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Abstract. This study reports continuous automated mea-peaked at air temperatures of 5€3 suggesting that this is
surements of forest floor carbon (C) exchange over featherthe optimal temperature range f& ;. The Psf-ecd Peco
moss, lichen, and sphagnum micro-sites in a black spruceatio varied from 13 to 24% over the snow-free period
forest in eastern North America during snow-free periodsand reached a minimum in mid-summer when both air
over three years. The response of soil respirati®na(io) temperature an@sc, Were at their maximum. On an annual
and forest floor photosynthesi®{;) to environmental fac-  basis, Pyf-eco accounted for 17-18% afeco depending on
tors was determined. The seasonal contributions of scalethe year and the snow-free season totalsPgf-eco Were
up Rs-auto@djusted for spatial representativene®s4q;) and 23-24% that ofR;-ag;.
Pyr (Prr-eco) relative to that of total ecosystem respiration
(R.) and photosynthesi®{co), respectively, were also quan-
tified.

Shallow (5 cm) soil temperature explained 67-86% of thel ~Introduction
variation in R;-ayto for all ground cover types, while deeper o ) ] ]
(50 and 100cm) soil temperatures were relatetRiQuo Total ecosystem respiratiorR{) is a major determinant _of_
only for the feathermoss micro-sites. Base respiration waghe carbon (C) balance of northern forests (e.g. Valentini et
consistently lower under feathermoss, intermediate undefl-» 2000). R includes respiration by above-ground plant
sphagnum, and higher under lichen during all three yearsPaTtS (stems, branghes, twigs, and leaves) and soil. .SOIl respi-
The R;-adf R, ratio increased from spring through autumn ration (R,) is adommgnt component of C exchange in boreal
and ranged from 0.85 to 0.87 annually for the snow-free pe-£€OSystems, accounting for at least halfiyf (Black et al.,
riod. The Ry-adj/R, ratio was negatively correlated with the 2005). The temporal variability of respiratory metabolism
difference between air and shallow soil temperature and thi¢S influenced mostly by temperature and humidity condi-

correlation was more pronounced in autumn than summe#ons (Davidson et al., 1998; Gaumont-Guay et al., 2006a).
and spring. Above- and below-ground processes contributingrtocan

Maximum photosynthetic capacity of the for- respond in different ways to_the. §easona| variation of air and
est floor (P//ma) saturated at low irradiance levels soil temperature, to the availability of water and to substrate
(~200umolm—2s-1) and decreased with increasing air type (Davidson et al., 2006b; Jassal et al., 2007).
temperature and vapor pressure deficit for all three ground Coniferous boreal forests typically have relatively open
cover types, suggesting that;; was more limited by —canopies that allow a 5|gn|f|cant_ portion of incoming radi-
desiccation than by light availability.Prmax Was lowest ~ ation to reach the ground vegetation (Baldocchi et al., 2000).
for sphagnum, intermediate for feathermoss, and highest foForest floor photosynthesis is thus a potentially important

lichen for two of the three yearsP;; normalized for light ~ Process that can represent a significant portion of C assim-
ilation in such ecosystems (e.g. Gaumont-Guay et al., 2009)

and can be as high as 50% on certain days (e.g. Goulden

Correspondence tdD. Bergeron and Crill, 1997). The productivity of the forest floor depends
BY (onil.bergeron@mcgill.ca) on favourable light, temperature and moisture conditions
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(Swanson and Flanagan, 2001; Kolari et al., 2006; Tupekerror can be controlled by assessing the spatial representa-
et al., 2008) and also on the composition and relative prestiveness of soil respiration using a portable manual chamber
ence of different forest floor communities in the ecosystemsystem (Savage and Davidson, 2003) and by limiting ecosys-
(O’Connell et al., 2003; Heijmans et al., 2004). tem C exchange estimates to specific sectors of the tower
The boreal forest of eastern North America is subjectedfootprint (e.g., Yuste et al., 2005).
to climatic conditions that differ significantly from those of  This study presents continuous automated measurements
other boreal regions in North America and Eurasia. For ex-of ecosystem and forest floor G@xchange for the snow-
ample, precipitation is generally more abundant in this re-free period over three years in a boreal black spruce forest
gion than in central Canada, while air temperatures are muclecosystem in eastern North America. The objectives of this
cooler than in boreal Scandinavia. Also, the markedly dif- study were to (1) quantify the relationship of soil respira-
ferent latitudes of boreal forests in Scandinavia and Canadé&on and photosynthesis of different forest floor micro-sites
lead to different light regimes in regards to both photoperiod(sphagnum, feathermoss and lichen) to environmental factors
and intensity. Such differences in climatic conditions influ- and (2) contrast the seasonal contribution of soil respiration
ence the C exchange of boreal forest ecosystems (Bergeron ahd forest floor photosynthesis to that of the entire ecosys-
al., 2007). Furthermore, climate change is expected to havéem. The spatial representativeness of automated soil res-
different regional consequences in northern forests (Flannipiration measurements in the tower footprint area was also
gan et al., 2001; Heimann and Reichstein, 2008). Thus, it isassessed.
important to characterize the response of C exchange to en-
vironmental conditions in the eastern Canadian region of the
circumpolar boreal forest. 2
Information on the seasonal contribution of soil respiration
to ecosystem respiration is still very limited (e.g., Davidson

et al., 2006b) sinc_e values have _been primgrily reported Orburstudy site (Eastern Old Black Spruce, EOBS; 45692

an annual or growing season basis (e.g., !_aVIgne etal., 199% 343 W) lies in the commercial boreal forest of Canada
Law et al., 1999; Janssens et al., 2001; Gaumont-Guay €l is |ocated about 30 km south of Chibougamau, QC. The
al., 2006b). Furthermore, there is apparently little mforma-study site corresponds to a 500m radius centered on the

tion available for the vast area of cool humid boreal forestyqyer \where at least 90% of the flux footprint originates
that is characteristic of eastern North America. On the Other(Bergeron etal., 2007). Black sprudei¢ea mariani domi-

