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ABSTRACT

Understanding responses of ecosystem carbon (C) cycles to climatic and atmospheric change is
the aim of the Terrestrial Ecosystem Science Scientific Focus Area (TES SFA). Improved predictive
understanding of terrestrial ecosystems is the long-term motivation guiding our research. Overarching
science questions are: (1) How will atmospheric and climate change affect the structure and functioning
of terrestrial ecosystems at scales from local to global and from decadal to centuries? (2) How will fossil
fuel emissions and terrestrial ecosystem processes, mechanisms, interactions and feedbacks control the
magnitude and rate of change of atmospheric CO, and other greenhouse gases? (3) What are the climate
change-induced shifts in terrestrial hydrologic and ecosystem processes that inform assessment of climate
change impacts on ecosystem services and society? The proposed science includes large manipulations,
C-Cycle observations, database compilation, and process studies integrated and iterated with modeling
activities. The centerpiece of our climate change manipulations is the SPRUCE experiment testing
multiple levels of warming at ambient and elevated CO, on the C feedbacks from a black spruce—
Sphagnum ecosystem. Other TES SFA efforts aim to improve mechanistic representation of processes
within terrestrial biosphere models by furthering our understanding of fundamental ecosystem functions,
and their response to environmental change. The TES SFA aims to integrate experimental and
observational studies with model building, parameter estimation, and evaluation to yield reliable model
projections. This integrated model-experiment approach fosters an enhanced, interactive, and mutually
beneficial engagement between models and experiments to further our predictive understanding of the
terrestrial biosphere.
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1.0 PROGRAM OVERVIEW

ORNL’s TES SFA provides fundamental research in support of the DOE BER Climate and
Environmental Sciences Division Strategic Plan (US DOE 2012) specifically addressing Goal 2, which
emphasizes process-level understanding of terrestrial ecosystems from bedrock to the canopy. The TES
SFA strives to expand fundamental knowledge of terrestrial systems and translate that understanding into
predictive models appropriate for regional and global applications. The TES SFA also contributes to
grand challenges identified in the 2010 BERAC Grand Challenges Report (BERAC 2010). For example,
the TES SFA contributes to understanding biological and ecological systems as complex systems, with a
particular emphasis on understanding the translation of information through the scales and levels of
ecosystem organization connecting complex fine-scale biological systems with very large-scale climate-
biosphere feedbacks. The TES SFA data management and data access activities also contribute real world
practice to identified grand challenges in computing.

Vision: Improved integrative understanding of terrestrial ecosystem processes to advance
Earth System predictions through experiment-model-observation synergy

The TES SFA is guided by the vision that sensitivities, uncertainties and recognized weaknesses of
Earth System Model (ESM) predictions inform observations, laboratory and field experiments and the
development of ecosystem process modeling. In turn, predictive understanding and findings from the field
and laboratory and improved process modeling are incorporated, with the associated uncertainties, into
ESMs as explicitly and expeditiously as possible. TES SFA research integrates laboratory and field
experiments across a range of scales, observations from greenhouse gas inventories, field sites and remote
sensing, and multiple process models. This integration is realized through the development and
application of empirically driven process model development, model-data fusion, model-data inter-
comparison, model performance benchmarking, and uncertainty characterization and quantification. The
integration occurs within the context of predictive Earth System modeling and within a framework of
earth system simulation using high-performance leadership-class computing.

TES SFA research is an iterative process (Fig. 1) translating mechanisms to ecosystem models with a
quantitative understanding of model uncertainties. This process informs priorities for future
measurements. Our paradigm is to identify and target critical uncertainties in coupled climate and
terrestrial ecosystem processes and feedbacks, prioritized by their influence over global change
predictions on decadal and century timescales. New measurements and experiments are employed to
obtain new knowledge required to characterize, quantify, and reduce these uncertainties.

Lab experiments Plot-scale manipulations Remote sensing
Trait databases Eddy covariance networks Land benchmarks

e e oy e Fig. 1. Diagram of the TES SFA

research philosophy and flow
illustrating an iterative exchange
between model projections, question or
hypothesis development and the
execution of observations and
experiments to better understand
impacts of multi-factor environmental
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Terrestrial ecosystem research requires the integration of biophysical, biochemical, physiological, and
ecological process understanding. Terrestrial ecosystem models integrate these processes in a
mathematically consistent, meta-hypothesis on the coupled operation of the C, hydrological, and energy
cycles at hourly to multi-annual timescales and at ecosystem to landscape spatial scales. Terrestrial



ecosystem models are built upon, validated by, and constrained by historical and contemporary
observations and experiments. Nevertheless, the future of terrestrial ecosystems remains highly uncertain.
Further integration of models and experimental manipulations are required to enable reliable projections
of ecosystem responses and feedbacks to future climate and other atmospheric forcing.

ORNL's current high-profile environmental change study the Spruce and Peatland Under Climate and
Environmental change experiment (SPRUCE) focuses on the combined response of multiple levels of
warming at ambient or elevated CO, levels in a Picea mariana—Sphagnum peat bog in northern
Minnesota. The experiment provides a platform for testing mechanisms controlling vulnerability of
organisms and ecosystem processes to important climate change variables providing data for model
development.

The TES SFA also supports smaller-scale, process-level manipulations to quantify C partitioning in
trees and soil (PiTS, Root Trait and Function research, and mechanistic studies of soil C-Cycles). The
TES SFA continues its support of long-term monitoring of landscape flux measurements at the MOFLUX
site while expanding measurements to better interpret responses. Support for the characterization of the
fundamental driver of global C emissions is being supplemented. Limited support for summarizing long-
term data from Walker Branch Watershed (WBW) to inter-annual climatic variations is provided.

TES SFA research is ambitious in its scope, effort, and fiscal requirements. It represents a challenge
that is fully utilizing, testing and extending the broad interdisciplinary facilities of a DOE National
Laboratory. ORNL's SFA research plans and philosophy attempt to eliminate an artificial distinction
between experimental or observational studies and modeling (including model construction, parameter
estimation, evaluation, and prediction).

2.0 SCIENCE QUESTIONS, GOALS AND MILESTONES

The following overarching science questions and the subsequent description of key goals and
milestones acknowledge significant uncertainties in climate change prediction regarding terrestrial
ecosystem response.

1. How will atmospheric and climate change affect the structure and functioning of terrestrial

ecosystems at scales from local to global and from decadal to centuries?

2. How will fossil fuel emissions and terrestrial ecosystem processes, mechanisms, interactions and
feedbacks control the magnitude and rate of change of atmospheric CO; and other greenhouse
gases?

3. What are the climate change-induced shifts in terrestrial hydrologic and ecosystem processes that
inform assessment of climate change impacts on ecosystem services and society?

Goals and Milestones
The TES SFA goals and long-term (5 to 10 year) milestones are briefly summarized below. Details on
progress are documented in Section 4.

1. Goal 1I: Resolve uncertainty in the sign and magnitude of global climate-terrestrial C-Cycle feedbacks
under future climatic warming and rising CO,.

* Long-term milestone: Provide an operational system to analyze C sources and sinks that
integrates global C measurements, data assimilation and experimental results to quantify the sign
(net uptake or loss of C from terrestrial ecosystems) and more tightly constrain the magnitude of
the global climate-terrestrial C-Cycle feedbacks.

2. Goal 2: Understand and quantify organismal and ecosystem vulnerability to the interactive effects of
atmospheric and climatic change through the use of new experimental manipulations employing
multi-level warming with appropriate CO, exposures and measures of water and nutrient limitations.
* Long-term milestone: Conduct and complete experimental manipulations and synthesize results

including the development of algorithms for characterizing changes in plant growth, mortality
and regeneration, and associated changes in water balance, microbial communities and
biogeochemistry under climatic change (in a key understudied ecosystem).




3. Goal 3: Develop an improved, process-based understanding of soil C pools and fluxes to improve
predictions of net greenhouse gas emissions in terrestrial models and to inform mitigation strategies
through ecosystem management.

* Long-term milestone: Provide a flexible model of soil C storage for ecosystems based on land use
metrics for incorporation in fully-coupled ESMs.

4. Goal 4: Incorporate new findings on interannual and seasonal C and water dynamics, episodic events
and extreme events revealed by sustained landscape flux measurements into terrestrial components of
terrestrial C and ESMs emphasizing the importance of the decadal time scale.

* Long-term milestone: Achieve predictive capacity to simulate interannual to decadal dynamics
important to water balance, biogeochemical cycling, and vegetation and microbial response to
climatic and atmospheric change across ecosystems.

5. Goal 5: Search out key uncertainties within global land-atmosphere-climate models and future Earth
system diagnosis models as the basis for proposing new measurements and experiments as new
knowledge is gained.

