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8 [1] This study explored biotic and abiotic causes for spatio-temporal variation in soil
9 respiration from surface litter, roots, and soil organic matter over one year at four rain
10 forest sites with different vegetation structure and soil type in the eastern Amazon, Brazil.
11 Estimated mean annual soil respiration varied between 13–17 t C ha�1 yr�1, which
12 was partitioned into 0–2 t C ha�1 yr�1 from litter, 6–9 t C ha�1 yr�1 from roots, and
13 5–6 t C ha�1 yr�1 from soil organic matter. Litter contribution showed no clear seasonal
14 change, though experimental precipitation exclusion over a one-hectare area was
15 associated with a ten-fold reduction in litter respiration relative to unmodified sites. The
16 estimated mean contribution of soil organic matter respiration fell from 49% during the
17 wet season to 32% in the dry season, while root respiration contribution increased from
18 42% in the wet season to 61% during the dry season. Spatial variation in respiration
19 from soil, litter, roots, and soil organic matter was not explained by volumetric soil
20 moisture or temperature. Instead, spatial heterogeneity in litter and root mass accounted
21 for 44% of observed spatial variation in soil respiration (p < 0.001). In particular, variation
22 in litter respiration per unit mass and root mass accounted for much of the observed
23 variation in respiration from litter and roots, respectively, and hence total soil respiration.
24 This information about patterns of, and underlying controls on, respiration from different
25 soil components should assist attempts to accurately model soil carbon dioxide fluxes over
26 space and time.
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32 1. Introduction

33 [2] Soil respiration (Rs) releases 75–80 billion tons of C
34 each year [Schlesinger, 1977; Raich and Potter, 1995;
35 Raich et al., 2002]. This efflux is more than 11 times the
36 recent rate of C produced from human combustion of fossil
37 fuels [Marland and Boden, 1993]. So even a slight propor-
38 tional change in global Rs could significantly alter atmo-
39 spheric CO2 levels, and hence climate. Rs usually accounts
40 for a large proportion of terrestrial ecosystem respiration
41 [Lavigne et al., 1997; Janssens et al., 2001] and variation in
42 Rs may determine whether an ecosystem is a net source or

43sink of CO2 [Valentini et al., 2000; Davidson et al., 2006].
44Yet despite its clear importance for global C cycling and
45climate change, understanding of the processes controlling
46spatial and temporal variation in Rs is limited. This is largely
47because soil is a complex and spatially heterogeneous
48mixture of different compounds (e.g., ground surface or-
49ganic litter, live roots, and soil organic matter pools).
50Understanding the individual responses of these compounds
51to environmental change and the net effect upon Rs remains
52a key objective for research into ecosystem C cycling and
53biosphere-atmosphere interactions.
54[3] Rs is derived from autotrophic respiration by roots
55(Rr) and heterotrophic respiration by microorganisms that
56decompose ground surface organic litter (Rl) and soil
57organic matter or SOM (Rsom). In this study, Rsom also
58includes CO2 derived from microbial decomposition of root
59tissue and exudates, and contributions from mycorrhizal
60fungi. These different sources of soil CO2 may respond to
61environmental change in different ways, whilst estimates of
62the autotrophic component of Rs range between 12–93%
63depending upon the ecosystem studied and the method used
64to estimate Rr [Hanson et al., 2000]. Rl and Rsom are directly
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65 driven by microbial activity, which, in turn, is strongly
66 affected by temperature [Davidson et al., 1998; Fang and
67 Moncrieff, 2001] and available moisture [Davidson et al.,
68 1998; Sotta et al., 2004]. This explains frequent observa-
69 tions, particularly in temperate and boreal regions where
70 diurnal and seasonal fluctuations in temperature are greatest,
71 that Rs rises as soil becomes warmer and wetter [e.g.,
72 Savage and Davidson, 2001]. However, both Rl and Rsom

