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Global Change Biology (1996) 2, 343-366

Modelling temporal variability in the carbon balance of

a spruce/moss boreal forest

SAERODLKING®, M.L. GOULDENT, S.C. WOFSYT, 5S-M. FANT, D.]J. SUTTONY,

J.W. MUNGERt, AAM. BAZZAZ+t, B.C. DAUBEt, P.M. CRILL*, J.D. ABER*, L.E. BAND{,
X. WANGt, K. SAVAGES, T. MOORE§ and R.C. HARRISS

*Institute for the Study of Earth, Oceans, and Space, University of New Hampshire, Durham, NH 03824, tDivision of Applied
Sciences, Harvard University, Cambridge, MA 02138, $Dept. of Geography, University of Toronto, 100 St. George St., Toronto,
Ontario, M5S 1A1, §Department of Geography, McGill University, 805 Sherbrooke St. West, Montreal, Quebec, Canada H3A
2K6, JOffice of Mission ta Planet Earth, Code YS, NASA HQ, 300 E S5t. SW, Washington, DC 20546-0001, USA

Abstract

A model of the daily carbon balance of a black spruce/feathermoss boreal forest ecosystem
was developed and results compared to preliminary data from the 1994 BOREAS field
campaign in northern Manitoba, Canada. The model, driven by daily weather conditions,
simulated daily soil climate status (temperature and moisture profiles), spruce photosyn-
thesis and respiration, moss photosynthesis and respiration, and litter decomposition.
Model agreement with preliminary field data was good for net ecosystem exchange (NEE),
capturing both the asymmetrical seasonality and short-term variability. During the grow-
ing season simulated daily NEE ranged from —4 g C m > d™' (carbon uptake by ecosystem)
to + 2 g Cm2 d™' (carbon flux to atmosphere), with fluctuations from day to day. In the
early winter simulated NEE values were + 0.5g Cm™2d", droppingto + 0.2gCm2d"in
mid-winter. Simulated soil respiration during the growing season (+ 1to + 5gCm=d™)
was dominated by metabolic respiration of the live moss, with litter decomposition usually
contributing less than 30% and live spruce root respiration less than 10% of the total. Both
spruce and moss net primary productivity (NPP) rates were higher in early summer than
late summer. Simulated annual NEE for 1994 was -51 g C m~? y ', with 83% going into tree
growth and 17% into the soil carbon accumulation. Moss NPP (58 g C m™ y™') was
considered to be litter (i.e. soil carbon input; no net increase in live moss biomass).
Ecosystem respiration during the snow-covered season (84 g C m™?) was 58% of the growing
season net carbon uptake. A simulation of the same site for 1968-1989 showed = 10-20%
year-to-year variability in heterotrophic respiration (mean of + 113 g Cm~ y'). Moss NPP
ranged from 19 to 114 g C m? y; spruce NPP from 81 to 150 g C m™ y'; spruce growth
(NPP minus litterfall) from 34 to 103 g C m™ y'; NEE ranged from +37 to -142 g C
m~2yL. Values for these carbon balance terms in 1994 were slightly smaller than the 1969
89 means. Higher ecosystem productivity years (more negative NEE) generally had early
springs and relatively wet summers; lower productivity years had late springs and rela-
tively dry summers.

Keywords: black spruce, BOREAS, ecosystem model, interannual variability, moss, primary
production
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Introduction

Current analyses of the global carbon budget indicate
that the terrestrial biosphere is presently a significant net
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sink for carbon (e.g. Siegenthaler & Sarmiento 1993);
several recent studies locate this terrestrial sink in temper-
ate and/or boreal forests (e.g. Tans ef al. 1990; Enting &
Mansbridge 1991; Dai & Fung 1993; Ciais et al. 1995;
Denning et al. 1995), but at this point there are not enough
field data to demonstrate this. Given the large pool of
carbon in boreal soils (about 200 X 10" g C) and the fact
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that much of their area was glaciated 14 000 years ago,
these forests must have been a net sink for carbon
over the past several millennia (Billings 1987). However,
Oechel et al. (1993) report that the tundra on North
Slope of Alaska is currently a source of carbon to the
atmosphere, and suggest that this is due to recent climatic
warming, which has increased active (thaw) layer thick-
nesses and enhanced regional drainage, lowering soil
moisture contents and thus enhancing soil respiration.
Projections for changes in the carbon balance of high
latitude terrestrial ecosystems due to climate change are
uncertain because of the interacting effects of temper-
ature, moisture, and elevated CO, on productivity,
decomposition, and nutrient cycling (e.g. Oechel &
Billings 1992). Questions about the carbon balance of the
boreal forest and its sensitivity to climate have motivated
a large, international field campaign in the Canadian
boreal forest in 1994 (Sellers et al. 1991; Sellers et al. 1995).
The 1994 BOREAS (Boreal Ecosystem Atmosphere Study)
campaign has generated a rich data set of biosphere-
atmosphere exchange fluxes (carbon, water, energy) and
ecological and hydrological properties for several charac-
teristic boreal ecosystems (mature black spruce, mature
jack pine, young jack pine, mature aspen, fen, and
beaver pond).

Forests with a black spruce (Picea mariana) tree canopy
and significant (near 100%) bryophyte ground vegetation
cover of mosses (generally Pleurozium schreberi, Hylocom-
ium splendens, or Sphagnum spp.) are a major component
of the global boreal forest (Larsen 1980). Earlier field
work in Alaskan black spruce stands showed that the
productivity of the ground-cover moss vegetation was
comparable to that of the black spruce (e.g. Van Cleve
et al. 1983; Oechel & Van Cleve 1986), and that soil climate
(temperature and moisture) exerted a significant influence
on ecosystem dynamics (e.g. Van Cleve & Yarie 1986).
Process-level modeling of boreal ecosystem carbon
dynamics by Bonan (1991a, 1992, 1993) stressed the
importance of soil temperature controls on ecosystem
productivity, incorporated the role of the moss layer,
and illustrated some of the seasonal dynamics of net
ecosystem productivity. The model presented here has a
similar structure to Bonan’s daily time-step boreal forest
model (Bonan 1991a, 1991b, 1993), but with different
algorithms for the model processes, and with an inde-
pendent data set to test model performance. Other pro-
cess-level models applied to the boreal forest, such as
FOREST-BGC/BIOME-BGC (Running & Coughlan 1988;
Hunt & Running 1992) and the Frankfurt Biosphere
Model (e.g. Liideke et al. 1995), have not addressed the
role of moss in the ecosystem carbon balance.

In anticipation of the field data from the BOREAS
campaign, we developed a daily time-step, ecosystem
carbon balance model of spruce/moss boreal ecosystems.

This model was developed using data and insights from
previous field work in other boreal regions (see Tables 2,
3 and 5), building upon earlier ecosystem modeling work
of Aber & Federer (1992) and Frolking & Crill (1994).
The goal was to develop a model independent of BOREAS
measurements, which could then be tested against
BOREAS data. Such a model can then address questions
that are difficult and / or expensive to address experiment-
ally (e.g. interannual variability in ecosystem pro-
ductivity), and, through its results, can pose questions
for future field studies (e.g. partitioning of total soil
respiration into decomposition, root respiration, and moss
respiration; dominant controls on seasonal and interan-
nual variability in ecosystem productivity).

The model consisted of four components: (i) soil cli-
mate, which exerts controls on the dynamics of ecosystem
productivity and respiration; (ii) tree photosynthesis and
respiration; (iii) moss photosynthesis and respiration; and
(iv) litter decomposition and associated heterotrophic
respiration. The soil climate component of the model was
based on the peatland soil climate model of Frolking &
Crill (1994). The tree canopy component of the model
carbon balance was a daily time-step version of the PnET
model (Aber & Federer 1992; Aber et al. 1996). A similar
photosynthesis and respiration model was developed for
the moss, based on published physiological behaviour of
feathermosses. The decomposition component deter-
mined heterotrophic respiration as a function of litter age
and soil temperature and moisture. The model operated
on a daily time-step and considered only short-term
simulations. It ignored features of the forest carbon
balance that are important in longer scenarios (e.g. wood
growth and storage, limb turnover, tree mortality, chan-
ging nutrient constraints on productivity, fire). The model
simulated tree gross and net photosynthesis, wood res-
piration, live root respiration, moss gross and net photo-
synthesis, heterotrophic respiration (decomposition of
root litter, young needle and moss litter, and humus).
These values were combined to generate predictions of
total site net ecosystem exchange of carbon (NEE), total
soil dark respiration (live roots + heterotrophs + live
moss), spruce and moss net productivity, and net carbon
accumulation in the soil.

