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Summary Soil respiration (r;), soil temperature (7) and vol-
umetric soil water content were measured in a balsam fir (Abies
balsamea (L.) Mill.) ecosystem from 1998 to 2001. Seasonal
variation in root and microbial respiration, and covariation in
abiotic factors confounded interpretation of the effects of Tj
and soil water potential (‘) on r,. To minimize the confound-
ing effect of temperature, we analyzed the effect of ‘¥ on r;
during the summers of 1998-2000 when changes in T were
slight. Soil respiration declined 25-50% in response to modest
water stress (minimum ¥ of —0.6 to —0.2 MPa), and between
years, there was substantial variation in the relationship be-
tween r, and W,. In the summer of 2000, 2-m> plots were sub-
jected to drought for 1 month and other plots were irrigated.
The relationship between summertime r, and ‘¥ in the experi-
mental plots was similar to that estimated from the survey data
obtained during the same summer. In late spring and early au-
tumn of 2001, 2-m?” trenched and untrenched plots were sub-
jected to drought or exposed to rainfall. It was dry in the early
autumn and there was severe soil drying (‘¥ of —10 MPa in
untrenched plots and —2 MPa in trenched plots). In spring, r in
untrenched plots responded more to modest water stress than
in trenched plots, indicating that root respiration is more sensi-
tive than microbial respiration to water stress at this time of
year. The response to abiotic factors differed significantly
between spring and autumn in untrenched plots but not in
trenched plots, indicating that root activity was greater in early
autumn than in late spring, and that roots acclimated to the sus-
tained, severe water stress experienced before and during the
autumn.

Keywords: Abies balsamea, abiotic control, interannual varia-
tion, seasonal variation, trenched plots.

Introduction

Soil respiration (r;) will play a major role in the response of
forests to global warming (Raich and Schlesinger 1992, Grace
and Rayment 2000, Valentini et al. 2000), but a better under-
standing of biotic and abiotic controls over r, is required to pre-
dict the significance of this role. Soil respiration varies with
soil temperature (75), leading to the concern that r, will in-

crease more than gross primary production in response to
global warming, thereby reducing sequestration of carbon by
forests (Kirschbaum 1995). However, if turnover of soil or-
ganic matter is relatively insensitive to T, the positive feed-
back of global warming on carbon turnover in forest soils will
be limited (Giardina and Ryan 2000, Trumbore 2000). Soil wa-
ter content is the second abiotic factor that exerts a strong influ-
ence over r, (Schlentner and Van Cleve 1985, Hanson et al.
1993, Davidson et al. 1998, Law et al. 1999, 2001, Irvine and
Law 2002, Rey et al. 2002, Janssens et al. 2003).

Soil respiration is the sum of root respiration and respiration
by soil microorganisms. The latter is often referred to as het-
erotrophic respiration. The components of soil respiration can
have different responses to 7, and soil water content (Boone et
al. 1998). These differences add to the difficulty of forecasting
the response of r to global warming.

Measurements of r; of root-free soil samples indicate that
heterotrophic respiration is sensitive to short-term variation in
T, but the response to variation in soil water content is modest
in many soils (Orchard and Cook 1983, Howard and Howard
1993, Kirschbaum 1995, Bowden et al. 1998, Lomander et al.
1998, Zak et al. 1999). Similarly, r; of intact soil monoliths col-
lected in a Sitka spruce plantation was sensitive to changes in
T but responded only modestly to changes in soil water con-
tent (Fang and Moncrief 2001). The response of heterotrophic
respiration to soil water content may depend on the relative im-
portance of fungi in the decomposer community, as there is ev-
idence to suggest that fungi are less responsive to moderate
water stress than bacteria (Orchard and Cook 1983).

Root respiration is sensitive to temperature and soil water
content (Boone et al. 1998, Burton et al. 1998, Atkin et al.
2000, Pregitzer et al. 2000, Maier and Kress 2002, Burton and
Pregitzer 2003); however, predicting responses is complicated
by seasonal variation (Vose and Ryan 2002) and acclimation to
the prevailing environmental conditions in some (Atkin et al.
2000), although perhaps not all (Burton and Pregitzer 2003),
species. Moreover, changes in root respiration in response to
environmental stress may, in part, reflect increased root mor-
tality (Espeleta and Eissenstat 1998, Pregitzer et al. 2000).

