’.) Check for updates

A ’ l l ADVANCING

EARTHAND

nvu SPACE SCIENCE

JGR Biogeosciences

RESEARCH ARTICLE
10.1029/2021JG006276

Special Section:
Understanding carbon-climate
feedbacks

Key Points:

« Anunmanaged evergreen forest
has been a net carbon sink for over
25 years and the sink strength has
increased significantly with time

« Annual average carbon increment
measured by eddy flux or inventory
data are not significantly different

« The forest remained a robust C
sink in the warmest, wettest, and
driest years since 1895, indicating
resistance to climate variability

Supporting Information:

Supporting Information may be found
in the online version of this article.

Correspondence to:

D.Y. Hollinger,
david.hollinger@usda.gov

Citation:

Hollinger, D. Y., Davidson, E. A., Fraver,
S., Hughes, H., Lee, J. T., Richardson,
A. D, et al. (2021). Multi-decadal
carbon cycle measurements indicate
resistance to external drivers of change
at the Howland Forest AmeriFlux

site. Journal of Geophysical Research:
Biogeosciences, 126, €2021JG006276.
https://doi.org/10.1029/20211G006276

Received 22 FEB 2021
Accepted 15 JUN 2021

Author Contributions:

Conceptualization: D. Y. Hollinger,
E. A. Davidson, S. Fraver, A. D.
Richardson, K. Savage, D. Sihi, A. Teets
Data curation: D. Y. Hollinger, E. A.
Davidson, H. Hughes, J. T. Lee, A. D.
Richardson, K. Savage, D. Sihi, A. Teets
Formal analysis: D. Y. Hollinger, E. A.
Davidson, S. Fraver, A. D. Richardson,
K. Savage, D. Sihi, A. Teets

© 2021. American Geophysical Union.
All Rights Reserved. This article has
been contributed to by US Government
employees and their work is in the
public domain in the USA.

Multi-Decadal Carbon Cycle Measurements Indicate
Resistance to External Drivers of Change at the Howland
Forest AmeriFlux Site

D.Y. Hollinger" ©, E. A. Davidson®
A. D. Richardson*” @, K. Savage®

, S. Fraver® ©, H. Hughes’, J. T. Lee®,
, D. Sihi®* ©, and A. Teets’

'USDA Forest Service, Northern Research Station, Durham, NH, USA, ZAppalachian Laboratory, University of
Maryland Center for Environmental Science, Cambridge, MD, USA, *School of Forest Resources, University of Maine,
Orono, ME, USA, *School of Informatics, Computing, and Cyber Systems, Northern Arizona University, Flagstaff,
AZ, USA, *Woodwell Climate Research Center, Falmouth, MA, USA, (’Department of Environmental Sciences, Emory
University, Atlanta, GA, USA, "Center for Ecosystem Science and Society, Northern Arizona University, Flagstaff, AZ,
USA

Abstract A long-standing goal of ecology has been to understand the cycling of carbon in forests.
This has taken on new urgency with the need to address a rapidly changing climate. Forests serve as long-
term stores for atmospheric CO,, but their continued ability to take up new carbon is dependent on future
changes in climate and other factors such as age. We have been measuring many aspects of carbon cycling
at an unmanaged evergreen forest in central Maine, USA, for over 25 years. Here we use these data to
address questions about the magnitude and control of carbon fluxes and quantify flows and uncertainties
between the different pools. A key issue was to assess whether recent climate change and an aging

tree population were reducing annual C storage. Total ecosystem C stocks determined from inventory

and quantitative soil pits were about 23,300 g C m > with 46% in live trees, and 48% in the soil. Annual
biomass increment in trees at Howland Forest averaged 161 + 23 g C m™> yr, not significantly different
from annual net ecosystem production (NEP = —NEE) of 211 + 40 g C m~2 y~' measured by eddy
covariance. Unexpectedly, there was a small but significant trend of increasing C uptake through time in
the eddy flux data. This was despite the period of record including some of the most climate-extreme years
in the last 125. We find a surprising lack of influence of climate variability on annual carbon storage in
this mature forest.

Plain Language Summary Trees remove carbon dioxide (CO,) from the atmosphere by
photosynthesis and store it in chemical form in wood and other plant tissues. Much of the stored carbon
ends up in the soil. Plants and soil organisms use some of the stored carbon to provide energy for growth
and plant maintenance processes which releases CO, back to the atmosphere. The movement of carbon
atoms into and out of the forest and through the plants and soils is termed the “carbon cycle”. We have
been studying the carbon cycle of the Howland Forest in central Maine, an unmanaged evergreen forest
with most trees between 100 and 200 years old. Over the last 25 years the forest has stored almost 3.5 tons
of CO, per acre each year, even though that timespan has included the warmest, wettest, and driest years
in the last 125. Although the forest is maturing, it is storing on average a bit more carbon each year and
there is as yet no clear reason why. Forest growth is a natural solution to the problem of too much CO,
in the atmosphere. This research helps show the longer-term stability and viability of forests as natural
climate solutions.

1. Introduction

Understanding the movement and storage of carbon in forests and other natural systems has long been a
central goal of ecology (Gosz et al., 1978; Whittaker et al., 1974). This understanding is complicated today
by rapid changes in the climate, biochemical environment, and disturbance regime in which ecosystems
operate. At the same time, natural systems can play prominent roles in absorbing atmospheric CO, and thus
reducing the impacts of present and past emissions (Pan et al., 2011).
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Natural climate solutions (NCS) refer to a variety of land conservation and restoration actions that increase
carbon storage (or reduce other greenhouse gas emissions) in forests and agricultural operations (Fargione
et al., 2018; Griscom et al., 2017). Reforestation, extending forest harvest intervals, and avoiding conversion
of forests or grasslands to other uses are all important natural climate solutions. Importantly, a useful NCS
will maintain its carbon store long into the future (“permanence”) even as the climate changes. Anderegg
et al. (2020) discuss how climate-driven risks to carbon cycle processes and disturbance may compromise
the permanence of forest-based natural climate solutions. Our research addresses the permanence of the
Howland Forest carbon storage and the consistency of its annual C sink during the last 25-30 years.

Long term carbon flux monitoring sites and networks are ideal for evaluating potential natural climate
solutions (Baldocchi & Penuelas, 2019; Hemes et al., 2021). Some of these sites now have over 2 decades of
records of carbon flow into and out of an ecosystem as well as the meteorological, ecological, and biogeo-
chemical measurements to put these fluxes in context. We report here average carbon pools and annual flux-
es based on 25+ years of measurements carried out at the Howland Forest AmeriFlux site in central Maine,
USA (Hollinger et al., 1999, 2004). This unmanaged, mixed-age forest is characterized by canopy trees 100-
200 years old. The 25-year span of eddy flux measurements and 26-year span of inventory data represent a
significant fraction of the life of the existing trees and are relevant to the issue of NCS permanence. These
flux and inventory data are complemented by meteorological and environmental measurements, canopy
leaf area index (LAI) and phenology, and component fluxes including soil respiration and litterfall.

The Howland Forest as an NCS is an example of “Improved forest management” or more specifically, an
unmanaged “carbon reserve”. The forest is owned by the Northeast Wilderness Trust, which has the goal of
preserving the land as forever-wild. The forest was registered as a Climate Action Reserve (CAR681) in 2013
to provide carbon offset credits.

The Howland Forest has further matured since detailed measurements of whole-ecosystem CO,, water
vapor, and energy fluxes at Howland began in 1996 (Hollinger et al., 1999). The climate in central Maine
and the northeastern US over the last 25 years has been warmer and wetter than the long-term average
(NOAA, 2021). Variability also appears to have increased. Over the 25 years of flux measurement, atmos-
pheric CO, has increased from about 363 to ~413 ppm while tropospheric ozone levels, and sulfate and
nitrate inputs have plummeted. During our measurements the region has experienced the hottest, driest,
and wettest years in a record extending over 125 years (NOAA, 2021).