73 are also partly decoupled from local soil conditions because
74 they are affected by the supply and quality of substrate from
75 above-ground in the form of organic litter and root exudates
76 [Melillo et al., 1982; Högberg et al., 2001]. Rr is also partly
77 a product of the level of metabolic activity within root
78 tissue, affected by factors such as soil temperature [see Atkin
79 et al., 2000, and references therein], water availability
80 [Bouma et al., 1997; Burton et al., 1998], N supply [Ryan
81 et al., 1996; Zogg et al., 1996], and the supply of photo-
82 synthate from above-ground [Högberg et al., 2001;
83 Nordgren et al., 2003], influenced by ecosystem GPP and
84 plant allocation strategy. Thus, Rs and its component fluxes
85 may display substantial spatial and temporal variability
86 which is not readily attributable to changes in soil temper-
87 ature and moisture. This variation reflects changes in both
88 the total amount of respiring tissue (e.g., root mass) or
89 available substrate, (e.g., surface litter mass) and the rate of
90 respiration per unit mass of tissue or substrate (specific root
91 respiration: SRR, specific litter respiration: SLR). Under-
92 standing the extent and causes of this variability represents
93 an important step towards accurately modelling ecosystem
94 C cycling, and up-scaling localized measurements across
95 larger spatial scales for comparison with top-down mea-
96 surement systems (e.g., satellites, flux towers). The overall
97 objectives of this study, therefore, were to (1) partition Rs

98 into Rl, Rr and Rsom over one full seasonal cycle at four rain
99 forest sites with contrasting vegetation and soil types in the
100 eastern Amazon; (2) investigate potential biotic (roots,

101ground surface litter) and abiotic (soil moisture, soil tem-
102perature) causes for observed differences in respiration
103within and between sites and seasons; and (3) quantify the
104contributions of component mass and respiration per unit
105mass to total Rr and Rl.
106[4] We focused upon sites in the Amazon because the
107region plays an important role in global biogeochemical
108cycles [Houghton et al., 2001; IPCC, 2001], and displays a
109high degree of spatial heterogeneity in terms of many
110ecosystem properties [Williams et al., 2002], but may
111experience an increase in drought conditions over this
112century due to a possible increase in El Niño-Southern
113Oscillation events [Trenberth and Hoar, 1997; Schöngart et
114al., 2004] driven by global climate change, and reductions
115in rainfall caused by regional deforestation [Shukla et al.,
1161990] and fire [Andreae et al., 2004].

1172. Materials and Methods

1182.1. Site and Experimental Design

119[5] The experimental site is located in the Caxiuanã
120National Forest, Pará State, north-eastern Brazil
121(1�4303.500S, 51�2703600W). The forest is a lowland terra
122firme rain forest with a high annual rainfall (�2500 mm)
123and a pronounced dry season [Fisher et al., 2006]. Across
124the entire year, mean soil surface temperature is �25�C
125(±5�C), whilst diurnal variation is typically 1–2�C. The
126most widespread soil type is a highly weathered yellow
127Oxisol (US Department of Agriculture soil taxonomy).
128There are also patches of relatively fertile soil, called
129anthropogenic dark earths (ADE) or Terra Preta do Indio,
130which were modified by indigenous populations of pre-
131Columban inhabitants [Da Costa and Kern, 1999; Lehmann
132et al., 2003]. To represent regional variation in soil type,
133one-hectare measurement sites (see Table 1 for additional
134site details) were located on a well drained sandy Oxisol

t1.1 Table 1. Key Vegetation and Soil Features for Each Site Surveyeda

Site Characteristics Sand Dry Clay Fertilet1.2

Vegetationt1.3
Tree density (stems ha�1)b 434 421 419 544t1.4
Stem basal area (m2 ha�1)b 24 24 25 37t1.5
Leaf area index (m2 m�2)c 5 (4, 7) 5 (3, 6) 6 (4, 7) —t1.6

Soildt1.7
Clay content (%) 18 13 42 20t1.8
C content 0–0.05 m depth (g kg�1) 9 12 27 49t1.9

