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Abstract. The soil carbon dynamics of southern hemisphere temperate rainforests have rarely been
studied. Here, we report for the first time soil CO2 effluxes and their partitioning for medium-age and
old-growth Fitzroya cupressoides forests growing under contrasting environmental conditions in the Coastal
Range and Andean Cordillera of southern Chile. Fitzroya is a high biomass and one of the longest lived
species in the world. We characterized soil respiration patterns over almost 2 yr. Annual soil respiration
was slightly higher in younger forests from the Coastal Range compared with Andean forests during the
first studied year (6.37–6.66 vs. 5.06–6.14 Mg C�ha�1�yr�1), and significantly higher during the second year
mainly due to a warmer and drier summer (8.08–8.64 vs. 4.98–5.35 Mg C�ha�1�yr�1). Therefore, warmer
and drier conditions, likely to become more common in this region under future climate change, were
associated with significantly higher respiration in the shallow soils of the coast, but not in the Andes. A
higher proportion of autotrophic respiration was found in the Coastal Range forest probably due to a much
higher fine root biomass in this site. However, fine root productivity, an important contributor of
belowground carbon fluxes, was a little lower (not significantly) in the coastal site (0.81 � 0.60 vs.
1.50 � 0.42 Mg C�ha�1�yr�1), indicating a longer root residence time in forests from this area. Soil CO2

effluxes from these forests and their root productivity are at the lower end of values recorded for other
mature and old-growth temperate wet forests worldwide. The intrinsic longevity and the particularly poor
soils and rainy conditions where these forests grow may influence these facts. Interannual climate variabil-
ity appears to be especially important for soil respiration in the Coastal Range due to the more Mediter-
ranean climate influence and shallow, poor water retention soils in this area.

Key words: autotrophic and heterotrophic respiration; climate change; CO2 efflux; fine root productivity; old-growth
forests; southern South America; temperate rainforests; temperature sensitivity.

Received 25 July 2016; revised 3 November 2016; accepted 15 November 2016. Corresponding Editor: Yude Pan.
Copyright: © 2017 Urrutia-Jalabert et al. This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
� E-mails: rociourrutia@uach.cl; chiourrutia@gmail.com

INTRODUCTION

Soil respiration or carbon dioxide (CO2) efflux
from soils is the largest source of carbon from
terrestrial ecosystems and plays a significant
role in the global carbon cycle (Raich and Potter
1995, Wang et al. 2006). It frequently contributes

30– 80% of total ecosystem respiration in forests
(Davidson et al. 2006a). Soil CO2 efflux can be a
good indicator of overall ecosystem metabolism
(Ryan and Law 2005), it has a crucial influence on
net ecosystem C sequestration and atmospheric
CO2 concentrations (Metcalfe et al. 2011), and a
better understanding of this efflux is key to
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improving the prediction of net ecosystem
exchange responses to climate change (Lavigne
et al. 2003).

Total soil CO2 efflux is a combination of auto-
trophic (Ra) and heterotrophic (Rh) effluxes. The
soil autotrophic component is contributed by liv-
ing plant roots and their associated mycorrhizae
and is often termed rhizosphere respiration, while
the heterotrophic component mainly comes from
microbes responsible for detritus and soil organic
matter decomposition (Butler et al. 2012). The
proportion of soil respiration from autotrophic
and heterotrophic components might vary largely
with seasons and among ecosystems, with mean
root respiration ratios (root respiration/total respi-
ration) of ~43.7–48.6% across a range of studies
(Hanson et al. 2000, Chen et al. 2011). Distin-
guishing between both soil respiration compo-
nents allows a better interpretation and modeling
of soil processes and provides a better under-
standing of the implications of environmental
change on the climate feedback potential of soil
respiration and on the carbon cycling and seques-
tration in forests ecosystems (Hanson et al. 2000,
Subke et al. 2006, Trumbore 2006, Bond-Lamberty
and Thomson 2010, Taylor et al. 2015).

Soil respiration dynamics are primarily con-
trolled by temperature, soil moisture, and sub-
strate properties, which influence the production
and consumption of organic matter (Davidson
et al. 1998, Raich and Tufekciogul 2000). The
apparent annual temperature sensitivity of soil
respiration is normally characterized by the Q10

function, but this can be affected by covariation
of temperature with soil water content, root bio-
mass, and microbial biomass (Davidson et al.
1998). Given the complexity of factors that can
affect soil respiration, it is important to under-
stand the environmental controls on soil respira-
tion at a site level, so potential responses of
ecosystems to ongoing changes can be assessed
(Fenn et al. 2010).

Most studies of soil respiration have focused
on northern hemisphere ecosystems. There have
been no detailed field studies of soil respiration
in the temperate rainforests of southern South
America, the largest area of temperate forests in
the southern hemisphere (Armesto et al. 2009).
Although in terms of climate this region resem-
bles the north-western coast of North America,
which also hosts temperate rainforests, large

differences in forest species composition, diver-
sity, and level of endemism remain (Armesto
et al. 1996). More specifically, it is not clear how
ancient and carbon massive ecosystems, such as
Fitzroya cupressoides forests, possibly the oldest
rainforests in the world in terms of mean stand
age (Urrutia-Jalabert et al. 2015a), are behaving
in terms of soil emissions to the atmosphere. Sim-
ilarly, there are no estimates of belowground pro-
ductivity in these ecosystems, particularly of fine
root productivity (NPPfr), which together with
mycorrhizae are important contributors to
belowground fluxes in forests (Fin�er et al. 2011).
Studying soil respiration in these ecosystems
may provide more insights into the carbon cycle
and general functioning of particularly old-
growth rainforests.
We here investigate the soil CO2 efflux emitted

by two contrasting Fitzroya forests in southern
Chile over almost 2 yr. The study sites were
selected from the two main mountain ranges
where Fitzroya grows and stands were representa-
tive of the widespread condition of these forests
in each area: a medium-age and an old-growth
forest in the Coastal Range and the Andean
Cordillera, respectively. The difference in develop-
mental stages is mainly because there are no old-
growth forests in the Coastal Range due to fires
and logging during past centuries. This will allow
comparison of soil respiration in stands of differ-
ent ages, but perhaps more interesting, in the
same forest type growing under different environ-
mental conditions. The climate in the Coastal
Range has a more Mediterranean influence and
soil conditions are more restrictive (shallower
depths, lower water retention capacity, and lower
fertility) than in the Andes (Donoso et al. 1990,
Urrutia-Jalabert et al. 2015a, b, c).
Since summer conditions were warmer and

drier during the second studied year, we specifi-
cally evaluated the sensitivity of soil respiration
to soil temperature and water content consider-
ing interannual variability in each study site.
This assessment is especially relevant, because
southern Chile is projected to experience signifi-
cant climate warming (increase in summer tem-
perature of up to 4°C) and drying (decrease in
summer precipitation of up to 50%) by the end of
this century (Fuenzalida et al. 2007).
Our specific objectives were to (1) examine sea-

sonal patterns of total respiration (Rs), Ra, and Rh
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in forests from both areas, (2) quantify annual
fluxes of Rs, Ra, and Rh and the proportion of total
respiration partitioned to these components in each
site, (3) assess the soil environmental factors that
might influence total respiration changes between
the two studied years in each site, and (4) use a
mass balance approach to estimate NPPfr and com-
pare belowground productivity in both areas.

MATERIALS AND METHODS

Study sites
Two 0.6-ha plots were installed in Fitzroya for-

ests within the Alerce Costero National Park (AC)
in the Coastal Range (40°100 S, 73°260 W) and
within the Alerce Andino National Park (AA) in
the Andean Cordillera (41°320 S, 72°350 W; Fig. 1).

Fig. 1. Map of the study sites in the Coastal Range (AC) and Andean Cordillera (AA) of southern Chile.
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These plots were established with the purpose of
measuring primary productivity and soil respira-
tion in Fitzroya forests of different structure and
origin, which were characteristic of these two
ranges. Plots AC1 and AC2 were installed at
850 m a.s.l., and AA1 and AA2 at 760 m a.s.l.
Weather stations were installed in open clearings
at less than 1 km from the study plots in both
areas. Climate in the coastal site is characterized
by high annual precipitation (4860 mm during
2012), a mean annual temperature of ~7.26°C
(~3.5°C and 11.9°C in winter and summer 2012,
respectively), and a Mediterranean influence
where most of the precipitation occurs in winter
(~47% falling from June to August and ~9% from
December to February, period 1999–2010; Veblen
and Ashton 1982, DGA 2011). Climate in the
Andes is characterized by an even higher precipi-
tation amount (~6600 mm during 2012) and
somewhat lower air annual temperatures than in
AC (~6.89°C, and ~3.2°C and 10.7°C in winter
and summer 2012, respectively). Summer pre-
cipitation (December–February) in AA was on
average 1413 mm compared with 839 mm in
AC (periods 2011–2012 and 2012–2013; Urrutia-
Jalabert et al. 2015b).