The goals of this work are similar to those expressed in a compatible, recently published study of C cycling
at the Harvard forest (Finzi et al., 2020). These goals include quantifying the long-term C balance of a forest,
as well as assessing the controls on variability and likely future of on-site carbon storage. Howland lies just
over 400 km to the NE of the Harvard forest and shares a similar climate and several tree species. However,
the Harvard forest is dominated by broadleaf deciduous species including red oak (Quercus rubra) and red
maple (Acer rubrum) while Howland consists primarily of needle-leaf evergreens. Here we compare our
multi-decadal records of C cycle processes in an evergreen forest with those from the climatically similar
deciduous Harvard forest. We address several questions about aging forests and find that our longitudinal
results support recent findings of different patterns of age-related resource use efficiency in evergreen and
deciduous forests (Xu et al., 2020).

2. Materials and Methods
2.1. Site Description

The Howland Forest AmeriFlux site is located in central Maine, USA (45.2041°N 68.7402°W, elevation 60 m
above sea level) on 550 acres of flat to gently rolling forestland owned by the Northeast Wilderness Trust.
The mature multi-aged forest is about 90% conifer, dominated by red spruce (Picea rubens) and eastern
hemlock (Tsuga canadensis), with lesser quantities of northern white cedar (Thuja occidentalis), balsam
fir (Abies balsamea), and white pine (Pinus strobus). The ~10% deciduous tree species are mainly red ma-
ple (Acer rubrum), paper birch (Betula papyrifera), and yellow birch (Betula alleghaniensis). The site sits
at the ecotone of the North American boreal spruce-fir zone. The dominant soils were formed in coarse-
loamy granitic basal till and range from well drained to very poorly drained over relatively small areas
(Levine et al., 1994). Wetland soils are Histosols and upland soils are fine sandy loams, classified as Aquic
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Haplorthods. The climate is damp and cool, with average annual temperatures of 6.2°C and a mean annual
precipitation of 1148 mm (Daly et al., 2008). The site has evidence of previous logging (evenly distributed,
well-decayed cut stumps) but has been unmanaged for roughly a century. Compared to other stands of the
region, Howland Forest is diverse in both tree size and age distribution. The site supports several remnant
trees in excess of 200 years old, along with many standing dead trees, and exhibits pit-and-mound topog-
raphy. The climate, soils, and vegetation at the site are more fully documented in the AmeriFlux BADM
(Biological, Ancillary, Disturbance and Metadata) record.

2.1.1. Ecological Measurements

Leaf area index (m™> m™>) was measured periodically (Richardson et al., 2011) within the tower footprint
using a LAI 2000 plant canopy analyzer (Li-Cor Inc, Lincoln, NE). (Note that these measurements include
branches and stems so are properly plant area index, PAIL) A 200 m transect, running in an N-S direction,
was established 50 m north of tower US-Hol in 2006 and sampled in the middle of the summer in most sub-
sequent years. Measurement points were established at 10 m intervals and marked with flags. Prior to 2006,
LAI measurements were made across a larger number of more dispersed plots. We used the formulation of
Chen et al. (2006) to estimate actual LAI from “effective” (measured) LAI, using clumping and other factors
as described in Richardson et al. (2011).

Sampling uncertainties were estimated as the standard error of the mean LAI for each set of measurements
(n = 20 plots), typically ~0.1 m* m ™ Systematic errors due to sensor cross-calibration were estimated, based
on results from a more intensive LAI campaign at Howland (Richardson et al., 2011), to be ~0.2 m* m™2.
Random errors, evaluated by repeat measurements of the same transect, were sufficiently small for indi-
vidual measurements (1 ¢ = 0.15 m* m™2) that they could be ignored, given the number of plots sampled,
and the other (larger) sources of uncertainty. Total uncertainty in stand-level LAI was thus estimated to be
0.3 m* m™2 LAI was converted to canopy mass based on a mean (across dominant conifer species) foliage

mass-to-area ratio of 280 g dry foliage m ™.

Field observations of springtime bud burst phenology have been conducted at Howland Forest since 1990
and are ongoing (Richardson et al., 2009). In spring, the mean aggregate (across the dominant species) dates
of bud burst by coniferous (hemlock and red spruce) and deciduous (paper birch and red maple) species are
estimated from observations made during weekly or twice-weekly site visits. In autumn, coloration and leaf
drop (as percentages) of the deciduous species are visually estimated on a similar schedule. Here, we use
50% canopy coloration as our fall phenology metric.

Since 2008, phenology of coniferous and deciduous species has been tracked at Howland using two Phe-
noCams, howland1l, and howland2, respectively (Richardson, 2019). Imagery, recorded every 30 min from
sunrise to sunset, is processed to provide daily measures of canopy greenness, from which start- and end-of-
season transition dates are extracted using established methods based on dates when the canopy greenness
reaches (rising in spring, falling in autumn) 25% of the seasonal amplitude, where amplitude is calculated
as the difference between the summer maximum and winter minimum (Richardson et al., 2018). For co-
nifers, seasonal changes in canopy greenness are driven by leaf-level changes in pigmentation, specifically
the carotenoids:chlorophyll ratio (Bowling et al., 2018; Seyednasrollah et al., 2021); in late winter and early
spring, increases in canopy greenness occur independently of (and well in advance of) the production of
new foliage. By comparison, for deciduous species, seasonal change in canopy greenness are driven by bud-
burst and leaf expansion in spring, and leaf coloration and leaf fall in autumn. Start-of-season transition
dates derived from PhenoCam imagery tend to lag slightly behind visual observations of deciduous bud-
burst, while end-of-season transition dates tend to align with dates of peak autumn color.

2.1.2. Meteorological Measurements

Present meteorological measurements include air temperature at 2 and 30 m (shielded and ventilated plat-
inum resistance thermometer), precipitation (heated tipping bucket rain gage, model TR-525; Texas Elec-
tronics), air pressure (model PTB100A analog barometer; Vaisala), incoming and outgoing shortwave and
longwave radiation (model CNR4, Kipp & Zonen), total photosynthetically active radiation (model PAR
Lite quantum sensor, Kipp & Zonen) and its direct and diffuse components (BF5 Sunshine Sensor, Delta T
Devices) all sampled at 15 s intervals and averaged to 30 m. Wind speed and direction, as well as vapor pres-
sure deficit and relative humidity are calculated from the eddy covariance data described below. Profiles of
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soil temperature and soil moisture are measured hourly (sensors are installed at depths of 5, 10, 20, 50, and
100 cm) using Hydra probes (Stevens Water Monitoring Systems Inc.), located near the base of the tower.
Water table depth is measured in two shallow wells about 30 and 50 m from the tower using barometrically
compensated pressure transducers (model WL400, Global Water).

Clean Air Status and Trends Network (CASTNET, https://www.epa.gov/castnet) measurements of atmos-
pheric chemistry have been made at the Howland forest for many years (sites How132 and How191). These
measurements of concentrations of gases and particles include SO,, nitric acid (HNOs;), sulfate (S0,%),
nitrate (NO; ™), ammonium (NH,"), chloride (C1™), and base cations, as well as hourly O; concentrations. We
show change in the ozone W126 index which weighs concentrations in a sigmoidal manner and sums day-
time hourly concentrations. This index is designed to reflect cumulative exposures that can damage plants
and trees during the consecutive three months in the growing season when daytime ozone concentrations
are the highest and plant growth is most likely to be affected (Musselman et al., 2006).

CO, dry air mole fraction is measured in the airstream pulled from the top of the tower as part of the eddy
covariance flux system. The use of a high precision low drift gas analyzer since 2011 (see below) allows com-
parison of Howland with Mauna Loa or other measurement stations. Monthly values were calculated from
midday (1000-1500) half-hourly measurements that passed the quality criteria in Richardson et al. (2019).