* Long-term milestone: Resolve major components of terrestrial feedback uncertainty for the entire
Earth System. New model capabilities will include improved process-based representation of soil
organic matter dynamics, microbial communities and new representations of ecosystem climate
change response mechanisms derived from experiments.

3.0 TES SFA PROGRAM STRUCTURE AND PERSONNEL

Responsibility for the TES SFA resides within the Energy and Environmental Sciences Directorate
and is aligned with associated and related activities of the Climate Change Science Institute (CCSI). The
organization chart for the TES SFA is presented in Fig. 2. The TES SFA includes a science and
management organization to guide and direct research activities. The TES SFA Leadership Team,
comprised of the individuals listed within Fig. 2, provides advice on the yearly SFA plans and budgets,
monitors progress, adjusts project plans as appropriate, directs informatics development efforts, and
resolves issues in a timely manner.

Terrestrial Ecosystem Science
Climate Change Science Focus Area

I

Project Coordinators
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The TES SFA is supported by 46 dedicated scientific and technical staff at ORNL. Over 50 individuals

from the USDA Forest Service, and various other collaborating universities and laboratories are

participating in the SPRUCE and MOFLUX projects. We have brought together exceptional

multidisciplinary expertise, and are retaining and building staff flexibility to support new research

priorities as they are identified.

* Dr. Paul J. Hanson is the Coordinating Investigator and provides integrated leadership across tasks,
and coordinates financial management.

* Dr. Daniel M. Ricciuto is the coordinating investigator for terrestrial C-Cycle modeling taking over
for Dr. Peter E. Thornton who continues in an advisory role.



* Dr. Les A. Hook serves as the Data Management Coordinator. He brings expertise and technical skills
for data policy, management, and archive planning and implementation.
Individual Task lead responsibilities are as follows:

Task 1 SPRUCE Personnel

Experimental design, maintenance and environmental documentation — Paul Hanson leads
operations of the SPRUCE infrastructure together with a team of ORNL structural and electrical
engineers. W. Robert Nettles (an ORNL employee located full-time in Minnesota) is in charge of the
day-to-day onsite activities at the SPRUCE site. He is supported by Jeff Riggs (Lead Instrument
Technician) to keep the treatments running and data streams flowing. Misha Krassovski, system
engineer, designed and implemented automated data acquisition systems.

Plant growth, NPP and phenology —Paul Hanson is leading tree and shrub growth with the
participation of W. Robert Nettles and Jana Phillips. Richard Norby leads characterization of growth
and community dynamics of the diverse Sphagnum communities. Belowground measurements are led
by Colleen Iversen, with technical assistance from Joanne Childs and Deanne Brice. Vegetation
phenology efforts are being led by Andrew Richardson (Harvard).

Community composition — Community compositional changes are being led by Brian Palik of the
USFS. Chris Schadt leads efforts on microbial community changes, and coordinates related efforts
among the SPRUCE collaborators.

Plant Physiology —Plant physiological responses are led by Jeff Warren with the support of Stan
Waullschleger and past and current postdoctoral and technical staff. We are actively encouraging
external participation in associated tasks: gas exchange, carbohydrate dynamics, C partitioning, and
woody respiration assessments.

Biogeochemical cycling responses — Work on hydrologic cycling is led by Steve Sebestyen and
Natalie Griffiths. Colleen Iversen leads the subtask focused on plant nutrient availability in the
shallow rhizosphere. C-Cycle observations focused on peat changes and C emissions are coordinated
by Paul Hanson. Natalie Griffiths coordinates with a number of external investigators on extensive
decomposition studies.

Modeling of terrestrial ecosystem responses to temperature and CO, —Daniel Ricciuto
coordinates efforts to utilize and incorporate experimental results into improved modeling
frameworks for understanding the peatland C-Cycle and its feedbacks to climate together with
Xiaoying Shi, and Jiafu Mao.

A coordinating panel made up of the Response SFA research manager (Hanson), the local USFS
contact (Kolka), the Technical Task leaders listed above, and an external advisory committee make
up the SPRUCE advisory panel. The panel serves as the decision-making body for major operational
considerations and the decision making body for vetting requests for new research initiatives to be
conducted within the experimental system.

Task 2 — Natalie Griffiths is responsible for synthesizing the watershed biogeochemistry research in
Walker Branch Watershed.

Task 3 — C-Cycle modeling activities are led by Daniel Ricciuto. Subtask contributions are made as
follows: Wetlands (Shi, Xu), Allocation (Mao, Ricciuto), Photosynthesis (King, Walker), rhizosphere
(Yang), ecological forecasting (Ricciuto, Luo), supersites (Kumar), C flux reanalysis (Mao), detection
and attribution (Jin, Mao), model reduction using representativeness (Kumar), and model
intercomparisons (Ricciuto, Mao, Shi, King).

Task 4a — Jeff Warren leads efforts to translate results from experimental C allocation manipulations into
mechanistic representations for ecosystem models in collaboration with Jiafu Mao, Dan Ricciuto,
Peter Thornton and Anthony King.

Task 4b — Colleen Iversen leads the root trait initiative including the development of a global root
ecology database.

Task 4c —Jeff Warren leads the initiative to experimentally link root function to specific root traits in
collaboration with Colleen Iversen and modelers Jitu Kumar, Anthony Walker and Dali Wang.

Task 5 — Melanie Mayes provides expertise in soil C cycling, Chris Schadt in microbial ecology and
Gangsheng Wang in modeling to develop an improved process model (MEND) for soil C cycling.
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Task 6 — Lianhong Gu leads activities in landscape flux of greenhouse gases associated with climate
extremes utilizing eddy covariance data and associated experiments. Jeff Wood operates the
MOFLUX on-site activities. Other contributing staff include Colleen Iversen, Anthony Walker, and
Joanne Childs.

Task 7 — Robert Andres and Anthony King are responsible for the Emissions task.

Task 8 — Drs. Lianhong Gu, Anthony Walker and Dali Wang support LeafWeb.

The TES SFA benefits from two advisory panels, ORNL’s CCSI Science Advisory Panel with
periodically rotating membership provides annual input on our activities through their annual review of
CCSI activities, and a TES SFA panel dedicated to advising the SPRUCE project exists to provide
guidance on the science and operation of our flagship experiment. In FY2016 the membership of the
SPRUCE Advisory Panel includes: Mike Goulden (University of California, Irvine); Caitlin Hicks Pries
(Lawrence Berkeley National Laboratory); Tim Moore (McGill University); Pat Megonigal (Smithsonian
Environmental Research Center); Ted Schuur (Northern Arizona University) and Donald Zak (University
of Michigan).

4. PERFORMANCE MILESTONES AND METRICS

This section represents a summary of TES SFA activities accomplished since our last written
document submitted in February of 2015. The material is organized by the following task with
parenthetical identification of the goals that each addresses (Section 2).

Task 1: Spruce and Peatland Responses Under Climatic and Environmental Change — SPRUCE

(Goals 1 and 2).

Task 2: Synthesis of Walker Branch Watershed long-term monitoring (Goal 4).

Task 3abc: Mechanistic C-Cycle modeling (Goals 1, 2, 3, 4, & 5).

Task 4a: Synthesis of the Partitioning in trees and soils studies (PiTS; Goals 4 & 5).

Task 4b&c: Root traits, root function and modeling — New Tasks (Goals 3,4 & 5)

Task 5: Representing soil C in terrestrial C-Cycle models (Goal 3).

Task 6: Terrestrial impacts and feedbacks of climate variability, events, and disturbances (Goal 4).

Task 7: Fossil C emissions (Goals 1 & 5).

Task 8: LeafWeb data assimilation tool -New Task (Goals 2 & 5)

Following the description of progress for each TES SFA science task, a table of anticipated deliverables is
provided with annotations regarding progress. Task specific publications and completed manuscripts are
listed by Task. Some citations may be repeated when multiple tasks contributed to the product. The
number of new data sets established by each task are also noted with details presented in Appendix B.

4A1. REVIEW OF SCIENTIFIC PROGRESS BY TASK

Task 1: SPRUCE Infrastructure

As of June 15, 2016 the SPRUCE project is fully operational with deep peat heating (DPH) operating
since June 2014, whole ecosystem warming operating since August 2015, and elevated CO, exposures
initiated on 15 June 2016. Warming treatments are being maintained day and night throughout the year,
but elevated CO, treatments are applied only during daytime hours during the active growing season
(April through November). The following graphics showcase our ability to sustain the deep soil air
warming treatments over time. A complete manuscript detailing the SPRUCE experimental site, methods
and performance data is nearly complete and will be submitted for external review this summer following
the inclusion of some additional information on internal versus external light and wind conditions
(Hanson et al. 2016).