Soils in the coastal site have a sandy loam tex-
ture, are derived from Pre-Cambrian to Paleozoic
metamorphic rocks, and are generally thin, poor
in nutrients, and severely podzolized (Veblen
and Ashton 1982, Urrutia-Jalabert et al. 2015a).
The soils have poor drainage conditions, but a
low water retention capacity, and can get particu-
larly dry during rainless periods (Barichivich
2005; V. Gerding, personal communication). Soils in

the Andean site have a silty loam texture, are
derived from volcanic parental material, have
high C/N ratios, and contain high organic matter
(Peralta et al. 1982, CONAF 1985; Urrutia-Jala-
bert et al. 2015a, Table 1). Soils in this site remain
wet all year round.
The forest stands in AC are dense and mostly

dominated by Fitzroya in terms of number and
basal area (Table 1). These stands have been
affected by fires in the past (a stand forming fire
in 1681 and fire events leading to partial mortal-
ity and stand release probably in the 1800s and
1900s; Lara et al. 1999, Barichivich 2005, Urrutia-
Jalabert et al. 2015c), so these slow-growing trees
are not as large and old as expected for the spe-
cies. The biggest trees are Fitzroya and reach up
to ~86 cm in diameter. Other main species are
Drimys winteri and two species from the Nothofa-
gus genus (Nothofagus nitida and Nothofagus betu-
loides). The forest in AA is less dense in stem
number and mostly dominated by Fitzroya in
basal area and biomass (Table 1). The stand has
over four times as much biomass (around 450–
520 Mg C/ha); the largest Fitzroya trees reach up
to 235 cm in diameter and the species is mainly
accompanied by evergreen species where the
most abundant are N. nitida, Myrceugenia chryso-
carpa, and the conifer Saxegothaea conspicua (Urru-
tia-Jalabert et al. 2015a).
Soil carbon stocks reflect the contrasting envi-

ronmental and stand structure conditions between
sites. Carbon stocks in the upper horizon in the
Andes are almost the double than in the Coastal
site (124.7 Mg/ha compared with 64.8 Mg/ha),
reflecting the slower dynamics of the old-growth

Table 1. Soil features, nutrient contents, and forest stand characteristics in each study plot (Alerce Costero, AC1
and AC2; and Alerce Andino, AA1 and AA2).

Plot
EMSD†
(cm)

Bulk density
(g/cm3)

SOM
(%) C/N N (%)

P (Olsen)
ppm

K
(ppm)

Density‡
(trees/ha)

BA§
(m2/ha)

AGB
(Mg C/ha)

dbh¶
(cm)

H**
(m)

AC1 63 0.75 9.57 34.5 0.17 3.1 72 1415 89 114.1 26.8 14.4
AC2 43 0.70 10.06 32.7 0.18 3.1 94.3 1408 87 112.8 26.7 14.1
AA1 72 0.16 78.70 113.2 0.40 5.2 470 782 171 447.5 132 31.8
AA2 94 0.22 59.99 83 0.43 7.2 553 722 193 517.1 141.8 30.8

Notes: Soil characteristics correspond to the surface horizons (a mix of organic and mineral soil, AC1: 23 cm, AC2: 16 cm,
AA1: 18 cm, AA2: 20 cm), where most of the roots develop. SOM, soil organic matter; AGB, aboveground biomass.

† Effective mean soil depth (EMSD): soil depth where roots can potentially develop and extract water and nutrients without
any apparent physical or chemical restriction.

‡ Density: Values include trees ≥10 cm diameter at breast height (dbh).
§ Basal area: Values include trees ≥10 cm dbh.
¶ Mean dbh of Fitzroya trees.
** Mean height of Fitzroya trees ≥30 cm dbh.
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stand. Table 1 presents important features of the
soils and forest structure in each plot.

Soil respiration measurements
Total soil CO2 efflux was measured in perma-

nent collars installed at the center of fifteen
20 9 20 m subplots within the plots in AC and
AA. An infrared gas analyzer (IRGA) with a
closed static chamber (EGM-4 IRGA and SRC-1
chamber; PP Systems, Amesbury, Massachusetts,
USA) was used to measure total efflux for 2 min
on every collar (11 cm diameter) inserted around
3–5 cm into the litter and/or organic layer. Due to
the remoteness, difficult accessibility and mobility
within the forests (especially in the Andean site)
measurements were mainly taken between 9:00
and 17:00 hours. The sampling frequency was
once a month mostly from August 2011 to August
2013 in AC and from October 2011 to May 2013 in
AA. Measurements in both sites were taken
within a week of each other. There were gaps in
the collected data especially during winter
months in AA, where bad weather and dangerous
road conditions prevented the access to the study
site. In the coastal site, gaps in winter months
were mostly due to instrument failure under cold
conditions. Soil surface temperature (12-cm tem-
perature probe; Electronic Temperature Instru-
ments, West Sussex, UK) and volumetric water
content (12-cm Hydrosense probe; Campbell Sci-
entific, Loughborough, UK) were measured at the
same time as respiration at a distance of less than
50 cm from each collar. The height of the collar
was recorded after each measurement.

The partitioning of autotrophic and hetero-
trophic respiration was estimated using tubes
installed at the four corners of each 0.6-ha plot. A
long (40 cm) PVC collar was inserted at least
30 cm into the soil where roots were previously
removed in order to measure heterotrophic respi-
ration. Roots were manually removed and the
root free soil was carefully reinstalled back within
the collar without mixing the horizons nor com-
pacting the soil. Soil respiration measurements
started from 1 day (one plot in the Andes) to
2 weeks after installation. We did not observe
high fluxes in the collars 1 day after installation in
the Andean site, so we decided to keep these mea-
surements. A short collar inserted 3–5 cm into the
soil was installed next to each long collar to mea-
sure total respiration. The difference between the

effluxes coming from these two collars was con-
sidered an estimate of autotrophic respiration.
This partitioning method has a limitation regard-
ing the potential waterlogging caused by the
deliberate removal of roots, which may suppress
heterotrophic respiration. We address this limita-
tion further below. Soil temperature and water
content were also monitored during each respira-
tion measurement. These partitioning measure-
ments were less continuous than those of total
respiration, ranging from October 2011 to August
2013 in AC and from November 2011 to May 2013
in AA, but with a longer gap during winter 2012.

Annual soil respiration estimates
Soil respiration fluxes per collar (lmol CO2�

m�2�s�1) were calculated from the rate of CO2

concentration increase within the closed static
chamber for a known period of time, following the
procedures and formula presented in Marthews
et al. (2012; gem.tropicalforests.ox.ac.uk). A diur-
nal temperature correction was applied afterward
to convert spot measurements into estimates of
daily mean respiration. Hourly soil respiration
was calculated using hourly soil temperature mea-
surements and the widely used Van’t Hoff’s for-
mula (Davidson et al. 2006b):

R2 ¼ R1 expbðT2�T1Þ

where R2 corresponds to the hourly soil respira-
tion after the temperature correction, R1 to the
soil respiration flux in each collar, T2 to the
hourly soil temperature record, and T1 to the soil
temperature at the time of measurement, and b is
the regression coefficient for temperature sensi-
tivity. We assumed a temperature coefficient
Q10 = 2 for diurnal scale variation, which was
considered appropriate at a short-time scale in a
cold climate ecosystem (Lavigne et al. 2003). As
b = ln(Q10)/10, this corresponds to b = 0.069. The
diurnal correction was very small, because of the
small diurnal amplitude of soil temperature vari-
ations, reaching at the most 1°C during the
warmest month in AA.
Mean respiration rates per plot (lmol CO2�

m�2�s�1) were obtained for the period November–
May (spring to fall), when the four plots
had almost complete measurements. Annual
carbon budgets (in Mg C�ha�1�yr�1) were calcu-
lated by linear interpolation of fluxes between
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measurement days. The annual periods consid-
ered were from the first measurement made in
August 2011 to August 2012 (year 1) and from
August 2012 to August 2013 (year 2). Gaps in
spring months in AA2 were filled using values
from AA1. Furthermore, values for the two gaps
in the Andes at the beginning (August–September
2011) and end of the measurement period (June–
August 2013) were assumed to be equal to values
measured in October 2011 and May 2013, respec-
tively. Fluxes in winter and early spring were par-
ticularly low, so gap filling assumptions did not
have much influence on annual respiration bud-
gets. Annual soil respiration was calculated sepa-
rately for each of the 15 collars, and sampling
uncertainty was estimated as the standard error of
the mean across these 15 collars.