Carbon stockst1.10
Total 0–1 m depth (t ha�1) 100 (94, 111) 103 (98, 108) 109 (103, 117) 206 (201, 216)t1.11
Surface litter (t ha�1) 2 (1, 4) 2 (1, 3) 2 (0, 3) 3 (1, 6)t1.12
Roots 0–0.3 m depth (t ha�1)e 6 (2, 13) 5 (2, 8) 7 (4, 12) 5 (2, 10)t1.13
Roots 0–1 m depth (t ha�1)e,f 8 (3, 17) 6 (2, 10) 9 (5, 16) 6 (3, 13)t1.14
Soil 0–0.3 m depth (t ha�1)d 35 44 45 111t1.15
Soil 0–1 m depth (t ha�1)d 90 95 98 197t1.16
aValues indicate mean and, where possible, 5th percentile, 95th percentile around mean (in parentheses).t1.17
bAll individuals over 0.1 m diameter at breast height, measured in January 2005.t1.18
cMeans of 25 replicate measurements taken each month at each site in 2005 (25 � 12 = 300 replicates), no data are available

for the Fertile site.t1.19
dCalculated from data in Ruivo and Cunha [2003] and Sotta [2006], percentiles could not be calculated because neither data

source presents error estimates.t1.20
eRoots less than 5 mm diameter.t1.21
fCalculated from root depth profile data presented by Fisher et al. [2007]. Profiles were available only for the Sand and Dry

sites. Therefore, the root profile for the Sand site was applied to estimate stocks in the Clay and Fertile sites.t1.22
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135 (Sand site), a clay-rich Oxisol (Clay site), and an ADE
136 (Fertile site). In January 2002, a fourth one-hectare mea-
137 surement site, also on sandy Oxisol soil, was modified by
138 the installation of plastic panels at two meters height to
139 exclude a proportion of incident rainfall (Dry site). The
140 perimeter of the Dry site was trenched to a mean depth of one
141 meter to minimize lateral flow of water into the site. Data
142 from the fourth year of the rainfall exclusion on the Dry site
143 were used to examine Rs under drier conditions than cur-
144 rently exists naturally. A detailed site inter-comparison,
145 before the imposition of the drought treatment on the Dry
146 site, indicates that soil and vegetation characteristics on the
147 Sand and Dry sites were similar (P. Meir et al., manuscript in
148 preparation, 2007).

150 2.2. Measurements

151 [6] Monthly measurements of Rs were made at 25 repli-
152 cate points, at 20 meter intervals along a regularly spaced
153 grid, within each site using an Infra-Red Gas Analyzer or
154 IRGA (EGM-4 and SRC-1 chamber, PP Systems, Hitchin,
155 UK.). Two months prior to the initiation of the measurement
156 program plastic collars were inserted into the soil at each
157 measurement location, to a depth of approximately 2 cm, to
158 ensure a good seal between the IRGA chamber and soil. Rs

159 (kg CO2 m
�2 s�1) was calculated as:

Rs ¼
DC

DT
� P

1000
� 273

t þ 273
� 44:01
22:41

� Vch

A
ð1Þ

161 where DC/DT represents the change in CO2 within the
162 chamber (ppm) per unit time (seconds), P is atmospheric
163 pressure (Pa), t is the temperature of the air within the
164 chamber (�C), Vch is the total internal volume of the
165 chamber (m3) and A is the ground area covered by
166 the chamber (m2). All measurements showed a positive
167 linear relationship between C and T, indicating a constant
168 rate of CO2 release from the soil into the atmosphere.
169 [7] An additional 18 locations (9 each in November 2004
170 and June 2005, corresponding to the peaks of the dry and
171 wet seasons respectively) were selected at 30 meter intervals
172 along a regularly spaced grid, in each site to: (1) estimate
173 the percentage contribution of surface litter, roots, and soil
174 organic matter (SOM) to total Rs, and (2) examine factors
175 controlling spatial and temporal variation of Rs in greater
176 detail. At these points, Rs was measured twice with the
177 IRGA: once with surface organic litter and once without.
178 We defined surface litter as identifiable plant material on the
179 ground surface which did not pass through a 0.5 mm mesh
180 diameter sieve. Collected litter was carefully cleaned of
181 inorganic detritus, roots, and mycorrhizae. The area of soil
182 measured by the IRGA was then extracted as a soil core
183 (diameter = 0.12 m, depth = 0.3 m) using opposable semi-
184 circular cutting blades, and the roots were carefully removed
185 by hand and cleaned of detritus. Fresh roots from each
186 core were then placed into a cuvette which was connected
187 to an IRGA that measured the rate of CO2 accumulation
188 within the cuvette. Root and litter samples were then dried
189 at 70�C to constant mass and weighed. Two mass meas-
190 urements were made for root samples: 1) roots less than five
191 mm diameter, and 2) total. At all Rs measurement locations,
192 instantaneous measurements of volumetric soil moisture
193 (CS616 probe, Campbell Scientific, Loughborough, U.K.)