2.2. Forest Flux Measurements
2.2.1. Whole Ecosystem Eddy Covariance Fluxes

Continuous measurements of CO,, H,0, and energy flux using the eddy covariance technique began at the
main Howland tower (US-Hol) in late 1995. The measurement systems have been fully described previous-
ly (Hollinger et al., 1999, 2004) along with important updated details of processing (Richardson et al., 2019).
Our philosophy has been to minimize changes in the physical measurement systems and software algo-
rithms. Fluxes have been measured at a height of 31 m with an instrument system consisting of a model
SAT-211/3K 3-axis sonic anemometer (Applied Technologies Inc.) and fast-response closed-path CO,/H,0
analyzers. From 1996 to mid-2011 model L16262 analyzers (LI-COR Biosciences) were used and several
instruments were rotated through as necessary for calibration, maintenance, and repair. In mid-2011 this
was replaced with a model L17200 analyzer and, in parallel, a CO,/H,0/CH, cavity ring-down spectrometer
(model G2311-f, Picarro Inc.). Sampled air was pulled from the top of the tower through a 0.2 micron PTFE
capsule filter with one end severed and ~46 m of 4.8 mm (inner diameter) LLDPE (U.S. Plastics Corp.)
at a nominal flow rate of 4.5 standard liters per minute. The tubing and filter were replaced annually. All
data, including concentrations of H,0 and CO, reported as dry air mole fractions were recorded at 5 Hz on
a PC until 2011 and then via data logger (model CR1000, Campbell Scientific Inc.). CH, fluxes have also
been measured on the main Howland tower using the eddy covariance method since 2011 (Richardson
et al., 2019; Shoemaker et al., 2014) but are not reported here.

Raw, high-frequency data were converted in our original system to 30-min fluxes using the flux software of
McMillen (1988). Processing later switched to using EddyPro® Eddy Covariance Processing Software (LI-
COR Biosciences). For this study we re-processed the entire 25-year flux data record using EddyPro version
6.2.2. We calculated turbulent fluxes of CO, as well as sensible (H) and latent (LE) heat flux using the cus-
tom EddyPro settings described in Richardson et al. (2019). To estimate the u* (friction velocity) threshold
for nocturnal values, fill gaps in the record, and estimate annual net ecosystem exchange (NEE) as well as
gross primary production (GPP) and ecosystem respiration (Re,), we used the R package “REddyProc” ver-
sion 1.2.2 (Wutzler et al., 2018) with RStudio, Version 1.3.1073 and R version 4.0.2.

2.2.2. Uncertainty Estimates of Fluxes

For each half-hour CO, flux value, we calculated uncertainties using the method of Finkelstein and
Sims (2001) as implemented in EddyPro version 6.2.2. For calculating annual uncertainties we used the
Monte Carlo method and sampled the exponential distribution based on the associated half-hourly un-
certainty calculated by EddyPro to create 20 samples of each half-hourly value in each year. This yielded
20 separate annual flux datasets with gaps that were processed by REddyProc and used to estimate annual
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Figure 1. The Howland Forest (triangle, 45.2041°N 68.7402°W) is located in central Maine, USA in the ecotone
between temperate deciduous and boreal forests.

mean C fluxes and standard deviations. In this way, measurement uncertainties are correctly propagated all
the way through gap filling (e.g., Richardson & Hollinger, 2007).

2.2.3. Flux Footprint Analyses

To calculate the flux source (footprint) regions and place our inventory measurements in spatial context
with the eddy fluxes, we used the 2-D flux footprint parameterization of a stochastic particle dispersion
model from Kljun et al. (2015). (See https://geography.swansea.ac.uk/nkljun/ffp/www/index.php for a use-
ful on-line implementation). Because nocturnal and daytime stability differ strongly and influence the size
of the footprint, we calculated separate night and day footprints using half-hour data from 2000 to 2019.

2.2.4. Soil Respiration Including Partitioning

Soil respiration, an important component of total respiration, was manually measured near the tower (Fig-
ure 2) during daylight hours from 1996 to 2012 using a system described by Savage and Davidson (2001).
Typically, measurements were made once per week during the growing season (May-September) and one
to two times per month during the late autumn, winter, and early spring. At each plot, eight permanent
collars, 25 cm in diameter and made from thin wall PVC tubing cut to 10 cm lengths, were inserted into the
ground to a depth of ~5 cm.

Automated flux measurements were made from 2004 to 2016 following the methods described previous-
ly (Richardson et al., 2019; Savage & Davidson, 2003). Three to six opaque chambers were sampled for
5-15 min once every 30-120 min for automated flux measurements, with the frequency varying because of
different research objectives which varied over the 12 study years.

We used a classical root trenching experiment during 2013-2015 at the Howland Forest (Carbone et al., 2016)
to partition soil R into its autotrophic (R,) and heterotrophic (R;) components where the trench plot fluxes
provide data for Ry, and the difference between trenched and untrenched (control) plots provide constraints
for root respiration (i.e., R,). Partitioning was also estimated using radiocarbon measurements of soil CO,
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0.2 Kilometersj

Figure 2. Inventory plots in relation to flux tower (“+” indicates Howland Main tower, Hol). Yellow dots indicate
inventory plots and purple the NASA megaplot. The red overlapping dots show soil respiration locations. Stippled areas
indicate slightly lower elevation (wetter) areas. The thin white lines indicate average daytime flux 10-90 percentile
isopleths. The heavy white line is the access road. Image about 1 X 1 km.

emissions. For this analysis, we use the average partitioning coefficients of the two approaches reported by
Carbone et al. (2016). Triplicate trenches were dug by excavating soils from 1-m depth covering an area of
3 x 3 m. The trench was then lined with a plastic wrap to prevent root growth back into the plots, and the
soil layers were carefully backfilled. An automated chamber was installed in each trenched and untrenched
plot.

2.2.5. Leaf Litter and Other Transfers

Litterfall (foliage and fine twigs) was estimated by collection of the contents of baskets (8 baskets per plot)
twice per year (late fall and early spring), with data aggregated to annual (autumn-to-autumn) estimates.
These data are used to calculate total belowground carbon allocation as described later. Sampling errors
were calculated as the standard error of the annual litterfall across the n = 8 samples, and ranged from
10%-30%.

2.3. Forest Biomass Inventories

Net primary production in living trees was estimated using two long-term plot-based inventories. Whole-
tree biomass (including leaves and coarse roots) was estimated using species-specific allometric equations
(Young et al., 1980) from DBH measurements of all trees 210 cm on n = 44 inventory plots, and for the

HOLLINGER ET AL.

6 of 21



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2021JG006276

n = 48 subplots (25 X 25 m) in the 3-ha megaplot. The dry mass estimates produced from the allometric
equations were converted to carbon mass by multiplying by species-specific carbon ratios (Lamlom & Sav-
idge, 2003). The uncertainty of the annual net primary production was estimated using 1000 Monte Carlo
simulations of net primary productivity at the plot-level for the inventory set and megaplot individually. The
carbon pool stored in living tree biomass was estimated using the 3-ha megaplot.

2.3.1. Megaplot

The megaplot is a large stem-mapped plot (3 hectares; 150 X 200 m) used here to obtain annual estimates
of biomass C increment. It was established in 1989 by the Laboratory for Terrestrial Physics at NASA's
Goddard Space Flight Center (see Levine et al., 1994; Ranson et al., 2001; Sun et al., 2011; Weishampel
et al., 1994) and located 240 m north of the flux tower (Figure 2). In this plot, all trees greater than 3.0 cm
diameter at breast height (DBH, 1.37 m) were mapped and measured, recording ca. 7,800 stems. In 2015, all
trees greater than 10.0 cm were inventoried and measured. The tree species composition of this megaplot is
nearly identical to that of continuous forest inventory plots surrounding the tower (Hollinger et al., 2004).
The plot has been the focus of recent work on Howland forest productivity (Fien et al., 2019; Teets, Fraver,
Hollinger, et al., 2018a; Teets, Fraver, Weiskittel, & Hollinger, 2018b).