Due to the low number of measurement points
for respiration partitioning, both plots from the
same site were analyzed together (a total of eight
long and short collars per site). As pointed out
above, some long collars suffered waterlogging
and their measurements had to be discarded
(two collars from AC that were too close to the
basal schist and were observed to have almost
permanent standing water were not considered
for further analysis). In the other collars that had
no visual standing water, we saw no evidence of
suppressed fluxes at high soil moisture content
to warrant their exclusion. To estimate auto-
trophic and heterotrophic respiration for each
site, the partitioning fractions determined from
the experiment were multiplied by the total soil
respiration obtained from the wider grid of soil
respiration collars; that is, the partitioning data
were only used to determine the proportion of
total soil respiration assigned to Rh and Ra.

Error propagation was carried out for the par-
titioning components using standard rules of
quadrature, assuming that uncertainties are inde-
pendent and normally distributed (e.g., Malhi
et al. 2014).

Relationship between CO2 efflux and soil
environmental conditions

Mid-summer (January and February) climate
conditions in 2013 were particularly warmer and
drier than conditions during the same period in
2012. Rainfall was 41% and 31% lower in AC
and AA, respectively, and mean temperature
was 1.98°C and 2.63°C warmer in AC and AA,

respectively. At a broader scale, maximum and
minimum temperatures in southern Chile were
above the climatological mean during January
and February 2013; maximum temperatures dur-
ing January in Valdivia (a lowland site close to
AC) were up to 4.9°C warmer than the climato-
logical mean (Quintana and Aceituno 2013). Due
to these conditions, and since future climate is
expected to be warmer and drier in the study
areas (Fuenzalida et al. 2007), it was particularly
interesting to assess any changes in soil respira-
tion between these 2 yr.
To analyze total respiration responses to inter-

annual changes in temperature and moisture in
each site, the differences in soil temperature and
water content between the same collar and month
in both years (year 2 � year 1) were used as inde-
pendent variables in a model to explain changes
in the ratio of monthly respiration between both
years (resp. year 2/resp. year 1) for each site. We
did this to factor out the seasonal cycle of soil res-
piration, because seasonal patterns in phenology
and microbial populations are likely to be uncor-
related with interannual and long-term relation-
ships between environmental variables and
respiration (Fenn et al. 2010). We applied a linear
mixed model considering differences in tempera-
ture (T2 � T1), soil water content (H2 � H1), and
plot, as well as their interactions as fixed terms
and “month” as a random effect. Logarithmic
transformation was applied to soil respiration
ratios to achieve linearity. We used the protocol
for model selection proposed by Zuur et al.
(2009), and the chosen model was evaluated for
normality and homoscedasticity in the residuals.
Goodness of fit of the models was assessed using
the marginal and conditional R2, specially devel-
oped for generalized linear mixed effects models
by Nakagawa and Schielzeth (2013). Marginal R2

(R2
mar) corresponds to the variance explained by

fixed factors and conditional R2 (R2
con) to the vari-

ance explained by both random and fixed effects
(Nakagawa and Schielzeth 2013). Relationships
were calculated considering all the months as well
as just the period November–May in each study
site. To test the relationship between soil respira-
tion and temperature and to compare with the
wider literature, the Q10 coefficient was calculated
for the studied period.
The Van’t Hoff relationship (equation above)

was used to calculate the interannual temperature
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sensitivity, where b is the slope of the relationship
of ln(R2/R1) against (T2 � T1), and Q10 = exp10b.
A linear mixed model with month as a random
effect was also applied in this case.

Mass balance estimation of root productivity
This study formed part of a broader research

program that quantified the productivity and
carbon cycle of Fitzroya forests in these two sites
(Urrutia-Jalabert et al. 2015a). Given the avail-
ability of heterotrophic respiration measure-
ments and carbon inputs to the soil, a mass
balance approach could be applied to estimate
fine root production. Carbon (C) inputs to the
soil (root mortality and litterfall) are assumed to
correspond with belowground outputs (Rh, and
dissolved organic C in water, DOC), including
any alteration in soil C stocks (Malhi et al. 2009,
Fenn et al. 2015). We recognize there are a num-
ber of assumptions and uncertainties in these cal-
culations and apply conservative uncertainty
estimates around each assumed parameter.

In this analysis, the period November 2011–
October 2012 was used, since Rh/Ra respiration
measurements started this month in both sites
and more reliable estimates can be obtained with
less gaps in the annual data. We assumed quasi-
equilibrium conditions on an annual timescale,
that is, no net accumulation or loss of below-
ground carbon. The use of only 1 year of data
was mainly because we cannot assume multiyear
steady state conditions in the coastal site, due to
different amounts of litterfall in the two studied
years (Urrutia-Jalabert et al. 2015a), and warmer
and drier conditions during the second summer.
NPPfr (Mg C�ha�1�yr�1) in each study site was
estimated as follows:

NPPfr ¼ Rh � Litterfall� ðMortAG þNPPbfÞ
� Fcwd �MortBG þ FDOC þ DC

where Rh is the soil heterotrophic respiration for
the period November 2011–October 2012 in AC
or AA. Litterfall corresponds to the mean annual
amount of litterfall collected in both plots from
each site. MortAG corresponds to the mean above-
ground mortality and NPPbf to the mean pro-
ductivity associated with branchfall in both plots
from each site. Litterfall, MortAG, and NPPbf
were obtained from Urrutia-Jalabert et al. (2015a)
and are listed in Appendix S1: Table S1. Fcwd

corresponds to the fraction of coarse woody deb-
ris (CWD) entering the soil (not lost through
in situ respiration). MortBG is the belowground
mortality which enters the soil and was deter-
mined as 6.9% of aboveground mortality (equiva-
lent to the coarse root/aboveground biomass ratio
found in Fitzroya forests from Chilo�e Island; Bat-
tles et al. 2002). We applied a conservative uncer-
tainty estimate for this parameter (�75%), that is,
MortBG = 0.069 � 0.052. Finally, we assumed that
aqueous carbon leakage (FDOC) and the net cha-
nge in carbon stocks (DC) were zero or insignifi-
cant terms on an annual basis.
Fcwd has been rarely measured. Malhi et al.

(2009) estimated Fcwd to be 0.24 � 0.15 in lowland
Amazon rainforests and Fenn et al. (2015) ass-
umed a value of 0.25 � 0.25 in a temperate broad-
leaved woodland in the UK, with a large (100%)
uncertainty. Given the lack of information, in our
study we assumed the value adopted by Fenn
et al. (2015), and since material derived from
CWD is not a very large component in our plots,
this assumption would not have important effects
in the final estimations. We applied a rigorous
uncertainty propagation procedure throughout
using uncertainty propagation by quadrature, as
in Malhi et al. (2009, 2014).
Additionally, mean fine root biomass (≤2 mm

diameter) was estimated from five cores (11 9

30 cm) extracted from the four corners and center
of each plot in August–November 2011. Live and
dead roots were manually removed from the soil
in six 10-min time steps, washed as soon as possi-
ble, oven-dried for 48 h (at 60°C), and weighed.
Calculation of the total biomass was made follow-
ing a method that fits a curve to the cumulative
dry root mass in order to estimate the amount of
unsampled roots (Metcalfe et al. 2007).
Fine root residence time was calculated divid-

ing fine root biomass by productivity and fine
root carbon use efficiency was calculated as the
ratio between fine root productivity and the sum
of this productivity plus belowground auto-
trophic respiration.