hanq, photosynthesis of the moss stratum has been StUdi‘?ﬁjates the site and there are sparse jack {ftivei§ banksianp
In (ljllfferent ecosystems (e'g" Swanson and Flanagan, zpojaind tamarackl(arix laricinia). The shrub stratum is com-
Heijmans et al., 2004; Botting and Fredeen, 2006; Kolari etyiseq of sheep laurek@imia angustifolij and Labrador
al., 2006). However, the extent to which it might contribute o, Rhododendron groenlandicyron dry micro-sites and
to the interannual variability in gross ecosystem productivity 5,qer @Inus rugoson wet micro-sites. The forest floor is
has apparently not been studied for boreal forests of easterg, ered by feathermosslylcomnium splendenBleurozium
North America. Moreover, the relative contribution of differ- schreberj, sphagnum$phagnunspp.), and lichenQladina
ent boreal micro-sites (sphagnum, feathermoss, lichen) hagy, - see Table 1). Most of the study area originates from fire
not been well explored. Such information is important for gigyrhance that occurred between 1885 and 1915. EOBS is
partitioning the different C sinks within an ecosystem and dominated by podzol soils with 1540 cm organic layers ly-
chgracterizing their specific response to environmental Coning on silty-sand parent material. Mean tree height is 13.8 m,
ditions. mean DBH is 12.7 cm, tree density is 4490 stems'hhlack
Numerous automated chamber systems have been de"eépruce basal area is 22.8m~2, and hemispherical LAl is
oped to produce continuous measurements that help gai§ 7 .2 m-2. The 30-year average of mean annual temper-

insight into the seasonal_variability of soil respira’Fion and 5iure and total annual precipitation measured at the near-
forest floor photosynthesis (e.g., Goulden and Crill, 1997; ¢t \veather station (15km NW of the site) are°@and

Pumpanen et al.,, 2001; Gaumont-Guay et al., 2008). CoUggy 3 mm, respectively. Additional details can be found in
pling automated chamber measurements with eddy covarigergeron et al. (2007).

ance (EC) measurements can provide valuable information

on the concomitant response of respiratory and photosyn2 2 Automated measurements of forest floor C@

thetic processes of different ecosystem components to envi- exchange

ronmental variables at fine time scales. However, due to lo-

gistical and equipment constraints, automated chamber syssoil CO; efflux, including daytime forest floor photosynthe-
tems are typically confined to a small portion of the footprint sis, was measured continuously during most of the 2004-
measured by an EC tower. This can lead to a mismatch ir2006 snow-free periods (16 June—31 October 2004, 6 May—
the source area, resulting in an apparent discrepancy betwe&i October 2005, 17 May-31 October 2006) by a non-
measurement methods (Drewitt et al., 2002). This source ofteady state, automated chamber system manufactured by

Methods

2.1 Site description
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Table 1. Sector characteristics and number of manual measurement points by sector.

Azimuth angles  Cover

Sector  from the tower type Feathermoss Lichen Sphagnum Other
Proportion of ground cover (%) % of total
study area
S 150-208 73 (81) 8(9) 8(9) 11 (0) 15
SW 205-257 70 (80) 2(2) 16(18) 13 (0) 14
NW 257-322 69 (76) 3(4) 19(20) 9(0) 18
All 150-322 70 (79) 5(5) 14(16) 11 (0) 48
Number of measurement points Total
S 150-208 8 3 1 3 15
SW 205-257 6 4 2 4 16
NW 257-322 9 1 2 2 14
All 150-322 23 8 5 9 45

Number in brackets corresponds to the proportion of ground cover excluding the category Other.

the Biometeorology and Soil Physics Group (University of wherep, is the density of dry air in the chamber headspace
British Columbia, Vancouver, BC, Canada; see Gaumont{molm~3), V, the effective volume of the chamber {m A
Guay et al., 2008 for a complete description). The system ighe area of ground covered by the chambef)(amd ds./dt
comprised of three temperature-controlled housings enclosthe time rate of change of the G@nixing ratio in the cham-
ing data logging, pumping and gas measurement equipmenber head space over a 60-s interval beginning 5-7 s follow-
as well as 6 to 9 chambers. The chambers are made of g lid closure (molC@mol1dryairsl). V, was esti-
clear acrylic dome fixed with a hinge to a 13-cm high PVC mated daily using the dilution technique described in detail
collar inserted 8—12 cm in the forest floor. The chambers aren Drewitt et al. (2002) and Gaumont-Guay et al. (2006a). A
about 50L in volume and cover an area of 0.2%6 rh 50- 5-day running mean with a one-day increment was computed
cm long venting tube is inserted into the top of each cham-for V, to minimize day-to-day variation. Multipl&,.; mea-
ber to allow pressure equalisation. A pneumatic system consurements performed in the same half-hour were averaged.
trols the opening and closing of the chambers. All chambers
are deployed in a 15m radius around the main equipmeng.3 Manual soil respiration measurements
stand which is located about 80 m south of the flux tower. In .
June 2004, a total of six chambers were installed on feath!n June 2004 and May 2005, 45 white PVC collars
ermoss (3 chambers), lichen (2), and sphagnum (1). In Jungheight=10 cm; diameter=9.6 cm) were installed in a 80 m by
2005, three more chambers were set up on feathermoss (@pm systematic grid, covering about half of the study area
and sphagnum (1). Shrubs were excluded from the collars. (foughly 400 m«800 m) and corresponding to the portion of
At the time of measurement, chambers were closed foithe footprint most often upwind from the flux tower. Col-
2.5 min or 3min (when 6 or 9 chambers were in use, re-lars were inserted about 8cm deep in the forest floor and
Spective|y)’ otherwise the chamber Stayed in the open posiShrubS were excluded from the collars. Manual soil res-
tion (83 or 92% of the time based on a 15 or 30 min cycle, Piration (Rs-man) Was measured on a monthly basis during
respectively). Air was sequentially circulated at 9Lmin  the 2005 snow-free season using a LI-6400 portable sys-
through ~35m of tubing (Synflex 1300, 4.0mm Internal t€m (LI-COR Inc.) coupled to a LI-6400-09 soil cham-
Diameter, Saint-Gobain Performance Plastics, Wayne, NJber (volume=991cr diameter=9.55cm; ground area ex-
USA) between the chambers and an infrared gas analysd?05€d=71.6 cR). R;-manmeasurements were made accord-
(IRGA) (model LI-6262, LI-COR Inc., Lincoln, NE, USA). ing to the soil chamber manual. More specifically, ambient
The IRGA was calibrated daily using the same procedure a§ Oz concentration was first measured by laying the chamber
the EC system (see below). Data were sampled at 1 Hz an8" its side on the ground and the LI-6400 was set to mea-

averaged every 5s. sure CQ concentrations 2 to 10 ppm (or higher for greater
Soil CO;, efflux (F,,) was calculated on a half-hour basis fluxes on rare occasions) around the ambient concentration.
using the equation: The chamber was then placed on the collar and allowed 10—

20s to equilibrate. Then, three measurement cycles were

o= paE&, 1) performed and only the last two measurements were aver-
A dt aged for further analysis. The distance between the forest

floor and the top of the collar was measured to calculate the

Fe
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actual chamber volume during post-processing. The wholeefflux from autotrophic and heterotrophic respiration origi-

measurement sequence was completed within 10 minutes atating from below-ground as well as autotrophic respiration

each location. Measurements were made between 09:00 arfcbm ground cover plants.