Model results were compared with BOREAS field
measurements from a black spruce/moss stand near
Thompson, Manitoba. These independent data sets tested
model performance in soil temperature and moisture
profile dynamics, soil respiration, and net ecosystem
carbon exchange. Model validation with independent
data is an essential component of ecosystem modeling;
the degree of success a model has in capturing observed
behaviours has several implications: (i) it can illuminate
model deficiencies, such as neglected ecosystem compon-
ents or processes, and /or poorly functioning algorithms;

© 1996 Blackwell Science Ltd., Global Change Biology, 2, 343-366
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Table 1 Model parameters—site description

NEE

Parameter Value Units Description Sensitivity!  Reference/source?

organic mass 24000 gm? total organic layer mass 20 site data (Harden et al., unpublished)
B 3 cm live moss layer thickness 19 site data (Harden et al.,, unpublished)
FMinex +44 g m2 maximum foliar biomass 36 site data (Gower et al., unpublished)
FMin 3925 g m> minimum foliar biomass 18 site data & Hom and Oechel, 1983
8 0.0088 m? m2 sapwood volume 13 site data (Gower et al., unpublished)
Croot 100 gC m~  fine root carbon biomass 13 R. Ruess, personal communication

1, Parameters raised and lowered 20%. Value is average magnitude of change (%) in total ecosystem NEE for the two sensitivity runs.
2, Unpublished data is preliminary site data from the BOREAS experiment.

(ii) it can address the issue of generalizability of ecophysi-
ological parameterizations across broad landscapes, such
as the global boreal forest; (iii) it can point to areas
where field data (for parameterization or validation)
are insufficient; and (iv) it will influence how much
confidence should be put in model extrapolations (into
the past or future).

Model description

Soil profile

In this discussion, the soil comprises the ground bryo-
phyte vegetation (live moss), the litter/peat layer (no
mineral soil content) below this ground vegetation, and
the underlying mineral soil; the ‘soil’ surface is the
top of the live moss. The model was one-dimensional
(vertical) and considered the soil as a collection of layers.
The live (green) moss layer was fixed at 3 cm thick.
Below this was a layer of relatively undecomposed litter
(here called the ‘litter’ layer). Litter layer mass and
thickness were determined by the decomposability of the
litter and the average annual litterfall rate (details below)
and an assigned bulk density (0.075 g cm™). Below this
was a humus/ peat layer, consisting of well-decomposed
and slowly decomposing older litter (here called the
‘humus’ layer). Humus layer mass and thickness were
determined by the difference between the site’s total
organic layer mass (see Table 1) and the masses of the
live moss and litter layers, and an assigned bulk density
(0.1 g em™). Below these organic layers was the mineral
soil, which was divided into several layers in the soil
climate submodel. In the model, organic matter input to
the mineral soil was by spruce fine root turnover only.

Soil climate

Inputs

The model was driven by daily weather data and gener-
ated daily profiles of temperature, water content, and ice

© 1996 Blackwell Science Ltd., Global Change Biology, 2, 343-366

content in the soil column (to 1.6 m in the mineral soil).
Ideally, the input data set would include daily maximum
and minimum air temperatures, daily total precipitation,
daily mean relative humidity (rh), and daylight average
photosynthetically active radiation (PAR) intensity (rh
and PAR are used for calculating photosynthesis). The
minimum data set needed was maximum and minimum
air temperatures and total precipitation. Daytime, night-
time, and daily average temperatures were calculated as

T;n:g 5 (Tmax + Tmin)"2
T:i'ay = (Tmax + T;rr;\:)jz (1)
Tm'ghl - (Tnz-p; s Tm'm)/z-

If relative humidity data were available, daily vapour
pressure deficit (VPD) was calculated as the saturation
vapor pressure at Ty, times one minus the relative
humidity; otherwise VPD was the difference between
saturated vapor pressures at Ty, and T, For the
site modelled in this paper, PAR data were collected
throughout most of the 1994 BOREAS campaign. Simula-
tions of other years used a synthetic PAR field generated
from the observed (1994) relationship between PAR (in
HE m? s7!) and diurnal temperature range (AT = Ty, —
Tmin) for days with T, greater than 0°C (Fig. 1a). On
days with Ty, less than 0°C (which are likely to be
photosynthetically inactive), PAR was determined by a
sinusoidal fit to the 1994 cold season minimum observed
PAR data augmented by a diurnal temperature range
factor (Fig. 1b). Thus, if PAR data were unavailable

90.3+30.3-AT

1.25-sin (2nd/365-1.9)\ AT?
PAR = | 650 +
2.25

if Trmax

if Trna, (2)

where d is the day of year. For wider application of the
model, a more general PAR function will be developed.
Precipitation was partitioned into rain and snow follow-
ing the method of Federer (1995); all rain if T, was
greater than the cut-off temperature, T, (equal to -0.5°C;
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Federer 1995), all snow if T,,,, was less than T, or else
a mixture of rain and snow with a snow fraction, 5; of

Trs = Tmin

Sy 3)

Tmax N Tmin

Heat

Soil temperature was modelled in one (vertical) dimen-
sion by standard soil physics methods (e.g. Campbell
1985). Daily mean air temperature was applied at the soil
or snowpack surface, and a finite difference approach
was used to calculate heat diffusion in the soil. Although
the moss surface can get much warmer than the air

40 80 120 160 200 240 280 320 360

text). (b) A comparison of the observed
and synthetic (Eq. 2 in text) daylight
average PAR values for 1994,

temperature (e.g. Proctor 1982), this happens only if the
moss is quite dry (with little or no evaporative cooling)
and exposed to direct sunlight. The surface can then get
hot (= 40-50°C) because the moss has low thermal mass
and low thermal conductivity, both due to low water
content. These thermal properties also imply that little
heat energy is actually stored in the moss, and that little
effect will be felt deeper in the organic horizon where
the water content is generally higher. Therefore, ignoring
this heating above air temperature should cause only a
small error in the overall soil climate. Freezing and
thawing were calculated using the apparent heat capacity
method (e.g. Lunardini 1981); the percentage of soil water
that was frozen increased linearly from 0% at 0°C to

© 1996 Blackwell Science Ltd., Global Change Biology, 2, 343-366
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Table 2 Model parameters— soil climate

NEE
Parameter Value Units Description Sensitivity!  Reference/source
Organic Soil
P 0.033 gcm™ moss bulk density 35 Barney & Van Cleve 1973
P 0.075 g cm™ litter bulk density 11 Golding & Stanton 1972; Dyrness &
Grigal 1979; Pritchett & Fisher 1987
Ph 0.1 g om™ humus bulk density 16 Golding & Stanton 1972; Dyrness &
Grigal 1979; Pritchett & Fisher 1987
Worinm 0.4 g water moss min. water content 1 Skre et al. 1983; Busby & Whitfield 1978
g dry
Whnint 0.1 g water litter min. water content 0 Reynolds & Knight 1973; Waring &
g dry Schlesinger 1985
Wininh 0.25 g water humus min. water content 0 Reynolds & Knight 1973; Waring &
g dry Schlesinger 1985
W 5 g water moss moderate water 1 -
g dry
WX 1.0 g water litter moderate water 1 -
g dry
W, 20 g water humus moderate water 16 -
g dry
Wiem 5.25 g water moss field capacity 17 Skre et al. 1983; Busby & Whitfield 1978
g dry
Wia 3.0 g water litter field capacity 1 Reynolds & Knight 1973; Golding &
g dry Stanton 1972; Waring & Schlesinger 1985
Wich 3.0 g water humus field capacity 31 Reynolds & Knight 1973; Golding &
g dry Stanton 1972; Waring & Schlesinger 1985
= 1.5 day moss drying constant 2 Skre ef al. 1983; Busby et al 1978
7 3.0 day litter drying constant 1 Reynolds & Knight 1973
s 4.0 day humus drying constant 0 Reynolds & Knight 1973
lagt 2 day litter lag time for drying 2 Reynolds & Knight 1973
lagp 4 day humus lag time for drying 3 Reynolds & Knight 1973
Mineral Soil (clay)
k 2 mm d°! hydr. cond. at field cap. Federer 1995
Winin 0.22 vol. water  minimum water content 4 Federer 1995
content
Wee 0.36 vol. water  field capacity 19 Federer 1995
content
Waat 0.45 vol. water ~maximum water content 19 Federer 1995
content
Snow
Phavice 0.30 g cm™ max. snow density 6 Dingman 1994
Poriin 0.1 g cm™ min. snow density 11 Dingman 1994

1, Parameters raised and lowered 20%. Value is average magnitude of change (%) in total ecosystem NEE for the two sensitivity runs.
2, Parameters raised and lowered by one day. 3, Parameters raised and lowered by two days.

100% at ~1°C. Soil thermal properties were a function of
bulk density, organic matter content, and liquid and
frozen water content. A more complete discussion of the
methodology is given in Frolking & Crill (1994). See
Table 2 for thermal and hydraulic parameters.

Water

Liquid water inputs to the soil were rain (after intercep-
tion loss to the tree canopy) and snowmelt. Water losses

© 1996 Blackwell Science Ltd., Global Change Biology, 2, 343-366

from the soil were transpiration by trees, evaporation of
water intercepted by the moss, litter, and humus layers,
run-off from a saturated or frozen soil profile, and
drainage from the bottom of the modelled profile.