Figures 3 and 4 from Hanson et al. (2016) demonstrate our ability to sustain our deep soil and air
warming treatments since their respective inception.
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Task 1: SPRUCE Response Data

Peat Characterization of the SI1-Bog — Pretreatment observations on the S1-Bog peat were conducted
in prior years and have been reported in the 2013 and 2014 annual reports. Two new manuscripts under
review have now been completed based on these data and associated literature reviews. McFarlane et al.
(2016) reconstructed historical carbon accumulation rates in the S1-Bog using radiocarbon and carbon
stock measurements from 18 peat cores from randomly-distributed plots associated with a new climate
change manipulation on the bog. The large sample set allowed us to assess spatial as well as temporal
variability in age-depth profiles and accumulation rates across the 8.1 ha southern Boreal peatland. The
bog has been accumulating carbon for at least 11,000 years, but accumulation rates shifted at least twice
over this time period. Early Holocene carbon accumulation rates for S1-bog were 30+ 6 gCm™y™,
similar to those reported for other northern peatlands. At about 3300 y BP, carbon accumulation rates at




S1-Bog decreased substantially to 15 + 8 g C m™ yr™' until 53 y BP when accumulation rates increased to
74+£57gC m? yr''. Age depth relationships for the S1-Bog (Fig. 5) were also compared to other
southern Boreal peatland data for North America and found to be in good agreement suggesting that
processes studied in the S1-Bog should have bearing on similar temperate bogs.

Hobbie et al. (2016) used 8'"°N and §"C patterns from 16 peat depth profiles to interpret changes in C
and N cycling in the S1-Bog over the past ~10,000 years. In multiple regression analyses, 8'°N and §'"°C
correlated strongly with depth, plot location, C/N, %N, and each other. Continuous variables in the
regression model mainly reflected "*C and "°N fractionation accompanying N and C losses, with an
estimated 40% of fractionations involving C-N bonds. In contrast, nominal variables such as plot, depth,
and vegetation cover reflected peatland successional history and climate. Higher 8'"°N and lower 8"°C in
plots closer to uplands may reflect distinct hydrology and accompanying shifts in C and N dynamics in
the lag drainage area surrounding the bog. Because of multiple potential mechanisms influencing §'"°C,
there was no clear evidence for the influence of methanogenesis or methane oxidation on bulk §"C.
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Aboveground production for woody vegetation and forbs - Annual assessments of C stocks and C
accumulation in tree tissues (Picea and Larix) are done annually through remeasurement of tree diameters
and periodic evaluations of tree height. Translation of these dimensional data into C stocks is done with
allometric data for these species that were generated in 2010 and 2011. Standing stocks of tree wood have
been increasing since 2010 at similar rates across the target treatment plots, but no responses to DPH were
evident and it is too soon to evaluate changes from whole ecosystem warming. Automated dendrometer
bands, installed on 2 trees per plot, are also being used (starting in 2015) to evaluate the seasonality of
stem growth by treatment plots. While treatment responses are not yet evident, a clear difference in the
timing of growth has been observed, with Picea initiating stem growth early in the year ahead of Larix.

Standing stocks and net primary production for woody shrubs (Ledum, Chamaedaphne, Vaccinium,
etc.) sedges (Eriophorum) and miscellaneous forbs (e.g., Smilacina) are estimated through annual
clipping of paired 0.25 m* hummock and hollow plots in each treatment area. These have been collected
for trees, shrubs, and common forbs each year. Total aboveground standing stock for the non-tree
vegetation above the Sphagnum surface of the S1-Bog ranges from 180 to 200 g C m™. Site observations
between 2012 and 2015 confirm that shrub production varies from year to year, and most of the
production is associated with the development of foliage that cycles annually.

Semi-annual Terrestrial Laser Scanning (TLS) assessments have been contracted through Dr. Nancy
Glenn’s group at Boise State University to supplement data on direct tree and shrub-layer growth
measurements. We expect these data to provide better assessments of tree height, and tree canopy foliage




changes through time. Scans done early in the annual cycle before the peatland shrubs have leafed out
may also provide us with a detailed assessment of the hummock-hollow topography for each SPRUCE
plot.

Phenology — Assessments of site phenology for aboveground plant morphological changes (e.g.,
budbreak, flowering, senescence) and the accumulation or loss of snow have been carefully noted since
the autumn of 2010. Regular and predictable patterns of plant development and seasonal expectations for
snow cover have been noted and established as a solid baseline for comparison to warming treatment
responses (http://mnspruce.ornl.gov/sites/default/files/presentations/Hanson _S1Pheno Jan2016_0.pdf).
Following the initiation of WEW treatments in August 2015, we saw a discernable extension of the
growing season display of green foliage for Larix in the +9 and the +6.75 °C treatment plots, and obvious
changes in the rate and amount of snow and ice accumulation throughout the winter of 2015 and 2016
(Fig. 6). Similarly, in the spring of 2016 the warming treatments exhibited early flowering and budbreak
for most species. These patterns were especially noted for the +4.5 °C and higher warming treatments.
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Fig. 6. Patterns of snow (left graph) and ice (right graph) depth by target temperature differential during
the winter of 2015/2016.

Due to the loss of winter cold hardiness characteristics and the early onset of spring phenology in the
SPRUCE warmed plots, a spring freeze event on the morning of 9 April 2016 caused obvious tissue
damage for developing foliage of Larix in the +6.75 and +9 °C warming plots. In the coming days, further
damage to older cohorts of Picea foliage was observed for that species in warmed plots beginning with
the +4.5 C treatment. Plants and developing buds that were not active on 9 April 2016 were not
negatively impacted. Furthermore, record-breaking temperatures on 5-6 May 2016 led to temperatures
reaching 43 °C in the +9 C treatment — extremely hot conditions for the spring. Notwithstanding the
visibly dramatic amounts of needle loss for Larix and Picea in the +6.75 and +9 °C treatment plots
following extreme spring weather events, no apparent plant-level mortality has resulted and the plants that
showed substantial damage have all subsequently developed new growth.

Phenology continues to be monitored through a combination of automatic cameras that are a part of
Andrew Richardson’s PHENOCAM network (https://phenocam.sr.unh.edu/webcam/gallery/), and via
manual observations collected by ORNL project staff.

Sphagnum production - Sphagnum production during 2015 was measured using bundles of 10 stems
of 5 cm each that were inserted into the plots in May. Bundles of S. angustifolium, S. fallax, and S.
magellanicum were prepared, with two such bundles deployed in each plot. Production was calculated
from the increase in length, dry mass per unit stem length, and number of stems per unit area. S. fallax in
hollows produced 1023 g dry matter m?, S. angustifolium 452 ¢ m™, and S. magellanicum 604 g m™, with
a weighted average of 711 g m™. Most of this production occurred before aboveground warming
treatments were initiated, and there was no significant trend in production across treatments.
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A new approach for more direct assessment of Sphagnum production was tested in which 7 cm of
Sphagnum of known fresh weight and water content was inserted into a mesh column that was then
inserted into the surrounding Sphagnum community. This approach, which permits a direct measurement
of change in dry mass during the growing season, was deployed in May for assessment of production
during the 2016 growing season.

Sphagnum community composition was assessed in previously established transects. Changes in
composition from the previous year were small and showed no trends across treatment assignments.

In May 2016, Sphagnum water content was measured as part of the set-up of growth columns. There
were clear effects of temperature treatment on water content (Fig. 7). Water content of S. fallax in the wet
hollows declined linearly with increasing temperature. S. magellanicum and S. angustifolium, residing
primarily on drier hummocks, had lesser water content and was least in the +4.5 °C plots, but trends with
temperature treatment were not significant.
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8.0 Fig. 7. Water content of Sphagnum moss on 9 May
2016. Water content of S. fallax declined with

increasing with temperature treatment (R’ = 0.80,

P <0.02). Trends for the other species were not
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The distribution and dynamics of fine roots in a forested bog — We determined the distribution and
dynamics of fine roots across gradients of microtopography and tree density in the forested, ombrotrophic
S1-Bog prior to the initiation of the SPRUCE experimental treatments (Iversen et al. 2016). We
characterized relationships among fine-root order, morphology, and chemistry, and quantified fine-root
standing crop, production, and mortality throughout the peat profile over a period from 2010-2013. The
common woody vascular plant species in the bog encompassed a range of fine-root morphology and
chemistry from distal, absorptive fine roots to higher-order transport fine roots. The peak standing crop of
tree fine roots was positively related to nearby tree basal area, while shrub fine-root peak standing crop
was greatest at intermediate levels of tree basal area. Fine-root production varied many-fold across the
bog, ranging from 0 to 254 g m™ year™ for trees and 0 to 39 g m™ year™ for shrubs, and on average
represented approximately 45 and 6% of annual net primary production for trees and shrubs, respectively.
Fine-root phenology was bimodal for trees and shrubs; the first peak in production occurred early in the
growing season after bud break and before peak wood growth, and the second peak occurred later in the
growing season after peak woody growth was past (Fig. 8). Fine-root standing crop and production were
greater in raised hummocks when compared with saturated hollow depressions. Limited decomposition in
anaerobic peat confounded estimates of fine-root biomass distribution in deeper peat; well-preserved,
dead fine roots of shrubs were found in peat samples as deep as 2 m, and had a calibrated '*C age of
~5000 years before present.
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The dynamics and distribution of fine roots in this ombrotrophic bog were related to a number of
biological, edaphic, and climatic conditions, and we are testing these relationships in the context of the
warming treatments.