20:00 (LT) during one single day and measurements began First, an exponential temperature function (Eq. 2) was fit

at a different location for each measurement date in a latirto nighttime (mean chamber PARm<5umolm—2s71) F,

square fashion as suggested by Davidson et al. (2002). data to estimate daytime and missing half-howRlyayio as
follows:

2.4 Ecosystem CQ flux measurements (Ty5ecm—10)/10

Rs-auto = R10Q10 (2)

CO, fI_ux at the ecosys_tem level was mea_sured hqlf-hourlym(Rs_auto) = A+ BTs5em ()
following the EC technique as described in detail in Berg-

eron et al. (2007). A closed-path IRGA (model LI-7000, Where Q1o (=exp(10B)) is a temperature sensitivity coeffi-
LI-COR Inc.) enclosed in a thermostatic box (32®5°C)  cientandRio (= Q10exp(A)) is base soil respiration at 10

was coupled to a 3-D sonic anemometer-thermometer (moddizmolm—2s-1). A time varying factor was calculated as
CSAT3, Campbell Scientific Canada corp. (CSC), Edmon-the regression slope between measured and predicted values
ton, AB, Canada) to make 10 Hz measurements of €- using a moving window (100 good measurement points, in-
centration and vertical wind velocity at a height of 24 m. The crement of 20) to adjust for any seasonal variability of the
IRGA was calibrated daily by injecting dry, GOree nitro- ~ temperature response ff-auto 7s5cm measured in the soil
gen and an air/C®gas mixture with a C@ concentration  Pit under feathermoss served to estimate daytp@uto of

of approximately 370 ppm (0.001 ppm precision, traceablechambersinstalled on feathermoss or sphagnum, \ihlen

to NOAA/CMDL standards). Net ecosystem exchange wasmeasured in the lichen soil pit was used for automated cham-
computed as the sum of G@ux at the ecosystem level and bers over lichens. The responseffautoto 75 cmWas char-
CO; storage in the air column below the EC sensors meaacterized using a log transforme@ho function (Eq. 3) as

sured with a 5-height profile system. presented by Morgenstern et al. (2004). The transformation
provides homoscedasticity to perform linear least squares re-
2.5 Ancillary climate measurements gression. Equation (3) was also used to characterize the re-

sponse ofR;-auto 10 Ty5cm, CalculateR,-a,t0 NOrmalized for

Air temperature{,,) and vapour pressure deficit (VPD) were SOil temperature R-autd Rs-auto (Zs5cm)) and to assess the
measured at a height of 24 m with a shielded thermistor andnfluence of7;, Ts-50cm and SWC onR;-auto In all cases,
humidity sensor (model HMP45C, CSC). Soil temperatureOnly nighttime non gap-filled measurements were used.
at5 (Iyscm), 50 (Ty50cm) and 100 cm T100cm and soil wa- P was then calculated as daytinfe,—R;-auto for each

ter content at 5cm (SWC) below the active moss layer werechamber. TheP, record was gap filled using a rectangular
measured in two soil pits using thermistors (model 107, CSchyperbola function:

and reflectometers (model CS616, CSC), respectively. The o P maxPARs0 cm

two soil pits were located on different micro-sites, the first Prr = @PARsoem+ Prr (4)
one under a relatively closed canopy with feathermoss cov- ) 17 max ) )

ering the ground surface, the second one under a relativel#here« is the apparent quantum yield amtmax is the
open canopy with lichens on the ground surface. Photoli0rizontal asymptotic value aPys. As for Rs-auto @ time
synthetically active radiation was measured with quantumvarying adjustment factor (moving window) was included.
sensors (model LI-190SB, LI-COR Inc.) at a 24-m height Rs-auto @nd Py were then averaged by cover type. Equa-
(PAR>4 ) on the tower and~30 cm above the forest floor tion (4) was also used with non gap-filled data to characterize
(PAR3gcm) beside €50 cm away) seven of the nine cham- the response of y; to PARsocm and calculatePy normal-
bers. Three chambers were located within a 2-m radius anézed for light (Pys/Pys (PAR3ocm) to assess the influence
shared the same quantum sensor. Wind direction was monRf 7a; VPD and SWC orPys. _ _
tored at a 24 m height with a wind monitor (Model 05103-10, For three 2-to-6-day periods in 2004 (see Fig. 1 caption),

RM Young, Traverse City, MI, USA). all automated chambers were darkened using Lumite shade
fabrics (Synthetic Industries, Gainesville, GA, USA) to mea-
2.6 Data analysis sure daytimeR;-auto  Figure 1 presents the relationship of

measured to estimated daytinR-auto USing the modified
For each chamber of the automated system, soil respiratioRartitioning algorithm described above. Since both vari-
(Ry-auto) and photosynthesis of the forest floa? ;) were ables contain errors due to the measurement techniques, we
calculated for the snow-free season using a modified versioi#Se€d geometric mean regression as presented in Jassal et

of the Fluxnet-Canada Research Network (FCRN) standard!- (2007). Daytime estimates agreed well with measure-
partitioning and gap-filling algorithm described in detail in Ments and allowed us to calculate reliable estimates of day-

Barr et al. (2004). In our study, soil respiration refers to,CO time Ry-auto@nd Py;.

