution
measurements of the soil CO, flux. We then used the soil CO, fluxes, and separate partitioning
information as observational constraints for simulating C fluxes and stocks using a model-data fusion
approach. For this, we also used the long-term data streams from the Howland Forest and the simple
ecosystem model, FOBAAR (Keenan e al., 2012). We addressed the following questions: 1) Do the two
different partitioning approaches give comparable results? 2) How does including the soil CO, flux and
partitioning data as constraints impact modeled estimates and uncertainties of C fluxes and stocks for
current and future climate scenarios? This work is described in detail in Carbone et al. (2015).

Root trenching experiment

We removed the autotrophic component of the soil CO, flux in three (or half) of the automated
chambers by digging trenches in September 2012. The specific three chambers were selected using the
2012 growing season data, ensuring that the mean flux from each treatment, i.e. trenched chambers and
those in undisturbed soil (control chambers) were equivalent prior to trenching. Each trenched area was
approximately 3 m x 3 m. Soil was excavated with a backhoe, reaching ~0.75-1m depth. The trenches
were then lined with thick polyethylene to prevent new roots from growing into the area. Soil horizons
were carefully placed back in the trenches to minimize disturbance to the ecosystem. Soil temperature
and moisture at 10 cm depth were measure in each of the trenched chambers, as well as in the undisturbed
control chambers. We define the flux measured by the control chambers as the total soil CO; flux, the
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flux measured by the trenched chambers as Ry, and the difference between the two fluxes (control minus
trenched) as R,. Errors are reported as the standard deviation across the three chambers for the total flux
and Ry,. These errors were added for R,.

Isotope measurements for the mass balance approach

We used '“C measurements of respired CO, and a two-end member isotope mixing model to estimate the
autotrophic and heterotrophic contribution to the soil CO, flux from the undisturbed soil chambers
(control chambers; Gaudinski ef al., 2000). Collections of the '*C in respiration from all chambers were
taken four times over the growing season of 2013, in mid- June, July, August and September. Control
chamber collections represent the '*CO in total soil CO, flux, whereas the trenched chamber collections
represent intact measurements of the '*CO, of R, (one end member). To collect the '*CO,_ the chambers
tops were closed and the concentration of CO, automatically controlled with CO,-free air so that the
change in concentration in the chamber top did not alter the gradient of CO, from the soil surface to the
atmosphere. Once stabilized, the §°CO, was recorded, and air from the chamber was then directly routed
into a vacuum line where it was cryogenically purified to CO,. Glass vials of the purified CO, and solid
annual plant samples were sent to USDA Forest Service Laboratory in Houghton, MI where they were
converted to graphite. The *C content of the graphite was measured using accelerator mass spectrometry
at the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory.

We also pursued an approach based on proposed differences in "CO, between autotrophic and
heterotrophic CO, using a Picarro “CO, analyzer, but found that the differences were not sufficient to
discriminate between these sources.

Mixing model for partitioning

The single isotope, two source mixing model and error propagation methods from Phillips & Gregg
(2001) were applied to partition the soil CO, flux with the following equation:

AYCr = AMC,xF, + AMCyx(1-F,)

Where, A"“C is the mean '“C signature from the three control chambers for each of the sampling time
points. The autotrophic end member is A'*C,, determined by the mean *C signature of the root
incubations. The heterotrophic end member is A'*C,, determined by the mean "“C signature of the SOM
incubations and the trenched chamber respiration. The fraction of respiration from autotrophic sources is
F, and the fraction of respiration from heterotrophic sources is 1-F,. The partitioning for each time point
was multiplied by the mean daily flux of the control chambers for five days surrounding the '*C sampling
time period. Fractional errors were combined in quadrature, including spatial and temporal error from the
chamber fluxes and '*C measurements propagated through the mixing model. We tested for significance
of differences between the means of the end members using a Student’s t test, and between means across
the 4 sampling time points using repeated measures ANOVA.

Partitioning belowground processes:

Using a newly developed Picarro CO,/”C/CH4/H,0 analyzer, running in-line with an automated dynamic



chamber based system we measured soil respiration (CO,), CH, uptake and §'°CO, within the footprint of
the Howland Forest eddy covariance tower from 2012-2014.