Manual minirhizotrons — Four minirhizotron tubes were installed in each of 16 SPRUCE
experimental plots in early October 2012 in two locations in each plot representing “treed” vegetation (P.
mariana or L. laricina trees within 1.5 m of the minirhizotrons) and “non-treed” vegetation (ericaceous
shrubs only within 1.5 m of the minirhizotrons). Image collection began in June 2013, approximately
weekly throughout the growing season. Images are digitized to obtain root length and diameter.
Collections from 2014-onward has focused on ten SPRUCE experimental plots and two ambient,
unchambered plots. In 2013 and 2014, minirhizotron image collection ended in October or November
when the surface peat was frozen. Since the onset of aboveground warming in August 2015, warmer peat
in the heated plots has allowed minirhizotron image collection to continue throughout the winter months.

Automated minirhizotrons - Novel, automated minirhizotron (AMR) technology is also being used to
track the dynamics of ephemeral roots in the ten SPRUCE experimental plots and two unchambered
controls. AMR systems facilitate high-resolution (100x) measurements of root and fungal dynamics.
AMR collections have been done weekly (ten SPRUCE experimental plots and two ambient,
unchambered plots) since they came on-line in June 2014. This system also tracks the phenology of
fungal hyphae. A collaboration with Peter Kennedy at the University of Minnesota, has been initiated, to
use the AMR images collected over past years to determine the spatial extent of a specific fungal
morphotype their group has found to be associated with the roots of L. laricina.

Root in-growth cores - Given the ambiguity of distinguishing between living and dead roots in the
anaerobic bog environment where dead tissues are highly preserved, root ingrowth cores are used to
capture newly-grown fine roots for nutrient analyses. Paired hummock-hollow ingrowth cores constructed
of rigid polypropylene mesh and filled with moist, root-free commercial peat are installed in each of two
locations in each SPRUCE experimental plot.

Fine roots sampled from ingrowth cores installed near minirhizotrons at the south end of the bog in
June 2013 had similar morphology and chemistry to those sampled from peat cores, with the exception of
fine-root tissue density, which was ~30% less on average for roots growing into ingrowth cores (Iversen
et al., submitted). While the depth distribution of fine roots was similar between minirhizotrons and
ingrowth cores, we did not find a good correlation between fine-root biomass production estimates from
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minirhizotrons and ingrowth cores installed nearby; even the patterns of fine-root growth across gradients
of tree density differed (Iversen et al., submitted). We found that the growth of P. mariana fine roots into
our ingrowth cores was relatively poor, while the ingrowth of L. laricina and shrub fine roots was
relatively strong, especially in hollows. We advocate the use of multiple methodologies to better
understand the patterns of fine-root dynamics in these important peatland ecosystems.

Plant-available nutrients - lon-exchange resin capsules (WECSA, LLC, Saint Ignatius, MT, USA)
are being used to monitor in situ changes in plant-available nutrients (i.e., NH4-N, NOs-N, and POy) in
aerobic and anaerobic peat layers in the SPRUCE experimental plots. Resin capsules have been collected
approximately ~28 days from two arrays of resin-access tubes in each experimental plot (Fig. 9, left)
beginning in the growing season of 2013, and continuing during the non-frozen periods.

Fig. 9 Rooting depth distributions in the
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In years 2013 and 2014, resin collection ended in October or November when the surface peat froze.
Since the onset of aboveground warming in August 2015, resin collection has continued in the heated
plots throughout the winter months. The ion-exchange resins indicate that plant-available NH4-N
increases with soil depth; approximately 95% of roots were confined to the aerobic zone above the
summer water table level where peat nutrient availability was least (Iversen et al., submitted). NH4-N was
by far the most available N source in the bog, with NOs-N making up a negligible fraction of N (at or near
detection limits); PO’ availability was intermediate.

Woody Plant Physiology —In Fall 2015 we began long-term automated measurements of sap flow and
stem diameter in trees and soil water content within the hummock hollow complex in the 10 chambered
SPRUCE plots. In late summer 2016, we plan to add additional sensors to the two un-chambered
SPRUCE control plots. Plant water relations measurements will continue throughout the growing seasons
during 2016-2018. The chambers create a strong impact on soil, plant and atmospheric water relations
through the increase in temperature (~2-11 °C for the +0 and +9 chambers), increased turbulence, and
increased evaporative losses. In contrast to external conditions, the dew point is rarely reached in the
chambers, thus the foliage and sphagnum remain under chronic water stress overnight (Fig. 10), with full
recovery largely dependent on periods of precipitation. In response to the drier and warmer conditions, we
expect a shift in leaf area and leaf display through accelerated loss of older foliar cohorts in favor of the
new tissue developed under treatment conditions. Since the temperature treatments were expected to shift
the onset of spring phenology, we conducted three spring physiology trips in FY 16, during the first week
of April, May and June. Measurements included predawn and midday leaf xylem water potential for the
two trees (Larix and Picea) and two dominant shrub species (Ledum and Chamaedaphne).
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A relatively warm May 2016 induced plants in the warmest plots (+6.75 and +9 °C) to de-harden
early, which exposed them to substantial foliar damage when a strong April freeze event occurred. In
addition, four weeks later a record-breaking heat wave occurred that exposed plants in the +9 °C
treatments to the highest temperatures reached to date (~43 °C), substantially hotter than any summer
temperatures previously recorded for the site. We continue to monitor plants as they adjust their
morphological traits such as leaf area, leaf size, and sapwood area to leaf area ratio to the new conditions.
Since we now have a SPRUCE physiology post-doc on site, we will be able to collect opportunistic
measurements during extreme events to further characterize the morphological and biochemical responses
of woody vegetation.

To assess biochemical temperature acclimation of foliage, we have also been measuring spring and
seasonal light-saturated photosynthesis (4,,,) for the two trees and two dominant shrub species. We have
engaged Dr. Danielle Way’s group at University of Western Ontario to help with these tedious, time-
consuming measurements, with a focus on photosynthetic and respiratory temperature acclimation of the
tree foliage. This year we are collecting point measurements of 4,,, and dark respiration (R,) at ambient T
conditions, based on the prior 10-day mean temperature in ambient, unchambered plots — a condition that
ALM-SPRUCE uses to control photosynthetic rates — as well as at the chamber treatment temperature (+
~2-11 °C). This will give us an early indication of thermal acclimation during this transition year, and will
be continued through the growing season. In summer 2017, we plan to conduct full temperature response
curves, including at ambient and elevated CO,. Such data will be used to produce the photosynthetic
response surfaces (Fig. 11) needed to parameterize and validate the modeling efforts. In addition to these
A-Ci curves (photosynthesis vs CO,) we plan to assess light response curves and respiration of excised
woody and foliar tissue of the 4 primary woody species. In 2017, we will also quantify leaf level
chlorophyll fluorescence and PSII quantum yield of the primary species. These data will be used to
develop a scalable fluorescence model (see also Task 6). As with past data from the site, gas exchange
and PAM fluorescence output will be processed by the standardized LeafWeb platform (see Task 8).

Fig 11. Mechanistic response surface for 1-
year-old Picea mariana foliage grown under
natural conditions at the S1-Bog.
Photosynthesis (4,.) was measured at CO,
concentrations ranging from 50-1600 ppm (C,)
at 5 °C temperature intervals from 10-40 °C.
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Sphagnum Physiology — The vegetation of the S1 bog is dominated by peat mosses (Sphagnum spp.)
that contribute substantially to bog NPP (~60%) and together with their associated microbiome contribute
to ecosystem C and N cycling. Research in 2015 marks the end of pretreatment data collection and the
start of treatment data collection. During the growing season, we continued measurement of net CO, with
LiCOR 8100s. Eight automated clear-top chambers were installed from April to November. The
chambers were all placed in hollow locations and species composition manipulated by transplanting S.
fallax or S. magellanicum into the chambers with two bare-peat chambers (no live Sphagnum). These data
were used to generate a Sphagnum GPP model (Fig. 12). Seasonality in GPP was driven primarily by
water table height, most likely through resistance to CO; diffusion of standing water when the Sphagnum
were submerged. Light and temperature were important in driving high-frequency (daily) variability in
GPP, as indicated by the simulations which were able to capture some of this variability. The data show
the GPP was overestimated by the simulations during periods of water submersion. Simulations using
constant and variable CO, resistance functions (r;) were used to investigate the effect of Sphagnum water
content on CO, diffusion and GPP. The variable r; functions were the closest to the observed Sphagnum
GPP (Fig. 12), predicting a little higher GPP during late July and August compared with the constant r;
simulations. However, variable r; was not able to account for the low GPP when Sphagnum were
submerged or close to submerged (mid-April through May 2015 and all of June 2014).
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Fig. 12. Relationship among observed gross primary productivity (GPP) and modeled GPP. Observed GPP
from clear-top chambers in blue with shadowed standard error (n=6), modeled GPP using a variation of the
Flanagan & Williams model with original CO; resistance estimates (red line), a constant CO, resistance
estimate (dotted line) and no CO; resistance value (gray line).