Biogeosciences, 6, 1849864 2009 www.biogeosciences.net/6/1849/2009/
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Fig. 1. Relationship between predicted (with the gap-filling algo- Fig. 2. Time series of automated (Auto; daily mean of non-gap-
rithm) and measured daytime soil respirati@y X for three periods

in 2004 when chambers were darkened (18—19 July, 27 August—
September and 22—-24 September). A log transformation was use
on both x and y to provide homoscedasticity. Given the error asso-
ciated with x, geometric mean regression was used.

filled nighttime measurements) and manual (Man) soil respiration
) measurements for three sectors of the tower footprint.

formed using SAS (version 9.1; SAS Institute Inc., Cary,
NC, USA), SigmaPlot (version 8.02; SPSS Inc. Chicago,
Estimates of soil respiration and forest floor photosynthe-IL, USA) and/or MatLab (version 7.3.0; The MathWorks
sis scaled-up to the ecosystem levRl-tcoand Prf-eco re- Inc., Natick, MA, USE) and its curve fitting toolbox (version
spectively), were computed as a weighted average,qf, ~ 1-1.6).
and Py, respectively, based on the surface area of each
ground cover for the three main cover types in the study are®.7 Adjustment of R-eco fOr spatial representativeness
(Table 1). In 2006, one chamber on feathermoss showed un-
realistic results and its measurements were thus discarded fananual soil respiration measurements made within three sec-
that year. Also, the IRGA yielded unstable measurements inors of the tower footprint showed the same general seasonal
September and October 2006, which led to the exclusion opatterns as automated measurements made in the surround-
automated chamber data for this period. ings of the flux tower (Fig. 2). Nonetheless, total gap-filled
Rs-manWas aggregated by sector and for the whole studyR;-..o was compared to total,-man for the period from 16
area. Sectors were delimited by azimuth angles from the fluxiune to 4 October 2005 to assess the spatial representative-
tower to include approximately the same number of measureness of scaled-up automated soil respiration measurements.
ment points per sector (Table 1). Each sector included collarg;-¢c, totals were calculated using daily averages from (1)
located 120 to 450 m from the tower. only nighttime measurements and (2) only daytime mea-
The EC record was quality controlled as described insurements, multiplied by 48, and (3) from the sum of both
Bergeron et al. (2007). Nighttime data under calm con-nighttime and daytime measurements to test for the effect of
ditions (friction velocity (t)<0.25ms™?) were discarded. time of measurement. This was done becaRsgn was
Net ecosystem exchange was partitioned into total ecosystemmeasured during the daytime while daytinRg-auto (thus
respiration R,) and photosynthesisPico) using the FCRN  R;-¢c0 was estimated using the partitioning algorithm de-
standard partitioning and gap-filling algorithm (see Bergeronscribed above. Totak;-man Was estimated using two com-
et al., 2007 for details). EC data were corrected for the lackmon techniques, i.e. linear interpolation between sampling
of closure in the energy budget (82% closure), as suggestedates (e.g., Davidson et al., 2006b) and derivation from an
by Barr et al. (2006). exponential temperature function (e.g., Law et al., 1999).
Monthly totals of Ry-eco, Prf-eco Re, @nd Peco Were ob- R;-eco Systematically overestimated soil respiration by 2 to
tained by summing gap-filled values. Regressions were per28% as compared t&;-man regardless of the period of the

www.biogeosciences.net/6/1849/2009/ Biogeosciences, 6, 18632009
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Table 2. Total ecosystem soil respiration as estimated by autom&ed o) and manual Rs-man) measurements, aml-autd Rs-manratio
per sector.

Totals (g C nT2 period1)

Auto Auto Auto Man Man
Sector (Night) (Day) (All (Lin) (Exp)
S 536 515 524 424 420
sSwW 523 501 510 492 490
NW 529 507 517 437 426
All 531 510 519 452 447
Ratios

Auto (Night)/  Auto (Day)/ Auto (All)/  Auto (Night)/  Auto (Day)/  Auto (All)/
Sector Man (Lin) Man (Lin)  Man (Lin) Man (Exp) Man (Exp) Man (Exp)

S 1.27 1.21 1.23 1.28 1.23 1.25
SW 1.06 1.02 1.04 1.07 1.02 1.04
NW 1.21 1.16 1.18 1.24 1.19 1.21
All 1.18 1.13 1.15 1.19 1.14 1.16

Data for the period 16 June to 4 October 2005 are included. Totals for automated measurements (Auto) were calculated using nighttime
(Night), daytime (Day), or nighttime and daytime data (All). Totals for manual measurements (Man) were calculated using values gap-filled
by daily linear interpolation (Lin) and a 5-day exponential soil temperature function (Exp).

day used for the calculation (Table 2). As well, total soil res-3 Results and discussion

piration estimated fronR,-man diverged between summation

techniques by less than 10 g Cfor the 80-day period, 3.1 Response of soil respiration to environmental

corresponding to an uncertainty of less than 3% (Table 2). factors

Hence, the method chosen to estimate snow-free season to-

tals of soil respiration from manual measurements did not3.1.1 Q10 and base respiration

account for the higher total respiration obtained from the au-

tomated measurements. 010 values derived from Eq. (3) ranged from 3.22—-4.36 for

Therefore, the average of all the ratios of automated tofeathermoss, 3.54-4.42 for lichen, and 3.33-4.04 for sphag-

manual measurements for each sector presented in Tabler&im micro-sites (Table 3) for soil temperatures varying be-

(S: 1.24; SW: 1.04; NW: 1.20; All sectors: 1.16) was usedtween 0 and 18C (data not shown). These estimates are

as a correction factor to empirically adjust the spatial repre-within the range of reported values for other boreal forest

sentativeness of our time series of automated soil respiratiosoils (e.g. Davidson et al., 1998; Rayment and Jarvis, 2000;

measurementsk;-eco adjusted for spatial representativeness Gaumont-Guay et al., 2006a, 200819 values of sphag-

(Rs-ad) was computed by decreasing each half-hour meanum micro-sites were lowest overall in 2005 and 2006 and

surement ofR-¢co by the correction factor corresponding to were consistently lower than lichen micro-sites during all

the appropriate sector. Half-hours when wind direction wasthree years.Q1¢ values estimated on a growing season ba-

from outside the three sectors or when the footprint lengthsis represent the temperature sensitivity of enzymatic activ-

did not match the source area defined above were correcteity and other temperature-dependant processes (Davidson et

using a correction factor averaged for all three sectors. Thell., 2006b) but also include phenological effects (e.g. root

footprint length was calculated using an inverse Lagrangiargrowth stage) and microbial population shifts (Janssens and

model (Kljun et al., 2004). Pilegaard, 2003; Yuste et al., 2004). Hence, our results sug-
gest that the dynamics of the processes influencing the tem-
perature sensitivity of soil C&efflux are to some degree af-
fected by forest floor vegetation type, which is, to some ex-
tent, a reflection of underlying soil properties.