As described previously, the soil around 3 replicate automated soil chambers was trenched, severing all
roots, and then backfilled. Three respiration chambers were maintained in an adjacent control plot arca
(total of 6 automated chambers). Soil moisture and temperature were measured concurrently at each
chamber location. Measurements from the non-trenched control plots represent the combined Ry and R,
components, R, Fluxes from trenched plots represent Ry, and the difference (R, - Ry) represents R,. Each
automated chamber was measured every 90 minutes for each sampling season, and CO-, respired §°CO,
and CH, fluxes were measured

simultancously.
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2012, we were able to collect several

weeks of data which showed an

immediate decline in soil respiration in the newly trenched plots (Figure 2a) of about 50%. Chambers
were removed over the winter and reinstalled in the same locations in early spring of 2013 and ran
continually until November of 2013. There was a significant difference in soil respiration measured in
the trenched plots compared to the control plots in 2013 (Figure 2a). A slight seasonal pattern to R, with
peak contributions occurring during the mid-summer months when trees were most active (Figure 2b)
however in general the % contribution of R, to R, remains relatively consistent (between 40%-60%)
throughout the sampling season. Chambers were removed in late fall 2013 and reinstalled in the late
spring of 2014 and sampled through to November. In 2014, R, showed a seasonal pattem similar to that
observed in 2013 (Figure 2b).



Integrating over the 2013 sampling
season (DOY 119-316) the total
carbon emission (R;) was 0.96 kg C
m™ season” with 53% derived from
Ry, and 47% from R,. Similarly for
the 2014, sampling season (DOY
160-306) the total carbon emission
(R,) was 0.82 kg C m™ season' with
53% Ry, and 47% R,.

There was little difference in
methane emission prior to and
following trenching, (Figure 2¢).
There is evidence of greater methane
uptake when soils were drier
compared to periods of wet soils.

In 2013, soil CO, flux followed a
typical seasonal pattern for Howland
Forest, with maximum fluxes for all
chambers reached in July and
August when soil and air
temperatures were greatest (Figure
3). Soil temperature was the same
between the control and trenched
chambers, with a mean value of 12.8
°C over the measurement period.
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Figure 2: a) Mean daily flux of Rh, and Rt, b) % contribution of Ra to Rt, c)
mean daily CH4 flux, d) soil temperature, e) soil moisture and f) precipitation.
The arrow in panel a) indicates when trenching took place.
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Surface soil moisture was slightly lower in the trenched chambers with a mean of 0.14 g H,0 g™ soil
compared to 0.19 g H,O g™ in the control chambers, however this difference was consistent for the entire
measurement period. Trenched and control minus trenched chamber fluxes were similar in magnitude and
had comparable seasonal patterns. Of the four '*C sampling time periods, June was the coolest and
wettest, both July and August were warmer and drier, and September was again cooler and wetter (Table
1). The scason total soil CO, flux was 958 + 174 g C m™ (x1 SE). The trenched chamber season total
(Ry) was 505 + 57 g C m™ (x1 SE) accounting for 53 + 11% (£1 SE) of the (total soil CO,) control
chamber flux.

2. C-CO, partitioning

We tested the viability of
partitioning Rt nto Ra and Rh per mil difference

o4 L

components using experimental

L L »
o
W N O N

manipulations, and in situ CO, flux g 8
and 3"°CO, measurements. We O % 4 & ;%5
collected °C from respired carbon § %@ @:og; gg
from each of the control and § Ll ¢ o 3 ]
treatment chambers from 2012 = o

through 2014. Estimates of respired D e E
3CO, were variable among all 0 3 3 5 B 5 5 2 ¢ 3 8 ;
chambers, ranging from -19.5 to - 8 8 8 8 |8 8 ' &8 R’ & 8’ R®

39.1 permil. Figure 4 shows the

Figure 4. Mean daily 3¢ of respired carbon from trenched and control
results from measurements of

. 13 6 h h plots. Pre- treatment, 2012, and treatment years 2013 and 2014. Data
resplred 5 °CO, from the trenc .ed are mean daily values, filtered for R%>0.60 for Keeling plot fit, n>10
and control plots for pre trenching observations per day and for only days with no precipitation events.
conditions (2012) and during the
treatment years of 2013 and 2014, Table 1
At Howland forest, prior to

trenching, there was no difference Year Treatment Flux seasonal flux §co,

. 7 kg Cm? 1 +std

in respired 8'"°CO, between pre- -7 Siason e eav

o 2012 Pre-Trenched 0.71 -26.7 (£1.2)