194and soil temperature (Testo 926 probe, Testo Ltd., Hampshire,
195U.K.) were taken at a soil depth of 0.3 m.

1962.3. Data Analysis

197[8] For each core, Rl (g m�2 hr�1) was estimated as the
198difference between the first (with litter) and second (without
199litter) IRGA measurements. SLR (g g�1 hr�1) was calculated
200by dividing Rl by sample dry litter mass. SRR (g g�1 hr�1)
201was calculated by dividing the respiration rate of fresh root
202samples placed in the cuvette by sample dry mass of roots
203less than five mm diameter. Rr (g m�2 hr�1) was then
204estimated by multiplying SRR by 1/A. Estimates of Rr,
205following this method, integrated both root growth and
206maintenance respiration, and are likely to be conservative
207because they consider only the contribution from roots in the
2080–0.3 meter soil layer and ignore the contributions of
209mycorrhizae and microbes dependent upon root exudates
210[Nguyen, 2003; Jones et al., 2004]. Instead, in this analysis,
211these sources of CO2 were ascribed to Rsom. No consistent
212change in SRR over time since root excision was found (data
213not shown), so we propose that our estimates of SRR are not
214likely to be strongly biased by the excision [Amthor, 1994;
215Burton et al., 1998]. Rsom (g m�2 hr�1) was estimated as the
216difference between measured Rs and the sum of estimated Rl

217and Rr, for each measurement point.
218[9] Monthly measurements of Rs were used to estimate
219total monthly and annual Rs, while detailed core measure-
220ments (in November 2004 and June 2005) were used to
221partition Rs into Rl, Rr and Rsom, for each site. To do this, we
222made several assumptions. Estimates of the proportional
223contribution of individual soil components derived from the
224June 2005 measurements were applied to monthly Rs

225measurements during June, April and May. Estimates of
226contributions taken in November 2004 were applied to
227monthly Rs measurements during November, October and
228December. The intervening two three-month Rs measure-
229ment periods were assigned values of the proportional
230contribution of soil components intermediate to the June
231and November measurement periods. This approach clearly
232simplifies reality but provides approximate estimates of
233seasonal and annual Rl, Rr and Rsom. All measurements
234were made during the day. However, no significant differ-
235ence between overall day (07:00–19:00) and night time
236(19:00–07:00) respiration values was found (P = 0.48, n =
2379), and diurnal temperature variation at the site was minimal
238(1–2�C).
239[10] Linear regression was used to assess whether spatial
240heterogeneity in soil moisture, soil temperature, litter mass
241and root mass could explain observed variation in Rs and its
242component fluxes. It was assumed that CO2 flux from any
243individual component of Rs (e.g., roots, surface litter) was
244adequately described by:

Rc ¼ Cm � Crr �
1

A
þ E; ð2Þ

246where Rc is component respiration (g m�2 hr), Cm is
247component mass (g), Crr is component respiration rate per
248unit mass (g g�1 hr�1), and E is measurement error. In this
249study, Rr was not directly measured, but was calculated as
250solely the product of root mass and SRR. In addition, SLR
251was estimated as the residual variation in Rl, once variation
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252 in litter mass was accounted for. Therefore, our estimates of
253 Rr and SLR are likely to include some component of
254 measurement error. A stepwise regression was performed
255 which quantified the individual and combined contributions
256 of estimated Cm and Crr to Rc of roots and litter. Statistical
257 analysis was carried out using SPSS 13.0 for Windows
258 (SPSS Inc., Chicago, U.S.A). Data were subject to a natural
259 logarithmic transformation, where necessary, to conform to
260 the assumptions of parametric analysis.