Trenched plots provide a means of partitioning r, into root
and heterotrophic respiration (Hanson et al. 2000). The use of
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trenched plots may, therefore, bridge the gap between simple
correlative field studies of the relationship between r; and en-
vironmental variables and studies that examine root respira-
tion and heterotrophic respiration separately.

Between 1998 and 2001, we measured r,, T, and volumetric
soil water content (from which soil water potential () was
estimated) in a New Brunswick balsam fir (Abies balsamea
(L.) Mill.) ecosystem. In 2000, a drought treatment was im-
posed and, in 2001, both drought and trenching treatments
were imposed.

In southern New Brunswick, potential evapotranspiration
can exceed precipitation during the growing season (Lavigne
et al. 2003), which means that ‘¥ at our experimental site can
vary substantially over the course of the summer, whereas 7
varies relatively little. We therefore analyzed summer data for
evidence of effects of ¥ on r, unconfounded by covariation in
T, (Davidson et al. 1998). In summer 2000, we subjected small
plots to drought to obtain a wider range of ‘¥ values for corre-
lative analyses of the relationship between r, and ¥,. In 2001,
we imposed drought on trenched and untrenched plots to test
the hypothesis that root respiration is more sensitive to drought
than heterotrophic respiration in a typical balsam fir ecosys-
tem. We imposed drought in late spring and again in early au-
tumn to obtain data over wide ranges of 7 and ¥ to better test
the fitting of a model that predicts r; responses to 7, and soil
drying simultaneously. Because earlier work suggested that r;
and the relative contribution of roots to r, are both greater in
autumn than in spring (Lavigne et al. 2003), we hypothesized
that r, would be more sensitive to soil drying in autumn than in

spring.

Materials and methods

Site description

Measurements were taken at a 40-year-old balsam fir site on
the Acadia Research Forest near Fredericton, New Brunswick,
Canada (46°02" N, 66°23” W) (Bernier et al. 1999). The soil is
a humo-ferric podzol, with a sandy loam texture (57% sand,
34% silt, 9% clay), a stone content (> 2 mm) of 42% by vol-
ume, and a compacted layer at a depth of 50 cm. In 1998, mean
tree height was 10 m, mean diameter was 11.2 cm, there were
2700 trees ha™!, and estimated leaf area index (half total leaf
area) was 14.9 based on allometric relationships with sapwood
cross-sectional area (M.B. Lavigne, unpublished data). Be-
tween 1998 and 2001, mean annual air temperature at the site
was 5.6 °C, mean annual soil temperature at 5 cm depth was
6.1 °C, and mean growing season (May 1-October 30) precip-
itation was 453 mm.

Air temperature was monitored 1.5 m above ground with a
Campbell Scientific (Logan, UT) CS500-L temperature probe
and soil temperature was recorded at a depth of 5 cm in three
locations with copper-constantan thermocouples. Precipita-
tion was measured above the canopy with a TE525M tipping
bucket rain gauge (Texas Electronics, modified by Campbell
Scientific). Soil water content (6;) in the upper 30 cm was
measured with a CS615 water content reflectometer (Camp-

bell Scientific) inserted vertically at the surface. Observations
were taken every 5 s and 30 min means were stored in the data
logger.

Soil respiration

Carbon dioxide efflux from the soil was measured with a por-
table photosynthesis system (LI-6200, Li-Cor, Lincoln, NE)
attached to a closed, dynamic soil respiration chamber
(Li-Cor, Model 6000-09). The respiration chamber was placed
on a thin-walled polyvinyl chloride collar, 10 cm in diameter,
inserted into the soil. Each collar was 5 cm deep, with a sharp-
ened edge that was inserted 2—3 cm into the soil. Collars were
left in place for a year. Herbaceous vegetation was removed
from collars when encountered. Standard procedures (Norman
etal. 1992) were followed in measuring soil respiration: air en-
tering the chamber was partially scrubbed of CO, to reduce the
concentration to below ambient before starting a sequence of
four measurements during the course of which CO, concentra-
tion rose continuously in the closed gas exchange system. The
measurement yielding a mean CO, concentration closest to
ambient was selected for subsequent analyses. A thermocou-
ple was inserted 5 cm into the soil to record 7T during the mea-
surement of r,.