Base respiration K1g) was consistently lowest under
feathermoss, intermediate under sphagnum, and highest un-
der lichen (Table 3). AccordinglyR;-auto Was highest un-
der lichen, intermediate under sphagnum, and lowest under
feathermoss at any given soil temperature (Fig. 3a—c). The

Biogeosciences, 6, 1849864 2009 www.biogeosciences.net/6/1849/2009/
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Table 3. Parameter values derived from Eq. (3) relatRgautoto 755 cm:

Year CoverType Al Bl (c 1 0l, Rip(umolm=2s7h) 2 g
2004 Feathermoss 20.057:0.003 20.117G:t0.0002 23.2240.01 23.414+0.01 0.86 2845
Lichen €0.261+0.007  ©0.1487: 0.0005 ©4.42+0.02 ©5.74+ 0.05 0.71 2845
Sphagnum  P0.196+0.006 °0.1397-0.0004 ©4.04+0.02 4.92+0.03 0.76 2845
2005 Feathermoss 2-0.299:0.005 P0.1472£0.0004 ©4.36+0.01 23.23+0.02 0.84 3649
Lichen €0.333:0.007 @0.1264:0.0005 P3.54:0.02 ©4.94+0.04 0.74 3649
Sphagnum  P0.067-0.006 @0.1228:0.0003 23.41+0.01 P3.65+0.03 0.69 3630
2006 Feathermoss 2-0.364:0.006 P0.1456:0.0003 P4.29:0.01 22.98+0.02 0.82 1907
Lichen b0.026+0.008 P0.1447:0.0005 P4.25+0.02 ©4.36+0.04 0.67 1907
Sphagnum  ©0.128£0.005 @0.1202:0.0003 23.33+0.01 P3.78+0.02 0.73 1906

1855

1 Uncertainty corresponds to 1 SE. Superscripts indicate significant differeme€s5) between cover types for each year (beginning with

a for lowest values).

Fig. 3. Relationships between soil temperature at 5cm defth{,) and automated soil respiratioR-auto) under(a) feathermoss(b)
lichen and(c) sphagnum ground cover. RelationshipsRefauto Normalized forTys ¢m (Rs-autd Rs-autd 755 cm)) With (d—f) air temperature

Rs—auto/Rs-aufo(TsEcm) Rs-auto (Hmo' m-2 3-1)
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(Ty), (g—i), soil temperature at 50 cm deptii;éocny) and (j—I) soil water content (SWC) for the three forest floor cover types. Binned

datatSE (2=100) are presented.
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spatial variability of soil respiration has been related to thethe growing season, in addition to larger amounts of water re-
physical (micro-topography, porosity, organic horizon depth,leased by snowmelt, compared to ecosystems located in the
temperature, humidity), chemical (nutrient status of mineraldrier regions of central Canada (Bergeron et al., 2007). As a
and organic horizons, organic matter quantity and quality)result, our soils stayed relatively moist, at least in deeper soil
and biological (microbial and fine root biomass, microbial horizons (data not shown), thereby partly explaining the lack
community composition) properties of the soil which can in- of a relationship between soil respiration and soil humidity
fluence either the production of GQts transport to the sur- under feathermoss and lichen. Also, root respiration is po-
face or both (Fang et al., 1998; Longdoz et al., 2000; Ray-tentially less sensitive to the drying of superficial soil layers
ment and Jarvis, 2000; Xu and Qi, 2001; Heijmans et al.,than soil organic matter decomposition (Gaumont-Guay et
2004; Khomik et al., 2006; Saiz et al., 2006). These proper-al., 2008) likely because tree root systems can access deep
ties are linked to micro-site structural characteristics that arevater that is not available to decomposers in the upper soil
in turn related to the distribution and composition of mosseslayer. In addition, micro-habitats dominated by sphagnum in
and lichens (Bisbee et al., 2001; Sulyma and Coxson, 2001)oreal black spruce forests are less favourable for tree root
Our results provide evidence that the heterogeneity of thegrowth as they are associated with wetter and colder con-
ground cover vegetation, which can represent the spatial variditions (Bisbee et al., 2001), hence microbial decomposi-
ability of soil properties, should be taken into account whention presumably contributes more to soil respiration under
characterizing or simulating the response of soil,@lux sphagnum micro-sites. As a result, it is possible that the mi-
to environmental factors. crobial populations on sphagnum microsites were more sen-
Shallow soil temperature explained 67-86% of the tem-sitive to soil moisture than those on feathermoss or lichen
poral variation ofR;-auto Under all ground cover types (Ta- microsites. The differences we observed in the response of
ble 3, Fig. 3a—c). R;-auto Normalized for soil temperature Ry-auto t0 SWC between ground cover types may therefore
(Rs-autd Rs-auto( Ts5cm)) showed a significant <0.0001)  reflect different contribution levels of autotrophic (root) and
positive linear correlation with air temperature for all three heterotrophic (microbial) respiration between micro-sites.
ground cover typesr£=0.01-0.07 for feathermoss, 0.02—
0.13 for lichen, and 0.18-0.28 for sphagnum, Fig. 3d—f). Fur-3-2  Contribution of soil respiration to ecosystem
thermore, normalize®;-auto Of feathermoss micro-sites ex- respiration
hibited a significant f<0.05), but very weak, positive corre-

lation with deep soil temperatur&6ocm in 2004 and 2005 puring the stu_dy period, mo_nthly ratios @;-eco not ad-
(r°=0.04 for both years, Fig. 3g—i). Temperature has beeHUSteCI fo_r spatial represeqtatlvenessRLoranged from_82—
demonstrated to exert a major influence on soil respiration-20%0: With values exceeding 100% on several occasions (Ta-