trenched and control plots (95% 2012 | control-Rt | 076 | -26.7 (+1.4)°

confidence, p=0.80, n=794), Table 2013 Trenched- Rh 0.51° -27.5 (+1.4)°

1. Following trenching, control plot 2013 | Control =Rt | .. 9_-_9_@; ___________ :?ﬁ-_f?_(_’—f_l:f‘_);___
13 . . 2014 Trenched- Rh 0.43 -27.4 (£1.5)

nriched (less negati

67C0, was enric edlg essnegative) o, Control — Rt 0.82° -26.4 (+1.6)°

I'ClathC to resplred 8 C02 m 2012 season was DOY 107-324, 2013 season was DOY 119-316 and 2014 season was

trenched plOtS during the pnmary DOY 160-306. Different letter denotes significant difference between control and

. trenched per year (t-test, 95% confidence).
growing scason, however

differences between the treatments declined in the late fall. There were significant differences between
trenched and control plots in 2013 and 2014 (Table 1, t-test treatment years 2013 and 2014, 95%
confidence, p<0.0001, n=2005 for 2013 and n=2836 for 2014) and on average a 1-2 per mil difference
between daily 3"°CO, from the trenched plots compared to the control plots (Figure 3). It is clear that
removal of the root input due to trenching altered the §'°CO, signature; however we do not currently have



an explanation for why trenching would render the respiration isotopically more depleted. Analyses of
endmember signatures of root and microbial respiration demonstrated broad ranges of isotopic signatures
across species and samples, thus preventing us from applying an endmember model to interpret these

data.

Source partitioning with Radiocarbon

The A*C signatures of the autotrophic and heterotrophic end members were significantly (p <
0.001) different from each other and control chamber respiration signatures fell between these two end
members, which allowed for robust partitioning results. The R, fraction (fraction of total respiration from
autotrophic sources) ranged from 0.44 £ 0.11 to 0.65 + 0.08 (mean + 1 SE), with the largest contributions
in August and September. The Ry, fraction (fraction of total respiration from heterotrophic sources)
ranged between 0.35 + 0.08 to 0.56 + 0.11, being highest at the beginning of the season in June. The mean
over the four sampling points was 0.58 + 0.09 from R, and 0.42 & 0.09 from R,

When the isotopic information was combined with the soil CO, measurements, R, was seasonally
dynamic, being lowest in June with 77.3 +23.0 mg C m™~ h™' and more than twice that in August with
186.3+37.7mg C m>h"' (+ 1 SE, Figure 5). R, was more constant over the growing season compared to
R,, ranging from the lowest 84.8 + 16.8 mg C m™ h™' in September to the highest 104.4 + 26.2 mg C m™
h' in July (£ 1 SE, Figure 5). The mean over the four sampling points was 140.1 =334 mg Cm~h’
from R, and 97.6 + 21.6 mg C m™ h' from R,. For comparison, partitioning results from the trenching
experiment are also shown in Figure 5. In general, we found greater Ry, in the trenching experiment and
greater R, with the '*C approach. Only in July, were there large discrepancies between the two
approaches. Over the entire growing season, the R;, fraction accounted for 0.53 + 0.11 in the trenching
experiment and 0.42 + 9 with the '*C approach, when averaged over the four sampling time periods.

CO, Flux (mg C m?h™)

300

250

200 A

150 A

100 A

50 A

®@@® oo

Trenched R,
Trenched R,
HC Ra
MC Rh

O

Day of Year 2013

350

Figure 5. The soil CO, flux from autotrophic
(R,, red) and heterotrophic (R, blue) sources
as calculated from the trenching (open
symbols) and the e partitioning (close
symbols) approaches. Error bars represent +1
SE.




Impact of Source Partitioning on Modeling

We carried out simulation runs with and without our partitioning estimates (by both methods)of soil CO,
flux using the FOBAAR model (Keenan ef al., 2012) of forest ecosystem C cycling.

The information content of tower-based fluxes is alone insufficient as a direct constraint on the
partitioning, but also because the structure of the model itself does not provide much in the way of an
indirect constraint on the partitioning.