Survey data

During 1998, 1999 and 2000, we measured soil respiration on
45 days at 20 undisturbed locations scattered throughout the
site. Volumetric soil water content was measured on the same
days, but only in the vicinity of the weather station. In 1998,
measurements were taken on 14 days between July 8 and De-
cember 9, during which time 7, varied between 0.7 and
16.3 °C, and 6, varied between 12.5 and 33.9%. Measurements
were made on 17 days in 1999 between April 23 and Decem-
ber 3, with a T range of 0.1 to 16.0 °C, and a 6, range between
8.7 and 31.5%. In 2000, measurements were made on 14 days
between May 16 and October 23; T varied between 5.3 and
15.1 °C, and 6, varied between 10.6 and 22.0%. Covariation in
T, and O, (Davidson et al. 1998) makes it difficult to assess the
independent effects of these factors on r,. We therefore ad-
justed r, for temperature and analyzed data for each season
separately, to assess variation in the response of r; to 0;.

Drought and irrigation experiments

Experiment 1 This experiment, which examined the relation-
ship between r; and 6,, was conducted in July and August when
T, varied little. In 2000, five wooden frames, 2 X 2 m, were con-
structed and fixed on posts 1-1.5 m above ground. Clear plastic
sheeting was affixed to the wooden frames on June 30 and left
in place until August 11. Frames were constructed and installed
such that rainwater drained toward one corner, where it was
collected in a tub. A soil respiration collar was installed near
the center of each drought-treated (D) plot. Ten soil collars
were installed 20 m or more from the nearest D plot, and the
soil in and around the collars was irrigated (I plots) on July 24
with water collected in tubs from the D plots. Soil water content
in the upper 30 cm of soil (including surficial organic layers)
was measured in the D plots and in five of the I plots by time do-
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main reflectometry (Water Point Model MP-917, Environmen-
tal Sensors, Victoria, B.C., Canada) with 30-cm-long,
single-diode, single-segment probes (Model SDP-30 cm) left
in place for the season. Soil respiration, T and 6; were mea-
sured on 13 days during 2000 in the D and I plots.

Experiment 2 In 2001, measurements were again made in the
five D plots and 10 I plots established for Experiment 1. In ad-
dition, two trenched and drought-treated (TD) plots, and two
trenched and irrigated (TI) plots were also measured. Each
trenched plot was 2 m* Trenches were 30 cm deep and severed
most or all roots entering the plot. The trenches were backfilled
after lining with landscaping fabric to prevent root ingrowth.
Measurements taken in the trenched plots during 1999 and
2000 have been reported previously in a study of the partition-
ing of r; between root and heterotrophic respiration (Lavigne et
al. 2003). In the current experiment, trenched and untrenched
plots were compared to assess whether the response to 0; dif-
fers between root and heterotrophic respiration. Differences in
1, between trenched and untrenched plots in response to
changes in 6; were assumed to be due to root activity. We did
not attempt to partition r; because of the small number of
trenched plots per treatment; consequently, it was unnecessary
to account for the additional heterotrophic respiration in
trenched plots arising from decomposition of roots killed by
trenching.

Soil water probes were installed in three D plots, three I
plots, both TD plots, and both TI plots. Volumetric soil water
content was recorded manually at the same time that r, was
measured.

Because root and soil microbial contributions to r; vary dur-
ing the year (Lavigne et al. 2003), drought and irrigation treat-
ments were applied in late spring and early autumn to
determine whether responses of 7, to 6, differed among sea-
sons. Rain was excluded from the D plots between June 6 and
June 29, and again between September 2 and October 31, and
from TD plots between June 18 and July 9, and again between
September 2 and October 31. The I and TI plots were watered
on June 21. All plots were watered on July 12, several days af-
ter opening up the drought-treated plots to receive rainfall.
Measurements were taken on 39 days during and between
drought periods in 2001.

Calculation of water potential

Soil water potential was computed from measured 6, based on
the equations of Saxton et al. (1986), which relate soil texture
to parameter values needed for calculating ‘¥ from 6.