(Singh and Gupta, 1977; Raich and Schlesinger, 1992; Lloy !e 4.)’ suggesting our scaling method overestimated 59“ res-
and Taylor, 1994; Davidson et al., 2006a). Studies have alsg'ration at the ecosystt_am level. On the other hand, adjusted
shown that most soil respiration occurs in the upper soll Iay-_RS'ecﬁ (Rs-ad)) ]}O R, ratios ranged frorrr:l 7i% _to 100?% dur-d q
ers in northern forest ecosystems (Drewitt et al., 2005; Jassd!d the snow-free season on a monthly basis and exceede

et al., 2005). These results again emphasize the need to a&—OO% on only one ogcasion. These results emphasize the
count for different ground cover vegetation types in soil ang'Mmportance of assessing the spatial representativeness of au-

ecosystem C exchange studies as they may reflect the spati%ﬂmated soil respiration measurements when spaled up to the
ecosystem level to help resolve the mismatch in source area

}(/(;irr;/ar?rltl)lf:yeijso !\Ig:lc;jptehrgi)i?gigl]: distribution of respira between chaml_)er and EC measurements and thus produce
comparable estimates.

The ratios of Ry-5qj to R, on a snow-free season basis
ranged from 85-87% (Table 4) over the study period and are
Substrate moisture limitation oR,-auto Was apparent only within the range, put near the upper end, of.other 'pullallshed
under sphagnum when soil water content near the surfac¥alues for Canadian boreal forest sites. Soil r_esp|rat|on ac-
reached values below 0.13m~23 in 2005 (Fig. 3j-1). Soil cou_nted for 48—71% of tota_l ecosystem resplratlon_ for six
moisture has been reported to affect the soil respiration of°niferous boreal sites (Lavigne et al., 1997), 70% in a bo-
temperate and boreal forest ecosystems (Davidson et all€@l aspen forest (Gaumont-Guay et al., 2006b), and 80, 67,
1998: Subke et al., 2003: Gaumont-Guay et al., 2006a)f"md 83% for boreal aspen, black spruce, and jack pine sites,
However, Gaumont-Guay et al. (2008) also reported no effecfeSPectively (Black et al., 2005). In other ecosystems, the
of soil moisture on soil respiration for a boreal black spruce SOil t0 €cosystem respiration ratio was found to be 67% in a
site in Saskatchewan. This Saskatchewan site is located iffMPerate mixed forest (Yuste et al.,, 2005), 62% in a coastal
a topographic depression where the water table and soil wa2oudlas-fir stand (Jassal et al., 2007), 76% in a ponderosa
ter content are generally high. Our site is less hydric thanPin€ forest (Law et al., 1999), and 69% in European forests
the site in Saskatchewan but the wetter climate prevailing inanssens etal., 2001).
eastern Canada can induce more frequent rainfall throughout

3.1.2 Response to substrate moisture
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Table 4. Monthly totals ofRs-eco Rs-adj Res Pff-eco@ndPeco

Month Rleco R} Rs-ecd Re

2004 2005 2006 2004 2005 2006 2004 2005 2006
May - 50 55 - 60 61 - 083 0.90
Jun 84 119 114 97 145 124 0.88 0.82 0.92
Jul 137 143 169 148 163 161 093 0.88 1.05
Aug 149 165 166 153 150 147 0.97 1.10 1.13
Sep 125 128 127 108 121 - 1.16 1.06 -
Oct 78 85 82 68 71 - 1.15 1.20 -
Total 573 690 713 574 710 493 Mean 1.02 098 1.00
Month RY o Rl Ry_adj/Re

2004 2005 2006 2004 2005 2006 2004 2005 2006
May - 43 47 - 60 61 - 072 077
Jun 73 104 99 96 145 124 0.76 0.72 0.80
Jul 118 123 146 148 163 161 0.80 075 0.91
Aug 128 142 142 153 150 147 0.84 0.95 0.97
Sep 107 110 - 108 121 - 0.99 0.91 -
Oct 66 73 - 68 71 - 0.97 1.03 -
Total 492 595 434 573 710 493 Mean 0.87 0.85 0.86
Month P} f-eco P, Pff-ecd Peco

2004 2005 2006 2004 2005 2006 2004 2005 2006
May - 17 17 - 101 101 - 017 017
Jun 24 25 25 136 159 162 0.18 0.16 0.15
Jul 24 26 31 165 195 188 015 0.13 0.17
Aug 31 31 32 180 177 180 017 0.17 0.8
Sep 21 24 - 119 125 - 0.18 0.19 -
Oct 12 14 - 56 58 - 021 0.24 -
Total 112 137 105 656 815 631 Mean 0.18 0.18 0.17

1 values are in g C m2 month~1. Gap-filled values were used. Selethodsfor details.

The somewhat higheR,-aqj to R, ratio reported in our to higher soil respiration rates due to the absence of anaer-
study, as compared to sites in the western Canadian boreabic conditions. They also noted that soil moisture helped
forest, could be a result of regional differences within the explain anomalies in the response of ecosystem respiration
boreal forest in terms of the various component contributionsto temperature between sites at the monthly time scale, with
to total ecosystem respiration. Bergeron et al. (2007) showedur eastern site at the low end of soil water content. Thus, itis
that total ecosystem C exchange differs between our easpossible that the contribution of soil respiration to ecosystem
ern Canadian site and two other black spruce sites locatedespiration was greater at the eastern site. This finding, and
in central Canada. This difference was partly attributed tothe fact that little to no soil respiration restriction due to low
higher soil temperatures at 5 and 50cm. The higher win-soil moisture was found in our study, suggests that regional
ter temperatures were attributable to a thicker snowpackdifferences may exist in tree root phenology and physiology
at the eastern Canadian black spruce site and led to highemd/or in microbial community composition and dynamics
winter soil respiration, which may explain the proportion- and help explain the high soil to ecosystem respiration ra-
ately higher contribution of soil respiration to total ecosys- tios reported here. However, further study is needed to shed
tem respiration at this site. The eastern site also has a greatéght on these regional differences. It is also possible that the
below-ground biomass (Bergeron et al., 2007) compared tdower above-ground biomass at the eastern site or its associ-
the western coniferous sites which may have led to proporated respiration could help explain the regional differences in
tionately higher soil respiration as compared to ecosystenthe soil to ecosystem respiration ratio.
respiration at this site. Furthermore, Bergeron et al. (2007) The Rs-adj/R. ratio calculated from 5-day means tended
also observed a lower water table at the eastern site duringy jncrease throughout the snow-free season, showing val-