Statistical analyses
The significance of the difference in total soil

respiration between sites was tested for each year
considering a nested design, with plots nested
within sites. A linear mixed model with sites as
fixed and plots as random effects was used.
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This allows accounting for the soil respiration
measurements within plots as possible pseudo-
replicates. The same approach was employed to
detect differences in Rs and soil temperature and
water content between both summers (end of
December to end of February, where the highest
fluxes were recorded). A paired t test was used
to assess differences in soil heterotrophic and
autotrophic respiration between both sites dur-
ing each year. All statistical analyses were per-
formed using the R statistical environment
(R Development Core Team 2014), and the “lme”
function from the “nlme” package was used to
perform the linear mixed models (Pinheiro et al.
2014).

RESULTS

Seasonal patterns in soil respiration
Seasonal variation in soil respiration showed

the expected pattern of higher values during sum-
mer months in both study sites. There is not much
information for winter months in the Andean site,
but it is possible to observe that Rs values during
these months were much lower than during the
rest of the year (Fig. 2). These patterns broadly
correspond with soil temperature variations, with
higher Rs values occurring when higher soil
temperatures were recorded. Moreover, high Rs

values in AC corresponded with periods of partic-
ularly lower soil water content, especially during
January 2013, when the highest Rs value
(~4.8 lmol CO2�m�2�s�1) coincided with the high-
est soil temperature (~14.7°C) and the lowest soil
water content recorded during the studied period
(~24%; Fig. 2). In the Andean plots, higher Rs dur-
ing both summers was also associated with higher
temperatures and lower soil water contents
(Fig. 2). It is noticeable how soil conditions from
the end of December 2012 to February 2013 were
significantly different (warmer and drier) than the
previous summer in the coastal site (P < 0.05),
leading to particularly high respiration values
during this period. Soil respiration was signifi-
cantly different between both summers in AC
(P < 0.05), a pattern that was not reproduced in
the Andes (P > 0.05).

Despite similar elevations at the two sites,
summer soil temperatures were higher in the
coastal site (10.9–12.7°C during 2011–2012 and
2012–2013, respectively) compared with the

Andes (10–9.8°C during 2011–2012 and 2012–
2013, respectively) and soil water contents were
much lower in the former site along the studied
period (monthly means of 24–43% in AC com-
pared to 44–61% in AA; Fig. 2).
Autotrophic and heterotrophic respiration sho-

wed the same pattern as total respiration with
higher values during summer in both sites, and
especially during the second growing season in
AC (2012–2013; Fig. 3). Monthly Ra was higher
than Rh respiration for most of the studied period
in AC, and this was especially the case for sum-
mer 2012–2013. The opposite was true in AA,
where monthly heterotrophic respiration was
higher than root respiration for most of the
recorded period (Fig. 3).

Total soil, autotrophic, and heterotrophic
respiration
Annual Rs values were lower in AA (5.06–6.14

Mg C�ha�1�yr�1) than in AC plots (6.37–6.66
Mg C�ha�1�yr�1) during the 2011–2012 period and
significantly lower (4.98–5.35 Mg C�ha�1�yr�1

compared with 8.08–8.64 Mg C�ha�1�yr�1, P <
0.05) during the 2012–2013 period, when the AC
values rose dramatically (Table 2). Mean respira-
tion values obtained for November–May were not
significantly different between the two sites for
the period 2011–2012, but they were significantly
different during the following year (2.59–
2.79 lmol CO2�m�2�s�1 in AC compared to 1.63–
1.79 lmol CO2�m�2�s�1 in AA, P < 0.05; Table 2).
We estimated that respiration during November–
May represented 68–70% and 71–74% of total
annual soil respiration during 2011–2012 in AC
and AA, respectively. For 2012–2013, these pro-
portions were 71% and 71–73% in AC and AA,
respectively. Annual Ra was lower in AA (2.68 �
0.36 Mg C�ha�1�yr�1) than in AC (3.38 � 0.64
Mg C�ha�1�yr�1, difference not significant) during
2011–2012 and significantly lower during 2012–
2013 (2.09 � 0.29 compared with 4.68 � 0.63
Mg C�ha�1�yr�1, P < 0.05; Table 2). Heterotrophic
respiration was similar during the first year in
both sites (~3.14 Mg C�ha�1�yr�1) and a little
lower in AA (3.13 � 0.33 Mg C�ha�1�yr�1) than
in AC (3.65 � 0.54 Mg C�ha�1�yr�1) during the
second period, although values were not signifi-
cantly different (P > 0.05). Finally, the proportion
Ra/Rs was higher in AC (51.8–56.2%) than in AA
(46.1–39.9%; Table 2) for the two studied years.
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Sensitivity of soil respiration to soil temperature
and water content

The outputs from the linear mixed model in AC
included both the difference in soil temperature

(T2 � T1) and water content (H2 � H1), as well as
the interaction between both terms as variables
significantly explaining the ratio of monthly soil
respiration between both years (Table 3). The

Fig. 2. (a) Total soil respiration discrete measurements in Alerce Costero plots (AC1, AC2) and (b) Alerce
Andino plots (AA1, AA2) mainly from August 2011 to August 2013. (c, d) Soil temperatures measured at the
same time as soil respiration, and (e, f) soil water content also monitored during each respiration measurement.
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goodness of fit of this model was R2
mar = 0.28 and

R2
con = 0.36 and was much higher when just con-

sidering the period November–May which mainly
excludes winter in the analysis (R2

mar = 0.42 and
R2
con = 0.47; Table 3). The interaction term mainly

indicates that low soil humidity conditions during
year 2 intensified the effect of warmer tempera-
tures on higher respiration rates. If the ratio of
respiration between years was ascribed to temper-
ature alone, R2

mar values were much lower than

Fig. 3. (a) Total (Rs), heterotrophic (Rh), and autotrophic (Ra, total minus heterotrophic) respiration in Alerce
Costero (AC) and (b) Alerce Andino (AA) covering the period October/November 2011 to May/August 2013. (c)
Soil temperature and water content measured at the same points and time as soil respiration in AC; (d) the same
as (c), but for AA.

Table 2. Total annual and mean November–May soil respiration (Rs) in each plot for the two studied periods.
Annual autotrophic respiration (Ra) and heterotrophic respiration (Rh) are also presented for each site (Alerce
Costero [AC] and Alerce Andino [AA]) and the proportion of autotrophic to total soil respiration.

Plot/
period†

Annual Rs
(Mg C�ha�1�yr�1)

Mean November–May Rs

(lmol CO2�m�2�s�1)
Annual Ra

(Mg C�ha�1�yr�1)
Annual Rh

(Mg C�ha�1�yr�1)
Proportion
Ra/Rs (%)

1 2 1 2 1 2 1 2 1 2

AC1 6.66 � 0.58 8.64 � 0.73 2.09 � 0.23 2.79 � 0.25 3.38 � 0.64 4.68 � 0.63 3.14 � 0.54 3.65 � 0.54 51.8 � 10.7 56.2 � 8.70
AC2 6.37 � 0.47 8.08 � 0.54 1.89 � 0.20 2.59 � 0.22
AA1 5.06 � 0.33 4.98 � 0.29 1.62 � 0.13 1.63 � 0.11 2.68 � 0.36 2.09 � 0.29 3.14 � 0.37 3.13 � 0.33 46.1 � 6.73 39.9 � 5.92
AA2 6.14 � 0.31 5.35 � 0.25 2.03 � 0.13 1.79 � 0.11

† Period 1 corresponds to 2011–2012 and period 2 to 2012–2013.
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when also considering soil water content effects
(0.20 and 0.32 for the whole year and the period
November–May, respectively; Table 3). In addi-
tion, the Q10 values were 3.49 � 1.01 and 4.39 �
1.40 considering either all months or the period
November–May only, respectively (Table 3). In
AA, none of the environmental terms significantly
explained soil respiration, so results are not pre-
sented. Warmer soil temperatures and lower soil
water contents during the second year produced
significantly higher respiration rates in the coastal
site, but not in the Andes where soil conditions
were not particularly different between both sum-
mers and pronounced changes in respiration were
not observed (Fig. 4).

Fine root production estimation
Our mass balance-based estimates of NPPfr

in AC and AA for the period November 2011–
October 2012 were 0.81 � 0.60 and 1.50 � 0.42
Mg C�ha�1�yr�1 in AC and AA, respectively
(Table 4). Due to the relatively large error term,
calculated differences between sites are not
significant.