Net primary production in trees was estimated with annual resolution in the megaplot from 1989 to 2015
using a 10% subset of the trees. The subset was selected in a random stratified manner (by species and
diameter class), resulting in 327 trees. One increment core was extracted from each tree at breast height
with a standard 5.2 mm increment borer (H4glof Company Group), and ring-widths were measured to the
nearest 0.01 mm using a Velmex sliding stage (Velmex Inc.) with MeasureJ2X software (VoorTech Consult-
ing). Cross-dating was performed using marker years, usually light or narrow rings, followed by statistical
cross-dating using COFECHA software (Holmes, 1983). Ring widths were estimated for the remaining trees
in the megaplot by scaling cored-tree data to the plot-level based on the assumption that the randomly se-
lected cored trees adequately represent the entire tree population (see Teets, Fraver, Hollinger, et al., 2018).

2.3.2. Inventory Plots

Inventory plots, located along 30° radial transects at distances of 50, 100, 200, and 400 m from the tower,
were established in 2001 and inventoried and measured every 2-3 years. Each circular plot had a radius of
7.3 m (identical to USFS Forest Inventory and Analysis [FIA] subplots), and all trees greater than or equal
to 10 cm were measured. Two of these plots fell on areas cleared for roads, and two of the plots were missing
data for one of the sampling periods and were excluded. The total number of plots used for this analysis
was n = 44.

Standing biomass was estimated for all plots at each year of measurement—2001, 2003, 2005, 2007, 2009,
2012, 2015, and 2018. The difference in standing biomass between inventories was estimated and converted
to the average annual growth between sampling periods. Trees that died, or trees with equal or slightly
smaller current diameters than those recorded in previous inventories were assumed to have zero growth,
and therefore no increase or decrease in carbon mass. Ingrowth was assumed to have the minimum diam-
eter (10 cm) for all previous inventories, therefore only growth of trees greater than 10 cm contributed to
annual net primary production.

2.3.3. Deadwood

The inventory of all deadwood components (coarse and fine woody debris, standing dead trees and sap-
lings, and stumps) was conducted on the megaplot between 2015 and 2017. Downed coarse woody debris
(CWD, pieces >10 cm diameter) and fine woody debris (FWD, pieces <10 cm) volumes were estimated
using the line-intersect method (van Wagner, 1968). Stump volumes were calculated from field measure-
ments, assuming the form of a cylinder. Volumes of CWD, FWD, and stumps were converted to mass using
species- and decay-class specific densities (Harmon et al., 2008). Mass of standing dead trees (snags) and
dead saplings was calculated using species-specific, whole-tree allometric equations developed for this re-
gion (Young et al., 1980), based on megaplot re-inventories conducted in 2015 (trees) and 2017 (saplings).
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Mass of all deadwood components was converted to carbon mass assuming carbon content of 50%. Standard
errors around these estimates were determined by repeatedly (100 times) concatenating randomly selected
transect segments (CWD, FWD) or by repeatedly (100 times) resampling the complete plot inventory data
(snags, saplings, stumps). (See Supporting Information for more detail.)
Annual flux rates for all the above deadwood components were estimated from published species-specific
decay constants (Russell et al., 2014) applied to our estimated carbon mass. Standard errors for each flux
rate were estimated using 100 Monte Carlo simulations of the published variance (Russell et al., 2014).
3. Data
3.1. Data Availability
The Howland Forest is a core AmeriFlux site. Eddy flux and meteorological data are available through
the AmeriFlux data system (https://ameriflux.1bl.gov/). Additional Biological, Ancillary, Disturbance, and
Metadata (BADM), non-continuous information and data that describe and compliment the flux and me-
teorological data are available from the same location. Gap-filled flux data, soil respiration data, inventory
measurements, LAI, phenology, and litterfall, are available from the USDA Forest Service Research Data
Archive (https://doi.org/10.2737/RDS-2021-0014). PhenoCam imagery and derived data are publicly availa-
ble in real time (https://phenocam.sr.unh.edu) and are also archived at the ORNL DAAC (https://daac.ornl.
gov/cgi-bin/dsviewer.pl?ds_id=1689).
4. Results
4.1. Climate Trends at the Howland Forest
The Howland Forest and Maine have experienced a long-term annu-
9 . 1895-2019 average K a al warming trend while winter months are becoming wetter (Kunkel
8k Tair (Maine) . A et al., 2013). Since 1970, for example, the mean annual temperature
§ ,f = Tair (Howland Forest)r / o*i\\ /\ across Maine has been rising about 0.28°C per decade (Figure 3a). By
: [ / \/o;;;o,‘x . contrast, there is no trend in annual total precipitation over the same
= 6 [ \ 7\/ / \/\ ° \0 /\O\ ;/ period (Figure 3b). Mean annual temperature and precipitation in the
g s b i O/ o\ /0 O/o\o v °\O region over the study period (1996-2020) are marked by high variability.
< EeTAAAT Y- e-- M- e The mean values for the state of Maine are representative of conditions
4r at Howland (located roughly mid-state) and can be used to put recent
3 ) ) ) conditions into a longer-term perspective. Since 1996, tower-based an-
1970 1980 1990 2000 2010 2020 nual temperature has varied in concert with statewide values (¥ = 0.79,
Year P < 0.001, Figure 3a) but averaged ~1.2°C higher. Much of this offset is
likely a consequence of the measurement location above a forest cano-
1800 1895-2019 average B b py in comparison to the near-surface recordings of NOAA stations. Lee
1600 | Ppt (Maine) et al. (2011) found surface air temperature lower in open land than above
~ 1400 L v—V Ppt (Old Town CRN) . nearby forested land by about 0.85°C northwards of 45°N. Precipitation is
E 4 ) K*\:H o o Vv difficult to measure at Howland as there are few gaps suitable for shield-
: 1200 \; JE \ﬂf \\,/\ /f \t g,ﬁ ed precipitation collectors. The Old Town NOAA Climate Reference Net-
& 1000 T 1Y VA 77 73 aa ’*1/ """""v{é"d s work (CRN) station is located within 40 km and has records back to 2002.
y Annual precipitation at the Old Town site is correlated with the statewide
800 v average (¥ = 0.84, P < 0.001, Figure 3b).
6010970 TTI980 1990 2000 2010 2020  Long-term records (dating from 1895) suggest conditions have been
Vear warmer and wetter than the 125-year average since measurements began

Figure 3. Average annual temperatures in central Maine have risen since

at Howland. This is relevant to forest growth since the majority of canopy
trees were established prior to 1895. Each of the last 25 years in central

record keeping began in 1895 and during the flux measurement period Maine (except 1997) has been warmer than the long-term average (Fig-
have averaged about 1.4°C above the long-term average (a). The flux record  ure 3a). The Howland tower flux record encompasses the seven warmest
at Howland incorporates the wettest (2005) and driest (2001) years on years recorded since 1895. Similarly, 19 of the last 25 years have been
record (b).
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wetter than the long-term average (Figure 3b). The flux record encompasses both the wettest (2005) and
driest (2001) years for Maine over the last 125 years.

4.2. Changes in Atmospheric Chemistry and Deposition

Nitrogen and sulfur deposition at Howland have declined from the early 2000s as tighter regula-
tions in the Clean Air Act came into force (Figure 4a). The decline in sulfur wet + dry deposition
(0.024 + 0.006 g m™* y~', mean slope and 95% confidence interval) has been about twice that of nitro-
gen deposition (0.011 + 0.003 g m™> y™'). Ground-level ozone concentrations (Figure 4b), especially when
weighed for phytotoxicity, have declined even more dramatically and appear to have leveled off at ~20% of
values in the late 1990s. The phytotoxic impacts of ozone are non-linear and cumulative (Felzer et al., 2007;
Schmieden & Wild, 1995).