262 3. Results

263 3.1. Spatial and Temporal Variation in Respiration
264 From Soil and Its Components

265 [11] There was substantial variation between sites in the
266 respiration variables recorded (Table 2 and Figure 1). Esti-

267mated mean annual site Rs varied between 13–17 t C ha�1

268yr�1, which was partitioned into 0–2 t C ha�1 yr�1 from
269litter, 6–9 t C ha�1 yr�1 from roots, and 5–6 t C ha�1 yr�1

270from soil organic matter (Table 2). On average, 51% of the
271total range in Rs values recorded across all sites and
272measurement periods was also observed within each site
273and period. A large proportion of the recorded variation in
274Rs was, therefore, caused by within-site spatial heterogene-
275ity, rather than systematic changes between sites and
276measurement periods. Site mean fluxes ranged between
2775–13%, 40–75%, and 14–54% of total Rs for litter, roots,
278and SOM, respectively (Table 2). Mean Rsom contribution
279declined from 49% during the wet season to 32% in the dry
280season (Figure 1f), while Rr contribution displayed the
281opposite trend: increasing from 42% in the wet season to
28261% during the dry season (Figure 1e). In contrast, Rl

Figure 1. Temporal trends in (a) rainfall, (b) volumetric soil moisture, respiration from (c) soil, (d) litter,
(e) roots, and (f) soil organic matter on all sites. Black symbols, directly measured data; grey symbols,
estimated data from combination of directly measured (1) Rs (Figure 1c) and (2) contribution of Rl, Rr and
Rsom to Rs recorded in November 2004 and June 2005 (Table 2). Black arrows mark the timing of soil
cores extracted to directly estimate partitioning of Rs. Sites: circles, Sand; crosses, Dry; squares, Clay;
triangles, Fertile. Error bars indicate SE of the mean, n is 25.
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283 contribution showed no clear seasonality, though experi-
284 mental precipitation exclusion on the Dry site was associ-
285 ated with an apparent reduction in Rl of approximately 90%
286 relative to the unmodified sites (Table 2 and Figure 1d).

288 3.2. Factors Affecting Total Soil Respiration

289 [12] Several non-linear models were fitted to the monthly
290 Rs data, but none explained above 0.07% of observed
291 variation in Rs. So the data were log-transformed and
292 analyzed with a linear regression. Soil temperature did not
293 contribute significantly to the model, and so was removed.
294 There was a significant relationship between volumetric soil
295 moisture and monthly Rs (Figure 2, F = 30, d.f. = 1, 763, Ra

2

296 = 0.04, p < 0.001). Given the low Ra
2, the significance of the

297 relationship between Rs and soil moisture probably reflects
298 the large sample size, rather than strong evidence of any
299 causal link.
300 [13] A subset of Rs measurements, made in November
301 2004 and June 2005, were used to examine factors affecting
302 Rs in more detail. Based upon these data, with a smaller
303 sample size, neither soil temperature nor volumetric soil
304 moisture (Figure 3a) could explain observed variation in Rs.
305 Instead, regression analysis revealed that ground surface
306 litter and root mass in the surface 0.3 meter soil layer
307 together were more useful predictors of Rs, accounting for
308 44% of observed spatial variation in Rs (Figures 3b and 3c,
309 F = 17, d.f. = 1, 68, Ra

2 = 0.44, p < 0.001). The majority of
310 this variation (31%) was attributable solely to heterogeneity
311 in soil surface root mass (Figure 3c), while litter mass
312 accounted for the remaining 13% (Figure 3b).

313 3.3. Factors Affecting Respiration From Litter, Roots,
314 and Soil Organic Matter

315 [14] Based upon the subset of measurements made in
316 November 2004 and June 2005, there was no significant
317 relationship between volumetric soil moisture and Rl, Rr and
318 Rsom (data not shown). Heterogeneity in ground surface
319 litter mass accounted for 25% of observed variation in Rl

320 (Figure 4b). The majority of variation in Rl was, therefore,
321 attributed to differences in SLR and measurement error

322(Figure 4a). In contrast, fine root mass explained 73% of
323variation in Rr, (Figure 5b) while changes in SRR accounted
324for 16% (Figure 5a).
325[15] Volumetric soil moisture had no clear effect upon Rl

326(F = 2, d.f. = 1, 45, Ra
2 = 0.02, p = 0.16) or litter mass (F =

3270.1, d.f. = 1, 69, Ra
2 = �0.01, p = 0.75). Root mass, in

328contrast, increased significantly with soil moisture (Figure 6a,
329F = 17, d.f. = 1, 70, Ra