The estimates of fine root biomass were almost
the double in the Coastal Range site than in the
Andes (~21–22 vs. 10–12 Mg C/ha, respectively;
Table 4). Therefore, mean estimates of fine root
residence times are much larger in AC than in
AA (Table 4). The low productivity but high fine
root biomass suggests very long fine root life-
times in these forests, especially in the Coastal
Range site.

DISCUSSION

In this paper, we have assessed seasonal pat-
terns and annual fluxes of total soil respiration

and its autotrophic and heterotrophic compo-
nents in two Fitzroya stands from southern Chile.
We have assessed the soil environmental vari-
ables that were mostly related to total respiration
and have employed a mass balance approach
that uses heterotrophic respiration and soil car-
bon inputs, to estimate fine root productivity in
each study site.

Seasonal and annual CO2 effluxes in total
respiration and its partitioning
Seasonal variability in soil respiration in both

sites was characteristic of patterns observed in
other temperate systems, where higher respira-
tion rates correspond with warmer summer con-
ditions (Curiel Yuste et al. 2004, Sulzman et al.
2005, Fenn et al. 2010, Ngao et al. 2012).
General weather conditions were warmer and

drier during summer 2012–2013 than in the pre-
vious year, but this translated into significantly
warmer soil temperatures and lower soil water
contents only in AC. There was a notable
increase in soil respiration in AC over the warm
and dry summer, probably due to the increased
diffusion and contact surface for oxygen in pore
spaces in these usually wet soils, increasing the
rates of aerobic respiration (Davidson et al.
1998). Sites such as AC that are normally wet,
but that occasionally dry considerably during
summer, can experience a large increase in
microbial and autotrophic respiration (Davidson
et al. 1998). Moreover, the increase in CO2 effl-
uxes under drier conditions in this site could also
be reflecting a higher diffusion rate (Schwenden-
mann et al. 2003, Wood et al. 2013).
Most studies in temperate forests report lower

respiration rates when drier conditions occur,
due to slower nutrient transport and reduced

Table 3. Models of total soil respiration (monthly ratio between year 2 and year 1, R2/R1) in relation to the differ-
ence in soil temperature and water content between both years for Alerce Costero (AC).

Site N a b c d Residual variance Random intercept variance Q10 R2
mar=R

2
con

AC 287 0.130 0.116 0.019 �0.009 0.194 0.024 . . . 0.28/0.36
ACNov–May 186 0.101 0.132 0.015 �0.008 0.171 0.018 . . . 0.42/0.47
AC 290 . . . 0.125 . . . . . . 0.203 0.057 3.49 0.20/0.38
ACNov–May 189 . . . 0.148 . . . . . . 0.178 0.049 4.39 0.32/0.47

Notes: Models including all data available from August 2011 to August 2013 and just including the period November–May
are shown in the upper two rows. Models only including the difference in temperature as an independent variable, in order to
calculate a Q10 value, are presented in the bottom two rows. N (number of data points), the residual variance, random intercept
variance, Q10 and marginal and conditional R2 (R2

mar and R2
con) are included. a, b, c, and d correspond to the intercept, and coeffi-

cients for the difference in temperature (T2 � T1), soil water content (H2 � H1), and the interaction between them (T2 � T1)
(H2 � H1), respectively.

 ❖ www.esajournals.org 11 April 2017 ❖ Volume 8(4) ❖ Article e01640

URRUTIA-JALABERT ET AL.



and less active microbial populations (Singh and
Gupta 1977, Davidson et al. 1998, Savage and
Davidson 2001, Irvine and Law 2002, Lavigne
et al. 2004, Fekete et al. 2014). However, soil
water contents along the year never dropped
below 24% and 44% in the Coastal and Andean

sites, respectively. These values are well above
the 12–15% threshold below which a positive
response of soil respiration to water content has
been reported for temperate forests in the United
States and Europe (Davidson et al. 1998, Ruehr
et al. 2010). This would indicate that in these

Fig. 4. (a, c) Relationship between soil temperature (T2 � T1) and soil respiration (ln (R2/R1)) in Alerce Costero
(AC) and Alerce Andino (AA), respectively. (b, d) Relationship between soil water content (H2 � H1) and soil res-
piration (ln (R2/R1)) in AC and AA, respectively. R2 and R1 correspond to soil respiration recorded in each collar
during each month in years 2 and 1, respectively, and the same applies to temperature (T2 and T1) and soil water
content (H2 and H1). The straight lines reflect the direction of the relationship between the environmental vari-
ables and the natural logarithm (ln) of (R2/R1). The statistics of the combined effect of (T2 � T1) and (H2 � H1)
on ln (R2/R1) are presented in Table 3.

Table 4. Fine root biomass, fine root productivity (NPPfr), and fine root mean residence time in each of the study
sites (Alerce Costero, AC; and Alerce Andino, AA).

Site Fine root biomass (Mg C/ha) NPPfr (Mg C�ha�1�yr�1) Fine root residence time (yr)

AC 21.3 � 1.1; 22.2 � 1.6 0.81 � 0.60 26.4 � 19.6; 27.4 � 20.4
AA 10.1 � 1.4; 12.1 � 2.2 1.5 � 0.42 6.7 � 2.1; 8.04 � 2.7

Note: The two values shown for biomass and residence times correspond to the two plots per site.
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normally wet Fitzroya sites (more than 4800 mm
of annual rainfall), water content probably rarely
falls below a threshold that would negatively
influence soil respiration even during summers.

Annual total soil respiration estimates during
the first year in both sites (5.06–6.66 Mg C�
ha�1�yr�1) were lower than the values reported
for an old-growth coniferous forest in Oregon
(7.27–8.41 Mg C�ha�1�yr�1; Sulzman et al. 2005),
lower than the mean value recorded for ever-
green (mostly coniferous) forests along an altitu-
dinal gradient in Europe (7.72 Mg C�ha�1�yr�1;
Rodeghiero and Cescatti 2006), and similar to
fluxes modeled for an old-growth Ponderosa
Pine forest in the drier eastern Cascades, Ore-
gon (4.83–5.97 Mg C�ha�1�yr�1; Irvine and Law
2002). Values during both years were within the
broad range of values reported for temperate
coniferous forests from the northern hemisphere
(4.27–18.05 Mg C�ha�1�yr�1; Hibbard et al. 2005)
and much lower than the values reported for
high biomass and old-growth stands in temper-
ate rainforests of western Oregon (10.8–
20.7 Mg C�ha�1�yr�1; Campbell and Law 2005).

Higher annual respiration amounts in AC than
in AA were primarily due to higher Ra in the
coastal site than in the Andes (significantly
higher during the second year). This is consistent
with differences in root biomass between sites,
since positive correlations have been reported
between Ra and root biomass in temperate for-
ests (Wang and Yang 2007).

Rh was generally higher than Ra in the Andes
and there were no significant differences with
the coastal site in the two studied years. The
accumulation of organic matter inputs through-
out time due to larger and older trees and higher
rates of mortality in the Andean forests could
result in relatively higher heterotrophic respira-
tion in this site (Saiz et al. 2006, Urrutia-Jalabert
et al. 2015a).

Limitations in total respiration estimates and its
partitioning

One possible bias to consider is that total soil
respiration in these sites may have been overesti-
mated in the short term (after a few weeks) due to
root mortality and decomposition (Keller et al.
2000) or underestimated in the long term because
of collar insertion cutting roots and reducing root
biomass and autotrophic respiration (Heinemeyer

et al. 2011). However, roots were not cut with a
knife in our setup, and are likely to just have been
displaced downward rather than cut with collar
insertion. Most soil respiration studies with which
we compare our results apply a similar methodol-
ogy and do not correct for this effect, so relative
comparisons are still valid.
The bias associated with the potential water-

logging in the partitioning experiment was a con-
cern especially in Alerce Costero due to the
shallow soils on top of schist. We tried to mini-
mize the effect of waterlogged soils on Rh esti-
mates by not considering the points that had
water build-up within the collars. It is still possi-
ble that other collars were waterlogged below
the soil surface; however, we did not monitor soil
moisture within individual collars. While recog-
nizing this as a potential bias, we note that our
Ra/Rh ratio estimate in both sites of around 1:1 is
typical of the range found in other temperate for-
ests (Epron et al. 2001, Irvine and Law 2002, Lav-
igne et al. 2003, Ruehr and Buchmann 2010).
Finally, it is possible that soil disturbance

caused by root removal at the setup of the parti-
tioning experiment would cause increased fluxes
immediately after installation, followed by a
gradual decline (Hanson et al. 2000). Two days
has been reported to be enough for CO2 rates to
stabilize after root removal in larger soil volumes
than the ones used in our experiment (Edwards
1991). However, we did not observe high fluxes
1 day after collar installation, and when analyz-
ing trajectories in Rh over the 2 yr, we found no
evidence of such a pattern in the flux data
(Appendix S1: Fig. S1).