CO, concentrations at Howland broadly follow the global trend as shown at Mauna Loa (now 2.5 ppm y ™).
However, the annual amplitude of monthly averaged atmospheric CO, at Howland is influenced by local
and regional sinks (vegetation photosynthesis) in the summer and sources in the winter (fossil fuel emis-
sions and ecosystem respiration). The annual amplitude of Howland Forest midday CO, measured at 30 m
(about 10 m above the forest canopy) is about 4 times that at Mauna Loa which represents variation in the
free troposphere (Figure 4c). The relative increase of atmospheric CO, over the flux measurement record
(~14%) is smaller than the changes in pollutants over the same time period.

S
" b
S a =
L - 6
o 0.6 /45 A =
5 g
304 el
8_ = -~
@ =
Qo2 t o 2
> [
I | m—a Sulfur (-0.024 gm?2y™") < Q i
o A=A Nitrogen (-0.011 gm? y'|1) @) oL — Ols . . .
g 2000 2010 2015 2020 1995 2000 2005 2010 2015 2020
Year Year
‘€ 440 1
2 | — Howland CO, (2.65 ppmy)
~ 420 L. — Mauna Loa CO, (2.52 ppm yh
@)
@)
% 400
o
S
£ 380
>
e
g 360 I I I I I
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Figure 4. Sulfur deposition at the Howland Forest has declined by about 68% since 2000 while nitrogen deposition has declined by about 30% (a). Weighted,
summer ground-level ozone has declined by over 80% (b). Midday mean annual CO, concentration at Howland Forest closely follows values recorded at Mauna
Loa (data courtesy NOAA Global Monitoring Laboratory) and have likely risen about 14% since 1996 (c).
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Table 1 4.3. Flux Footprint and Biomass Sampling Locations

Sesienore el oo sldicRoy e IR ooy CO, flux footprint modeling (Figure 2) suggests that during the daytime,

Component Stock (+SD) Source about 50% of the measured CO, uptake originates within about 90 m of
Living the tower (~2.5 ha) while 90% occurs within about 320-420 m of the tow-
Whole trees 10600+ 2900  Megaplot er (~50 ha). The region of forest with the most influence on the fluxes
occurs between about 40 and 90 m from the tower. At night, more stable
Whole trees 14500 £4500  Inventory plots conditions increase the effective source area so that the 50% distance in-
Saplings 290 + 4 Megaplot creases to ~130 m (~5 ha). At night the 90% source region extends out to
Dead about 500 m to the east of the tower and to over 900 m to the northwest.
Whole trees 440 + 20 Megaplot This means that the R.,, measurements that are based off nocturnal flux
Saplings 100 + 3 Megaplot data come from a larger and more diffuse region than the daytime NEE
Coarse Woody Debris o Megaplot measurements. All of our biomass 1nve.ntf)ry, soil respiration, litterfall
and other measurements come from within ~400 m of the tower and
LTy B a 210+ 30 Megaplot are thus mostly (day) or totally (night) incorporated within the 90% flux
Stumps 904 Megaplot footprint regions. The megaplot lies between about 200 and 350 m of the
Soils tower.
Forest Floor 4400 + 1800 Fernandez et al., 1993
Mineral soil 6,700 + 2900 Fernandez et al., 1993 4.4. Carbon Stocks
Total (megaplot) 23300 =+ 4200

Total ecosystem C stock determined from the megaplot and nearby quan-
titative soil pits was 23,300 g C m~” (Table 1). Of this total, 46% was in
live trees, and ca. 1% in live saplings. Soil (forest floor plus mineral soil to
a depth of 80 cm) represented 48%; all deadwood components combined
represented only ca. 5% of total ecosystem C.

Note. Units in g C m™% megaplot (except saplings) and FIA-like plot

inventory data from 2015; saplings inventoried 2017.

4.5. Tree Biomass Increment

Our estimates of annual biomass increment in trees at Howland Forest averaged 161 + 23 g C m™> yr™*

across different sampling techniques. Estimates from repeat diameter measurements in the inventory plots
yielded similar estimates of biomass increment as those from the tree-ring analysis of the megaplot trees
(Figure 5). The difference in the magnitude of biomass increment between the inventory plots and meg-
aplot is thought to be driven by the larger trees in the inventory plots compared to the megaplot. We found
that biomass increment estimated from remeasurements every 2-3 years in the inventory plots had high-

er variability and higher uncertainty compared to estimates using tree-

ring methodologies. For the period coincident with the flux tower record

= (1996-2015) the megaplot record indicated a non-significant trend in C
& 250 uptake (0.6 + 0.7 g C m~>yr™*, P = 0.12). Estimates of biomass increment
£ based on tree-ring analyses in the megaplot produced an annual time-
% 200 ¢ . series that demonstrates a resistance to change, based on a low interan-
= 150 IR . &i*; AU NS T nual variability and high autocorrelation between years.
c N S N 2 g 4
o Y S A+
g P
5 100 ¢ 4.6. Phenology Changes
£ Period with flux data
® 50 «—. Megaplot (149+10 g C m?y™) Ground observations of phenology (Figure 6) show that on average, bud-
@© o - 2 1 break by the deciduous species occurs on May 3 (day 123), more than
= A—a |Inventory plots (172+27 g C m™y™) y P Y Y
k) o : = : 3 weeks ahead of the evergreen conifers (May 28); 50% autumn color is
m 1990 2000 2010 2020 reached, on average, on October 9. Interannual variation (1 SD) in phe-
Year nology is about +1 week for all measures. Although deciduous budbreak
Figure 5. Annual tree biomass increment at Howland Forest based on is trending later (0.25 d/y), this patte.rn is not statistically SlgI'llflcant
repeat diameter measurements of inventory plots (green triangles), and (P = 0.07) and appears to be mostly driven by the late budbreak in 2019
a tree-ring analysis of a 10% subsample of trees in the megaplot (black (P = 0.20 if this year is excluded).

circles). Dry biomass was estimated using the regionally derived allometric . .
equations from Young et al. (1980) and converted to carbon mass (Lamlom ~ PhenoCam-derived (2010-onwards) metrics for start- and end-of-season,

& Savidge, 2003). which have been shown to be correlated with the onset and cessation
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Figure 6. Field (solid symbols) and digital camera (“PhenoCam”, open
symbols) observations of Howland Forest phenology. “HW” refer to

deciduous hardwood species.

140 and 280 g C m 2 yr™!

of evergreen photosynthesis (Seyednasrollah et al., 2019, 2021), are also
highly variable from year-to-year. The mean start-of-season date for the
evergreens is April 11, although in 2012 start-of-season occurred almost
3 weeks earlier (March 23). The mean end-of-season date is November

3. “Green season length,” calculated as the number of days between
start- and end-of-season, averages 227 + 14 (mean =+ 1 SD) days, and was
more than a month longer in 2011, 2012, and 2017 than in 2018 or 2019.

4.7. Leaf Area Index

LAI at Howland (as mentioned earlier, strictly “Plant Area Index”) has
averaged 5.8 + 0.5 m* m °. However, LAI has increased through time
at a rate of ~0.05m’* m2y ' (P < 0.01) (Figure 7). Based on a leaf mass
per unit area (LMA) of 280 g m™* and a 50% C content, the increasing
LAI represents a “sink” of ~7 = 4 g C m™> y . The allometric equa-
tions we used for estimating biomass of the component species (Young
et al., 1980) project an increase in foliage C mass of 10.5 g C m™>y ™' based
on the increase in tree size observed over time at the site, thus the sink
associated with LAI increase is already accounted for in the allometry
used to calculate change in biomass.