Data analysis

Between droughts, during July 2001, , in the five D plots was
20% less than in the 10 I plots, and 7, in the two TD plots was
27% greater than in the two TI plots, reflecting the variability
in the stand. Accordingly, we increased all measured values of
ry in D plots by 20% and decreased all measured r, values in
TD plots by 27%, to facilitate combining treatments for analy-
ses of the relationship between r; and ‘¥,.

Regression analyses

Equation 1 was used to describe the relationship between res-
piration and temperature in each year of the survey data:

£ =ae" " (1)

where 7, is predicted soil respiration (umol m~2 s, T, is soil
temperature (°C) at 5 cm depth, and a and b are coefficients es-
timated by nonlinear regression. Janssens et al. (2003) and
Janssens and Pilegaard (2003) have shown that the exponential
equation is at least as effective as alternative equations for de-
scribing the relationship between T and r,. The coefficient b
provides an estimate of Qy (= €'%%). Because 10 is subtracted
from T, the coefficient a is an estimate of 7, at 10 °C (7).
Interannual differences in r, were assessed based on compari-
sons of coefficients by one-way analysis of variance and
I-tests.

To examine reasons for variations in r, other than variations
in T in the survey data and in Experiment 1, we estimated a
value of ry, for each observation by reworking Equation 1 as:

s
ho = eb(rﬂf 10) (2)

where b is set at 0.0693 (corresponding to Q) = 2.0; the ratio-
nale for selecting this value of b is explained in the Discus-
sion), and ry is observed soil respiration. Soil respiration at
10 °C can vary seasonally or in response to ‘¥;. These sources
of variation were examined by plotting r| versus ‘¥, separately
for spring, summer and autumn. A narrow range of 7, was ob-
served during Experiment 1 (less than 4 °C) and for summer
measurements in the survey database, making it inappropriate
to analyze these data for simultaneous responses to 7, and ‘¥,.
Therefore, the following equation was used to investigate the
effect of W on ry in Experiment 1 and during the summer peri-
ods of the survey:

Ry = ce™ 3)

where 7, is predicted soil respiration at 10 °C, and ¢ and d are
coefficients estimated by nonlinear regression. Interannual
variability of responses to soil water in the survey data was as-
sessed by one-way analysis of variance.

The effects of T, and ¥, were assessed simultaneously in
Experiment 2 with the following equation, derived by substi-
tuting Equation 3 for coefficient a in Equation 1:

Po= (ce™t)ebT:710) 4)

where coefficients are estimated by nonlinear regression. Val-
ues of coefficients were estimated for trenched locations by
pooling data from TD and TI plots and for untrenched loca-
tions by pooling D and I plots. Values of coefficients were
compared by z-tests to assess seasonal variation and compare
locations having little or no root respiration with locations
having normal root respiration.
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Results

Annual variation in climate

Soil temperature rose rapidly between late April and mid-
June, remained relatively constant from late June until late Au-
gust, and declined slowly between September and December
(Figure 1); however, variations about this general pattern
caused annual climatic statistics to vary among years
(Table 1). Mean growing season 7, was highest in 1999 be-
cause T between mid-July and late September was higher than
observed in other years (Figure 1). In comparison, in 1998, the
mean growing season 7 was almost as high as in 1999 because
the soil began warming about 2 weeks earlier and remained
warmer in May and June than in other years. Mean growing
season Ty was lowest in 2000 because of comparatively low
temperatures between late May and late June.

Two days with high rainfall in September of 1999 (Figure 1)
caused that year to be the wettest (Table 1), despite rainfall be-
ing below average for most of the growing season. Rain fell
frequently during each growing season, but periods of
1-3 weeks without precipitation occurred in all years. Periods
with little or no rainfall were shortest and least common in
2000. Year 2001 was driest because there were no days with
more than 40 mm of rainfall, and there were extended periods
with little or no rainfall in July, August and September. The
soil at this site is well drained, with limited capacity to store
water and, therefore, 0, declined rapidly in the days following
rain (Figure 1). There were four periods of 1 week or more
with low 6, in 2001 and one in 1999. In 1999 and 2001, there
was a trend of decreasing 0, between May and September, but
this trend was less pronounced in 2000.