Experimental work for 2016 include the addition of two 8100 clear-top chambers each to the ambient
+9 and ambient +2.25 experimental enclosures. Six additional 8100 chambers were established outside
each enclosure that include two bare-peat (no live Sphagnum) chambers and four additional chambers
within the hollows. In addition, a seasonal sampling design is being used to investigate seasonal patterns
in Sphagnum - associated microbiome community composition and N fixation. We anticipate linking N,
fixation estimates with a Sphagnum - microbe physiology model (Weston et al. 2015).

Organized Workshop

11™ New Phytologist Workshop: Scaling from genomes to ecosystem function in peat mosses
(Sphagnum). 23-24 April 2016, Duke University. Organizers David Weston (ORNL), Jonathan Shaw
(Duke U.), Merritt Turetsky (U. Guelph).

Microbial Communities and Processes - In June 2014, September 2014 and June 2015, and we
examined microbial communities at eleven discrete depths across the peat profile to a depth of 200 cm
using qPCR (Schadt/Kluber) as part of a collaborative effort with the Kostka/Chanton project (16S
sequencing) and Bridgham/Keller project (Methane Biogeochemistry) that has recently been accepted for
publication in Nature Communications (Wilson et al. 2016). After one year of warming under DPH,
microbial community structure and abundance of bacterial, archaeal, fungal, and methanogenic
populations showed strong vertical stratification across the peat depth profile, but there was no clear
response of microbial communities to the temperature treatments (Fig. 13). Community shifts on a DNA
level were not evident in the near surface peat either, however, incubations of peat for methanogenic
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potential measurements suggested a moderate increase in activity over the course of this year-long
experiment. This zone corresponds with our qPCR assessments as the depth with maximum methanogen
populations.

Forty samples from 4 depth increments from the June 2015 cores have also recently completed
metagenomic sequencing in collaboration with the Joint Genome Institute (JGI) and 40 additional
samples from these same depths are in process at JGI for the June 2014 pre-DPH cores. These data will be
combined as follow up to the Nature Communications paper or may be expanded to include additional
comparison data from the first year of whole ecosystem warming from cores recently obtained in June
2016.

Fungi Bacteria Archaea Methanogens
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Fig. 13. QPCR assessment of fungal, bacterial, archaeal (rRNA gene) and methanogen (mcrA gene)
populations with depth in June 2015 cores after one year of DPH experimental treatment were initiated.

Two additional data products are also expected from the DPH work. The first contains peat moisture
fraction used to normalize microbial populations and functional activities, and temperature profiles to plot
response variables against. These data are essential to all SPRUCE collaborators examining microbial
communities and processes. The second data product is a microbial inventory of fungal, bacterial, and
archeal communities present in samples collected in June 2014 and 2015, representing pre-treatment and
one year after DPH initiation, and will include both phylogenetic (rRNA genes) and functional
(metagenome) datasets. These sequences were produced in collaboration with JGI and can be used in
future publications and serve as a benchmark for pre-WEW communities.

In an effort to identify factors that may be limiting decomposition and microbial community change,
we conducted an ex sifu microcosm incubation of deep peat (150 to 200 cm depth) at 6 and 15 °C
designed to mimic ambient and +9 °C SPRUCE conditions at that depth under the DPH experiment.
Additional treatments included elevated pH and the addition of N, P and N+P in a full factorial design.
Three replicates of each condition were derived from peat obtained from each boardwalk transect across
the S1 bog. Incubated microcosms were monitored for CO, and CH,4 production, and microbial
community dynamics were assessed using qPCR and 16S rRNA gene amplicon sequencing. Results
indicated that increasing temperature alone moderately elevated both CO; and CH4 production while
elevated pH only resulted in greater CH4 production. The effects of elevating temperature and pH in
combination with N, P, or N+P additions were more variable. Although temperature alone had little effect
on the overall microbial community composition, there was a shift in the size of bacterial and archaeal
populations evident from qPCR. In contrast, elevated pH and N additions seemed to have the largest
influence on community structure and suggest that microbial community response in the deep peat may
be limited by factors other than temperature (Fig. 14). Additionally, the location of peat collection within
the three transects was reflected in community composition suggesting spatial variability across the S1
bog. A manuscript reporting findings from this experiment is currently under preparation for Global
Change Biology.
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Fig. 14. NMDS ordinations of weighted Unifrac distances from 16S rRNA gene amplicon sequencing.
Results show strong variation by transect in both Archaea and Bacteria. Bacterial communities also shifted
by nitrogen addition either alone or in combination with phosphorus, while Archaeal communities responded

more strongly to pH adjustment (increased from approx. 4.5 to 5.5)

Hydrology and Water Chemistry — In 2015-2016 lateral flow and solute fluxes were evaluated from
each enclosed plot. Before initiating these measurements, the subsurface corrals and lateral outflow
systems had to be installed and calibrated. The subsurface corrals were installed in winter 2015 and the
lateral outflow systems were installed in summer 2015. In the following months, work focused on wiring,
calibrating, and programming the autosampler and outflow system. Calibration curves (water level vs.
water volume) were manually determined for each of the 10 collection basin systems. These calibration
curves were used to calculate near-surface lateral runoff (“outflow” in L/s) from each enclosure by
measuring the change in water level over time. In spring 2016, the outflow system was operational, and
the autosamplers began collecting flow-weighed water samples for chemical analyses. Preliminary results
from the first outflow samples (n=9) collected during snowmelt suggest that total organic carbon (TOC)
concentrations were generally higher in water exiting the warmer plots, but there was considerable
among-plot variation. Overall, the outflow system will allow us to examine how hydrology (i.e., lateral
flow) and water chemistry, especially TOC, respond to warming and elevated CO,.

Biweekly sampling of depth-specific porewater samplers continued in the ice-free periods of 2015
and 2016 to examine the porewater responses to DPH and whole-ecosystem warming (WEW). There
were no substantial changes in deep (2 m) porewater chemistry in response to DPH, suggesting that
porewater chemistry is initially resistant to warming. These results were included in the high-profile paper
on DPH responses (Wilson et al. 2016).

After WEW began in August 2015, TOC and potassium concentrations increased in near-surface
porewater (0 m); however, the responses were not always consistent across temperature treatments (Fig.
15). Little change was observed in deeper porewater (=0.3 m). It is possible that the higher TOC and K
concentrations resulted from increased mineralization of litter and surface peats and subsequent leaching
of these solutes into water. It is also possible that these changes reflected concentration of solutes within
the enclosures because the lateral outflow system was not operational until spring 2016. Now that the
lateral outflow system is operational, the continued porewater sampling will determine if these elevated
concentrations persist, or whether they were a transient response.
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Fig. 15. Near surface porewater TOC (top) and potassium (bottom) concentrations during pre-treatment
(white), DPH (blue), and WEW (pink). The 5 temperature treatments are shown in all years to illustrate
temporal and spatial (among enclosure) variability.

Decomposition - Decomposition rates of above and belowground litter types [black spruce (Picea
mariana) needles and fine roots, Labrador tea (Ledum groenlandicum) leaves and fine roots, Sphagnum
angustifolium, and S. magellanicum] are being measured in the SPRUCE enclosures. A second
experiment is examining the effect of litter mixtures (S. angustifolium with either black spruce needles or
Labrador tea leaves) on breakdown rates. In 2015, litterbags (n=2640) were constructed and deployed in
the enclosures (264 per enclosure) after the warming treatments were initiated (autumn). The initial (time
zero) bags were brought back to the laboratory for analysis of dry mass and litter chemistry (C, N, P). In
June 2016, the first set of incubated bags was retrieved from the enclosures (0.5 year pick up). The next
pick up is scheduled for autumn 2016, and then in years 2, 5, and 10. In autumn 2015, meter-long
cellulose (cotton) strips were deployed in each of the enclosures to assess the depth-specific and inter-
annual variation in cellulose decomposition and response to warming and elevated CO,. Each autumn, the
strips will be picked up and analyzed, and a new set will be deployed.

