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Abstract

Improved understanding of the links between aboveground production and allocation of photosynthate to below-

ground processes and the temporal variation in those links is needed to interpret observations of belowground

carbon cycling processes. Here, we show that combining a trenching manipulation with high-frequency soil respira-

tion measurements in a temperate hardwood forest permitted identification of the temporally variable influence of

roots on diel and seasonal patterns of soil respiration. The presence of roots in an untrenched plot caused larger daily

amplitude and a 2–3 h delay in peak soil CO2 efflux relative to a root-free trenched plot. These effects cannot be

explained by differences in soil temperature, and they were significant only when a canopy was present during the

growing season. This experiment demonstrated that canopy processes affect soil CO2 efflux rates and patterns at

hourly and seasonal time scales, and it provides evidence that root and microbial processes respond differently to

environmental factors.
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Introduction

Efflux of CO2 from the soil surface, hereafter referred to

as total soil respiration (Rt), generally exhibits a diel pat-

tern that is related to temperature. While it is logical that

variation in temperature should affect biological enzy-

matic processes of soil microorganisms, plant roots and

their mycorrhizal symbionts, the temperature response

of Rt is not always simple, because (1) heterotrophic res-

piration (Rh) and autotrophic respiration (Ra) may have

variable responses (Gu et al., 2008); and (2) supply of car-

bon substrate to roots could also follow temporal pat-

terns related to aboveground processes (Davidson &

Holbrook, 2009; Kuzyakov & Gavrichkova, 2010). Teas-

ing out these sources of variation in Rt is important, so

that estimates of the temperature response of Rh and

decomposition of soil organic matter are not obscured or

inflated by other covarying processes (Davidson et al.,

2006a,b). Improved understanding of the links between

aboveground production and allocation of photosyn-

thate to belowground processes will also improve our

understanding of controls on belowground carbon

cycling processes (Trumbore, 2006).

Significant lags between peak Rt and peak soil temper-

ature on diel time scales and inferred lags of hours to

days with aboveground environmental cues, such as

light and vapor pressure deficits, provide evidence for

partial decoupling of Rt from strict control by only the

belowground environment (Tang et al., 2005; Liu et al.,

2006; Savage et al., 2009). These lags could be related

either to the time required for recent photosynthate

transport through the phloem to the roots or from a pres-

sure wave function related to phloem loading to affect

root activity (Davidson & Holbrook, 2009; Kuzyakov &

Gavrichkova, 2010). If recent photosynthate is the pri-

mary source of carbohydrates for Ra and possibly also

for Rh through root exudates, then temporal variation in

Rt may be linked to plant phenological patterns at hourly

to seasonal time scales. In ecosystems that experience

strong seasonality, such as temperate hardwood forests,

the link between aboveground and belowground pro-

cesses is likely to vary with season, depending upon the

presence and activity of the canopy.

Several methods have been developed and evaluated

to tease out the components of Rt, such as isotopic anal-

yses, and removing Ra input through tree girdling and

root exclusion experiments (Hanson et al., 2001; Kuzya-

kov, 2006; Subke et al., 2006). Trenching involves sever-

ing the rooting system leading into a plot to remove the

Ra component within the plot. This method has some

potential limitations. Reduced water uptake in trenched

plots could change soil water content, which is one of

the environmental controllers of Rt in many ecosystems.

Eliminating root inputs could reduce heterotrophic

decomposition of SOM via lack of priming (Cheng,

2009). On the other hand, the severed dead roots may

temporarily increase available carbon substrate for Rh.
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Although quantitative estimates of Ra and Rh may be

uncertain due to possible artifacts, the trenching

method offers new possibilities for revealing temporal

patterns when combined with high temporal frequency

soil respiration measurements. Automated soil respira-

tion measurements permit analysis of diel patterns

across seasons. The objective of this study was to reveal

whether and when the contribution of Ra alters diel pat-

terns of Rt relative to Rh. We hypothesize that Ra is of

sufficient magnitude when the forest canopy is present

that the diel pattern of Rt is shifted relative to the diel

pattern of Rh. We also hypothesize that estimates of the

temperature sensitivity of Rt, as expressed by a simple

Q10 function, will overestimate the temperature sensi-

tivity of heterotrophic decomposition of soil carbon

(Rh), because of seasonally varying contributions of Ra

that are confounded with temperature.