Soil temperature varied little diurnally or weekly (Table 2).
Minimal diel and weekly variation of 7, occurred during win-
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tation in the studied balsam fir stand in
central New Brunswick.
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Table 1. Climate data recorded at a balsam fir stand in central New Brunswick. Growing season is defined as May 1 to October 31.

Year Mean Mean Mean Mean Mean Growing
annual air growing season annual soil growing season growing season season
temperature air temperature temperature soil temperature soil water precipitation
O °O °O O (%) (mm)

1998 5.89 13.97 6.65 12.01 21.76 4923

1999 6.22 14.98 6.14 12.05 19.00 528.3

2000 4.85 12.75 5.44 10.61 19.46 436.8

2001 5.42 14.71 6.09 11.73 15.31 3559

! Data first recorded on July 3.

Table 2. Daily and weekly variability in soil temperature at 5 cm depth
in a balsam fir stand in central New Brunswick

Year Daily temperature range ~ Weekly temperature range

Mean  Max. Min.  Mean Max. Min.
1998 1.18 3.55 0.11 3.13 8.10 0.53
1999 1.32 3.69 0.09 3.84 8.43 0.53
2000 1.16 3.56 0.07 3.26 8.93 0.37
2001 1.30 3.88 0.11 3.52 8.28 0.62

ters when snow cover was intact. Maximal diel and weekly
variation of T occurred sporadically between May and No-
vember. Median weekly range of soil temperatures during the
growing season of all years was approximately 4 °C.

Responses of r, to T, and Y based on survey data

We estimated coefficients of Equation 1 for each year based on
the survey data (Figure 2). Results of the regression analyses
are summarized in Table 3. Neither coefficient a (P =0.67) nor

12 | .

e 1998 ,
u [ ]

= 1999 . ./

rs (umol m-2s-1)

0 . . ;
0 5 10 15 20

Soil temperature (°C)

Figure 2. Relationship between soil respiration (r;) and soil tempera-
ture at 5 cm depth (75) in a balsam fir stand in central New Brunswick
over 3 years. Lines show fit to Equation 1 for each year. Regression
statistics are provided in Table 3.

Table 3. The fit of Equation 1 to the relationship between soil respira-
tion (ry) and soil temperature (75) at 5 cm depth (7, ) based on measure-
ments taken as part of a survey repeated on different days during each
growing season, where a and b are coefficients, rafjjumd is the adjusted
coefficient of determination, and Q| is calculated from b (Qp = o' )
for a balsam fir stand in central New Brunswick. Standard errors of re-
gression coefficients are shown in brackets.

Year a b n ra%ijusled QlO
(umol m~2s7Y (°C™h

1998 5.04 (0.45) 0.092 (0.017) 14 0.78 2.50

1999 5.40 (0.51) 0.110(0.021) 17 0.74 3.00

2000 4.81(0.44) 0.098 (0.018) 14 0.76 2.67

b (P =0.79) differed among years.

A relationship between ry, and ¥, existed in summer but not
in spring or autumn (Figures 3a—c). Soil water was plentiful
during spring and autumn in all years, and was unrelated to the
wide range of observed rj,. Summertime variation in soil tem-
perature was only 3—6 °C in the years 1998-2000, whereas ‘¥
ranged between —0.15 and —0.006 MPa in 1998, —0.62 and
—0.009 MPa in 1999, and —0.28 and —0.017 MPa in 2000.
Equation 4 adequately described the variation in r; due to ¥,
(Figure 3d, Table 4). Despite substantial differences among
years in the apparent relationship between r, and ‘¥, values of
d in Equation 4 were not statistically different, possibly be-
cause of the small sample sizes (Table 4).

In each year, the value of b estimated by Equation 4 (Ta-
ble 4) was lower than the value estimated by Equation 1
(Table 3), but differences were not significant in any year.