CO,/CH flux and model — Simultaneous surface flux measurements of CO, and CH,4 have been made
since 201 1using open-path analyzers and custom-designed chambers that enclose the combined
hummock-hollow topography of the bog. This measurement approach enables point-in-time observations
of the combined shrub/forb/Sphagnum/microbial community for al.13 m” area of the bog. A manuscript
on the pretreatment seasonal and spatial patterns is being revised for final acceptance (Hanson et al.
2016). In addition, these data are highlighted in the multidisciplinary evaluation of DPH responses now
being revised for final acceptance in Nature Communications (Wilson et al. 2016).

Under whole-ecosystem warming in October 2015, CH,4 flux was found to be much greater than
under DPH in September - October 2014 (Fig. 16). The WEW late season CO,/CHj, ratios are fell
dramatically from ambient expectations to between 10 to 20 down to near just 2. Winter conditions of
2015/2016 preclude CH,4 responses to deep warming as expected, but since these limitations were seen
before the development of a frozen ice cap they may be reflective of a dormant season substrate
limitation.
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DPH vs. WEW - Early Results
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Fig. 16 Data for the large-collar net flux of CO, and CH, from the bog community during pretreatment
(2014) and post-treatment (2015) periods.

Carbon Assessments for the SI1-Bog — Stand level C budget components and estimates for the S1-Bog
experimental plots were evaluated for pretreatment conditions using a number of approaches including:
annual net primary production (NPP) assessments, C flux data interpolations or bottom up calculations for
2011 to 2014, and NPP assessments minus net community C losses estimated for 2015. S1-Bog annual
NPP for 2015 is estimated to be 540 gC m™ y™' with 55, 25 and 20 percent of that total being contributed
by the Sphagnum spp., Picea/Larix tree community, and the shrub layer vegetation, respectively. Fig. 17
suggests that net C input to the bog under pretreatment conditions could be as high as 262 to 366 gC m™
y"! when interpolated from C flux data, or lower at 53 gC m™~y'. Both of these values may be supported
by the available NPP. We are also pursuing direct measurements of plot level assessments of net carbon
ecosystem exchange. The developing results from that effort are described in the next subsection.

S$1-Bog 2011-2014 C-Cycle Interpolations S$1-Bog C-Cycle NPP - C Losses
(Multi-year range for C Fluxes in gC m2 y) (2015 Example in gC m2 y)
Tree-Wood ~ Picea [504 to 550] Chamaedaphne [4 to 67] NetCO,  CH, Tree-Wood Picea Chamaedaphne Net CO, CH,
Respiration Larix [490 to 497] Ledum [81 to 155] Efflux Efflux Respiration Larix Ledum Efflux Efflux

Smilacina [12 to 28] Smilacina

Shrub-Wood Sphagnum Shrub-Wood Sphagnum
Respiration fallax [4 to 71] Respiration fallax
T magellanicum [36 to 122] I magellanicum
36t 49710 - Y
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Fig. 17. Interpolated C budget for the S1-Bog for environmental conditions from 2011 to 2014 (left graph),
and an alternate estimate based on NPP data and interpolated net C losses from the bog (right graph). Data
presented are the multi-year range of data.

A corresponding annual N requirement for the S1-Bog before treatment addition was estimated from
annual NPP and observed tissue N levels. That approach suggests annual N inputs from atmospheric
deposition, mineralization of available N stocks, or N fixation to be around 14 gC m™
y'l. Continued work in this area will resolve the relative contributions of each.

Progress in SPRUCE Eddy Covariance Study (SPECS)- The objective of SPECS is to understand
processes controlling exchanges of CH,, CO,, evapotranspiration, and sensible heat and relationships
among them in wetland ecosystems, provide continuous ecosystem-level datasets to validate and improve
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wetland ecosystem models, and help scale up SPRUCE science beyond the S1-Bog. In August 2015, we
installed a permanent shrub-level EC system in the ambient Plot #2. Measurements for this plot have
shown that ambient emissions of CH,4 have a strong diurnal (Fig. 18) and seasonal (Fig. 19) pattern. This
pattern is correlated with bog surface temperatures. The ambient S1-Bog is a continuous CHy source,
even during winter time. We did not, however, observe the so-called zero curtain effect even though
frozen conditions did occur in 2015 winter (Fig, 19).
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Fig, 18. An example of diurnal pattern in fluxes of
methane (a), water vapor (b) and carbon dioxide
measured by eddy covariance system in Ring 2.

Fig, 19. Seasonal dynamics in the eddy
covariance fluxes of methane (top) and
carbon dioxide (middle) and bog
temperatures at different depths
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SPRUCE Deliverable Progress

The SPRUCE project transitioned to whole ecosystem warming treatment applications in August
2015, and future activities and deliverables are associated with tracking the immediate and long-term
responses to the warming treatments and elevated CO, exposures initiated in June 2016. The following
deliverables cover SPRUCE activities for FY2015 and FY2016.

Task 1 — SPRUCE Deliverable Status

Date | Deliverable Status
Remaining FY2015 Deliverables
March 2015 Submission of manuscript describing vertical pore water profiles in Completed
the S1 bog.
March 2015 Submission of baseline SPRUCE water relations manuscripts Completed
Griffiths et al.
June 2015 Full deployment of remaining SPRUCE sensors in all treatment Completed
plots
Sep 2015 Manuscript on peat age and historical C accumulation from '*C Completed
data. McFarlane ef al.
Sep 2015 Initial whole-ecosystem response measurements for all tasks Completed
Sep 2015 Submit High-profile paper(s) describing results from DPH Completed
Wilson et al.
Sep 2015 A manuscript on a 2-year preliminary investigation of fine-root Completed
dynamics in the S1 bog is currently being prepared Iversen et al. t
FY 2016 Deliverables
Oct 2015 Recruit strong plant physiologist / ecophysiologist post docs Completed x2
Jan 2016 Whole-Ecosystem Warming Technique Paper Hanson et al.
Complete
pending submission
Jan 2016 Draft manuscript detailing spatial variation in porewater profiles in Completed Griffiths
S1 and Sebestyen 2016
Oct 2016 Full season of task measurements under whole-ecosystem warming Ongoing
Oct 2016 Manuscript on root-fungal interactions using AMR technology In progress

Task 1 Publications

Griffiths NA, Sebestyen SD (2016) Temporal dynamics in the vertical profiles of peat porewater nutrients
in a northern peatland. Wetlands (in review).

Hanson PJ, Gill AL, Xu X, Phillips JR, Weston DJ, Kolka RK, Riggs JS, Hook LA (2016) Intermediate-
scale community-level flux of CO, and CH4 in a Minnesota peatland. Biogeochemistry (provisionally
accepted pending revisions).

Hanson PJ, Riggs JS, Nettles WR, Phillips JR, Krassovski MB, Hook LA, Richardson AD, Ricciuto DM,
Warren JM, Barbier C (2016) achieving sustained whole-ecosystem warming for tall statured forest
vegetation with constrained air and deep soil heating methods. Global Change Biology (submission
pending one additional data set addition).

Hobbie EA, Hofmockel K, McFarlane KJ, Iversen CM, Hanson PJ, Thorp N, Chen J (2016) Long-term
Carbon and Nitrogen Dynamics at SPRUCE Revealed through Stable Isotopes in Peat Profiles.
Biogeosciences (in review).

Iversen CM, Childs J, Norby RJ, Ontl TA, Kolka RK, Brice DJ, McFarlane KJ, Hanson PJ (2016) The
distribution and dynamics of fine roots in a forested bog. Plant and Soil (submitted).

Jensen, AM, JM Warren, PJ Hanson, J Childs, SD Wullschleger. (2015) Needle age and season influence
photosynthetic temperature response in mature Picea mariana trees. Annals of Botany 116(5):821-
832. doi: 10.1093/aob/mcv115

Kostka JE, Weston DJ, Glass JB, Lilleskov EA, Shaw AJ, Turetsky MR. (2016) The Sphagnum
microbiome: new insights from an ancient plant lineage. New Phytologist doi:10.1111/nph.13993.
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Krassovski MB, Riggs JS, Hook LA, Nettles WR, Boden TA, Hanson PJ (2015) A comprehensive data
acquisition and management system for an ecosystem-scale peatland warming and elevated CO2
experiment. Geoscientific Instrumentation Methods and Data Systems 4:203-213, doi:10.5194/gi-4-
203-2015 Data doi: http://dx.doi.org/10.3334/CDIAC/spruce.013

McFarlane KJ, Iversen CM, Phillips JR, Brice DJ, Hanson PJ (2016) Temporal and spatial heterogeneity
of carbon accumulation in an ombrotrophic bog in northern Minnesota over the Holocene. The
Holocene (in review).