Sensitivity of soil respiration to soil temperature
and water content
Our study allowed the assessment of differ-

ences between sites in their soil respiration res-
ponse to drier and warmer weather conditions,
which are expected to increase in frequency under
climate change. The soil respiration ratio between
both years (R2/R1) was sensitive to soil tempera-
ture differences, as well as to soil water content
differences and the interaction between them in
AC. A strong influence of differences in tempera-
ture was expected, because most biological pro-
cesses correlate with soil temperature in moist
temperate ecosystems (Wang and Yang 2007). The
strong decline in soil water content in AC during
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summer (covarying with a sharp increase in tem-
perature) led to a strong increase in respiration
and a high apparent Q10. The apparent Q10 values
found in AC (3.49–4.39) were higher than the val-
ues reported for other coniferous forests growing
under milder conditions (1.49–3.0; Campbell and
Law 2005, Sulzman et al. 2005), but they were
within the range of values reported for temperate
forests in a global database (2.1–6.3; Bahn et al.
2010). Occasional drier conditions in usually wet
sites can lead to higher Q10 values (Davidson
et al. 1998). This is because in wet ecosystems
substrate availability can increase at warmer tem-
peratures when drier soils have a larger effect on
redox conditions rather than on the diffusion of
substrates (Davidson et al. 2006b). It is important
to note that Q10 values in this study are approxi-
mations, since they were calculated with interan-
nual temperature variations much lower than
10°C and relationships can change when consid-
ering larger temperature ranges.

In contrast to the Coastal Range site, at the
Andean site interannual changes in soil tempera-
ture and water content were not large enough to
cause a significant response in soil respiration.
This suggests that this site seems more resilient
to climate change due to the larger amounts of
annual and summer precipitation, the reduced
transpiration under frequent cloudy conditions,
and the greater retention properties of the soils.

Soil respiration, root biomass, and root
productivity

Our mean fine root biomass estimates (22.2 �
1.6 and 21.3 � 1.1 Mg C/ha in AC1 and AC2
and 10.1 � 1.4 and 12.1 � 2.2 Mg C/ha in AA1
and AA2) are higher than the mean recorded for
temperate coniferous forests in a global study
(8.2 Mg/ha; Jackson et al. 1997). These values are
also higher or, in the case of the Andean site, in
the range of indirect biomass estimates for old-
growth wet forests from the Pacific Northwest
(5.2–12.6 Mg C/ha; Smithwick et al. 2002). High
fine root biomass values in AC are probably
associated with the predominantly low nutrient
conditions and poor water retention properties
of the soils (Table 1), which is consistent with the
widely reported negative correlation between
root biomass and soil fertility conditions (Yuan
and Chen 2010). Given the higher fine root bio-
mass and the lower (or somewhat similar) root

productivity in the coastal site compared with
the Andes, the fine root residence time appears
much longer in the younger forests from the
Coastal Range. Long-lived fine roots in Fitzroya
are supported by a number of studies that report
fine roots to present decadal turnover timescales
in temperate forests (Gaudinski et al. 2001, 2010,
Riley et al. 2009).
Fine root production estimates in both sites are

below the mean reported for temperate forests in
a global study (~2.14 Mg C�ha�1�yr�1; Fin�er et al.
2011), and these low values are consistent with
the overall low estimates of aboveground produc-
tivity reported for these forests (3.35–3.36 and
2.22–2.54 Mg C�ha�1�yr�1 in AC and AA, respec-
tively; Urrutia-Jalabert et al. 2015a). Fine root pro-
duction may be low due to the high exchangeable
aluminum content in both sites that can prevent
cell division and root elongation (Lambers et al.
2008, Urrutia-Jalabert et al. 2015a).
Fine root production was also well below total

belowground carbon allocation (TBCA) as defi-
ned by Raich and Nadelhoffer (1989), suggesting
that fine root production was considerably lower
than root respiration. Fine root carbon use effi-
ciencies reached 0.19 and 0.36 in AC and AA,
respectively. The Andean value is close to the fine
root production/TBCA ratio obtained for some
deciduous and coniferous forests in the United
States (0.33; Nadelhoffer and Raich 1992), and
both estimates are much lower than the mean
belowground carbon use efficiency (including
fine and coarse roots) found for mature forests
(0.47; Chen et al. 2011) and for forests in a tem-
perature gradient worldwide (0.5; Litton and
Giardina 2008). A likely explanation for the low
fine root carbon use efficiency particularly in the
coastal site could be the high fine root biomass
found in these forests, which could cause higher
rates of maintenance respiration per unit ground
area (McDowell et al. 2001, Chen et al. 2011).
The apparent extraordinary longevity of the fine
roots, particularly in the AC site, may also
require greater investment in root maintenance
and defense against herbivores and pathogens,
rather than investment in growth. It is also possi-
ble that if there was any underestimate of Rh

(caused by non-apparent waterlogging, for exa-
mple), this would lead to an underestimate of
fine root productivity and thereby of fine root
carbon use efficiency.
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How much is our difference between sites
affected by forest age and stand structure rather
than by environmental conditions? Litter inputs
to soil were higher and fine root production was
lower in the younger than in the old studied for-
est, as would be expected if this aggrading forest
is allocating more carbon aboveground due to
more intense competition for available light
(Urrutia-Jalabert et al. 2015a). Mortality (in terms
of stem number or biomass) was higher in the
older forest, mainly because the Nothofagus-
dominated “sub-canopy” is closer to a dynamic
equilibrium, where mortality balances growth,
while the younger forest has not reached this
stage (Urrutia-Jalabert et al. 2015a). Hence, it is
likely that stand age effects partially explain dif-
ferences in soil carbon dynamics between sites.
However, we suspect the large environmental
differences between sites (i.e., AC forests grow-
ing in an occasionally water-stressed climate
with infertile, shallow soils with poor water
retention properties) are probably the major rea-
son for differences in soil carbon dynamics
between sites.

CONCLUSIONS

To our knowledge, there have been no other
medium-term (more than a year) field studies on
the soil carbon fluxes in temperate ecosystems of
southern South America. Therefore, this study
contributes to understanding how these particu-
larly humid ecosystems may in principle
respond to interannual variability. Our study
points out the potential for strong interannual
variability in the CO2 effluxes emitted especially
by medium-age Fitzroya forests growing in the
Coastal Range of southern Chile, but less vari-
ability in the more humid climate and soils of the
Andean Range. Warmer and drier weather con-
ditions significantly influence the soil environ-
ment at the Coastal Range and lead to higher
respiration rates in this wet site. However, much
stronger drying under the projected climate
change scenario could cause the opposite effect
(Davidson et al. 1998).

Our measured CO2 effluxes in Fitzroya forests
are at the lower end of values reported for other
mature and old-growth wet temperate forests in
the world. Fitzroya forests also show slower fine
root dynamics. These features could be due to

the longevity of the dominant trees as well as the
very rainy and poor soil conditions where these
forests grow. There seems not to be a significant
difference in soil respiration between forests of
different ages growing under different environ-
mental conditions, but differences appear when
climate changes and the site with more restrictive
conditions increases CO2 effluxes. Therefore, the
underlying environment is a key factor to con-
sider when evaluating forests responses to a
changing climate.