Tree canopy interception Tree canopy interception was
modelled as a function of canopy water-holding capacity,
with different capacities for rain and snow. Interception
capacities (in centimeters of water) were calculated (fol-
lowing Federer 1995) as
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_ [0.015 a1 + sar
0.04 LAI + 0.06 SAI

for rain

1
for snow,

4)

where LAl and SAI were area indices of leaves and
stems. All intercepted rainfall was assumed to be lost as
evaporation. Intercepted snow was assumed to be lost to
sublimation at 20% per day.

Transpiration Daily transpiration was calculated by multi-
plying daily net spruce photosynthesis by its water-use
efficiency (Aber & Federer 1992). Transpiration water loss
was distributed in the litter, humus, and mineral soil
layers based on the tree root distribution and water
availability. Root distribution was prescribed as 80% in
the litter and humus horizons (split in proportion to
respective layer thicknesses) and 20% in the top 10 cm
of the mineral soil (Tryon & Chapin 1983). Water availabil-
ity to tree roots for transpiration in each layer was
reduced by the layer’s fractional ice content.

Moss/Organic Horizon Water Dynamics Mosses and peats
have very low bulk densities, very high porosities, and
very high water-holding capacities (e.g. Boelter & Verry
1978). In the model, each organic layer (living moss,
litter, and humus) was given four key water contents
(minimum, moderate, field capacity, and saturation, see
Table 2). At the minimum water content all water loss
stopped; when the water content in a layer rose above
the moderate water content, additional water inputs were
split between that layer and the layer below (i.e. partial
drainage upon wetting); water content above the field
capacity was immediately drained to lower layers or the
mineral soil, unless underlying layers were frozen, under
which condition a layer’s water content could rise toward
saturation. All water added that would raise the water
content above saturation was immediately lost as runoff/
drainage. There was no mechanism for upward water
movement in the soil, nor for horizontal inflow.

As mosses are not vascular plants, they lose water only
by evaporation. Field studies have shown that, in boreal
forests, mosses wetted by a storm usually remain wet
only for a few days to a week (Busby & Whitfield 1978;
Skre et al. 1983). Evaporation water loss from moss, litter,
and humus layers was modeled as an exponential decay
of layer water content from its value at the end of the
storm to its minimum water content value

_IW if t<lag
W(t) - Wmin + (Wu - Wmin)e'(t“m??”'f’ if t?lﬂg (5)
where W, is the water content at the end of the storm, ¢
is the time in days since the rainy day, lag is a delay
before drying begins (days), and 1 is a characteristic
drying time of the layer (days), adjusted for time of year as

doy - 200 | 2
t=1|1+5 W ; (6)

where 1 is the drying time in mid-summer (parameter
values in Table 2). If there was a snow cover (greater
than 1 em) no evaporation occurred from the moss, litter,
or humus layers. In addition, the litter and humus layers
lost water from transpiration via tree roots. Total loss
from transpiration plus evaporation was limited to the
daily potential evapotranspiration as calculated with the
Thornthwaite equation (Dunne & Leopold 1978), but
could be less if constrained by water availability.

Mineral soil water dynamics Since the site to be modeled
had a very high ground coverage of moss and a thick
surface organic horizon (27 cm), evaporation from the
mineral soil was probably negligible. Water flow in the
mineral soil was modelled as gravity drainage only. Flow
rates, Q, from one layer to the next lower layer were
given by

Qinj = V(kik)), 7)

where k; and k; are the hydraulic conductivities of each
layer, calculated as a function of soil texture and water
content (Federer 1995). Drainage from the bottom of the
profile equaled the hydraulic conductivity of the lowest
layer. If the soil was partly to completely frozen, the
hydraulic conductivity lowered with the fractional ice
content

k; = k(1 - ice;), (8)

where k; is the hydraulic conductivity with no ice present,
and ice; is the layer’s fractional ice content. The mineral
soil also lost water via transpiration in the zone where
roots were present (0-10 cm). See Table 2 for hydraulic
parameters.

Snowpack dynamics The model kept track of the snowpack
water content by simple water balance (change equaled
daily snowfall minus daily snow melt). The snowpack
density was a function of time of year, rising from 0.1 g
cm in the early winter to 0.3 g cm™ by spring, following
data summarized in Dingman (1994). Snow melt was a
function of daylength (as a proxy for time of year and
radiation loading) and a melt temperature, T ,,.; (Dingman
1994). It occurred whenever the maximum daily air
temperature was greater than 0°C. The melt temperature
was equal to the mean daily air temperature if it was
greater than 0.5°C, otherwise it was set at 0.5°C. Snow
melt (centimeters per day) was then given as (Dingman
1994)

© 1996 Blackwell Science Ltd., Global Change Biology, 2, 343-366
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S, = 0.0945T,,,dl, ©)
where dl is the fractional daylight length (12 hours =
1.0). The snowpack could hold liquid water up to 6% of
its snow void volume (snow density divided by snow
depth). Melt or rainwater greater than this amount
drained into the underlying organic layer (Dingman
1994), unless that layer was frozen or saturated.

Tree photosynthesis and respiration

Canopy photosynthesis

The carbon and water balances of the tree canopy were
calculated following a daily time step version of the PnET
model (Aber & Federer 1992; Aber et al. 1996). Briefly,
given a prescribed potential photosynthesis, actual photo-
synthesis was calculated as the potential value modified
by air temperature, light, VPD, and soil water availability
factors (see Fig. 2a-d). Canopy transpiration equalled
total canopy photosynthesis times spruce water-use effi-
ciency (a function of VPD). Maximum canopy biomass
was an input parameter. The timing of needle growth
was determined by the accumulated growing degree
days (Table 3). Senescence and needle drop were allowed
after a specified date, when needles were dropped that
could not maintain a positive carbon balance. Annual
needle loss was set at 11.6% of needle biomass (Hom &
Oechel 1983).

For this version of the PnET model (black spruce only),
the maximum photosynthetic rate was set to 18.9 nmol
CO; g! s (Hom & Oechel 1983). Maximum foliar
biomass was set at 444 g m™. Needle retention times of
10 or more years are not uncommon in black spruce
(Hom & Oechel 1983). As the needles age, their capacity
for photosynthesis declines to about half the fresh needle
value after 10 years; during the same period needle
nitrogen content drops to about 75% of its initial value
(Hom & Oechel 1983). Data on needle photosynthetic
capacity, nitrogen content, and age class distribution
(Hom & Oechel 1983) were used to determine a canopy-
averaged, needle-age factor of 0.855 for photosynthesis
and 0.945 for respiration (see Table 4).

Tree respiration

Leaf respiration was calculated as in the daily time-
step version of PnET. Respiration was a function of air
temperature (day and night), leaf biomass, and a base
respiration rate, set to 10% of maximum net photosyn-
thesis rate at the optimal temperature for photosynthesis
(15°C for spruce) (Aber & Federer 1992). Root respiration,
R0 was calculated as a function of root carbon content
per unit ground area in moles C per square metre, C,,,,
root C:N, and root (soil) temperature (Ryan 1991)

© 1996 Blackwell Science Ltd., Global Change Biology, 2, 343-366

0.0106 C,—,»m Trmr
— o, | 22, (10)

root (C:N)m,, 10
with a Qg value of 1.8 (Ryan 1991). Note that (10) gives
the root respiration value in mol CO, h™' m™. Woody
tissue respiration was calculated as a function of sapwood
volume per unit ground area, S, and air temperature
(Ryan et al. 1995)
Tm'r -10
Rwomf - 7-5'51"Q10.s ( 7)' (11)
10
with a Q;p value of 1.7 (Ryan et al. 1995). Note that (11)
gives the sapwood respiration value in pmol CO; s
m™~. Root biomass and sapwood volume were site-
specific input parameters, and were considered constant
throughout each simulation (Table 3).

Moss photosynthesis and respiration

Light extinction and photosynthesizing depth

Light intensity attenuates as it moves down into a moss
canopy, following a simple Beer’s Law exponential decay
(Skre et al. 1983; Longton 1988)

I = Ipe™¥w, (12)

where Ij is the light intensity at the moss surface, p, is
the moss bulk density (33.3 kg m™), z is depth into the
moss canopy (m), and k is the light extinction coefficient
(28 m? kg'). At 0.03 m depth into feathermoss, (12)
reduces light intensity to 6.1% of its value at the surface
of the moss. This was chosen as the live, green (photosyn-
thesizing) canopy depth each spring.