Shaw AJ, Schmutz J, Devos N, Shu S, Carrell AA, Weston DJ (2016) The Sphagnum genome project a
new model for ecological and evolutionary genomics. Advances in Botanical Research 78:167-187.

Torn MS, Chabbi A, Crill P, Hanson PJ, Janssens IA, Luo Y, Hicks Pries C, Rumpel C, Schmidt MWI,
Six J, Schrumpf M, Zhu B (2015) A call for international soil experiment networks for studying,
predicting, and managing global change impacts. Soil 1:575-582.

Weston DJ, Timm CM, Walker AP, Gu L, Muchero W, Schmutz J, Shaw AJ, Tuskan GA, Warren JM,
Waullschleger SD (2015) Sphagnum physiology in the context of changing climate: Emergent
influences of genomics, modeling and host-microbiome interactions on understanding ecosystem
function. Plant Cell & Environment 38:1737-1751.

Wilson RM, Hopple AM, Tfaily MM, Sebestyen SD, Schadt CW, Pfeifer-Meister L, Medvedeff C,
McFarlane KJ, Kostka JE, Kolton M, Kolka R, Kluber LA, Keller JK, Guilderson TP, Griffiths NA,
Chanton JP, Bridgham SD, Hanson PJ (2016) Stability of a peatland carbon to rising temperatures.
Nature Communications (accepted pending revisions).

Xu X, Yuan F, Hanson PJ, Wullschleger SD, Thornton PE, Riley WJ, Song X, Graham DE, Song C, Tian

H (2016) Reviews and syntheses: four decades of modeling methane cycling in terrestrial
ecosystems. Biogeosciences 13:3735-3755, doi:10.5194/bg-13-3735-2016.

Task I Data Sets
Fourteen new Task 1 data sets have been prepared and posted as outlined in Appendix B.

Task 2: Walker Branch Watershed Long-Term Monitoring

Walker Branch Watershed research focused on finalizing publications and long-term datasets. A
paper on litter decomposition responses to temperature was published in Freshwater Science, and the
dataset and associated data guide were made available to the public (http://tes-sfa.ornl.gov/node/80). A
paper on estimating uncertainty in stream nutrient uptake methods is in revision at Limnology and
Oceanography: Methods, and a draft manuscript on dual nitrogen and phosphorus uptake dynamics was
completed.

Collection of long-term hydrology (precipitation, stream flow), stream chemistry, and climate data in
Walker Branch Watershed ended in 2013, and datasets have been available for public download via the
Walker Branch website (walkerbranch.ornl.gov). In 2016, these datasets were revised (e.g., for consistent
formatting, notation for missing datapoints, coding to denote detection limits, etc.) following standard
data archiving protocols. More comprehensive data guides were completed from existing metadata and
institutional knowledge. These updated datasets and data guides have been assigned DOls.

Publications/Manuscripts

Griffiths NA, Tiegs SD (2016) Organic matter decomposition along a temperature gradient in a forested
headwater stream. Freshwater Science 32:518-533.

Brooks SC, Brandt CC, Griffiths NA (2016) Estimating uncertainty in ambient and saturation nutrient
uptake metrics from nutrient pulse releases in stream ecosystems. In Revision at Limnology and
Oceanography: Methods.

Hill WR, Griffiths NA (2016) Nitrogen processing by grazers in a headwater stream: riparian
connections. In Revision at Freshwater Biology.

Data Sets
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One new data set from Task 2 work has been prepared and 4 historical data sets were posted
(Appendix B).

Task 3: Mechanistic Carbon Cycle modeling

This task incorporates model development and MODEX activities at the point scales (task 3.1),
regional to global scales (task 3.2), and at the level of mechanistic functional units (task 3.3) to identify
process contributions to the global climate C cycle forcing from terrestrial ecosystems. Brief summaries
of progress are presented along with tabular summaries of progress on proposed deliverables.

Task 3.1 — Improving ecosystem models with site-level observations and experiments

Point CLM, originally developed with TES SFA support in 2013, has now been extended to the
ACME land model version 1 (ALM). A GitHub repository was established for CLM-SPRUCE (Shi et al.,
2016) and serves as the central point for model development. CLM-SPRUCE improvements are on the
ACME version 2 roadmap for integration in 2017 with joint TES SFA and ACME support. Point CLM
was also used for a study at the PiTS experimental site, leading to new conceptual model of plant carbon
allocation, for SFA-supported collaborative work on "*C cycling and FLUXNET-China sites (Raczka et
al., 2016; Zhang et al., 2016) and at the MOFlux site (Gu et al., in review). Uncertainty quantification has
also been a key aspect of task 3: New model parameter optimization and sensitivity analysis algorithms
are being applied to CLM and ALM, substantially improving model predictions (Shi et al., 2016; Mao et
al., 2015), and for combinations of specific model sub-processes (see below). Both methods are being
further developed and tested by Anthony Walker and new postdoctoral hire Dan Lu. Task 3a also
supports a SPRUCE model intercomparison, initiated in January 2016. So far, 10 modeling teams have
agreed to participate. Pre-treatment and meteorological driver data have been assembled and released to
the modeling teams.

CLM and ALM SPRUCE modeling

Recent progress includes the incorporation of a mechanistic CH, model, a moss submodel and
methods for model-data fusion and ecological forecasting using pre-treatment observations. To better
understand the CH4 model structure developed in this project, Xiaofeng Xu (San Diego State University
subcontract) summarized 40 published CH4 models (including CLM-Microbe) and compared these with
the CLM-SPRUCE model. A cluster analysis was conducted to group 41 CH4 models, considering model
representation of acetoclastic methanogenesis, hydrogenotrophic methanogenesis, methanotrophy,
different CH, transport pathways, multiple soil layers, and oxygen availability. Results show that both
CLM-SPRUCE and CLM-Microbe used in this project are mechanistic CH4 models that could be used to
integrate observational datasets for mechanistic processes. In addition, we continue improving and
applying the models to simulate CH,4 cycling in the S1-bog. A model parameter optimization algorithm
significantly improves predictions of carbon cycling in these mechanistic models; Fig. 20 shows the
model performance in simulating CH4 concentration in soil pore water. The model optimization algorithm
is currently being tested with a newly added vegetation component of moss in the ALM-SPRUCE model.
The new Sphagnum submodel developed by Xiaoying Shi includes moss-specific representations of
internal and external water, conductance and photosynthesis parameterized using site observations. The
development of CH4 model has been partially sponsored by NGEE-Arctic project. Preliminary results on
these efforts were presented during the AGU fall meeting (December 2015) and SPRUCE all-hands
meeting (May 2016).

We are also working to develop an ecological forecasting framework for the SPRUCE site with Yiqi
Luo (Oklahoma University subcontract). The Terrestrial Ecosystem (TECO) model is being used in a
prototype version of this framework for efficiency, which will be extended to CLM and ALM in 2017.
This system uses a Markov Chain Monte Carlo data assimilation framework to estimate the relative
contributions of predictive uncertainty from model drivers (e.g. meteorology) and model parameters.
With the help of the SPRUCE team, the system is currently being integrated with real-time data
acquisition software with the goal of providing automated, near real-time forecasts informed by current
data.
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Allocation modeling - With the PiTS datasets, we systematically tested the performance of the
Community Land Model version 4 (CLM4), in capturing short-term carbon and water dynamics in
relation to manipulative shading treatments and the timing and magnitude of carbon fluxes through
leaves, stems, roots, and soil. It was found that a combination of parameters measured on-site and
calibrated targeting against observations of biomass, transpiration, and *C discrimination gave good
agreement with pretreatment measurements, including independent evaluation metrics at the leaf scale.
The calibrated model captured the tree-scale and monthly temporal dynamics of carbon and water fluxes
observed in an experimental manipulation that reduced incoming radiation. The model persistently
underestimated tree water use (transpiration) for the strongest shading treatment, suggesting the existence
of a physiological response to deep shade that is neither included in the model nor described elsewhere in
the literature. The lack of short-term carbohydrate storage pools in the model prevented it from simulating
the observed timing of the carbon isotope labeling pulse as it moved from leaves through stems and roots
and into the soil over a period of several days. A new conceptual model of short-term photosynthate
storage and transport based on these experimental observations was proposed (Fig. 21). This work was
supported by the TES SFA project and published in Biogeosciences (Mao et al., 2016).
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Fig. 21: Conceptual model of label transport, assuming a constant velocity (V) of phloem stream with a cross-
sectional area for the phloem pathway that varies as a function of ongoing photosynthetic rate. Cross-
sectional area is conceptualized here as a varying number of similar phloem elements, with white elements in
an active state, and dark elements inactive. The experimental case with a higher photosynthetic rate for a low
shade treatment and lower photosynthetic rate for a high shade treatment is illustrated. Flux from roots (Fg)
includes root respiration, root exudation, and turnover of root tissue. The entire label is assumed to exit the
leaf and enter the active phloem stream, at a rate that is independent of the ongoing rate of photosynthesis, as
observed in the experiment.
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Photosynthesis modeling -Sphagnum photosynthesis has been modelled and evaluated using the 8100
data as described in the SPRUCE Sphagnum task section. These efforts used the Multi-Assumption
Architecture and Testbed (MAAT) developed as part of the broader photosynthesis modeling task. The
MAAT software system, written in R, was developed in the early part of FY 16 as a flexible and
automated object oriented software framework to address process representation uncertainty in core
models of leaf scale photosynthesis. The framework was also developed during FY16 to be a formalized
flexible wrapper around modularized code that can simply switch between multiple representations of the
same process, sometimes referred to as multi-physics. The MAAT allows full global process-
representation and parametric uncertainty analysis. In collaboration with Ming Ye (Florida State
University) and new ORNL postdoc Dan Lu, a method based on Sobol's method has been developed to
formally analyses process-representation uncertainty and a manuscript is in development. This method
and Sobol's method for parametric sensitivity analysis has been coded into the MAAT software
framework and applied to leaf-scale photosynthesis modelling. This work was presented at the May TES-
SBR PI meeting and a manuscript is in development. Future plans for this sub-task of the TES-SFA are to
further develop the process-representation uncertainty analysis method to improve computational
efficiency thus expanding the range of problems that can be addressed using this method. The MAAT
leaf-scale and canopy-scale photosynthesis routines are supporting NGEE-Tropics RO2 model
uncertainty analysis tasks and further development of these routines (i.e. the actual process) has been
handed off to NGEE-Tropics. This SFA sub-task will focus on development of uncertainty analysis
methods and application of these and the MAAT to answer TES-SFA science questions at SPRUCE and
other sites.