ACKNOWLEDGMENTS

This work has been supported by different sources:
Fondecyt Postdoctoral Grant 3160258 awarded to
Rocio Urrutia-Jalabert; Fondecyt Project Grant 1130410
awarded to Antonio Lara; Center of Climate and Resi-
lience Research (CR)2 funded by CONICYT/FONDAP/
15110009; the CRNII 2047 project of the Inter-Ameri-
can Institute for Global Change Research, supported
by NSF (Grant GEO-0452325); the Rufford Small
Grants for Nature Conservation (Project 11371-1) and
Monica Cole Research Grant, both granted to Rocio
Urrutia-Jalabert. The authors would like to especially
thank CONAF (National Forest Service) for their per-
mission and support to work in the Alerce Costero
National Park and the Alerce Andino National Park.
The authors thank all the field assistants: Aldo Farias,
Waldo Iglesias, Oscar Concha, Emilio Cuq, Diego
Aliste, Yasna Salazar, Mois�es Rojas, and Carmen Glo-
ria Rodr�ıguez. The authors also thank the Park Ranger
Marcelo Delgado H. and family, the Alerce Mountain
Lodge owner Nelson Garc�ıa for giving access to the
Andean site through his property, and Nixy Barra,
Andr�es “Gallito,” and Ruperto Mascare~na for their
support with fieldwork. Yadvinder Malhi was sup-
ported by the Jackson Foundation and a European
Research Council Advanced Investigator Grant GEM-
TRAIT (321131) under the European Union’s Seventh
Framework Programme (FP7/2007–2013).

LITERATURE CITED

Armesto, J., P. Le�on Lobos, and M. Kalyn Arroyo.
1996. Los bosques templados del sur de Chile y
Argentina: Una isla biogeogr�afica. Pages 23–28 in
J. Armesto, C. Villagran, and M. Kalyn Arroyo, edi-
tors. Ecolog�ıa de los bosques nativos de Chile. Edi-
torial Universitaria, Santiago, Chile.

Armesto, J., C. Smith-Ram�ırez, M. R. Carmona, J. L.
Celis-Diez, I. A. D�ıaz, A. Gaxiola, A. G. Guti�errez,
M. C. N�unez-Avila, C. A. P�erez, and R. Rozzi.
2009. Old-growth temperate rainforests of South

 ❖ www.esajournals.org 15 April 2017 ❖ Volume 8(4) ❖ Article e01640

URRUTIA-JALABERT ET AL.



America: conservation, plant-animal interac-
tions, and baseline biogeochemical processes.
Pages 367–390 in C. Wirth, G. Gleixner, and
M. Heimann, editors. Old-growth forests: function,
fate and value. Springer-Verlag, Berlin, Heidelberg,
Germany.

Bahn, M., M. Reichstein, E. A. Davidson, J. Gr€unzweig,
M. Jung, M. Carbone, D. Epron, L. Misson,
Y. Nouvellon, and O. Roupsard. 2010. Soil respira-
tion at mean annual temperature predicts annual
total across vegetation types and biomes. Biogeo-
sciences 7:2147–2157.

Barichivich, J. 2005. Muerte apical epis�odica en bos-
ques de alerce (Fitzroya cupressoides [Mol.] John-
ston) de la Cordillera de la Costa de Valdivia.
Thesis. Facultad de Ciencias Forestales, Universi-
dad Austral de Chile, Valdivia, Chile.

Battles, J. J., J. Armesto, D. R. Vann, D. J. Zarin, J. C.
Aravena, C. Perez, and A. H. Johnson. 2002.
Vegetation composition, structure, and biomass of
two unpolluted watersheds in the Cordillera de
Piuchu�e, Chilo�e Island, Chile. Plant Ecology 158:
5–19.

Bond-Lamberty, B., and A. Thomson. 2010. A global
database of soil respiration data. Biogeosciences
7:1915–1926.

Butler, A., P. Meir, G. Saiz, L. Maracahipes, B. S.
Marimon, and J. Grace. 2012. Annual variation in
soil respiration and its component parts in two
structurally contrasting woody savannas in Central
Brazil. Plant and Soil 352:129–142.

Campbell, J., and B. Law. 2005. Forest soil respiration
across three climatically distinct chronosequences
in Oregon. Biogeochemistry 73:109–125.

Chen, G., Y. Yang, J. Guo, J. Xie, and Z. Yang. 2011.
Relationships between carbon allocation and parti-
tioning of soil respiration across world mature for-
ests. Plant Ecology 212:195–206.

CONAF [Corporaci�on Nacional Forestal]. 1985. Dis-
tribuci�on, caracter�ısticas, potencialidad y manejo
de los suelos bajo Alerce, Fitzroya cupressoides en la
X regi�on: Informe I. Report published by CONAF,
Santiago, Chile.

Curiel Yuste, J., I. A. Janssens, A. Carrara, and
R. Ceulemans. 2004. Annual Q10 of soil respiration
reflects plant phenological patterns as well as
temperature sensitivity. Global Change Biology 10:
161–169.

Davidson, E. A., E. Belk, and R. D. Boone. 1998. Soil
water content and temperature as independent or
confounded factors controlling soil respiration in a
temperate mixed hardwood forest. Global Change
Biology 4:217–227.

Davidson, E. A., I. A. Janssens, and Y. Luo. 2006b. On
the variability of respiration in terrestrial ecosystems:

moving beyond Q10. Global Change Biology
12:154–164.

Davidson, E. A., A. Richardson, K. Savage, and
D. Hollinger. 2006a. A distinct seasonal pattern of
the ratio of soil respiration to total ecosystem respi-
ration in a spruce-dominated forest. Global Change
Biology 12:230–239.

DGA [Direcci�on General de Aguas]. 2011. Estad�ısticas
de precipitaci�on mensual, Estaci�on Venecia. Data-
base provided by the Direcci�on General de Aguas.
Ministerio de Obras P�ublicas, Santiago, Chile.

Donoso, C., R. Grez, and V. Sandoval. 1990. Caracteri-
zaci�on del tipo forestal alerce. Bosque 11:21–34.

Edwards, N. T. 1991. Root and soil respiration
responses to ozone in Pinus taeda L. seedlings. New
Phytologist 118:315–321.

Epron, D., V. Le Dantec, E. Dufrene, and A. Granier.
2001. Seasonal dynamics of soil carbon dioxide
efflux and simulated rhizosphere respiration in a
beech forest. Tree Physiology 21:145–152.

Fekete, I., Z. Kotrocz�o, C. Varga, P. T. Nagy, G. V�arb�ır�o,
R. D. Bowden, J. A. T�oth, and K. Lajtha. 2014.
Alterations in forest detritus inputs influence soil
carbon concentration and soil respiration in a Cen-
tral-European deciduous forest. Soil Biology and
Biochemistry 74:106–114.

Fenn, K., Y. Malhi, and M. D. Morecroft. 2010. Soil
CO2 efflux in a temperate deciduous forest: envi-
ronmental drivers and component contributions.
Soil Biology and Biochemistry 42:1685–1693.

Fenn, K., Y. Malhi, M. D. Morecroft, C. Lloyd, and
M. Thomas. 2015. The carbon cycle of a maritime
ancient temperate broadleaved woodland at sea-
sonal and annual scales. Ecosystems 18:1–15.
https://doi.org/10.1007/s10021-014-9793-1

Fin�er, L., M. Ohashi, K. Noguchi, and Y. Hirano. 2011.
Fine root production and turnover in forest ecosys-
tems in relation to stand and environmental char-
acteristics. Forest Ecology and Management
262:2008–2023.

Fuenzalida, H., P. Aceituno, M. Falvey, R. Garreaud,
M. Rojas, and R. Sanchez. 2007. Estudio de la vari-
abilidad clim�atica en chile para el siglo XXI.
Informe Final. Comisi�on Nacional del Medio
Ambiente (CONAMA), Santiago, Chile.

Gaudinski, J. B., M. Torn, W. Riley, T. Dawson, J. Joslin,
and H. Majdi. 2010. Measuring and modeling the
spectrum of fine-root turnover times in three for-
ests using isotopes, minirhizotrons, and the Radix
model. Global Biogeochemical Cycles 24:GB3029.

Gaudinski, J. B., S. Trumbore, E. A. Davidson,
A. Cook, D. Markewitz, and D. Richter. 2001. The
age of fine-root carbon in three forests of the east-
ern United States measured by radiocarbon.
Oecologia 129:420–429.

 ❖ www.esajournals.org 16 April 2017 ❖ Volume 8(4) ❖ Article e01640

URRUTIA-JALABERT ET AL.

https://doi.org/10.1007/s10021-014-9793-1


Hanson, P., N. Edwards, C. Garten, and J. Andrews.
2000. Separating root and soil microbial contribu-
tions to soil respiration: a review of methods and
observations. Biogeochemistry 48:115–146.

Heinemeyer, A., C. Di Bene, A. Lloyd, D. Tortorella,
R. Baxter, B. Huntley, A. Gelsomino, and P. Ineson.
2011. Soil respiration: implications of the plant-soil
continuum and respiration chamber collar-
insertion depth on measurement and modelling of
soil CO2 efflux rates in three ecosystems. European
Journal of Soil Science 62:82–94.