Responses of r to drought and irrigation

Experiment 1~ Soil water potential declined in D plots during
the imposed drought in summer 2000 and rose to the value of |
plots shortly after ending the drought. At the same time, ¥ rose
with rainfall and irrigation, and declined between waterings in
the I plots (data not shown). During the experimental period, 7
varied by less than 3 °C, so Equation 3 was used to assess the
extent to which W explained variation in r; (Figure 4). Values
of ¢ and d were statistically similar to those observed in the
survey data in 2000 (Table 4).
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Soil water potential (MPa)

Experiment 2 Imposed droughts in late spring and early au-
tumn of 2001 reduced ¥ compared with the ¥ of I plots, al-
though ¥ did not decline as much in TD plots as in D plots
(data not shown). The main effect of the drought treatment was
to extend the range of ‘¥, values during the experimental peri-
ods. Soil water potential was lower during the autumn 2001 ex-
perimental period than at any other time during the study
(Figure 1) and, as aresult, the widest range of ‘¥ values was ob-
served in 2001 (Figures Se and 5f). During the late spring ex-
perimental period, soil water was plentiful and the drought
treatment induced only a modest range of ‘¥, values (Figures 4¢
and 4d).

The relationship between r, and T appeared to be similar in
spring and autumn for both trenched (Figure 5b) and
untrenched plots (Figure 5a); however, values of b differed
significantly between seasons (Table 5), but not between
trenched and untrenched plots in either spring or autumn
(Table 5).

Soil water potential (MPa)

line; 1999 = dashed line; and 2000 =
dash-dot-dot line).

The relationship between r; and ‘¥ differed between sea-
sons and between trenched and untrenched plots (Figures
5c—f). For trenched plots, values of ¢ and d were similar in
spring and autumn (Table 5), and it appears that one set of co-
efficients could be used in both seasons (Figure 5d). For
untrenched plots, the value of d was higher in spring than in
autumn (Table 5), and it appears that a different set of coeffi-
cients is required for each season (Figure 5c). In spring, the
value of d was greater in untrenched plots than in trenched
plots, but the opposite was found in autumn. In autumn, the
range of ¥ values was much greater in untrenched plots than
in trenched plots. When Equation 4 was fitted for untrenched
plots in autumn based on measurements when ¥ was greater
than —2 MPa, the resulting value of b (0.33 + 0.087) did not
differ significantly (P = 0.79) from that of trenched plots (Ta-
ble 5). The value of ¢ was higher in untrenched plots than in
trenched plots (Table 5), because roots contributed normally to
1y in untrenched plots whereas roots made little contribution to
rs in trenched plots. However, the contribution of roots is not

Table 4. The application of Equation 4 to the relationship between summertime soil respiration (r;), soil temperature (7;) and soil water potential

(¥,) in the upper 30 cm, where b, ¢ and d are coefficients, r;jjusw

1 1s the adjusted coefficient of determination, and SEE is the standard error of esti-

mate of the predicted values. Standard errors of regression coefficients are shown in brackets. One-way analysis of variance comparing coefficient
values among years yielded P-values for b, ¢ and d of 0.95, 0.43 and 0.21, respectively.

2

Year b c d n Fadiusted SEE
cc™h (umol m~2 571 (MPa™)

1998 0.061 (0.033) 6.57 (0.96) 3.17 (1.75) 7 0.43 1.26

1999 0.075 (0.039) 7.53 (1.20) 1.02 (0.34) 8 0.60 1.44

2000 0.064 (0.027) 5.83 (0.69) 0.81 (0.61) 10 0.47 0.86
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simply the difference in ¢ between untrenched and trenched
plots, because there is additional heterotrophic activity in
trenched plots as a result of decomposition of roots killed by
trenching. Because of the small number of trenched plots in
each treatment, we did not attempt to estimate the microbial
and root contributions to r for this site.

Discussion

Our results support the view of Rayment and Jarvis (2000) and
Widén (2002) that data collected in the field over a relatively
short interval, such as a week, are unlikely to provide an accu-
rate estimate of a temperature coefficient describing the re-
sponse of 7, to Ty. First, our monitoring showed that 7 usually
varied over a narrow range during the course of a week
(Table 2), as has been found at other sites (Buchmann 2000,

respectively, and 12, = 0.28. Morén and Lindroth 2000, Janssens et al. 2001, Drewitt et al.
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with high ‘¥ are shown in (c) and (d) for
comparative purposes.
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Table 5. The fit of Equation 4 to the relationship between soil respiration (7;), soil temperature (75) and soil water potential (‘Fs) in the upper 30 cm,
where b, ¢ and d are coefficients, rzadjusmd is the adjusted coefficient of determination, and SEE is the standard error of estimate of the predicted val-
ues. Standard errors of the regression coefficients are shown in brackets. Results of 7-tests comparing coefficient values between spring and au-
tumn and between trenched and untrenched plots are reported as P-values.