Photosynthesis and respiration

Moss photosynthesis was calculated daily as a maximum
rate (1.0 mg CO, g! h™'), reduced by light availability
and model-generated temperature and moisture condi-
tions (see Fig. 2a,be and Table 3), and multiplied by
daylength. The green moss ‘canopy’ was considered to
have a uniform moisture content, and a linear temper-
ature gradient from the air temperature at the surface
(when not snow covered) to the modelled temperature
at the bottom of the live moss. Moss temperatures can
get much higher than the local air temperature if they
are dry and exposed to the sun (Proctor 1982).
However, when mosses are dry, both photosynthesis
and respiration are very low (e.g. Proctor 1982), so the
temperature effects will have little influence on the
carbon balance (unless conditions become lethal due
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to extended drought and heat - this was not modelled).
Respiration was calculated for the day and night
separately, with the moss surface temperature set to
Tiay of Tyigiy (Eq. 1), again with a base rate (0.175 mg
CO, g'! h'!), modified by model generated temperature
and moisture conditions (see Fig. 2ef and Table 3),
and multiplied by day and night lengths. Both photosyn-
thesis and respiration were calculated per unit weight
for 10 layers down the moss canopy, adjusting light
intensity and temperature with each step. Moss photo-
synthesis under the snowpack was possible if moss
temperatures and light levels permitted. Light attenu-
ation in the snowpack was modeled as exponential
decay, falling to 37% (¢') at 10 cm (Longton 1988).

8§ 10 1B
temperature (°C)

(dashed line).

Snow covered moss also respired if the moss was
warmer than -1°C.

Photosynthesis and respiration rates have been
observed to decline with age or depth in the green
moss profile (Oechel & Van Cleve 1986). This was
modeled as full rates for the top 1/3 of the live moss
canopy, 75% rates for the middle third, and 50% rates
for the bottom third.

Decomposition and soil respiration

Litter inputs

Black spruce needle litter was considered to fall through
the live moss layer to the top of the litter layer and
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Table 3 Model parameters— vegetation carbon balance

NEE

Parameter Value Units Description Sensitivity!  Reference/Source

Photosynthesis Tree?

F 18.9 nmole g 57 max. net photosynthesis 66 Hom & Oechel 1983

GDDygart 300 degree days (°C) DD to start foliar growth 0 -

GDDypqg 800 degree days (°C) DD to end foliar growth 1 -

SNgart 270 yearday earliest day to drop needles i -

Feathermoss

. 1.0 mg CO2 g™ h! max. net photosynthesis 16 Skre & Oechel 1981; Green &
Lange 1994

Topt 15720 . optimal temperature 14/3% Skre & Oechel 1981

Tininpan -1 3 minimum temperature 0 -

Wopt 45 g water g ! dry optimal water content 58 Skre & Oechel 1981; Busby &
Whitfield 1978

Wiin 0.25 g water g~ dry minimum water content 0 Skre et al. 1983; Busby &
Whitfield 1978

halfsat 40 ME PAR m2 ¢! PAR half saturation 51 Busby & Whitfield 1978

Respiration Tree'

R; 0.0106 mol C mol™! N h! root resp. rate (20°C) 13 Ryan 1991

Qior 18 root Qqp temp. response 26 Ryan 1991

ity f 45 black spruce fine root C:N 13 Hendricks 1994

Riw 15 pmol C m3 s7! sapwood resp. rate (10°C) 13 Ryan et al 1995

Qio,5w 17 sapwood Qyy response 4 Ryan et al 1995

Feathermoss

R 0.175 mg CO2 g~ h! moss resp. rate (20°C) 37 Skre & Oechel 1981

Qo (v exponential response - temp 94 Skre & Oechel 1981; Oechel &
Van Cleve 1986

W, 6.0 g water g" dry optimal water content 65 Skre & Oechel 1981; Dilks &

opt

Proctor 1979

1, Parameters raised and lowered 20%. Value is average magnitude of change (%) in total ecosystem NEE for the two sensitivity runs.
2, Only values different Aber & Federer 1992. 3, Sensitivity to 20% change in initial optimum (15°C)/temperature increase (5°C). 4,
Parameter raised and lowered 1°C.

Table 4 Needle Age effect on photosynthesis and respiration

Needle age Fractional Relative Relative N Effective Effective
[v] mass' A nax content® A a,‘z r\espiration"
0 0.116 1.000 1.000 0.116 0.116
1 0.116 1.000 1.000 0.116 0.116
2 0.116 1.000 1.000 0.116 0.116
3 0.110 1.000 1.000 0.110 0.110
4 0.110 0.925 1.000 0.102 0.110
5 0.110 0.850 1.000 0.093 0.110
6 0.098 0.775 0.950 0.076 0.093
7 0.081 0.700 0.900 0.057 0.073
8 0.058 0.625 0.850 0.036 0.049
9 0.035 0.550 0.800 0.019 0.028
10 0.023 0.475 0.750 0.011 0.017
11 0.012 0.400 0.700 0.005 0.008
12 0.012 0.330 0.700 0.004 0.008
13 0.006 0.330 0.680 0.002 0.004
Total 1.000 0.855 0.945

Based on occurrence frequency in Hom & Oechel (1983). 2Based on data in Hom & Oechel (1983). *Cohort effective Apy = (cohort
fractional mass) % (cohort relative A,,,). ‘Cohort effective Respiration = (cohort fractional mass) X (cohort relative N content).
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joined the year’s moss litter as an annual litter cohort.
Since live (green) moss depth was fixed, moss ‘litterfall’
was equal to net biomass accumulation over the
growing season (if positive, otherwise moss litter was
zero). Root litter inputs were distributed in depth based
on the prescribed root distribution and root biomass
turnover rates. Live fine root turnover was fixed at
25% per year. Fine root litter mass was initialized at
166 g C m% this put it in steady state with the
prescribed input of 25 g C m™ and an average annual
mass loss rate of 15% (Berg et al. 1993). All litterfall
occurred in the autimn.

Decomposition

A number of studies of long-term litter decomposition
have shown that the fractional mass loss rate tends to
decline as the litter ages (e.g. Swift et al. 1979). This
could be due to early, rapid loss of more soluble
components of the litter and/or to gradual changes in
the litter composition (e.g. nutrient, cellulose, or lignin
content) and hence decomposability (e.g. Swift et al.
1979). For several high-latitude species (Calluna stems
and shoots, Eriophorum leaves, and Rubus leaves) Heal
et al. (1978) found that the litter respiration rate
(decomposition) declined linearly with the accumulated
fractional mass loss, m*,

My—m m
nt-——— ] - — (13)
my L]

where my is initial mass of the litter, and m is the current
litter mass. The litter respiration rate, R (in pl O, g
h™'), was roughly given by

R(t) = Ro(1-onr™), (14)

where Ry is the initial rate, o is a parameter (= 1.0 in their
data). For decomposition in high latitude ecosystems,
Bunnell et al. (1977) estimate that respiration accounts for
almost all litter mass loss. Assuming it is the only mode
of mass loss gives

dm
el R(tym = -Rgm(1 — a(1 = m/mp)). (15)

For o = 0 (straight exponential decay) and o = 1.0, there
are simple solutions to (15) for the remaining litter mass
as a function of time in an annual cohort

mge Rot ifoo=10
L ,fa = ]
m(t)= 1 + Ryt (16)
1-o)m
Ao, if o # 0,1.
eRn(l—Uzli’_a

If o is greater than 1.0, the accumulated mass loss will
approach an asymptote less than 100% (Berg & Ekbohm
1991), given by

1
m(t = =) = my ( | ] (17)
o

The difference between the behaviours of the simple
decay (oo = 0) and the other solutions becomes more
significant after some time has elapsed (as the fractional
mass loss increases). This study used o = 1 (decomposi-
tion parameters listed in Table 5).

As cohorts age their fractional mass loss rate declines,
as does their remaining mass. The product of these is the
total mass loss (respiration) rate. When this fractional
mass loss rate declined to 2.5% of the initial rate, the
remaining cohort mass was transferred to a single humus
pool, which then decayed exponentially (i.e., 0t,,s = 0)
at this final rate (as modified by soil climatic conditions;
see Fig. 2 g h). The transfer time was determined by the
rate chosen for humus decomposition and the initial
mass loss rate as (for o = 1)

( dm /dt )" ~Rgm?[my -Rgm
m - m o mp
m
®| ) o
of 3 Ry
mg 1+ Ryt

SO

dm/dt \*
"3 u—( = )

PR i (19)

dm/dt \*
w0

m

If the litter were continuously exposed to normal surface
climatic conditions and R, was equal to 0.15, the transfer
occurred when 84% of the initial mass has been lost, after
34 years. For oo = 0 and Ry = 0.15, respiration would
decrease to 2.5% of the initial rate after 97.5% of the
initial mass had been lost, 25 years after litterfall.
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Berg ef al. (1993) showed that, for a variety of sites,
first year mass loss of needle litter is well correlated with
annual actual evapotranspiration (AET). Using all of their
data, or using their division into two subsets (Mediterran-
ean, Central European, and North American sites; Euro-
pean sites exposed to Atlantic climate), both linear and
exponential fits gave roughly equivalent correlations.
First year mass loss rates for the six possible regressions
and an AET of 325 mm y~! (appropriate for BOREAS
sites) ranged from 12 to 20%. This study used 15%, which
was consistent with boreal litter decomposition studies
of Sparrow et al. (1992), Hogg (1993), Hogg et al. (1992),
Fyles & McGill (1987), Moore (1984), and Berg (1984).