Materials and methods

Soil respiration was measured at the Harvard Forest near Pet-

ersham, Massachusetts USA (42°32N, 72°11W). This site is at

340 m elevation and is characterized by a mixed hardwood

forest (dominate species Q. rubra and A.rubrum), approxi-

mately 60-years-old and 16–20 m height. Soils are well

drained and classified as Canton fine sandy loam, Typic Dist-

rochrepts. The mean annual temperature is +7.9 °C and the

mean annual precipitation is 1100 mm.

On Nov 6, 2008, a trench was excavated to 1 m depth

around a 5 m 9 5 m area, severing all roots leading into the

trenched plot. Plastic tarp was placed along the walls of the

trench and then backfilled. Three automated soil respiration

chambers were placed in each of the trenched and

un-trenched plots. This site has little understory vegetation,

but what was present in the treatment plot was clipped on

May 29, 2009. Automated measurements of soil respiration

were made once per half hour for each chamber. Pretrenching

flux measurements for all six chambers were made from Aug

22nd to Nov 5th, 2008, and posttrenching measurements were

made from Apr 22th through Oct 31st, 2009. For a description

of the automated system and data quality procedures, see

Savage & Davidson (2003), Savage et al. (2008).

The measured fluxes from the trenched plot represent the

heterotrophic component (Rh) of soil respiration, whereas total

soil respiration (Rt = Ra + Rh) was measured in the control

plot. The difference between measured fluxes represents auto-

trophic respiration (Ra = Rt�Rh = control plot flux�trenched

plot flux). However, it should also be remembered that Ra also

includes mycorrhizal respiration and potentially some micro-

bial respiration of fresh root exudates. We did not attempt to

estimate the effects of increased labile carbon (from severed

roots) within the trenched plots, due to large uncertainties in

estimation of fine root decay rates. To minimize the impact of

severed roots, the measurements in the trenched plot were

started 6 months after the trenching.

Within the control and trenched plots, volumetric soil mois-

ture was measured at 8–16 cm depth every 15 min using

Campbell Scientific Water Content Reflectometer (CS616)

probes. Data were aggregated to half hourly intervals to corre-

spond to respiration measurement rates. Soil temperature was

measured (type T-thermocouple) at 10 cm depth at half hourly

intervals. Air temperature, precipitation, and photosyntheti-

cally active radiation (PAR) were measured every 15 min at

the Harvard Forest meteorological station, located approxi-

mately 1.6 km from the study site. Data were aggregated to

half hourly sampling intervals.

Occasional malfunction of the data logging system resulted

in some missing soil moisture data (14%) in the control and

trenched plots. These data gaps were filled by using soil mois-

ture data from a soil pit approximately 1 mile away (Savage &

Davidson, 2001) that was instrumented with the same water

content probes at similar depths. When soil moisture probes

from both sites were functioning, their correlations were

strong: R2 = 0.80 (P < 0.0001).

Statistical models used for the seasonal relationship of mea-

sured respiration rates and environmental variables tempera-

ture and moisture follow Savage et al. (2009):

R ¼ Rref �Q
ðTs�10Þ

10 ð1Þ

R ¼ Rref �DðMopt�MÞ �Q
ðTs�10Þ

10 ð2Þ
where, R represents respiration, either Rt, Rh, or Ra, Rref is the

reference respiration (mg C m�2 hr�1) at 10 °C, Q is the Q10

function which is the change in respiration with a 10 °C
change in temperature, Ts is half hourly soil temperature

10 cm depth ( °C), D is a unit less parameter, M is soil mois-

ture (cm3 H2O cm�3 soil) from 8–16 cm, Mopt is the optimum

soil moisture which, based on our previous work at the Har-

vard Forest (Savage et al., 2009), is set at the maximum% soil

moisture content for the control and trenched plot.

Diel patterns of respiration for Rt, Rh, and Ra were modeled

using a sine wave function:

R ¼ yoþ A� sine
2� p� TOD

2400

� �
þ C

� �
ð3Þ

where yo represents the mean respiration rate over the time

period modeled (mg C m�2 hr�1), A is diel amplitude

(mg C m�2 hr�1), ca. corresponds to the shift of minimum

and maximum diel peaks (radians), and TOD is time of day in

hundreds.