A surprising result to emerge from our analysis was that differences in the partitioning of soil CO, flux to
autotrophic and heterotrophic components among model runs did not translate into differences in the
evolution of soil C pools during the forward run. This indicates that as the parameterization was adjusted
to reflect differences in flux partitioning, corresponding shifts in C allocation must also have occurred so
as to allow the rates of C accumulation to remain approximately equal. Thus, higher Ry, in runs without
constrained partitioning compared to those when constrained by our results above were accompanied by a
by greater flow of leaf, wood, and root litter C into the soil. And similarly, lower R, in the unconstrained
run compared to constrained were offset by reduced allocation of C to root biomass. This then implies
faster turnover of soil C in the unconstrained run, and faster turnover of root C in the constrained run.
These are testable predictions. They also serve as a reminder of the potential for using '*C-based turnover
times, in addition to pool sizes and fluxes, as data constraints in model-data fusion analyses (Richardson
etal.,2013; Ahrens ef al., 2014a, 2014b).

Long-term changes in Forest Carbon Exchange

Average annual net carbon uptake has increased by ~ 6 g C m-2 y-1 at Howland over the last 19 years
(Fig. 6, p<0.001) an overall increase of more than 50%. A goal of this work has been to account for this
surprising and persistent long term change. Interestingly, in an examination of forest C uptake across the
Northeast (Keenan et al. 2013) we found that similar, statistically significant trends of increasing uptake
were widespread. Not surprisingly, no trend in simple climate variables such as temperature or
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precipitation could account for these changes. However, we found that when we examined monthly total
C exchange as a function of temperature (Figure 7), that for the months when temperatures were low but
light levels relatively high (e.g. March and April), there were strong and statistically significant (p<0.01)
relationships between these factors. The difference between the coolest and warmest March is ~25 g C
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m™~ (~10% of average annual uptake) and the difference between a cool or warm April can be more than
50 g C m™. Over the course of the measurement record there has been a trend towards greater warmth in
both of these months,
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especially in 2010 and 2012. We found a similar relationship between September average
photosynthetically active radiation and NEE, and that September average light levels were higher in
recent years (due to decreasing cloudiness compared to the beginning of the measurement period). These
simple relationships (warmer spring, less cloudy September) accounted for almost half of the observed
trend in Figure 6. In related synthesis work, we found a consistent trend towards warmer spring
temperatures and greater carbon uptake in forests all across the Northeast (Keenan et al. 2014). In the
Northeast it appears that this warming has induced changes in temperate forest phenology and that some
of the increased spring C uptake was due to earlier leaf-out. Keenan et al. (2014) also found that carbon
uptake through photosynthesis increased considerably more than carbon release through respiration for
both an carlier spring and later autumn and that terrestrial biosphere models tested misrepresent the
temperature sensitivity of phenology, and thus the effect on carbon uptake. Our analysis of the
temperature—phenology—carbon coupling suggests a current and possible future enhancement of forest
carbon uptake due to changes in phenology. This constitutes a negative feedback to climate change, that
may serve to slow the rate of warming.

At Howland we used variance decomposition to examine the range of C exchange variability we found
across each month to further understand causes of the observed long term trend. In addition to the
previously discussed factors of March-April temperature and September PAR we found that variation in
several other factors including hydrological factors (precipitation of the current or previous month and
soil volumetric water content), and surprisingly, ozone, were significantly related to monthly C exchange.
Since ozone has decreased at the site over the record of measurements, we believe that this change is also
partly responsible for the observed increase in NEE.



Table 2. Factors associated with variation in monthly C exchange. Red indicates increase in factor leads to an increase in C
uptake while black indicates an increase in the factor leads to a decrease in monthly C uptake. All factors listed are significant
at p<0.05. Tair = monthly mean air temperature, PrevPPT = total precipitation of previous month, W50=soil volumetric water
content at 50 cm, PAR=photosynthetically active radiation, O3=afternoon ozone concentration.

Month Significant Factors % Variance slope

Mar Tair PrevPPT 74 -3g/C

Apr Tair PrevPPT 76 -8 g/C

May PrevPPT W50 36

Jun Tair PAR PrevPPT O, 76 1.4g/ppb O3
Jul PrevPPT 15

Aug PrevPPT W50 Os 70 2.5g/ ppb O;
Sep PAR O, 70 2.5g/ ppb O3
Oct PAR PPT 35

Methane Studies and Results

The role of forests in methane (CH,) cycling has not been well constrained, in part because of difficulties
in assessing CH, fluxes at the landscape scale. As part of this DOE supported work, we carried out the
first multi-year study of forest methane exchange using the eddy covariance method, and reported our
results in Shoemaker et al. (2014).