Soil climate effects  Since the model calculated a daily
profile of temperature (T) and moisture (W) within the
litter / peat/ mineral soil, the model used a base daily
decomposition rate (DR;) that was then modified by
the daily soil climate conditions of each cohort, given
generally as

R(T,W) = DR, fi(W)fo(T), (20)

where f(W) is the moisture effect (Fig. 2g) and f(T) is
the temperature effect (Fig. 2h). DR, was determined by
using long term mean daily weather data for the site,
running the soil climate submodel to determine the
temperature and water content of the top of the litter
layer (first year cohort), finding the annual total of R(T,W)
by summing (20) over the year, and then normalizing it
to the annual mass loss value

365
Ry = EDR;
i=1
365
= Y DRy filW)ix(Ty) (21)
i=1
365
= DRoY A(W)AT)
=1
S0
v Ry
o = 365 y (22)
X ATHRW)

i=1
DR, was roughly equal to 0.5% of R;. The actual daily
respiration (and mass loss) rate for cohort i (or the humus
layer) was then determined by the daily soil climate
conditions as
R{T.W) = DRyfi(T:)fo(W)). (23)

Initializing the profile

To initialize the decomposition state of the litter /humus
profile, the mass and fractional mass lost of each cohort

© 1996 Blackwell Science Ltd., Global Change Biology, 2, 343-366

had to be specified. When this was done, each cohort's
current mass loss rate was given by (15). The model
assumed that the litter (needle + moss) deposition rate,
mg, had been constant at an average value for all past
years, and that the mass loss rate had been at the mean
value, Ry, each year. Each litter cohort then had a mass
given by (16), and the total litter mass (all cohorts younger
than the transfer time), M(t_,), was given by
-t

M(t_,) =J m(t)dt
0

-

my

1 + Ryt
h

I

dt (24)

0

In(1 + Ret).

0

The remaining mass of the organic horizon (total mass
was an input parameter) was placed in the humus pool.

Root litter decomposition

Fine root litter (fixed at 25% of total fine root biomass
each year) was deposited into the soil profile in accord
with root biomass distribution. Because each annual root
litter cohort was distributed in space (from the top of the
litter layer down into the mineral soil) it experienced a
range of soil climatic conditions. Thus all root litter
decomposition was modelled, like humus, as a single
exponentially decaying pool (i.e. @ = 0.0 in Eq. 15), with
an annual rate equal to that of fresh needle and moss
litter (Rg), modified by the temperature and moisture
conditions at each level in the soil profile.

Model validation

Model results were compared to field data from the 1994
BOREAS field campaign, and against data reported in
the literature. The field site used for model testing was
the Old Black Spruce site in the BOREAS Northern Study
Area (NSA-OBS), near Thompson, Manitoba (55°52'N,
98°29'W). The site was a level stand of 75-90-y-old, 10
m-tall black spruce trees (Picea mariana), with a nearly
complete groundcover of mosses, predominantly Pleuroz-
ium schreberi (a feathermoss) and Sphagnum spp.

A number of groups undertook field studies at the
NSA-OBS site in 1994. A nearly complete meteorological
record for 1994 was collected nearby by the Saskatchewan
Research Council (SRC). An eddy correlation flux tower
and soil temperature probes were operated by a group
from Harvard University. Soil temperature and static
chamber soil CO, flux measurements were made inde-
pendently by groups from the US Geological Survey
(USGS; Winston et al. 1995), McGill University, and the
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University of New Hampshire (UNH). Organic horizon
water contents were measured gravimetrically by a group
from the University of Toronto. A group from the Univer-
sity of Wisconsin measured aboveground tree and leaf
biomass. Field data presented here are preliminary data;
the data have been checked by the field research groups,
but do not represent their final analysis, nor does this
work represent the complete scope of any field group’s
work on the BOREAS project.

Weather data A 1994 daily (midnight-midnight) weather
input file (T, Tomin, precipitation, PAR, relative humid-
ity) was generated from the 15 minute averages collected
and reported by the SRC meteorological station at Nelson
House (about 9 km to the northwest of NSA-OBS). There
were no data for January 1994, so temperature data came
from a Canadian Atmospheric Environment Service (AES)
met station at Flin Flon (about 250 km to the southwest;
although temperatures were undoubtedly different at
Flin Flon, model sensitivity runs showed a 0.4% decrease
in annual NEE for a 3.5°C increase in air temperature for
all of January and February, and a 1.5% increase in annual
NEE for a 3.5°C decrease in air temperature for all of
January and February); precipitation data came from
January 1985, collected by AES at the Thompson airport
(about 40 km to the east; Jan. 1985 precipitation was near
the January mean for 1980-1989 at that site). Other
missing data were filled in as follows: 1994 SRC Thomp-
son (airport) station precipitation data were substituted
for missing data for 1 February through 19 March and
1-19 November; 20-21 November precipitation were
set to zero; January PAR values were determined with
Equation 2. The model was then run for 4 + consecutive
‘1994's, starting in mid-October. This means that model
Jan. 1994 conditions were influenced by October-
December 1994 weather, rather than October — December
1993. Results reported are for the final 1994 simulated,
though the model was quite stable. In year one of the
simulation, soil respiration was about 10% higher than
subsequent ‘1994s’, implying a slight over-initialization
of the litter cohort masses.

Site initialization The model site was a black spruce / moss
forest. The organic horizon mass was set at 24.0 kg m™
(27.1 cm thick); it was separated into 1.0 kg m™ of green
moss (3 cm thick); 0.2 kg m 2 of live fine roots and 0.33 kg
m~? of fine root litter, 1.72 kg m2 of needle and moss
litter (34 annual cohorts, with masses declining from
0.14 to 0.025 kg m™?; total thickness = 2.6 cm), and 20.9 kg
m~ of humus (21.1 cm thick). Litter and humus masses
were calculated with (24). The underlying mineral soil
was a clay. In the top 10 cm of the mineral soil, the model
was initialized at 0.05 kg m™ of live fine roots and
0.083 kg m™ of fine root litter. Sapwood volume was

0.0088 m* m?%; maximum needle biomass was 0.444 kg
.. |
m®,

Soil climate results

Soil temperatures were compared to the daily average of
high-frequency data collected at five depths near the
eddy-correlation flux tower, and to mid-day measure-
ments made by the chamber flux groups at one to several
week intervals for two or three soil depths (Fig. 3). Model
temperatures at 5, 10, and 20 cm were generally cooler
than observed by the Harvard tower group, much cooler
than observed by the UNH chamber flux group, but
warmer than observed by the McGill chamber flux group.
These differences were most pronounced in May and
June, and tended to diminish in late summer. The three
temperature trajectories observed by the three groups
(see 10 and 20 cm results in Fig. 3) probably span the
range of behaviours that occurred at NSA-OBS, from
cold (and wet) in the McGill group observations to warm
(and dry) in the UNH group observations. Also, McGill
and UNH measurements were mid-day values, while the
tower and model numbers are daily averages. Model
results were toward the cooler end of this spectrum. Heat
transfer in the model soil profile is predominantly by
conduction (heat convection was only considered in
association with the flow of liquid water into frozen soil)
so discrepancies in soil temperatures imply that model
thermal diffusivities were off in the surface layers, or
that other heat transfer processes were important.
Model temperatures at 5 and 10 cm were generally
warmer than the tower data during Days 270-290 but
were in close agreement once the snowpack formed (Day
305). During February, model temperatures were colder
at 5, 10, and 20 cm than observed by the Harvard group,
but warmer than observed by the USGS group (Winston
et al. 1995). Sensitivity runs with soils held at saturation
and wilting point showed the dry soils to be about 10-
15°C cooler than the wet soils during the winter months,
and 0-5 °C cooler in the summer months, but with an
earlier and more rapid thaw. Differences in winter soil
water content may account for differences in winter
temperatures. The model site was specified as non-
permafrost; maximum model frost depth was about 80 cm
(from top of moss) and final thaw was on about Day 230.
Organic layer water contents were compared to daily
gravimetric water data collected by the Toronto group
(Fig. 4). They cut 16 cm X 16 cm turves into the organic
layers. Adjacent turves were cut through the L, the L and
F, and the L, F and H. Each turve was placed in a
permeable net, removed for daily and sub-daily mass
determination, and replaced. Measurements were made
for about 30 days. Water mass was determined by wet
weight minus the oven dry turve weight (measured at
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207

10

Fig. 3 Soil temperatures at five depths measured
down from the top of the moss: daily average of

high frequency thermocouple soil temperature -104

measurements for 1994 at the NSA-OBS site,
measured by the Harvard group [open circles;
all depths], mid-day measurements on flux

observation days by the McGill group [hatched 2 0J

squares; 5, 10, and 20 cm], the U. New
Hampshire group [plusses; 10 and 20 ¢m], and
the US Geological Survey group [crosses; 22 cm
(on 20 em plot), and 44 cm (on 50 cm plot);
(Winston et al, 1995)], and model daily average
soil temperatures [lines; all depths]. Model

simulation was of several consecutive 1994 -104

weather years (final year reported), so January
1994 followed December 1994 in the model.
Snow cover was present (in the model) from
Day 305 to Day 136.