4.8. Whole Ecosystem Fluxes

The Howland Forest was a net sink for atmospheric CO, in each of the
25 years of measurement (Figure 8a). Annual net ecosystem production
(NEP = —NEE) averaged over that interval was 211 + 40 g C m > y™".
Annual NEP varied 2-fold during the study, ranging between about

. There was a small but significant trend in NEP (slope = 2.4 £ 2.1 g Cm™>y™},

P = 0.025) over the measurement period indicating a gradual increase in net C uptake. GPP and R, aver-
aged 1331 + 83 and 1127 + 90 g C m > y~" (Figure 8b). There were significant decreasmg trends in both of
these variables over the measurement period. GPP declined by about 5.8 + 4.2 g C m™>yr™"' (P = 0.01), while
Reco dropped by 8.2 + 4.3 g C m ™2 yr~' (P < 0.001). Thus, the apparent increase in C storage occurred despite
GPP decreasing over the course of the study. This happened because respiratory losses (Rec,) declined more

(o))
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—»—
|
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hY
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slope = 0.049 y', r?=0.46 P<0.01
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Figure 7. Leaf Area Index measured at Howland via LAI-2000 Plant
Canopy Analyzer. Values prior to 2005 (circles) were from measurements
conducted at the inventory plot locations (n = 48). Since 2006,
measurements were made at 10 m interval along a fixed transect to the
NW of the tower (triangles). The slope of the increase obtained from the
transect remeasurements (2006-2020) is not significantly different from

that of all data shown here.

quickly than GPP, increasing the ratio of R, to GPP with time.

There were no significant temporal trends (Figure 9) in the long term
measurements of soil respiration (slope = +7.7 g C m™y~', P = 0.06) or
fine litterfall (slope = +1.5 g C m™ y™', P = 0.08). The non-significant
trend in soil respiration suggests that the drop in Re., was likely due to the
decline of aboveground autotrophic respiration, although uncertainties
in both R, and soil respiration preclude making a strong inference about
changes in aboveground respiration. The difference between soil respira-
tion and fine litterfall (i.e., total belowground carbon allocation, TBCA,
Davidson et al., 2002) also showed no temporal trend over the measure-
ment period (1998-2016). Overall, annual soil respiration, fine litterfall,
and TBCA averaged 816 + 108, 167 + 23, and 649 + 111 gC m™> yr™',

respectively.

4.9. Monthly Trends

Small but significant trends were detected in the annual integrals of GPP,
NEP, and ecosystem respiration. However, trends at annual scales may
be difficult to identify due to interannual variability in the responses of
carbon exchange to the environment and the fact that the annual val-
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Figure 8. Annual carbon uptake measured by the eddy flux tower

has averaged 211 g m > at the Howland Forest (a). Both gross primary
production (GPP) and ecosystem respiration have declined over time
with R, declining more quickly than the decrease in GPP (b), leading
to a small but significant increase in net ecosystem production (NEP; the
widening between the dashed lines).
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Figure 9. Soil respiration, fine litterfall, and total belowground carbon
allocation at Howland Forest. Soil respiration was measured using LI-COR
IRGA equipped with manual and automated chambers. Fine litterfall was
measured using litter baskets. Total belowground carbon allocation was
calculated following Davidson et al. (2002) assuming that soil C stocks are
at quasi steady state.

ues represent integrals of a continuous process. Patterns in one part of a
season which lead to enhanced uptake (such as an early spring) may be
counterbalanced by below average C uptake later in the same year. We
analyzed monthly variations in the eddy covariance data to determine if
certain periods of the year are driving the interannual variation measured
for GPP, NEP, and ecosystem respiration (Figure 10). The small decreases
in annual GPP are due to declines in spring and summer productivity,
with small but significant declines in April, June, and August over the
sampling period. However, decreases in GPP are offset by ecosystem res-
piration declines in the summer and fall, resulting in slight increases in
September NEP. Small yet significant decreases in winter R, are also
contributing to modest increasing annual NEP over the sampling period.

The relationships between monthly temperature and ecosystem carbon
exchange (i.e., GPP, NEP, and ecosystem respiration) were also tested to
determine whether the effects of increasing temperature could affect the
rates of carbon exchange differently throughout the year. We expected
spring and winter carbon exchange to be positively related to tempera-
ture because of known temperature-limitations on photosynthesis of
high latitude forests (Liu et al., 2020; Tanja et al., 2003). In the summer,
we expected GPP and NEP to be negatively correlated with temperature
because photosynthesis of the dominant species (Picea rubens) is known
to be sensitive to high temperatures and possible water stress (Day, 2000;
Vann et al., 1994). We found that GPP had largely positive correlations
with temperature in the spring, whereas ecosystem respiration was pos-
itively correlated with temperature through most of the growing sea-
son (Figure 11). Although we did not find the expected negative effects
of temperature on summer GPP, the positive correlations observed for
spring months ceased, indicating that higher summer temperature did
not enhance summer GPP. The net effect of these monthly variable re-
sponses of GPP and ecosystem respiration to temperature was a positive
correlation between temperature and NEP in the early spring and a nega-
tive correlation in the late summer and autumn (Figure 11).

5. Discussion
5.1. Forest Biomass

The Howland Forest total C stock (23,300 + 4,200 g C m™?) is similar
to old-growth softwood forests of the region (26,700 + 2,400 g C m™;
Hoover et al., 2012) and to a nearby Picea rubens forest (24,700 g C
m™% Puhlick et al., 2016) at the Penobscot Experimental Forest, 40 km
to the south. But compared to two regional stands at the Harvard For-
est, Howland Forest has considerably lower standing biomass. Finzi
et al. (2020) found that a Tsuga canadensis stand at Harvard Forest con-
tained 34,600 + 5,400 g C m~> and that the hardwood stand surrounding
the EMS tower contained 29,600 + 4,700 g C m™> At the Harvard Forest
50% of the carbon in the Tsuga stand and 49% in the hardwood stand was
contained in tree biomass and 44% was in soils. At Howland (using the
megaplot inventory), we found similar results; tree biomass accounted for
45% of total C while soils held about 48%.

5.2. Forest Flux

The mean annual carbon uptake measured at Howland (211 g m™>y™)
is comparable to previous studies of somewhat similar forests; however,
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the range of published values varies greatly. Of those long-term studies reviewed by Baldocchi et al. (2018),
we select for comparison the conifer (or mixed deciduous-conifer) forests in the northern temperate or
boreal region with stand ages greater than 75 years (but record lengths of 10 years or less). NEP from
these studies ranges from —123 (a net carbon source) (Ricciuto et al., 2008) to 550 g C m™> y~* (carbon
sink) (Griinwald & Bernhofer, 2007). We note that the inter-annual variability in NEP of our current
study (SD + 40 g C m™2 y ") is lower than any of these selected studies, which range from +42 (Ricciuto
et al., 2008) to + 221 g C m™~>y ™! (Carrara et al., 2003), and is consistent with the observation that high lati-
tude conifer forests have lower inter-annual variability than do broadleaved forests (Baldocchi et al., 2018).
Across the broad range of forest sites in the global Fluxnet database, Baldocchi (2020) found a mean annual
uptake of 180 =243 gCm >y ",

The Howland average annual flux over 25 years is about 70% of that measured above the Harvard For-
est deciduous hardwood stand over 24 years. It is less than half that measured above the Harvard For-
est hemlock stand (over 8 years) prior to an outbreak of the invasive insect pest, hemlock wooly adelgid
(Finzi et al., 2020). Howland and Harvard share the same general climate but CO, fluxes at Harvard ap-
pear more prone to disturbance than at Howland. At Howland, mean annual NEP and biomass increment
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Figure 11. Slope of the relationship between ecosystem fluxes and temperature over the 25 years of observation. Positive slopes indicate months with

increasing trends over the sampling period. Significant monthly trends are indicated with a
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(161 g m™* y™') measurements agree to within about 50 g C m™ y™" (24%). At Harvard, the disagreement

is larger, about 108 g C m~2 y~" in the red oak-red maple forest and 282 g C m >y in the hemlock stand.