Weighted absolute deviations (WAD) were used to fit all

models:

X ¼
Xn
i¼1

j yi � ypred j
oðdiÞ ð4Þ

where yi is the observed respiration (mg C m�2 hr�1), ypred is

the predicted respiration (mg C m�2 hr�1), and ℴ(di) is a

weighting function. Following a procedure proposed by Hol-

linger & Richardson (2005) using a paired observation

approach, the random error was characterized by an estimate

of its standard deviation, and is used as the weighting func-

tion ℴ(di) in Eqn (4). Model parameters were then optimized

by minimizing Eqn (4) using the Gauss-Newton method in

R2.7.1. As the WAD method does not produce an R2 value, the

method developed by Richardson et al. (2006a,b) to derive a
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Figure-of-Merit (FMR2) value was used. The FMR2 value from

the WAD model fitting procedure is similar to the multiple

correlation coefficient R2 from the OLS fitting procedure.

The trenching experiment was not replicated, due to the

prohibitive costs of building and maintaining large numbers

of automated soil respiration chambers distributed across a

large area. Distribution of the six chambers was constrained

by the need to connect each one to a single, centralized system

for gas analysis, valve operation, and data logging. There is

also a tradeoff between having more small plots with a greater

edge effect in each due to higher perimeter-to-area ratio, or

fewer large plots with less edge effect. In this study, the coeffi-

cient of variation (CV) of soil respiration was 27% within the

trenched plot and 21% within the control plot, which is similar

to the 22% CV measured during a pretreatment period among

six fully replicated plots of a previous throughfall exclusion

experiment at the Harvard Forest (Borken et al., 2006). We

conclude that there is as much spatial variation within these

5 m 9 5 m plots as among them.

Nevertheless, true replication would be necessary if our

objective were to make quantitative estimates of mean Rt,

Rh, and Ra that are meant to be representative of the entire

forest. Instead, our objective was to demonstrate temporal

patterns, which tend to be similar among plots within the

forest despite differences in plot means for any single time

point (Davidson et al., 1998; Savage & Davidson, 2001). The

two plots were compared during a pretreatment calibration

period, and the posttreatment divergence between plots can

then be attributed to the treatment. For this purpose, within-

plot variation among the triplicate chambers was used for

analysis of differences between plots. These analyses are not

meant to imply that the plots are quantitatively representa-

tive of spatial variation within the forest, but rather to dem-

onstrate differences in temporal variation between these two

specific plots. Bootstrapping was used to estimate parameter

space and 95% confidence intervals for Eqns. (1), (2), and

(3). Monte Carlo (MC) simulation was used to determine sig-

nificant differences between model parameters and model

outcome. R2.7.1 and Microsoft Excel were used for all statis-

tical analysis.

To determine daily sums of Ra, any missing hourly Ra data

were filled by linearly interpolating between missing flux

values. Gap filled data were only used in the determination of

daily Ra sums and only missing time periods <2 h were inter-

polated. Daily sums of gross ecosystem exchange (GEE) are

from the Ecological Monitoring Site (EMS: http://harvardfor-

est.fas.harvard.edu/data-archives, see Urbanski et al., 2007for

further site details) eddy covariance tower at Harvard Forest

which is <1 mile from the location where the trenching experi-

ment was conducted. Daily sum of GEE is the difference

between net ecosystem exchange (NEE) and ecosystem

respiration (Reco) summed per day.

Results

Mean soil respiration in the trenched plot (Rh) and con-

trol plot (Rt) were nearly identical prior to spring

bud break in 2009 and began diverging thereafter

(Fig. 1a). The difference between plots (Ra) peaked

(a)

(b)

(c)

Fig. 1 (a) Mean daily values Rt (solid square), Rh (open circle), and Ra (closed triangle) which is the difference between control-

trenched and StErr bars, (b) soil temperature at 10 cm- closed squares control, open circles trenched, open diamonds-air temperature,

(c) moisture at 8–16 cm closed squares control, open circles trenched and bars precipitation. Vertical black line is bud break, vertical

dashed light gray line is 75% leaf out and vertical dashed dark gray line is leaf fall.
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during midsummer and then declined to near zero by

autumn leaf fall. Combining all 2009 data, a repeated

measures ANOVA confirmed that Rt was significantly

greater than Rh. In contrast, during the pretrenching

measurement period, DOY 240-256 of 2008, the plot

that was to be trenched later that year had higher mean

soil respiration compared with the control plot,

although the difference was driven by high fluxes

recorded in one chamber (Table 1). Later in the autumn

of 2008 (DOY 286-289), but still before the trenching,

there were no differences between plots in mean respi-

ration.