the end of the experiment). Water mass for each layer
was determined by subtracting the water mass of the

adjacent turves (e.g. H layer water mass was determined
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by subtracting the LF water mass from the LFH water
mass). The sampling design included replicates of each
turve set. To roughly match depth increments, model
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1994 NSA-OBS Organic Layer Water Contents
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Fig. 4 Water content in the surface organic layers of the soil.
Model values (solid lines) are daily averages; gravimetric water
content measurements made by the Univ. of Toronto group
(solid lines and circles or squares) were twice a day on rainy
days, once a day otherwise. See text for brief description of field
methodology.

moss (0-3 cm) and litter (3-5.6 cm) layers were averaged
and compared with the field L layer (0-8 cm) as weight
of water to weight of dry matter (Fig. 4a). The model
surface water content tracked the field data, but was
slightly wetter. The deeper organic layers (model humus
at 5.6-26.7 cm and field ‘F' at 8-13 cm and ‘H’ at 13-
20 cm) all had fairly constant water contents over the
measurement period (Fig. 4b). The field data indicate
that the ‘F-layer’ (8-13 cm) held much less water than
the ‘H-layer’ (13-25 cm); the model had no corresponding
dry band in the organic profile. Both field and model
indicate that most of the soil water dynamics occurred
in the surface organic layer, while the deeper organic
layers and mineral soil (in the model) were generally
much more constant.

Ecosystem carbon balance results

Soil dark respiration was compared to opaque, static
chamber CO, flux measurements (methodology described

in Crill 1991) by the USGS group (Winston et al. 1995),
the UNH group, and the McGill group. Total soil dark
respiration was live root respiration plus heterotrophic
respiration (litter/ peat decay) plus live moss metabolic
respiration. Field data were plotted as the average of all
reported sites (UNH: n = 4; McGill: n = 6; USGS: n =
3-4). Summer season soil respiration observed by the
UNH group was much higher than that observed by the
McGill group. This was consistent with the much warmer
soil temperatures observed at the UNH site (see Fig. 3).
Model soil respiration during the warm months was
generally consistent with the UNH observations and
much higher than the McGill observations (Fig. 5), despite
the fact that model soil temperatures were closer to
(but warmer than) the McGill observations. Day-to-day
variability in the model soil respiration was almost
entirely due to wetting and drying cycles in the moss
influencing moss metabolic activity. The field sampling
scheme may not have been frequent enough to capture
this, or the model may have overestimated the variability.
Soil respiration (through the snowpack) was non-zero
throughout the winter (Fig. 5); model fluxes were higher
than observed by the USGS group during the coldest
months. Very high spatial variability was observed in
spring-time soil respiration (Winston et al. 1995).

Net Ecosystem Exchange was compared to daily aver-
age eddy correlation net CO2 flux data (methodology
described in Fan et al. 1995). There was general agreement
throughout the year (Fig. 6a,b). The model captured the
gradual ecosystem transition from carbon sink to carbon
source in the autumn quite well; the spring transition
from carbon source to sink appeared to be more rapid,
but was not well captured in the field in 1994. During
the warm season, the variability in NEE from day to day
was generally synchronized between model and field
data, but the magnitude of model variability was usually
greater (Fig 6b). The model exhibited very high net
ecosystem respiration occasionally during the late sum-
mer and early fall (NEE > 1.5 g C m?); these were
primarily due to high levels of moss respiration and near
neutral carbon balance for the spruce. The model also
had high rates of uptake in the early summer (NEE <
-3 g C m™), which occurred on days when both the
spruce and the moss net carbon uptake were high.
Autumn, early- and late-winter site respiration rates were
generally well-captured by the model (there were no data
collected at the tower in January and February of 1994)
and played a significant role in the site carbon balance.
However, model (and actual) NEE is the net result of
many processes, and agreement in overall behaviour
could mask model errors in individual components, just
as disagreement in overall behaviour could mask correct
simulation of certain components. A challenge to future
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1994 NSA OBS Soil Dark Respiration
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Fig. 5 Model daily average total soil
respiration (moss metabolic plus live
roots plus heterotrophic) and means of
several static, dark chamber 5
measurements made independently by -

6

L]
A
]

model

McGill chambers
UNH chambers
USGS chambers

groups from the US Geological Survey - 4-
(Winston et al. 1995), McGill Univ. and o 1
the Univ. of New Hampshire (UNH) !
group. Soil respiration is non-zero
throughout the year. In the model O ]
summer soil respiration is dominated by o ]
the live moss, with much of the modeled 2 ]
variability due to wetting and drying ]
cycles in the live moss. Much higher 9
fluxes for the UNH chambers are

probably due, at least in part, to

significantly warmer soil temperatures 3
at sites measured by UNH group than 0
at sites measured by McGill group (see

Fig. 3).

field studies is to try to partition daily NEE into separate
components.

Discussion of model validation

Soil respiration rates through the summer (snow-free)
season (415 g C m™2) compared closely to those measured
in 1980 and 1981 in an Alaskan black spruce/feathermoss
forest (367-370 g C m™?) by Schlentner and Van Cleve
(1985). Soil dark respiration was the sum of fine root
respiration, moss metabolic respiration, and heterotrophic
respiration associated with litter decomposition. Meas-
urements for a temperate deciduous forest partitioned
soil respiration as roughly 33% live root respiration, 37%
from aboveground litter, and 30% from belowground
litter (Bowden et al. 1993). Such measurements have not
been done for sites with bryophyte ground cover, where
the situation is very different. In these sites an overlying
moss layer is metabolically active (exhaling CO,), and
also serves to insulate the litter, soil, and tree roots from
warm summer temperatures (reducing decomposition
and root respiration rates). For the NSA-OBS site, the
model results suggested that during mid-summer moss
metabolic respiration generally accounts for about 50-
80% of total soil respiration, roots about 3-14%, and
organic matter decomposition (heterotrophic respiration)
about 10-40%. However, given that model temperatures
were much lower than observed by the UNH group
while soil respiration was comparable, and that summer
soil respiration was dominated (in the model) by the live
moss respiration, it is likely that moss respiration rates
for a given temperature were probably too high in
the model.

During the warm season, CO; production from decom-
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position in the litter layer was about twice that of the
much thicker, older humus layer, while during the cold
season their contributions were more equal, as the litter
layer was colder than the humus layer. Only during
February did model soil temperatures drop low enough
(below —7°C) in the litter layer to stop decomposition.
The dry second half of the summer caused several sharp
drops in moss respiration, while the deeper litter and
roots were subjected to less climatic variability. Root
respiration rates (0.001-0.0014 g C g! fine root C d!
during the summer (at model soil temperatures of 5-
10°C) were comparable to rates measured for black spruce
seedlings at 5°C and 15°C in laboratory experiments
(Conlin & Lieffers 1993).

Both the black spruce and the feathermoss were most
productive in the early part of the summer (Fig. 7a,b).
Spruce sapwood, root, and foliage respiration were all
modeled as simple exponential functions of temperature,
and thus all respired even during the coldest months.
Feathermoss photosynthesis and respiration were set to
zero for moss temperatures below —1°C. Both spruce and
moss oscillated rapidly between days of high and low
productivity. For the spruce, low productivity days had
basically no net exchange of carbon, while for the moss
there was a net flux of carbon to the atmosphere on many
days. The day-to-day variability for the spruce was
primarily due to air temperature variability. For the moss,
the days of positive NPP (carbon loss) during the summer
corresponded to days of low illumination (often rainy
days). This would help explain the spikiness of the moss
NPP curve (Fig. 7b), because immediately following a
rain the moss was wet and conditions were more ideal
for production than after an extended dry spell. Moss
respiration began (at very low rates) about 10 days before
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Fig. 6 (a) Daily average net ecosystem
exchange of carbon as measured at high
frequency by an eddy correlation flux
L tower run by the Harvard group (circles;
L consecutive days are connected with a
dashed line) and simulated by the model
(solid line). Positive values represent a
net flux from the biosphere to the
atmosphere; negative values represent a
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final snowmelt; photosynthesis began two days before
final snowmelt (when snow depth dropped to about
3 cm). Spruce had a gradual onset of photosynthesis
beginning about 10 days before final snowmelt, when
the litter layer thawed sufficiently to make soil water
available to the roots. Both NPP curves show a seasonal
asymmetry (rapid increase in uptake in early summer,
slower decline in uptake in the fall) due in general to the
peaking of light intensity early in the summer (relative
to air and soil temperatures) and, in this particular year
for the moss, to a dry August and September. Total
respiration, on the other hand, was more symmetric and
with a broad peak in mid-summer, tracking air and soil
temperatures.