The long-term trend of increasing NEP at Howland of 2.4 + 2.1 g C m™ y" is modest (values in this para-

graph are mean + 95% confidence interval), about 1% per year, significant (P = 0.025), and requires expla-
nation. Note that the present value is only about 25% (but within the uncertainties) of the non-significant
trend reported previously for Howland (Keenan et al., 2013) using a much shorter data record. To put the
magnitude of the Howland rate in context, Baldocchi et al. (2001) reported that an increase of one day in
growing season length in a variety of forests was worth about 6 g C m™>y ™.

Although many sites have published flux records in excess of 10 years, few if any exhibit a significant
trend in the annual record. This is due to a combination of variability and the relatively short records, and
of course the possibility of no trend existing. There is no significant trend in the 24-year record of NEP at
the Harvard Forest (Finzi et al., 2020) or the 17-year record of a mixed deciduous/pine/transition forest at
Camp Borden in Ontario, Canada (Froelich et al., 2015). Although trends in individual sites may lack statis-
tical significance, considering a population of sites is also useful. Baldocchi (2020) found that the majority
of 26 sites with >10-year records showed an increasing trend in NEE with an average rate of increase of
89+75gCm7>y".

At Howland, NEP is increasing not because of increased photosynthetic production (GPP is actual-
ly decreasing, —5.8 = 42 g C m™ y~', P = 0.01), but because R, is decreasing with time more quickly
(—8.2+4.3gCm™y', P <0.001). This is at odds with the results in two other long-term studies. At the Har-
vard Forest oak-maple stand (Finzi et al., 2020) both GPP and R, are increasing (by 23 and 16 g C m™ y_l)
while at Camp Borden GPP is increasing and Re., is decreasing (respectively 11.6 and —4.2 g C m™>y™").

What could be driving the different pattern at Howland and is it related to differences in forest type? Our
results (Figure 10) show negative (although not always significant) trends in GPP every month across the
April to October evergreen “active season”. Consistently decreasing GPP argues against an exclusive influ-
ence of increasing CO, fertilization or season length. Age-related declines in tree and forest GPP are well
known (Yoder et al., 1994) and often ascribed to reduced stomatal conductance. However, aging is not gen-
erally associated with steep declines in Re. Classically (e.g., Odum, 1969) it was believed that ecosystem
respiration increased with age, rising to meet GPP and leading to forest C neutrality, but recent findings
suggest otherwise.

Pregitzer and Euskirchen (2004) observed respiration to be highest in young, recently disturbed forests
and argued against the classic model of respiration increasing with forest age. Curtis and Gough (2018)
found no evidence for a steep decline in NEP during mid-succession in temperate deciduous (but not ever-
green) forests and postulated that moderate disturbance might sustain higher than expected NEP in aging
forests by introducing physical and biological complexity leading to the redistribution of growth-limiting
resources and enhancing resource-use efficiency. The recent analysis of Xu et al. (2020) is perhaps most
relevant. These authors looked specifically at resource use efficiency across deciduous and evergreen forests
of different ages. They found that light and water resource use efficiencies (RUEs) declined with age in
evergreen needleleaf forests but increased in deciduous forests. They found that the largest component of
change in these RUEs was in maximum photosynthesis (Anax). Xu et al. (2020) further showed that derived
Amax across age sequences for both evergreen and deciduous forest was strongly related to soil nitrogen
concentration (N%) in the top 20 cm and that soil N% increased with age in deciduous forests and decreased
with age in evergreen needleleaf forests. Mechanisms accounting for declining N% in evergreens but not
deciduous forests would be lower quality (high C:N) litter, and reduced decomposition in cooler, shadier,
evergreen forests. The connection to GPP and R, is via foliar N, which is tightly correlated with soil N,
and the strong relationship between N and light-saturated photosynthesis, particularly in temperate forests
(Ollinger et al., 2002, 2008; Walker et al., 2014).

Instead, the small yet significant annual flux trends could result from interactions among the highly var-
iable state factors that have not shown any long-term trends at Howland Forest over the sampling period.
There is reason to believe that increasing temperatures at Howland Forest will increase annual GPP and
ecosystem respiration. However, the effect on NEP might be offset by differential responses of spring and
summer uptake versus temperature (e.g., Figure 11). The lack of significant trends in temperature and pre-
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cipitation over the sampling period have not resulted in a significant change in growing season, and only
small, long-term trends in annual carbon exchange. Slight declines in annual GPP and ecosystem respira-
tion are occurring despite modest increases in living biomass and LAI.

The improving air quality at the Howland Forest (Figure 3) may also contribute to some of the observed
patterns. Excess nitrogen deposition may lead to reduced soil respiration (e.g., Janssens et al., 2010) and
enhanced GPP (Fleischer et al., 2013), but it has also been specifically associated with enhanced foliage
respiration in red spruce, a key component of the Howland Forest (McLaughlin & Kohut, 1992). A decline
in N deposition and a regional recovery of red spruce growth has been observed with reduced N deposition
(Kosiba et al., 2018), including at Howland (Teets, Fraver, Weiskittel, & Hollinger, 2018) and could poten-
tially account for both decreasing GPP and R..,. In this case the change in N input may have accelerated the
natural, age-related decline in evergreen resource use efficiency.

Higher levels of tropospheric ozone have deleterious effects on tree growth and often enhance aboveground
respiration (see Grulke & Heath, 2020 for a comprehensive review). However, high ozone generally also
depresses GPP, so the decrease in ozone might be expected to lead to a decrease in R, but an increase in
GPP. It may be possible to better determine the relative role of ozone and N (or S) deposition at Howland
based on their understood mode of action. Ozone, for example is a cumulative phytotoxin and may make its
effects felt most late in the season.

5.3. Carbon Mass Balance Budget

A mass balance was derived from measurements and from calculation of additional component fluxes by
differences, sums, or products of fluxes, as described in Table 2 and illustrated in Figure 12. The average of
the NASA megaplot and the inventory plots was used for the estimated annual growth of live biomass. Total
belowground carbon allocation (TBCA) was calculated from the difference between annual mean soil res-
piration and fine litterfall, which assumes that soil C stocks are at quasi steady state (Davidson et al., 2002).
Total aboveground C allocation (TACA) was calculated from the difference between GPP and TBCA. The
remaining formulas are presented in Table 2. The standard deviations of the annually measured compo-
nents were calculated from their interannual variation. For the component fluxes we generated standard
deviations of calculated flux components by randomly sampling 100,000 Monte Carlo estimates from a
normal distribution.

The long-term mean annual growth of live biomass (161 + 23 g C m™> yr™') accounts for about 80% (but see
below) of the long-term mean annual NEP (211 + 40 g C m™ yr™; Table 2). Based on previous lysimeter stud-
ies at the same site (Fernandez et al., 1995), leaching of DOC was estimated atonly 3 + 1 g C m™ yr~". An-
nual emissions of isoprene and other hydrocarbons were not measured but likely represent <4 g C m™>y ™'
(Fuentes & Wang, 1999; Goldstein et al., 1998). By difference we estimate that there could be a sink of
48 + 46 g C m~” yr~' in a combination of increasing soil organic matter and dead wood stocks. Given the
large uncertainty of this estimate, we do not have confidence that the sink is significantly different from
zero, nor do our data and mass balance calculations enable us to distinguish between soil and dead wood as
the potential C sinks. Using radiocarbon, Gaudinski et al. (2000) estimated that the soil sink at the Harvard
Forest of Massachusetts could be on the order of 20 + 10 g C m™> yr™', which is within that range of our
calculated budget for the Howland forest. In any case, the soil and dead wood sinks, if they are different
from zero, are small relative to the measured NEP.