Soil temperatures were slightly different between

treatments, with the control being generally about 1 °C
warmer than the trenched plot (Fig. 1b). This difference

may be the result of a slight difference in the depth of

the placement of the sensors rather than a difference

created by treatment effects. There were no differences

between plots in diel amplitude of soil temperature or

the time of day of peak soil temperature.

Contrary to expectations, the control plot was gener-

ally wetter than the trenched plot (Fig. 1c). However,

during the few dry periods of 2009, there was a more

rapid decrease in soil moisture in the control plot

compared with the trenched plot, indicating that root

uptake in the control plot may have been greater

during these periods. In no case, however, did soil

moisture fall below 0.12 cm3 cm�3, which is the thresh-

old previously identified, below which water limitation

to soil respiration is clear (Savage & Davidson, 2001).

Through visual examination of the 2009 seasonal

trends, data were partitioned into apparent phenologi-

cal stages: early spring (DOY 112-145, pre-full-leaf out),

spring-summer (DOY 146-210), summer-fall (DOY 211-

260), and fall (DOY261-304, after leaf fall), with Eqn. (3)

applied to each subset of data. Binning the data by time

of day for each phenological period, the parameters of

the sine wave function differed for Rt and Rh (Table 1,

Fig. 2). As expected, peak Rh occurred at about 17:30–
18:00 hours during the summer, roughly coincident

with peak 10 cm soil temperature at 17:00 hours. In

contrast, peak Rt occurred at 20:00-21:00 hours, and

peak Ra (Rt�Rh) occurred at about 22:00 hours(not

shown in table).

Hysteresis was evident in the diel respiration and soil

temperature data for both Rt and Rh (Fig 3). Rh showed

a clockwise hysteresis pattern with a narrow minor

radius whereas Rt showed a counterclockwise pattern

with a rounder minor radius, indicating a lag between

fluxes and soil temperature at 10 cm depth. The best

correlations with soil temperature across the measure-

ment periods were with a 0.5-, 2.5-, and 5-h lag for Rh,

Rt, and Ra, respectively (Fig. 4). The difference was

statistically significant for the offset term (c) in the diel

sine wave model [Eqn. (3)] only for the summer period

(Table 1). The daily amplitude term (A) in Eqn. (3) was

also greater for Rt than Rh; the difference was statisti-

cally significantly for all time periods except the early

spring and was different in the summer (Table 1). The

mean flux term (yo) was significantly higher for Rt for

all time periods (Table 1), although the difference was

small in the early spring. In contrast, there were no

differences between the same two plots in amplitude or

time of day for peak respiration prior to trenching in

2008.

Across the entire measurement period, the Q10

[Eqn. (1)] for Rh, Rt, and Ra were 2.9, 4.1, and 9.7,

respectively, with nonoverlapping confidence intervals

Table 1 Diel sine wave models for Rh and Rt at phenological stages–Eqn. (3)

DOY Plot Yo A c FMR2

2009a 112-145 early spring Rh 52.3a(51.1-53.6) 4.78(3.10-6.30) 3.41 (1700 hrs)(3.07-3.78) 0.42

Rt 55.7b(54.7-56.9) 4.06(2.52-5.60) 3.69 (1630 hrs)(3.23-4.12) 0.38

2009b 146-210 spring-summer Rh 95.6c(93.5-97.7) 6.00k(3.10-9.04) 3.12s(1800 hrs)(2.59-2.63) 0.37

Rt 124.4d(122.1-126.5) 10.36l(7.36-13.36) 2.38t(2100 hrs)(2.07-2.68) 0.67

2009c 211-260 summer-early fall Rh 110.8e(109.1-112.7) 3.76m(1.46-6.09) 3.26u(1730 hrs)(2.40-4.45) 0.12

Rt 166.4f(163.9-168.8) 10.30n(7.09-13.60) 2.66v(2000 hrs)(2.30-3.04) 0.58

2009d 261-304 fall Rh 58.0g(57.0-59.0) 4.52o(3.09-5.93) 2.83(1900 hrs)(2.48-3.18) 0.67

Rt 64.9h(63.8-66.0) 6.29p(4.73-7.82) 2.59 (2000 hrs)(2.36-2.85) 0.76

2009e 112-304 seasonal Rh 82.4i(81.2-83.4) 3.95q(2.50-5.60) 3.26 (1730 hrs)(2.84-3.66) 0.59