Task 3.1 Deliverable status

Date Deliverable Status

2016 - Document CLM-SPRUCE with improved microbial Underway

model and simulations from multi-model SPRUCE

ensemble

- Prototype ecological forecasting system Complete (MS in prep)
2017 - Completion of CLM_SPRUCE model with improved Underway

Sphagnum photosynthesis

- Complete 3D PFLOTRAN simulations Planned
2018 - Document ecological forecasting system Planned

- Deliver model to ACME Planned

Task 3.2 - Regional and global land ecosystem modeling

Progress in this task has focused on development of detection and attribution algorithms and
applications. Significant land greening in the northern extratropical latitudes (NEL) has been documented
through satellite observations during the past three decades. This enhanced vegetation growth has broad
implications for surface energy, water and carbon budgets, and ecosystem services across multiple scales.
Discernable human impacts on the Earth’s climate system have been revealed by using statistical
frameworks of detection and attribution. These impacts, however, were not previously identified on the
NEL greening signal, due to the lack of long-term observational records, possible bias of satellite data,
different algorithms used to calculate vegetation greenness, and the lack of suitable simulations from
coupled Earth system models (ESMs). We have overcome these challenges in order to attribute recent
changes in NEL vegetation activity. We used two 30-year-long remote-sensing-based LAI datasets,
simulations from 19 coupled ESMs with interactive vegetation, and a formal detection and attribution
(D&A) algorithm. Our findings reveal that the observed greening record is consistent with an assumption
of anthropogenic forcings, where greenhouse gases play a dominant role, but is not consistent with
simulations that include only natural forcings and internal climate variability (Fig. 22). This work was
partially supported by the TES SFA project and published in Nature Climate Change (Mao et al., 2016).
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Fig. 22. Observed and simulated 1982—-2011 time series of LAI anomalies. The 3-year mean growing season
(April-October) LAI anomalies (m*/m?) over land of the northern-extratropical latitudes for both LAI3g and
GEOLAND?2 satellite-derived observations and CMIP5 simulations accounting for solely natural forcings
(NAT) and greenhouse gas forcings (GHG) as well as CMIPS5 simulations accounting for both anthropogenic
and natural forcings (ALL). The ensemble mean for each set of forcings is given in blue, yellow, and red solid
lines for NAT, GHG, and ALL, respectively. Individual satellite-derived observations are indicated with
dashed black lines; the observational average is given with a bold solid black line. Blue, yellow, and red
shading represent the 5%-95% confidence interval for NAT, GHG, and ALL ensembles, respectively
(computed assuming a Gaussian distribution). The grey-hatched area represents the 5%-95% confidence
interval for the range of variability for the centennial-long preindustrial unforced control simulations (CTL)

The Ridge Anomaly Index (RAI) was recently developed to characterize the size and extent of extreme
heat events on the land surface by integrating key statistics (e.g. duration, spatial extent and frequency of
events). Interannual variations and multiyear trends of the RAI could have significant effects on the
terrestrial ecosystem, in terms of the vegetation growth and fluxes between the land and atmosphere.
Besides the successful applications of the standard D&A methodology onto the study of NEL vegetation
growth, we are trying to disentangle the natural and combined anthropogenic controls on the changes of
RALI for the 1979-2013 period. We used four reanalysis products as the observations and the ensemble
simulations (ALL and NAT) of the CAMS.1 from the International CLIVAR C20C+ Detection and
Attribution Project. A linear regression framework for D&A was used with y = BantXanT +
BnaTXnaT- In the equation, y, B, and X represent the observations, scaling factors, and forcing data,
respectively. A signal is detected if the scaling factor is significantly different from 0. After being
detected, a forcing is attributed if its scaling factor and corresponding confidence interval include 1. The
scaling factors for anthropogenic forcing (ANT = ALL —NAT) include 1 but not 0, and NAT includes 0.
Therefore, the anthropogenic signal can be detected and attributed and the natural forcing cannot. This
implies that RAI cannot be explained solely by natural forcings. The next step of this work would be
testing the robustness of these results by using factorial simulations from other earth system models, and
exploring the relationship between the human-induced changes of RAI and the terrestrial ecosystem
dynamics. This work is supported by the TES SFA project and a potential paper is under discussion.

Task 3.2 Deliverable status

Date Deliverable Status

2016 - Collection and compilation of SIF, NDVI, SR and river Underway
flow data
- Online and offline D&A methods development and testing | Underway

2017 - CLM-SIF model validation; experimental design and Planned
model ensemble simulations
- D&A study of the NDVI and river flow Planned
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2018 - Finish global optimization framework with GPP | Planned
reanalysis time series
- D&A of global GPP Planned

Task 3.3 — Functional testing

Using our functional testing framework, we continue to explore the functional representation of
photosynthesis and Rd in CLM-SPRUCE and ALM. We have focused on the representation of foliar dark
respiration (Rd) and pre-treatment (2010-2013) observations of the temperature response of Rd for black
spruce (Picea mariana) at the SPRUCE site. In the functional unit testing framework, functional
representations at the finest level of code granularity and the scale of observations are isolated as modular
units, in this case Rd and its accompanying temperature response functions. We have found that the
observed temperature response of black spruce foliar Rd is not duplicated by the foliar Rd module of
CLM-SPRUCE. The model simulates a reduction in InRd at temperatures > 30 °C not seen in the
observations where In Rd increases approximately linearly over the range 5-40 °C (Fig. 23). Substituting
in a more conventional Q10 temperature response module improves the fit with observations. The
“acclimation” of Rd coded into the model may not appear in the observations because historically, black
spruce at the site experience the warmer temperatures infrequently and only briefly, and we are pursuing
the investigation of this hypothesis with Jeff Warren (Task 1 physiology) and others. We are also utilizing
the functional unit testing framework in the '*C modeling for Task 7.

CLM-SPRUCE Simulated R 4 versus Observed
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Task 3.3 Deliverable status

Date Deliverable Status
2016 Functional testing for “root” modules and integration with UQ methods Underway
2017 Functional testing for ecosystem dynamics and hydrological components and Planned

model structure UQ development

2018 Regional CLM functional testing and multiscale UQ with observational datasets | Planned
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Model and Data Archiving

The recent publication of the first SPRUCE modeling study (Shi et al, 2015) with others in
preparation highlights the need for a consistent archiving framework for model products. We are
pursuing a strategy to arrive model code and datasets used for model validation. A model-data package
for the CLM_SPRUCE manuscript is in the process being released and a DOI is being assigned. A
repository has also been set up for code archiving, development and sharing
(https://github.com/dmricciuto/CLM_SPRUCE/), enabling more efficient collaboration.

Task 4a: Synthesis of the Partitioning in trees and soils studies (PiTS; Goals 4 & 5).

The PiTS projects have been very 