2

Treatment Season b c d n Fadjusted SEE
“ch
Untrenched Spring 0.095 (0.010) 5.61 (0.28) 15.28 (2.57) 30 0.77 0.53
Untrenched Autumn 0.050 (0.012) 5.3(0.26) 0.11 (0.020) 28 0.70 0.80
Trenched Spring 0.092 (0.010) 2.94 (0.17) 5.22(2.83) 38 0.71 0.43
Trenched Autumn 0.028 (0.009) 2.69 (0.15) 0.30 (0.151) 28 0.49 0.41
Comparison t-test (P-values)
Treatment Season Versus Treatment X Season b c d
Untrenched Spring Untrenched Autumn 0.005 0.42 <0.001
Trenched Spring Trenched Autumn <0.001 0.29 0.14
Untrenched Spring Trenched Spring 0.84 <0.001 0.013
Untrenched Autumn Trenched Autumn 0.15 <0.001 0.012

2002, Widén 2002). Second, a wide range of ‘¥ values can be
experienced over a 1-week period at this site (Figure 1), which
can confound interpretation of the relationship between r, and
T, (Kelliher et al. 1999, Law et al. 1999, 2001).

Collecting measurements over an entire growing season to
estimate the temperature response of r; yields observations
over a wide range of Ty, but problems with interpreting the re-
sults arise because (1) there are seasonal variations in the
quantity and activity of both roots and soil microorganisms
(Hanson et al. 1993, Epron et al. 1999, Law et al. 1999, Morén
and Lindroth 2000, Rayment and Jarvis 2000, Janssens and
Pilegaard 2001, Drewitt et al. 2002, Widén 2002), and (2) soil
water content often co-varies with 7, (Hanson et al. 1993,
Davidson et al. 1998, Epron et al. 2001, Janssens et al. 200 and
Drewitt et al. 2002). We also observed that periods of low ‘¥
are more common during summer when 7 is high (Figure 1).

The temperature response of r, can be overestimated if sea-
sonal variation is not taken into account. For example,
Janssens et al. (2001) found that diurnal variation in r, was
overestimated when responses to 7 were predicted with pa-
rameters calculated from data collected over the entire field
season, and Epron et al. (2001) calculated a Qo = 3.9 from r;
measurements collected over a growing season, but observed
Q0= 2.2 for root respiration measured over short intervals un-
der controlled conditions. Similarly, at our balsam fir site, val-
ues of Q, between 2.5 and 3.0 were estimated based on data
collected over several growing seasons (Table 3), but this
probably overestimates the short-term response of 7, to
changes in 7.

The relationship of r, with Wy is less well studied than the re-
lationship with 7§ and, as a result, many uncertainties exist.
Several equations have been used to describe the r—F, rela-
tionship, with no consensus as to the best equation. This prob-
lem arises in part because both 6, and ¥ have been used as the
measure of soil water availability, and because of the tendency
for T, and soil water availability to co-vary. We followed the

most common approach and used an equation that includes
both T and ¥, (Schlentner and Van Cleve 1985, Hanson et al.
1993, Davidson et al. 1998, 2000, Epron et al. 1999, Fang and
Moncrieff 1999, Moncrieff and Fang 1999, Qi and Xu 2001,
Janssens et al. 2001, Drewitt et al. 2002). However, the use of
such an equation is based on the assumption that the effects of
T, and ¥, on r, are multiplicative and independent. Moreover,
in the past, seasonal variation has not been taken into account
when using the combined equation. We made the common as-
sumption about the independence of r, and ¥, but we did ac-
count for seasonal variation.