Rt 106.9j(105.5-108.4) 6.40r(4.31-8.44) 2.57 (1930 hrs)(2.22-2.92) 0.81

2008f 240-256 Rh 219.5w(213.5-225.6) 13.54(5.35-22.01) 2.33 (2000 hrs)(1.66-3.11) 0.03

Rt 139.7x(136.6-142.9) 10.64(6.17-15.23) 2.90 (1900 hrs)(2.47-3.32) 0.03

Rh–heterotrophic respiration-trenched plot, Rt–total respiration-control plot, yo–mean diel respiration for that period

(mg C m�2 hr�1), A-diel ampliutde (mg C m�2 hr�1), c–phase shift indicating peak timing of respiration, FMR2–Figure of merit.

Parameter plus 95% confidence range in italic brackets, Significant difference in parameter between Rh and Rt indicated by different

superscript letters for each phenological period and within each parameter column.
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(Table 2). The addition of soil moisture [Eqn. (2)]

improved model fits for both Rt and Rh, but the esti-

mated Q10 remained higher for Rt compared with Rh

(Table 2), indicating that differences in soil moisture

due to trenching did not affect the relative differences

in apparent temperature sensitivity.

Daily sum of Ra was compared with daily sum of

gross ecosystem exchange (GEE), Fig 5a). There was a

significant, nonlinear correlation between daily Ra and

daily GEE across the sampling season. Examination of

the relationship between GEE and Ra with lagged time

steps of greater than a day showed no improvement in

the correlation between GEE and Ra. At a daily time

step, there was no correlation, nor lagged correlation

between daily sum of PAR and daily sum of Ra

(Fig. 5b). During the early spring period when leaf out

was < 75%, and the late fall during senescence, there

was little change in daily sum of Ra at any PAR value

(Fig 5b, open symbols). When leaves were present on

the trees, there is a strong link between daily sum of

(a)

(b)

(c)

Fig. 2 (a) mean half hourly diel pattern for the control Rt (solid square), trenched Rh (open circle) plots, and Ra (closed triangle) for the

spring/early summer phenological period (DOY 146-210). Ra values are Rt�Rh. (b) soil temperature, (c) air temperature (open dia-

monds), and PAR (bars).

(a) (b)

Fig. 3 Normalized mean hourly flux (DOY 112-305) for: (a) trenched plot Rm vs. soil temperature at 10 cm, and (b) control plot Rt vs.

soil temperature. Flux values normalized by taking each mean hourly flux/daily mean flux. Black lines join points at times 0, 600, 1200,

1800 and 2300 h to help define the elliptical pattern.

© 2012 Blackwell Publishing Ltd, Global Change Biology, 19, 1151–1159
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PAR and Ra, with Ra increasing with increased daily

sum of PAR (Fig 5b, closed symbols). Similar results

were found when comparing maximum daily vapor

pressure deficit (VPD) with Ra (data not shown) with

no apparent correlation on a daily time step nor over

lagged time intervals >1 day.

(a) (b) (c)

Fig. 4 Mean daily flux for: (a) Rt (Rt = 17.0 9 soilT-143, R2 = 0.76), (b) Rh (Rh = 9.2 9 soilT-41, R2 = 0.50), and (c) Ra

(Ra = 11.3 9 soilT-143, R2 = 0.46) lagged with soil temperature. Dashed lines are 95% confidence intervals.

Table 2 Seasonal Models of heterotrophic (Rh), autotrophic (Ra), and total (Rt) soil respiration.

Equation 1 Equation 2

Rh-Trenched Rref = 54.76 (53.94–55.61)

Q10 = 2.9 (2.8–3.0)

FMR2 = 0.37

Rref = 62.03 (60.57–63.62)

Q10 = 3.3 (3.2–3.4)

D = 0.80 (0.77–0.82)

FMR2 = 0.40

Rt-Control Rref = 49.75 (48.91–50.65)

Q10 = 4.1 (4.0–4.2)

FMR2 = 0.54

Rref = 56.20 (55.09–57.38)

Q10 = 5.0 (4.8–5.1)

D = 0.47 (0.45–0.49)

FMR2 = 0.59

Ra-(Rt�Rh) Rref = 7.71 (6.96–8.11)

Q10 = 9.7 (9.2–11.3)

FMR2 = 0.18

Rref = 14.00 (10.63–13.57)

Q10 = 11.2 (9.7–12.0)

D = 0.86 (0.88–0.92)