The measurements of biomass increment in the megaplot and inventory plots yielded estimates that ac-
counted for 72% and 84% of the tower-based NEP measurements, respectively. These ratios are within the
range of two synthesis studies comparing biomass increment to tower-based measurements of NEP. Bio-
mass increment accounted for 94% + 37% of NEP across five North American forests (Curtis et al., 2002)
and 59% + 17% across five European forests (Babst et al., 2014), with the assumption that belowground
woody biomass accumulation represents 22% of the aboveground biomass growth in the latter study (Cho-
jnacky et al., 2014).

Our carbon mass balance also provides insights into components of the carbon budget. For example, the
mean annual soil respiration (816 + 108 g C m™ yr™") at the Howland Forest is about 73% of mean an-
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Table 2
Mass Balance Carbon Budget

Flux term Abbreviation ~Meang Cmyr Std. Dev.g Cm 2yr ' Data source or calculation
Gross primary production GPP 1325 84 Eddy covariance

Total ecosystem respiration Reco 1114 96 Eddy covariance

Net ecosystem production NEP 211 40 Eddy covariance

Biomass growth ABiomass 161 23 Biomass biometry

Soil respiration R_soil 816 108 Chamber flux measurements

Fine litterfall L_fine 167 23 Litterfall collectors

Aboveground net primary production =~ ANPP 328 33 ABiomass + L_fine

Dissolved organic carbon export DOC 3 1 Lysimeters (Fernandez et al., 1995)
Total belowground carbon allocation TBCA 649 111 Rsoil - Lfine

Total aboveground carbon allocation TACA 676 140 GPP - TBCA

Respiration from SOM decomposition ~R_SOM 384 51 R_soil * 0.47; (Carbone et al., 2016)
Dead wood respiration R_CWD 34 4 Necromass biometry & decomposition coefficients
Total heterotrophic respiration R_hetero 418 51 R_SOM + R_CWD

Root (rhizosphere) respiration R_root 432 57 R_soil * 0.53; (Carbone et al., 2016)
Leaf and stem respiration R_leaf&stem 264 120 R_auto - R_root

Total autotrophic respiration R_auto 696 109 R_eco - R_hetero

Root litter production L_root 217 117 TBCA - R_root

Total net primary production NPP 544 121 ABiomass + L_fine + L_root

Dead wood litter production L_CWD 84 27 TACA - ABiomass - R_leaf&stem - L_fine
Change in SOM and dead wood carbon ASOM + CWD 48 46 NEP - ABiomass - DOC

nual total ecosystem respiration (1114 + 80 g C m™2 yr™'; Table 2), which is in alignment with studies at
the Harvard Forest (Finzi et al., 2020) and other temperate forests (Davidson et al., 2002). Mean annual
allocation of C above ground (683 + 137 g C m™> yr™') is about equal to mean annual belowground C al-
location (649 + 111 g C m™ yr™'; Table 2). This estimate of belowground carbon allocation, based on the
difference between annual soil respiration and annual litterfall (Davidson et al., 2002), when combined with
partitioning of soil respiration into autotrophic and heterotrophic components (Carbone et al., 2016), al-
lows us to calculate root litter production, also known as belowground net primary productivity (BNPP), as
217 £ 117 g C m™>yr'; Table 2). We estimate that BNPP is about 40% of total net primary productivity (NPP)
of 544 + 121 g C m~2 yr™', which is the sum of BNPP, litterfall, and biomass increment. Finzi et al. (2020)
used data from sequential root coring and minirhizotrons to estimate that BNPP is 332 + 117 g C m > yr ")
at the Harvard Forest, which is 38%-47% of total NPP, although they note large uncertainties in those meth-
ods for measuring root production. Our mass balance yields similar estimates of the fraction of total NPP
that is allocated belowground, using constraints from more feasibly measured C fluxes. These mass balance
calculations assume that the soil and litter pools are at steady state, which may not be strictly true, but as al-
ready noted above, the calculated soil C sink is not significantly different from zero and in any case is small.

5.4. Long Term Measurements and Forests as Natural Carbon Solutions

In addition to climate-induced changes on forest carbon-cycle processes, such as the impact of drought,
Anderegg et al. (2020) note that climate-induced changes in disturbance events such as fire, windthrow,
or insect outbreaks may also be a risk to forest C permanence. The risk of disturbance discounts the value
of carbon stored in a NCS. However, stand-replacing disturbances are relatively rare in the northeast U.S.
(Anderegg et al., 2020; Pugh et al., 2019). Climate-induced changes in disturbance may represent a more
serious threat to NCS permanence in other regions. While the Howland Forest has experienced wide var-
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iations in climate, we know of no natural stand-replacing disturbances

Reco(1114) ——— GPP (1325) «—— NEP (211) at the Howland Forest during the last century and have evidence of only
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Ricafsstem Eddy covariance and associated data can have a key role in understand-
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some limited selective logging about 100 years ago.

ing the functioning of Natural Climate Solutions (Baldocchi & Penue-
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[Roots | Foliage & Wood| las, 2019; Hemes et al., 2021). This applies especially with assessing hard-
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Figure 12. Summary of the Howland carbon cycle processes. Carbon
stocks and fluxes across different ecosystem components are averaged
over multi-decadal measurements of eddy covariance fluxes, soil chamber

ASOME.CWD, (45) storage, especially in lieu of inventory data (e.g., Bautista et al., 2021; Ma-

rino et al., 2019). Marino et al. (2019) argued that a greater than 10-fold
disparity between Howland eddy flux results and inventory data collected
to register the Howland Forest as a Climate Action Reserve under the

fluxes, and biometric inventories. All values are g C m2y™. California Air Resources Board (CARB) should invalidate the approach

of the registry. However, the difference exists because credit was given for

initial standing live carbon stocks at Howland that greatly exceeded the
average standing live carbon stocks on similar lands within the region (Section 6.2.1, Compliance Offset
Protocols U.S. Forest Projects, https://www.arb.ca.gov/regact/2010/capandtradel0/copusforest.pdf). This
feature helps preserve land with the highest initial C stocks and does not invalidate inventory approaches.
Inventories have other useful features including spatial averaging, ease of application, and a retained record
of C changes. By combining inventory and flux data, we have demonstrated the relative permanence of a
large standing stock of carbon and a fairly consistent net sink of carbon at the Howland Forest during the
last three decades.

6. Conclusions

Over 25 years of measurement (including the warmest, wettest, and driest years in the last 125), the mature,
unmanaged Howland forest has maintained an average annual carbon sink of just over 200 g m~*y . These
long-term measurements have allowed the detection of a small but significant trend of increasing NEP at
Howland. Over 75% of the eddy flux measured carbon can be accounted for in biomass increments from
inventories carried out within the tower footprint, although they did not confirm a trend of increasing car-
bon storage. Interannual variability in both flux and inventory data is such that the differences between the
two are not significant. Seasonal variations in temperature can account for some of the large interannual
variation in NEP that was observed (e.g., higher values in years with early springs) as has been observed
previously at Howland and elsewhere.

The increase in NEP seems to be caused by statistically significant decreases in GPP and R, over time
where the decline in R, has outpaced that in GPP. This apparent slowing of carbon cycling into and out of
this system is difficult to explain based on variations in climate or increasing atmospheric CO,. However,
these results support the idea that decreasing nitrogen use efficiency occurs in aging evergreen forests as N
becomes less available (Xu et al., 2020). Decreased N deposition may have accelerated the trend of reduced
N availability and account for some of the decline in GPP and R, and consequent increase in NEP.

Overall, in the Howland Forest we find surprising stability in annual carbon sequestration despite substan-
tial demographic, climatic, and chemical changes. The age-related patterns of NEP and component C fluxes
revealed by long-term research sites will help pave the way towards fully utilizing natural climate solutions.
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