Modest water stress caused a substantial reduction in 7y at
the study site. In most of our data sets, the lowest W was
greater than —1.0 MPa; however, r, declined by 25-50% com-
pared with when soil was at field capacity (Figures 3d, 4, 5c
and 5d). This response could be because balsam fir grows only
in moist cool climates on moist well-drained sites, and even
modest water stress is known to affect its functioning. Severe
soil drying was observed only in autumn 2001 (Figures 5e and
5f), and it caused only a small further decrease in r; compared
with r, measured under conditions of modest water stress. It is
possible that roots in this balsam fir ecosystem acclimated to
water stress as soil water content declined from field capacity,
so that the acclimated roots were much less sensitive to further
declines in W (Atkin et al. 2000).

The estimated value of d appeared to depend on the range of
¥, available for its determination. Low values of d were esti-
mated in autumn 2001 when the range of ¥ was high (Ta-
ble 5). In contrast, high values of d were estimated in spring
2001 (Table 5) and the summers of 1998—2000 (Table 4, Fig-
ure 4) when narrower ranges of ‘¥ and a modest degree of wa-
ter stress were observed. The low values of d in autumn 2001
may reflect acclimation of the roots to water stress (Atkin et al.
2000), but it is also possible that d can only be estimated accu-
rately when there is a wide range of V.
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Summer measurements from the survey data were suitable
for assessing the role of ¥ on ry at this site. This is because 7
varies little during summer, whereas ‘¥ varies episodically
over the summer. Also, there is much less seasonal variation in
1, to confound interpretation of the relationship between r; and
¥, during summer than during spring or autumn (Lavigne et
al. 2003). Based on summer measurements only, we found that
W, explained a significant amount of the variation in r
(Figure 3d, Table 4). The survey data collected in spring and
autumn could not be used to assess the relationship between r;
and W at this site, because seasonal variations confounded the
relationships of r, with both 7 and ¥, (Figure 3a—c), and T
and ¥ co-varied.

Seasonal variation occurs because the respiratory activities
of roots and soil microorganisms vary during the year. The 7,
of roots and microorganisms might also respond differently to
T, and ¥ during the year. Our results suggest that root respira-
tion is greater in autumn than in spring and consequently plays
a larger role in determining the response of 7, to 7 and ‘¥, dur-
ing that season. We observed that r and its responses to abiotic
factors clearly differed between spring and autumn in
untrenched plots (Table 5, Figures 5a, ¢ and e), but r, and re-
sponses to abiotic factors were similar during spring and au-
tumn in trenched plots (Table 5, Figures 5b, d and f).

The modest response of r to soil drying in the trenched plots
(Figures 5d and 5f) is similar to the r response observed in soil
monoliths collected from a Sitka spruce ecosystem (Fang and
Moncrieff (2001), and in incubated soil samples collected
mostly from conifer ecosystems (Howard and Howard 1993,
Bowden et al. 1998, Lomander et al. 1998, Leir6s et al. 1999).
Fungi dominate the decomposer community in acidic soils
such as the one at this balsam fir ecosystem and are only mod-
erately affected under conditions of modest water stress (Or-
chard and Cook 1983, Davidson et al. 1998). The role of fungi
may, therefore, explain the modest response of r; to soil drying
in the trenched plots.

In contrast to studies in soil that lacks or has reduced root ac-
tivity, field studies in undisturbed locations usually measure
large r; responses to variation in soil water content (Hanson et
al. 1993, Davidson et al. 1998, 2000, Epron et al. 1999, Qi and
Xu 2001, Drewitt et al. 2002). In addition, Burton et al. (1998)
found that root respiration was sensitive to soil water content.
This seasonal variation in root respiration might occur because
the relative contribution of root respiration to r, fluctuates dur-
ing the year (Lavigne et al. 2003), or because sensitivity of
roots to temperature and water stress changes during the year
as rates of root production and standing crop of fine roots rise
and fall (Atkin et al. 2000, Pregitzer et al. 2000).

We conclude that interannual differences in r, make it inap-
propriate to combine data collected over several years to estab-
lish relationships between r; and abiotic factors. The wide
variation in r; shown in Figure 3d argues against combining
years to establish a relationship between r, and V. Interannual
differences in the relationship between r, and ‘¥, were greater
than differences in the relationship between r; and T (Fig-
ure 2), although the interannual differences were not statisti-

cally significant (Table 4). The lack of statistical significance
may be associated with the small number of observations
available to estimate the coefficients for each year.
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