2 = 0.19, p < 0.001), while SRR
330decreased (Figure 6b, F = 13, d.f. = 1, 69, Ra

2 = 0.15, p =
3310.001). The net outcome of these two opposing patterns

t2.1 Table 2. Annual Respiration From Soil and Its Components, Contribution of Surface Litter, Roots, and Soil

Organic Matter to Total Soil Respiration, and Specific Respiration of Litter and Roots, for Each Sitea

Sand Dry Clay Fertilet2.2

Annual respirationt2.3
Total soil (t C ha�1 yr�1) 13 (9, 20) 13 (8, 18) 13 (10, 18) 17 (13, 30)t2.4
Litter (t C ha�1 yr�1) 1 (1, 2) 0 (0, 1) 1 (1, 2) 2 (1, 4)t2.5
Roots (t C ha�1 yr�1) 6 (4, 9) 7 (4, 9) 7 (6, 10) 9 (8, 17)t2.6
SOM (t C ha�1 yr�1) 6 (4, 10) 5 (4, 8) 5 (4, 6) 6 (4, 9)t2.7

Litter contributiont2.8
Nov 2004 (%) 9 (0, 29) 6 (0, 15) 9 (0, 23) 13 (0, 42)t2.9
Jun 2005 (%) 10 (2, 19) 5 (0, 14) 10 (2, 25) 11 (0, 25)t2.10

Root contributiont2.11
Nov 2004 (%) 48 (19, 81) 55 (30, 85) 64 (42, 85) 75 (50, 91)t2.8
Jun 2005 (%) 38 (19, 60) 41 (9, 69) 48 (32, 66) 41 (26, 59)t2.13

SOM contributiont2.14
Nov 2004 (%) 46 (4, 81) 39 (11, 60) 28 (4, 54) 14 (6, 28)t2.15
Jun 2005 (%) 51 (31, 70) 54 (31, 81) 42 (23, 60) 48 (33, 67)t2.16

Specific respiration ratet2.17
Litter (g CO2 kg

�1 hr�1) 0.3 (0, 0.6) 0.2 (0, 0.5) 0.3 (0, 0.7) 0.4 (0, 1.5)t2.18
Roots (g CO2 kg

�1 hr�1) 0.4 (0.2, 0.8) 0.5 (0.2, 0.9) 0.3 (0.2, 0.6) 0.7 (0.3, 1.2)t2.19
aValues indicate mean (5th percentile, 95th percentile), n is 18, except estimates of percentage contribution from components

where n = 9.t2.20

Figure 2. Relationship between monthly soil respiration
and volumetric soil moisture. Data from all sites and months
have been pooled. Data: grey symbols, individual values;
black symbols, mean of 15 values. Sites: grey circles, Sand;
grey crosses, Dry; grey squares, Clay; grey triangles, Fertile.
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Figure 3. Relationship between soil respiration and (a) volumetric soil moisture, (b) root dry mass and
(c) surface litter dry mass. Root mass represents the quantity of root material (<5 mm diameter) retrieved
from a 0.3 m deep soil core corresponding to the area enclosed by the IRGA chamber (area = 113 cm2).
Litter mass represents the quantity of organic material retrieved from the ground surface within the IRGA
chamber. Measurement periods: grey symbols, November 2004; black symbols, June 2005. Sites: circles,
Sand; crosses, Dry; squares, Clay; triangles, Fertile.

Figure 4. Relationship between surface litter respiration
and (a) specific litter respiration and (b) litter dry mass.
Litter mass represents the quantity of organic material
retrieved from the ground surface within the IRGA chamber
(area = 113 cm2). Measurement periods: grey symbols,
November 2004; black symbols, June 2005. Sites: circles,
Sand; crosses, Dry; squares, Clay; triangles, Fertile.

Figure 5. Relationship between root respiration and
(a) specific root respiration and (b) root dry mass. Root mass
represents the quantity of root material (<5 mm diameter)
retrieved from a 0.3 m deep soil core corresponding to the
area enclosed by the IRGA chamber (area = 113 cm2).
Measurement periods: grey symbols, November 2004; black
symbols, June 2005. Sites: circles, Sand; crosses, Dry;
squares, Clay; triangles, Fertile.
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