The model simulation showed a net carbon uptake by

B I (I O

4 <92 -1 0 1 B2

net flux from the atmosphere to the
3 biosphere. (b) Comparison of daily
average NEE for model and tower.

the ecosystem of 51 g C m?, or 0.51 t C ha™!, consistent
with measured annual NEE. Black spruce NPP was 93 g
C m, with 51 g C m 2 assumed to be lost as above- and
below-ground litter. Viereck et al. (1983) report mean
annual tree productivity for black spruce forests in central
Alaska as about 55 g C m™. Feathermoss NPP was 58 g
C m™, comparable to 36-60 g C m™? observed in spruce/
moss forests in central Alaska (Oechel & Van Cleve 1986)
and Scandinavia (Tamm 1953), as well as estimates for
feathermoss productivity in Quebec of 16-60 g C m™
(Weetman & Timmer 1967). Total litter inputs to the soil
were slightly larger than annual heterotrophic respiration,
making the soil a slight carbon sink (8.8 g C m™ or
0.088 t C ha™'), while spruce net growth was 42 g C
m, or 0.42 t C ha"'. This partitioning of NEE into spruce

© 1996 Blackwell Science Ltd., Global Change Biology, 2, 343-366




VARIABILITY OF BOREAL FOREST CARBON BALANCE 359

Daily NPP for Spruce & Moss

N
PP P
o)

-1 Moss

0 50 100 150 200 250 300 350
day of year

Fig. 7 Daily NPP of (a) black spruce and (b) feathermoss, as
simulated by the model. Positive values represent a net flux
from the biosphere to the vegetation; negative values represent
a net flux from the atmosphere to the vegetation. NPP was
calculated as gross photosynthesis minus total plant respiration.
Moss photosynthesis and respiration rates were set to zero for
moss temperatures below —1°C. Both spruce and especially moss
had asymmetric productivity curves, with higher productivity in
early summer, and low productivity in late summer.

growth and soil carbon accumulation depended on a
fairly rough characterization of the carbon biomass and
dynamics of the black spruce fine roots. Increasing the
fine root turnover rate would reduce black spruce produc-
tivity, increase heterotrophic respiration somewhat (by
increasing the fine root litter pool size), and increase the
rate of carbon sequestration into the soil by increasing
annual carbon inputs. The net effect would be a small
reduction in overall NEE.

Ecosystem respiration in winter plays a significant role
in the NEE for a northern ecosystem (e.g. Winston et al.
1995; Sommerfeld et al. 1993; Wofsy et al. 1993). For the
NSA-OBS simulation, net carbon uptake during the snow-
free season of 1994 (169 days) was 144 g C m2, while
ecosystem respiration during the 1994 snow-cover season
(196 days) was 84 g C m™, 58% of snow-free season
uptake. Respiration occurred during every month of the
year, indicating that year-round monitoring of the carbon
exchange is necessary even in northern ecosystems.

The daily time-step carbon balance model developed
by Bonan (1991a), applied to boreal forest ecosystems in

© 1996 Blackwell Science Ltd., Global Change Biology, 2, 343-366

interior Alaska, also displayed short-term variability in
NEE, low levels (but non-zero) of ecosystem respiration
throughout the winter, and an extremely abrupt onset of
carbon uptake in the spring. Mid-summer carbon uptake
rates simulated for black spruce stands were about three
times higher than reported here.

Model sensitivity

A series of 120 model runs were carried out for the
1994 NSA-OBS simulation. In each case a single model
parameter was raised or lowered (usually by 20%) from its
NSA-OBS simulation value. Few if any of the parameters
used were constrained to that degree by the limited
published data available. Overall model sensitivity was
evaluated by comparing simulated annual NEE for the
adjusted parameter runs to the simulated annual NEE
for the standard run (51.1 g C m™?). Tables 1-3 and 5
contain a summary of the sensitivity results; values
reported are the average magnitude change in total
annual ecosystem NEE (as a percentage of the standard
run) for the two sensitivity runs for each parameter.

Ecosystem NEE was quite sensitive to the initial carbon
pool sizes of foliage, sapwood, fine roots, and the surface
organic layer (moss plus peat) (Table 1). Increasing moss
bulk density (Table 2) reduced moss productivity by
causing a greater light extinction rate in the moss and
thus effectively adding poorly illuminated, respiring live
tissue. It also reduced heterotrophic respiration, probably
because of reduced moss litter inputs into the decomposi-
tion pool. Because moss water contents were calculated
on a per mass basis, increased bulk density increased
moss water holding capacity, which dried out the deeper
soil (1994 was a dry year) and thus reduced spruce
productivity as well.

Some of the very high sensitivities observed were the
result of ecosystem NEE being much less than gross
ecosystem photosynthesis and gross ecosystem respira-
tion. For example, a 20% increase in spruce maximum
photosynthetic rate increased site NEE by about 66%,
because site NEE was only about 16% of spruce gross
photosynthesis for 1994 (the change in spruce NPP was
35%, again reflecting the fact that NPP is smaller than
gross photosynthesis). Thus a change in the rate of
photosynthesis produced a magnified change in site
NEE. This effect points to a potential sensitivity of any
ecosystem where the net carbon exchange is only a small
fraction of the gross fluxes of carbon into and out of the
ecosystem. Any change or disturbance that predomi-
nantly effects only one component of the carbon balance
could have a large impact on overall ecosystem NEE.

Ecosystem NEE was also quite sensitive to many of the
parameters associated with the respiration calculations;
again annual NEE was only about half of annual hetero-
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Table 5 Model parameters— decomposition

NEE
Parameter Value Units Description Sensitivity!  Reference/Source
R, 0.15 i mean annual mass loss rate 18 Berg et al. 1993; Berg 1984, Ivask el al
1991
45 0.25 e fine root turnover rate 1 Arthur & Fahey, 1992; Fogel, 1983
a@ 1.0 mass loss rate parameter -- Heal et al. 1978
(dm/dty,, 1/40 humus/fresh litter 13 -
mass loss rate
Temperature
0 T <Touio
AN = Qo) Touse (T = i)/  Tin 0% if i <T <0°C
(Q]n)(_rbﬁ'ﬁl’)"m I)r T >0°C
Qior 2.0 exponential response - temp 20 Hogg et al 1992
Tenitin -7.0 e minimum temperature 4 Flanagan & Veum 1974; Clein & Schimel
1995; Winston et al 1995
e 10 o] reference temperature 21 Hogg et al 1992
Moisture
0 ifW <Wpin
(W = Whin)/ (W* - wrnin) !f wmin W =sw*
Sl 1 if W* <W =Wg
1- (W= Wg)/[2(1 - Wp)] if W >Wj
Litter layer
Whin 0.25 g water  minimum water content 0 Reynolds & Knight, 1973
g dry
wH 1.0 g water  moderate water content 1 -
g dry
W 3.0 g water  field capacity 1 Reynolds & Knight, 1973
g dry
Humus layer
Whiin 0.25 g water  humus min. water content 0 Reynolds & Knight, 1973
g ! dry wt
wH 20 g water  humus moderate water 16 -
g™ dry wt
Wy 3.0 g water  humus field capacity 31 Reynolds & Knight, 1973
g dry wt

1, Parameters raised and lowered 20%. Value is average magnitude of change (%) in total ecosystem NEE for the two sensitivity runs.

trophic respiration and less than half of moss or spruce
foliar respiration, so effects were magnified in these cases.
However, because the organic and mineral soils are
generally quite cool (often cooler than the base temper-
ature used for the temperature dependency on decom-
position), increasing Qyo values had the effect of reducing
respiration losses. A higher Q) causes respiration to rise
more quickly above the base temperature, but it also
causes respiration rates to drop more quickly below the
base temperature.

Moss productivity was very sensitive to parameters
controlling both its light environment (moss bulk density
and light extinction rates in the spruce and moss canopies)
and its response to light (moss half-saturation constant).

Because the model calculated light extinction in the moss
canopy and moss productivity at 10 levels of illumination
down the canopy, model moss productivity was very
sensitive to photosynthesis rates at low light. Changing
the half-saturation illumination constant for the moss
from 40 to 48 uE PAR m™ 57! reduced moss productivity
by over 50%. This is a crucial sensitivity that will require
more field data to reduce model uncertainty.

Model application— interannual variability

The model was used to simulate NSA-OBS carbon bal-
ance for October 1967 through December 1989, using
AES daily meteorological data (T,,y Tiiqe precipitation)
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Fig. 8 Interannual variability (1968-1989 and 1994) of (a) mean
annual air temperature; (b) total annual precipitation; (c) model
simulated annual spruce net primary productivity (NPP); (d)
model simulated annual feathermoss NPP; (e) model simulated
annual heterotrophic respiration (decomposition); (f) model
simulated annual soil carbon accumulation (equals litterfall
minus heterotrophic respiration); and (g) model simulated
annual net ecosystem carbon exchange (NEE).

from the Thompson Airport. PAR input values were
generated with (2). Site initialization was identical to the
1994 run presented above. Results for each year were
compared with 1994 model results to get an idea of how
representative 1994 may have been (an important issue
for a major field campaign), and also to begin to examine
what factors most strongly influence interannual variabil-
ity in carbon balance.