FMR2 = 0.22

Italic brackets are 95% confidence intervals, FMR2 figure of merit

(a) (b)

Fig. 5 (a) Daily sum of Ra and Gross Ecosystem Exchange (GEE), (b) daily sum Ra and daily sum of photosynthetically active radiation

(PAR). Solid symbols denote time periods when leaves were present on trees, open symbols when there was < 75% leaf out. Circles

DOY 112-145, squares DOY 146-210, triangles DOY 211-260, and diamonds DOY 261-304. Model line Daily sum Ra = exp

(6.10948 + 7.982 9 10�4 9 GEE)-500, R2 = 0.58, P < 0.0001

© 2012 Blackwell Publishing Ltd, Global Change Biology, 19, 1151–1159
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Discussion

These data provide evidence that the contribution of

root respiration (Ra) to total soil respiration (Rt) varies

on both diel and seasonal time scales. The effect was

clearest when the canopy was present in this deciduous

temperature forest, indicating that aboveground phe-

nology affects the magnitude and timing of Ra and its

relative contribution to Rt. Prior to bud break, daily

amplitude and peak time of soil respiration were not

different between Rt and Rh, and the daily mean was

only slightly higher for Rt, indicating little effect of root

respiration. After bud break, however, Rt showed

higher mean daily respiration, larger daily amplitude

of soil respiration, and a later time of day for the peak

flux during the spring and summer. Once trees began

to senesce in autumn, the Ra contribution to Rt

declined, and, although the mean diel respiration and

amplitude remained significantly greater for Rt than Rh,

there was no longer a significant difference in peak tim-

ing of respiration. This indicates that during autumn,

Rt was predominately heterotrophic with some contin-

uing modest contribution from Ra, but not enough to

significantly alter the diel pattern of Rt.

The higher mean daily flux when roots were present

and active in the control plot in the late spring and

summer is not surprising, because it has been well

understood that Ra contributes a significant fraction of

Rt (Hanson et al., 2001). It follows that if Ra has a diel

cycle roughly corresponding to that of Rh, then the

amplitude of the Rt diel cycle would also be larger than

the amplitude of diel variation in Rh alone.

Different time lags between photosynthetic activity

radiation (PAR) and vapor pressure deficient (VPD)

with soil carbon efflux varying from 1 day to several

days have been reported across different forest ecosys-

tems (Ekblad et al., 2005; Tang et al., 2005; Vargas et al.,

2011). Where photosynthesis is limited by sun, the daily

sum of PAR could be correlated with substrate produc-

tion available for both aboveground and belowground

respiration. High values of maximum daily VPDmay be

linked to stomata closure and to reduce moisture loss

via transpiration, in turn reducing daily production of

photosynthate. However, for this study, we were unable

to find any time lag between Ra and any of these

variables: GEE, PAR, or VPD. This may be a unique

result in this study site or for this particular sampling

year because no periods of moisture stress were experi-

enced during this study period. There was a clear corre-

lation on a daily time step between GEE and Ra, where

high rates of GEE corresponding directly to days of high

Ra efflux. The lack of a lag between above- and below-

ground activity at daily time steps at this site may be

indicative of a fast response to climate variables.

With no apparent lag between above- and below-

ground activity at timescales >1 day, we then consid-

ered diel timescales. Variation in soil respiration at diel

timescales could be attributed to either the biological

processes, such as linkages between aboveground and

belowground processes and plant and microbe

responses to climate, or the soil physical effects on gas

transport. Modeling efforts have shown that lags

between surface soil carbon effluxes and soil tempera-

ture measured at a particular depth can, in part, be

explained by heat and CO2 transport processes induced

by different soil heat profiles between the morning and

the afternoon (Phillips et al., 2011). Through modeling

of belowground processes, plots of surface flux vs. soil

temperature show distinct elliptical patterns (Phillips

et al., 2011) and the direction and ‘roundness’ of the

minor axis of the ellipse indicate the amount of lag

between peak surface flux and peak soil temperature.

However, Martin et al. (2012)found that diel soil flux

patterns could not completely be explained by changes

in diffusion rates or depth of production in a ponderosa

pine stand; the biological effect plays the major role in

controlling the diel patterns.