the second half of the growing season, which may have ledies of approximately 60% in spring and close to 100% in
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autumn (Fig. 4). On a monthly basis, a similar general in-

crease was also observed (Table 4). RhagR. ratio had e 2004
a significant negative linear correlation with the difference

between air and soil temperature for the May-June, July— 1.4 2005
August and September—October periods using daily values = 2006
(Fig. 5). Few studies have described in detail the seasona

variation of the soil to ecosystem respiration ratio. Black et
al. (2005) reported that the soil to ecosystem respiration ratio
of a boreal black spruce site was greater in mid-summer andE
in winter and reached a minimum in spring and early sum- <%
mer. Davidson et al. (2006b) showed that the soil to ecosys- &
tem respiration ratio was minimal in spring and increased to
a maximum in autumn and winter for a temperate deciduous
forest. Jassal et al. (2007) also showed a spring to autumr
increase for a coastal coniferous forest. This seasonal vari- r’=0.46
ation was related to the different phenologies of above- and 04 .
below-ground ecosystem components, to variations in sub- ’
strate supply, and to lags between changes in air and soi 120 150 180 210 240 270 300
temperature. DOY

It is worth noting that theR,-5ytd R. ratio close to one
n autumn repor'ged her(_e returns_ to a much Ipwer _valu_e byFig. 4. Time series of five-day means of tig_agj to R, ratio using
the following spring. This reset likely occurs in springtime g4 fijled values.
when warm air stimulates above-ground respiration and the
cold soil limits root growth and organic matter decomposi-
tion (Davidson et al., 2006b), thus limiting soil G@fflux  Table 5. Parameter values derived from Eq. (4) relatifg; to
and decreasing the contribution of soil respiration to totalPAR3gcm
ecosystem respiration to a minimum.

e

3.3 Response of forest floor photosynthesig¢,) to en- Cover a (X107t P
vironmental factors Year Type (molmot?)  (umolm=2s7Y) 2

. 2004 Feathermoss P4.12£0.11  P2.95£0.05 0.62 2907
3.3.1 Response to light Lichen a3.05£0.13  ©3.44+0.10 0.35 2747
Sphagnum  ©5.20£0.30  22.24+0.06 0.26 2677
Maximum photosynthetic capacity’¢rmax) Was higher for 2005 Feathermoss 35.98+0.25  ©2.17+0.03 0.32 4204
feathermoss than sphagnum in 2004 and 2005 (Table 5). Lichen abg.06£0.42  21.68£0.04 0.11 4003
Pfrmax Was lowest for lichen in 2005 and 2006 but highest Sphagnum  P7.29:0.39  P1.83t0.03 0.20 4074
in 2004. Feathermoss consistently showed lower photosyn- 2006 Feathermoss 23.70+:0.14  P2.67+0.05 0.48 3048
thetic apparent quantum yield)values than sphagnum (Ta- Lichen :3.39&0.25 Zz.oaio.oe 0.13 2902
ble 5). The same was true for lichen except in 2005 wien Sphagnum ~ °4.55£0.18  2.79+0.06 0.41 3000

was not significantly lower than for sphagnum. Feathermoss
and lichen showed significantly differestonly in 2004.

These results contrast with other published values of light
response curve parameters. Swanson and Flanagan (200d&here the water table depth is greater. Furthermore, black
reported higher maximum photosynthetic capacity and quanspruce ecosystems in central Canada are associated with wet
tum yield for sphagnum compared to feathermoss from measites where small topographic variations can have a large in-
surements made at an old black spruce site in Saskatchewafiuence on vegetation composition (Trumbore and Harden,
Goulden and Cirill (1997) also observed higher maximum1997). In eastern North America, black spruce ecosystems
photosynthetic capacity values for sphagnum than featherare commonly found on less hydric sites where micro-habitat
moss at the Northern Old Black Spruce flux site in Mani- conditions do not differ as much with microtopography, as
toba. In both studies, ecological differences between sphagwas the case at our site. The micro-site differences in light
num and feathermoss micro-sites were greater than in thand water table regimes described for central Canadian sites
present study. At these central Canadian sites, sphagnum oerere much less pronounced at our site, hence the differences
cupied open, wet micro-sites in lower elevations (hollows) among the studies in question could be attributed to differ-
where the water table is near or at the surface, while feathent environmental conditions between micro-sites. There-
ermoss was found in shady, dry upland areas (hummocksfore, the photosynthetic response of the ecosystem ground
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Fig. 5. Relationship between dailj-54jto R, ratio and the difference between air and soil (5 cm depth) temperatuf) fdiay—June(b)
July—August, andc) September—October. All correlations are significarnt(.002).
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Fig. 6. Relationships between below canopy photosynthetically active radiationzR4fRand forest floor photosynthesi® () of (a)
feathermosg(b) lichen and(c) sphagnum. Relationships 8f normalized for PABg cm (P 7/ P sy (PAR30 cm) With (d—f) air temperature
(T,), (g—i) vapor pressure deficit (VPD) arfgH) soil water content (SWC) for the three forest floor cover types. Binnedt&HEap=100)
are presented.
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cover to environmental conditions appears to depend on the

interaction between ground cover type (feathermoss, sphag e 2004

num and lichen) and microhabitat environmental conditions. 0,4 v 2005
The response of lichen photosynthesis to light is not well

documented and specific information about the physiology = 2006

of Cladinaspp. is rare. Lichens are considered to have pho- 0,3+

tosynthetic rates similar to bryophytes when hydrated (Green g
and Lange, 1994). Coxson and Wilson (2004) reported val- o
ues of maximum photosynthesis per mass un@lafiina mi- ~ 02!
tis similar to those reported for feathermoss and sphagnum.
Our results provide evidence that bryophytes and lichensgp’
have photosynthetic rates per unit ground area that are sim 01 -
ilar in range. However, our study shows that lichen has dis- '
tinct light response curve parameters and provides values fol 2=0.43
these parameters that can be used to simulate the photosyr )

ff-eco

thetic response of lichen to light. 0,0 ' '