Weather variability

Long-term mean annual air temperature for Thompson
is about -3.9°C. For 1968-1989 and 1994 mean annual
air temperature ranged from -0.6°C in 1987 to —4.7°C
in 1982 (Fig. 8a). For 1994, air temperature was cold
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in January and February, cool to normal for March
through October, and warmer than normal in November
and December. The timing of the annually accumulating,
degree day minimum (i.e. the timing of the onset of
spring thaw) varied considerably, from as early as Day
98 (1984) to as late as Day 139 (1983). The timing of
the degree day maximum (fall freeze) was less variable,
ranging from Day 289 (1981 and 1982) to Day
310 (1983). Long-term mean annual precipitation for
Thompson is about 534 mm, with about 60% as rain;
1968-1989 precipitation ranged from 383 mm in 1981-
692 mm in 1971 (Fig. 8b). Precipitation in 1994 was
abundant in February, March, and June, and quite low
for July through October.

Carbon balance

Average, simulated black spruce NPP for the 1968-1989
and 1994 was 116 g C m™ y!, with a range from 81 to
150 g C m? y! (Fig. 8c). Average feathermoss NPP for
this period was 78 g C m™ y™!, with a range from 19 to
114 g C m? y! (Fig. 8d). Interannual variability in
productivity in the feathermoss was similar in timing but
greater in relative magnitude to that for the black spruce.
For both, 1994 productivity was slightly below the 1968
89 mean. High productivity years were characterized by
early spring (1977 and 1987), cool summer (1985), and,
for mosses, abundant summer precipitation (1976, 1980
and 1985). Low productivity years (1981, 1983 and 1986
for spruce; 1970 and 1983 for moss) were characterized
by late springs (in 1983 model snowmelt was three weeks
later than any other year) and infrequent and below-
average precipitation (1981). In 1970, an early heavy
snowfall buried the moss before it could freeze, so it had
significant respiration losses in the fall (75% of summer
NPP). Moss productivity was near normal in 1981 despite
low precipitation. The model simulated high moss pro-
ductivity rates in May and June of 1981 following snow-
melt, and because there were a number of small storms
during June that would have been sufficient to wet
the moss.

Average heterotrophic respiration for the 1968-89 and
1994 was 113 g C m™ y™! and all years were within about
20% of this value (Fig. 8e). This relatively low interannual
variability was due to two factors. First, by model design
spruce litter inputs were identical each year (independent
of plant productivity); moss litter fall varied from year
to year (based on moss productivity). Thus fresh litter
input variability was probably underestimated. Secondly,
decomposition occurred in the litter, humus, and upper
mineral soil layers, where it was buffered from the
weather variability by the overlying moss. The lowest
value for heterotrophic respiration was 89 g Cm™2 y ! in
1979, one of the cooler years of the period; heterotrophic
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respiration in 1994 (100 g C m~?) was also below average,
probably because of fairly cool temperatures and a dry
second half of the year. Soil carbon accumulation is the
net effect of litterfall and heterotrophic respiration. The
1968-89 and 1994 average was 13 g C m?, with high
variability and several years showing a net loss of carbon
from the soil (Fig. 8f). This result was very dependent
on a simple (and poorly constrained) representation of
black spruce fine root dynamics.

The simulated net annual carbon uptake by the black
spruce/ feathermoss forest ranged from -37 g C m2 (loss
of 037t Cha™') to 142 g C m™2(1.42 t C ha!); 1994 NEE
(51 g C m™?) was below the 1968-1989 mean of 82 g C
m? (Fig. 8g). Lowest NEE years combined low productiv-
ity with high heterotrophic respiration. High NEE correl-
ated with high plant productivity.

Discussion of interannual variability

The ranges of simulated values for black spruce and
moss productivity are in accord with measurements in

~+100
=50
[
-0
,:
--100
--150
--200
—t
-50
-0
--50
r Fig. 9 Simulated, accumulating eco-
F-100 system net ecosystem carbon exchange
(NEE) for years with (a) early and (b)
L.150 late springs (defined as air temperature
r greater than zero for most of the
[ subsequent days). Years with ‘early’
--200 springs all had greater carbon uptake
than 1994; years with ‘late” springs were
7 -2 5 0 more variable, but averaged a lower NEE

350 than 1994. Other climatic factors play a
role in interannual variability of NEE
(see text for a more complete discussion).

Alaska (e.g. Van Cleve et al. 1983; Viereck et al. 1983;
Oechel & Van Cleve 1986) and Canada (Weetman &
Timmer 1967; DeAngelis et al. 1981). Interannual variabil-
ity in the model was driven primarily by variability in
weather from one year to the next. In a nine year
simulation (1974-1982) of 23 boreal forest stands near
Fairbanks, AK (9 black spruce, 5 white spruce, 3 poplar,
2 birch, 2 aspen, and 2 mixed conifer), using a similar
model also driven by observed daily weather, Bonan
(1992) reported a trend in the seasonal amplitude of
CO; flux (amplitude equals maximum daily NEE minus
minimum daily NEE simulated each year), but little
interannual variability in tree NPF, moss NPF, or eco-
system NEE. These results were reported as averages of
the 23 ecosystems and may have masked interannual
variability at a single site.

Lieth (1975) developed regressions relating mean
annual biotemperature (sum of all daily air temperatures
greater than 0°C divided by 365) and total annual precip-
itation to NEE across a range of terrestrial ecosystems,
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with productivity tending to increase with each factor.
Dai & Fung (1993) extended this model to look at
interannual variability in NEE driven by interannual
variability in mean annual temperature and total annual
precipitation. Kojima (1994) also used Lieth’s productivity
algorithms to evaluate the potential impact of climate
warming on productivity in boreal ecosystems. In the
simulations reported here, however, this simple relation-
ship of higher NEE with higher biotemperature and/or
precipitation did not hold true. For example, the least
productive year (1983) had an above-normal annual
biotemperature and slightly above-normal annual precip-
itation. It also had an extremely late spring, and a fairly
dry May and June. A closer look at the weather patterns
through the year (e.g. timing of snowmelt and snowfall,
frequency and timing of summer storms, summer heat
waves) was required to explain interannual variability.

One factor that appeared to play a strong role in
influencing interannual variability of the spruce/moss
forest NEE was the timing of spring. Because both
the moss and spruce are evergreen, they can begin
photosynthesis as soon as conditions are favorable. Spring
comes late in the northern boreal forest, so that, by the
time the snow has melted, light levels are high and the
air is usually warming rapidly. The simulated onset of
moss respiration and net positive photosynthesis indi-
cated a variability of as much as 5 weeks in the onset of
physiological spring, and the most (least) productive
years tend to be those with the earliest (latest) transition
to net carbon uptake (Fig. 9). For the moss the controlling
factor appeared to be loss of snow cover, for the spruce
it was the closely linked factor of the thawing of the soil
and availability of water. This is likely to be a major
factor in any impact of climate change, and may also
account for much of the interannual variability that
would be observed in multi-year studies.

Conclusions

The impact of weather/climate variability on the carbon
balance of a spruce/moss boreal forest was investigated
with a new daily time-step model of litter decomposition
and tree and moss photosynthesis and respiration. The
model simulated carbon balance compared well with
preliminary data collected in the 1994 BOREAS campaign
in northern Manitoba, and with other reported values.
Model analyses showed the spruce/moss ecosystem to
be a carbon sink, with a strength of 51.1 g C m™ in
1994. Winter respiration fluxes were significant, with a
simulated flux of 83.6 g C m™ to the atmosphere while
the ground was snow-covered (1 November to 15 May).

Simulated NEE for 1968 through 1989 averaged -82 g
C m™ (uptake of 0.82 t C ha™! y!), with a range of +37
and —142 g C m> Moss and spruce NPP generally
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varied together, both tending to be high in years with
early springs and relatively wet summers, and both low
in years with late springs and relatively dry summers.
Heterotrophic respiration was more constant in all years
simulated (mean = 113 g C m™?). The sensitivity of
ecosystem productivity to the timing of spring occurred
both because of the high light levels present by mid-late
spring (early May potential irradiance equals mid-August
potential irradiance), and because of generally abundant
water soon after snowmelt. The timing of fall snow
and freeze up appeared to have much less impact on
productivity, although an early, deep snow in 1970 may
have enhanced autumn respiration. If spring thaw tends
to get earlier in the year due to any climatic change, it is
likely that either these ecosystems will become more
productive or enhanced spring productivity will offset at
least some productivity losses that may be caused by other
changes. Sustained higher productivity would depend
on sufficient nutrient availability, which has not been
addressed in this modeling study. Changes or variability
in annual climatological variables such as annual biotem-
perature and total annual precipitation are not likely to
be effective indicators of the change or variability in the
boreal spruce/moss ecosystem’s carbon balance.
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