In this study, although diel hysteresis for both Rh and

Rt with soil temperature was observed, the relationship

was more linear and the hysteresis effect less pro-

nounced for Rh than Rt (Fig. 3). This result in the

trenched plot indicates that the soil physical processes

of gas transport caused very little hysteresis. However,

for the control plot, Rt, where roots were present, there

was a distinct, rounder elliptical pattern, indicating that

it was the presence of roots that contributed to chang-

ing the timing between peak surface carbon efflux and

peak soil temperature. If the lag between surface flux

and temperature at any given depth was controlled

solely by physical processes through the soil, the time

of peak soil respiration for both Rt and Rh would be

identical and only the magnitude of the flux would be

different. This study is consistent with previous reports

of lags of several hours between peak soil temperature

and peak soil respiration (Tang et al., 2005; Liu et al.,

2006; Savage et al., 2009), but here we show through

root exclusion that the delay in the hour of peak soil

respiration rate was due to the presence of roots.

The time required for photosynthate, to travel many

meters from the canopy of a tree to its roots is probably

on the order of many hours to a few days (Kuzyakov &

Gavrichkova, 2010; Mencuccini & H€oltt€a, 2010; Vargas

et al., 2010). However, more rapid transmission of pres-

sure/concentration waves through the phloem, which

could provide roots with information on shoot pro-

cesses, is theoretically possible and could explain

increases in root respiration within hours of increases

in shoot photosynthesis (Thompson & Holbrook, 2004;

© 2012 Blackwell Publishing Ltd, Global Change Biology, 19, 1151–1159
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Davidson & Holbrook, 2009). In this study, peak Ra

occurred at about 22:00 hours, which was about 5 h

after peak 10 cm soil temperature, 8 h after peak air

temperature, and 10 h after peak photosynthetically

active radiation. The correlation between daily summed

GEE and daily summed Ra, with no lags at daily time

steps, suggest that daily allocation of C to roots may be

related to the same day’s photosynthesis. Furthermore,

the hourly data support the hypothesis that a link

between aboveground activity and belowground

response (Ra) also occurs at the sub-daily level, with a

lag on the order of several hours.

Lack of true replication and possible artifacts of the

trenching approach preclude confidence in quantitative

estimates of Ra relative to Rh. For this pairwise compari-

son of plots, Ra contributed 46% of Rt at the mid-summer

peak of Ra. Integrated over the entire measurement per-

iod, Ra contributed 22% of Rt. While this is within

reported ranges (Hanson et al., 2001), we suspect that

these are underestimates of Ra, because decomposition

of dead roots during 2009 resulting from the previous

autumn’s trenching could elevate the estimate of Rh,

causing Ra to be underestimated. Estimates of this effect

in the literature range from 16 to 45%, with the effect

most pronounced within the first 4–5 months after

trenching and declining to minimal levels after

4 months to 2 years (Lee et al., 2003; Comstedt et al.,

2010). As trenching was conducted six months prior to

the flux measurements in the present experiment, we

expect that the effects of severed roots due to trenching

was a small, but unknown component ofRt.

Differences in soil moisture between control and

trenched plots is another potential artifact of the trench-

ing experiment. In a trenching experiment in a pine for-

est in Sweden, Comstedt et al. (2010)found that

differences in soil moisture contributed to an estimated

29% of Rh. However, it should be noted that in this

study, differences in soil moisture between control and

trenched plots were generally less than 2%, and soil

moisture remained well above previously observed

thresholds where drought has been shown to affect soil

respiration.

While these uncertainties could have an important

effect on the quantitative estimate of Ra, analysis of the

timing of Ra on diel and seasonal time scales are less

likely to be affected.

The seasonally varying input of Ra to Rt affected the

apparent Q10 of Rt. Using soil respiration spanning sea-

sons to calculate a Q10 yields a higher value when roots

are present, because it includes the increasing influence

of growing root biomass from spring to summer, which

is confounded with increasing temperature (Boone et al.,

1998; Epron et al., 1999; Gaumont-Guay et al., 2008). Sim-

ilarly, the high Q10 calculated for Ra reflects the com-

bined effect of both the temperature sensitivity of root

respiration per gram of live root and also presumably an

increase in root biomass from spring to summer.

Improved understanding of belowground carbon

cycling processes will require identification and quanti-

fication of the linkages with aboveground processes.

We have shown that root inputs to soil CO2 production

vary seasonally and are of sufficient magnitude to alter

seasonal and diel patterns of soil respiration. For soil

respiration measurements to be used as a constraint in

ecosystem carbon cycling models, this variation in the

seasonal and daily contribution of roots must be

represented and better quantified.
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