Fluxes were measured at a height of 29 m with systems consisting of a model SAT- 211/3K 3-axis sonic
anemometer (Applied Technologies Inc., Longmont, CO, USA) and a fast-response CH,/CO,/H,0 cavity
ring down spectrometer (model G1301-fin 2011 and G2311-fin 2012; Picarro Inc., Santa Clara, CA)
with data recorded at 5 Hz. The CO; flux measurements were also independently quantified with a co-
deployed fast response CO,/H,O infrared gas analyzer (model Li-7200, Li-Cor Inc., Lincoln, NE, USA).
In 2011, H,O concentrations measured with the Li-7200 were used for density correction of CO, and CH,
fluxes measured with the G1301-f because that instrument could not output all three concentrations
simultancously. Fluxes were calculated and filtered according to Hollinger et al. (1999; 2004). In 2012,
fluxes were calculated via the same equations and assumptions (600 s time constant running mean filter,
double rotation, etc.) using commercially available software (EddyPro version 4, Li-Cor Inc., Lincoln,
NE, USA). In both years, the CO, fluxes were nearly identical between the Picarro and Licor analyzers.
The sign convention used is that flux to the ecosystem is defined as negative.

Although methane fluxes are noisier than corresponding CO, data, the use of 4-day mean fluxes
clucidated the seasonal pattern in the CH, flux data. CH, fluxes were mostly positive during the summer
months, trending negative in the late summer or fall, then remaining consistently negative through the
winter months (Figure 8). By comparison, the CO, fluxes (here processed as GPP) showed the opposite
pattern with the highest rates of CO, uptake during the midsummer, followed by decreasing uptake
through the fall into the winter.
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Figure 8. The 4-day running mean CH4 fluxes (open circles) with 4-day mean GPP (grey stars) and volumetric soil moisture
at 10 cm (black squares). Data from 2011 is shown in the top panel against data from 2012 in the lower panel. Positive
values of CH, flux indicate the forest is a net source and negative values a net sink for methane.

We observe that, in 2011 and 2012 respectively, variation in GPP accounted for 60% and 50% of the
variability in the 4-day CH, fluxes (Fig. 9). Including soil moisture increases the explanatory power of a
neural network-based model (ANN model) by >10% during 2012 (a drier than normal year) but has
negligible influence in 2011 (a wetter than normal year). Therefore, using only GPP and 10-cm soil
moisture was able to explain ~ 60 and 70% of the variability in 4-d mean CH, fluxes for 2011 and 2012.
All other drivers provide negligible improvement to the model fit. This order of importance of drivers was
supported by separate linear regression analysis.

Despite the fact that the principal environmental drivers were the same in both years, models derived
from the 2011 fluxes did a poor job predicting CH, fluxes in 2012, and vice versa. We also trained the
model on the 4-day means from both years together and while the ANN was able to create a model that
explained 40% of the variability in all the data this represented a 50% decrease in model correlation
compared to modeling each year individually.

We estimated the annual CH, budgets for 2011 and 2012 for Howland forest in two ways; using either the
ANN or a linear model combined with Monte Carlo resampling. Using the lincar modeling approach we
estimate efflux of 7 + 4.6 mmol m™ yr 'for 2011 and consumption of -18 £ 2.7 mmol m™ yr" for 2012.
Using the ANN, annual fluxes were 6 11 mmol m™ yr' for 2011, and -9 = 3.7 mmol m™ yr”' for 2012.
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Figure 9. Results from the ANN for both years, with the top panels indicating the importance of various environmental
drivers. Each environmental driver is shown separately with the black portion of the column indicating the extra predictive
power this driver gives the model when combined with GPP (the grey portion of the column). Bottom panels show the ANN
modeled fluxes for the entire year (black lines) £ 1 sd (vertical bars).

Multi-year data sets of CH, fluxes capturing a wide variety of environmental conditions are critical to
developing model structures that are capable of adequately predicting future CH, fluxes. GPP provided
the strongest correlation with the calculated 4-day mean CH, fluxes during each year. Including soil
moisture as a driver for CH, production improved the fit of the model only during 2012, which had a drier
than average summer. This study finds evidence for a direct link between GPP and CH, production, and a
sink/source transition controlled by summer hydrologic conditions.

Products

Results of this work was incorporated into a number of products, including posters at scientific meetings,
presentations, and published manuscripts.

Representative Posters

Increasing carbon sequestration in the northeastern US over the past two decades. TF Keenan, G Bohrer,
D Dragoni, DY Hollinger, JW Munger, AD Richardson. AGU Fall Meeting, Dec. 3-7, 2012. San
Francisco, CA.
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