The photosynthesis of feathermoss, sphagnum and 120 150 180 210 240 270 300
lichen saturated at relatively low irradiance values
(~200umolm=2s~1; Fig. 6a—c) that correspond to the DOY

maximum daytime irradiance below the canopy for most
days of the snow-free season (data not shown). This wa§'9-
expected, since bryophytes and lichen would likely be wellga'o'fIIIed values.
adapted to shade conditions (Green and Lange, 1994). The

saturating light levels _observed here are consistent Wiﬂboxson and Wilson (2004) reported an optimal temperature
those measured by Whitehead and Gower (2001) and Kolag, cjadina mitis photosynthesis of about 16, which is

et al. (2006) for feathermoss and with those reported bysomewhat higher than reported here. Normaliz&gg of

Swanson and Flanagan (2001) for sphagnum. For lichery,nagnum showed a sharper decline at temperatures above
photosynthesis, Coxson and Wilson (2004) reported lowergo~ compared to feathermoss and lichen, decreasing from
saturating light levels that decreased with temperatureq 4 ¢ 0.6, while normalized, of feathermoss and lichen
Kolari et al. (2006) observed that light levels at the forest yoreaged from 1.2 to 0.8. This indicates that light response

floor of a Sco?s pine forest in Finland were high enough forcurves can overestimate sphagnum photosynthesis by up
photosynthesis to saturate most of the time. On the othef, 4004 under high air temperature conditions while this

hand, Bisbee et al. (2001) suggested that the phOtOSyntthi8verestimation is limited to 20% for feathermoss and lichen.

production of thg forest floo_r is light limited. Given _thayf Sphagnum also showed a stronger decrease of normalized
reached saturation at low light levels that are typical of thePff when VPD values were above 1kPa aig; was

understory environment on our site, our results support th%Vérestimated by as much as 50% for sphagnum (normalized
idea that factors other than light (i.e., temperature and/orp

. ) +r=0.5) compared to about 25% for feathermoss and
water stress) limit the photosynthesis, and thus the carbofjcjen (normalizedP,;=0.75). No restriction ofP; was
uptake, of forest floors composed of sphagnum, feathermosgpqarved at low SWC for any of the three ground cover
or lichen. Furthermore, increased light availability due to types (Fig. 6j-I).

non-stand replacing disturbances (e.g., windthrow, canopy” ajr temperature and vapor pressure deficit can be viewed

dieback) generally increases the abundance of understorgs surrogates for desiccation as opposed to SWC that may

vascular plants thus leaving unchanged the light regime af,,¢ refiect the desiccation status of the ground cover vege-
the forest floor (Hart and Chen, 2006). tation (Fig. 6j—1). Bryophytes and lichen are poikilohydric
plants and the reduction of their photosynthetic capacity un-
der desiccating conditions is well documented (Green and
Lange, 1994; Williams and Flanagan, 1996; Schipperges and
Rydin, 1998). Our results suggest that sphagnum photo-
synthesis is more sensitive to desiccation than feathermoss

geﬂ;lt \723 ?gf\'g rfor allet;krgg g;)u_%d_g)ogegr%p;escigs'fg_ and lichen. More direct measurements of the vegetation wa-
at te{gpej;;ture:ol;gi)ogv and above. this ange suggestinr status would likely help us better understand and predict
that forest floor photosynthesis is optimal at temperaturesryOphyte and lichen photosynthesis.
ranging from 5-8C. These results are consistent with those

of Goulden and Cirill (1997) for feathermoss and sphagnum.

ig. 7. Five-day means of the ratio @ty t0 Peco Using daytime

3.3.2 Response to other environmental variables

The response of Py normalized for light
(Pyr!Prr(PAR3gcm)) to air temperature and vapor pressure
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photosynthetically active radiation (PAR}+1), air temperatureT(,) and(m—o0) mean gap-filled forest floor and ecosystem photosynthesis
(P) for 2004 to 2006.

3.4 Contribution of Prf-gcot0 Peco a decrease in daytime soil G@fflux of up to 25% due to
moss photosynthesis. Mam and Lindroth (2000) observed
The meanP f-ecd Peco ratios on a snow-free season basis an offset of soil respiration of about 20% due to forest floor
were consistent between years at 0.17-0.18 (Table 4). Thegghotosynthesis. Our results demonstrate that C fixation by
results agree with published values for mature black sprucdorest floor photosynthesis is a significant component of C
ecosystems in other regions of Canada. Swanson and Flangxchange of boreal ecosystems and that mature black spruce
gan (2001) reported that moss photosynthesis accounted f@&cosystems in the eastern portion of North America seem to
13% of gross ecosystem productivity (GEP) for the grow- obtain a similar proportion of their assimilated carbon from
ing season. Goulden and Crill (1997) estimated the contributhe forest floor compared to black spruce forests in other re-
tion of moss photosynthesis to GEP ranged between 10 anglions.
50% on a daily basis with a greater contribution observed The contribution ofPf-ecot0 Peco Was not constant over
after rain events. In our study, the forest floor vegetationthe course of the snow-free season for any of the three
accounted for as much as 45% of daily ecosystem photoyears, varying from 13 to 24% (Fig. 7, Table 4). The sea-
synthesis toward the end of the snow-free season (data naional variability of theP ;7-ecd Peco ratio was best related to
shown). Snow-free season totals Bfy-eco were 23-24%  changes in air temperature’€0.09, Table 6). This relation-
that of Ry-aqj (Table 4). Drewitt et al. (2002) also measured ship, although weak, shows that the contribution of forest
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Table 6. Relationships 0P -ecd Peco With air and soil tempera- tal conditions but light did not appear to limit photosynthesis

tures. of bryophytes and lichen during the snow-free season.
To better understand and predict the consequences of the
Variables  Parameters p r2 modification of temperature and precipitation regimes under

T y=2.33906.0.35617x+0.01278% <0.0001 0.0 different climate change scenarios, process models could uti-
a =2. —0. . <0. . . . . . .
Tesem y=3.13177-0.58279x+0.02737 <0.0001 0.04 lize the parameters and response funcnops described in this
Tusomm  y=3.62913-0.79176x+0.04379x  0.0001 0.04 paper to better characterize the physiological processes gov-
T2100cm y=3.39657-0.82296x+0.05038x  0.0003  0.04 erning C exchange of the soil and ground cover of boreal
ecosystems in eastern North America.

Daily gap-filled values were used. SEkethodsfor details.
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