Hibbard, K., B. Law, M. Reichstein, and J. Sulzman.
2005. An analysis of soil respiration across north-
ern hemisphere temperate ecosystems. Biogeo-
chemistry 73:29–70.

Irvine, J., and B. Law. 2002. Contrasting soil respiration
in young and old-growth ponderosa pine forests.
Global Change Biology 8:1183–1194.

Jackson, R. B., H. A. Mooney, and E. D. Schulze. 1997.
A global budget for fine root biomass, surface area,
and nutrient contents. Proceedings of the National
Academy of Sciences USA 94:7362–7366.

Keller, M., A. M. Weitz, B. Bryan, M. M. Rivera, and
W. L. Silver. 2000. Soil-atmosphere nitrogen oxide
fluxes: effects of root disturbance. Journal of Geo-
physical Research 105D:17693–17698.

Lambers, H., I. F. S. Chapin, F. S. Chapin, and T. L.
Pons. 2008. Plant physiological ecology. Springer-
Verlag, New York, New York, USA.

Lara, A., S. Fraver, J. C. Aravena, and A. Wolodarsky-
Franke. 1999. Fire and the dynamics of Fitzroya
cupressoides (alerce) forests of Chile’s Cordillera
Pelada. Ecoscience 6:100–109.

Lavigne, M. B., R. Boutin, R. Foster, G. Goodine,
P. Bernier, and G. Robitaille. 2003. Soil respiration
responses to temperature are controlled more by
roots than by decomposition in balsam fir ecosys-
tems. Canadian Journal of Forest Research
33:1744–1753.

Lavigne, M. B., R. J. Foster, and G. Goodine. 2004. Sea-
sonal and annual changes in soil respiration in rela-
tion to soil temperature, water potential and
trenching. Tree Physiology 24:415–424.

Litton, C., and C. Giardina. 2008. Below-ground car-
bon flux and partitioning: global patterns and
response to temperature. Functional Ecology
22:941–954.

Malhi, Y., L. E. Arag~ao, D. B. Metcalfe, R. Paiva, C. A.
Quesada, S. Almeida, L. Anderson, P. Brando, J. Q.
Chambers, and A. C. L. Da Costa. 2009. Compre-
hensive assessment of carbon productivity, alloca-
tion and storage in three Amazonian forests.
Global Change Biology 15:1255–1274.

Malhi, Y., et al. 2014. The productivity, metabolism
and carbon cycle of two lowland tropical forest

plots in south-western Amazonia, Peru. Plant Ecol-
ogy & Diversity 7:85–105.

Marthews, T. R., et al. 2012. Measuring tropical forest
carbon allocation and cycling: a RAINFOR-GEM
field manual for intensive census plots (v3.0).
http://gem.tropicalforests.ox.ac.uk/

McDowell, N. G., N. J. Balster, and J. D. Marshall.
2001. Belowground carbon allocation of Rocky
Mountain Douglas-fir. Canadian Journal of Forest
Research 31:1425–1436.

Metcalfe, D. B., R. Fisher, and D. Wardle. 2011. Plant
communities as drivers of soil respiration: path-
ways, mechanisms, and significance for global
change. Biogeosciences 8:2047–2061.

Metcalfe, D. B., M. Williams, L. Arag~ao, A. Da Costa,
S. De Almeida, A. Braga, P. Gonc�alves, J. De Athay-
des, S. Junior, and Y. Malhi. 2007. A method for
extracting plant roots from soil which facilitates
rapid sample processing without compromising
measurement accuracy. New Phytologist 174:
697–703.

Nadelhoffer, K. J., and J. W. Raich. 1992. Fine root pro-
duction estimates and belowground carbon alloca-
tion in forest ecosystems. Ecology 73:1139–1147.

Nakagawa, S., and H. Schielzeth. 2013. A general and
simple method for obtaining R2 from generalized
linear mixed-effects models. Methods in Ecology
and Evolution 4:133–142.

Ngao, J., D. Epron, N. Delpierre, N. Breda, A. Graniera,
and B. Longdoz. 2012. Spatial variability of soil
CO2 efflux linked to soil parameters and ecosystem
characteristics in a temperate beech forest. Agricul-
tural and Forest Meteorology 154:138–148.

Peralta, M., M. Ibarra, and O. Oyanedel. 1982. Suelos
del tipo forestal Alerce. Ciencias Forestales 2:39–60.

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R Core
Team. 2014. nlme: linear and nonlinear mixed
effects models. R package version 3.1-118. https://
cran.r-project.org/web/packages/nlme/

Quintana, J., and P. Aceituno. 2013. Bolet�ın Clim�atico
Enero Febrero 2013. Departamento de Geof�ısica,
Universidad de Chile, Santiago, Chile.

R Development Core Team. 2014. R: a language and
environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria.
https://www.r-project.org/

Raich, J. W., and K. Nadelhoffer. 1989. Belowground
carbon allocation in forest ecosystems: global
trends. Ecology 70:1346–1354.

Raich, J. W., and C. S. Potter. 1995. Global patterns of
carbon dioxide emissions from soils. Global Bio-
geochemical Cycles 9:23–36.

Raich, J. W., and A. Tufekciogul. 2000. Vegetation and
soil respiration: correlations and controls. Biogeo-
chemistry 48:71–90.

 ❖ www.esajournals.org 17 April 2017 ❖ Volume 8(4) ❖ Article e01640

URRUTIA-JALABERT ET AL.

http://gem.tropicalforests.ox.ac.uk/
https://cran.r-project.org/web/packages/nlme/
https://cran.r-project.org/web/packages/nlme/
https://www.r-project.org/


Riley, W. J., J. B. Gaudinski, M. S. Torn, J. Joslin, and
P. J. Hanson. 2009. Fine-root mortality rates in a tem-
perate forest: estimates using radiocarbon data and
numerical modeling. New Phytologist 184:387–398.

Rodeghiero, M., and A. Cescatti. 2006. Indirect parti-
tioning of soil respiration in a series of evergreen
forest ecosystems. Plant and Soil 284:7–22.

Ruehr, N. K., and N. Buchmann. 2010. Soil respiration
fluxes in a temperate mixed forest: seasonality and
temperature sensitivities differ among microbial
and root-rhizosphere respiration. Tree Physiology
30:165–176.

Ruehr, N. K., A. Knohl, and N. Buchmann. 2010. Envi-
ronmental variables controlling soil respiration on
diurnal, seasonal and annual time-scales in a
mixed mountain forest in Switzerland. Biogeo-
chemistry 98:153–170.

Ryan, M. G., and B. E. Law. 2005. Interpreting, measur-
ing, and modeling soil respiration. Biogeochem-
istry 73:3–27.

Saiz, G., K. A. Byrne, K. Butterbach-Bahl, R. Kiese,
V. Blujdea, and E. P. Farrell. 2006. Stand age-related
effects on soil respiration in a first rotation Sitka
spruce chronosequence in central Ireland. Global
Change Biology 12:1007–1020.

Savage, K., and E. A. Davidson. 2001. Interannual vari-
ation of soil respiration in two New England for-
ests. Global Biogeochemical Cycles 15:337–350.

Schwendenmann, L., E. Veldkamp, T. Brenes, J. J.
O’Brien, and J. Mackensen. 2003. Spatial and tem-
poral variation in soil CO2 efflux in an old-growth
neotropical rain forest, La Selva, Costa Rica. Bio-
geochemistry 64:111–128.

Singh, J., and S. Gupta. 1977. Plant decomposition and
soil respiration in terrestrial ecosystems. Botanical
Review 43:449–528.

Smithwick, E. A., M. E. Harmon, S. M. Remillard, S. A.
Acker, and J. F. Franklin. 2002. Potential upper
bounds of carbon stores in forests of the Pacific
Northwest. Ecological Applications 12:1303–1317.

Subke, J. A., I. Inglima, and M. F. Cotrufo. 2006. Trends
and methodological impacts in soil CO2 efflux par-
titioning: a metaanalytical review. Global Change
Biology 12:921–943.

Sulzman, E. W., J. B. Brant, R. D. Bowden, and
K. Lajtha. 2005. Contribution of aboveground litter,
belowground litter, and rhizosphere respiration to
total soil CO2 efflux in an old growth coniferous
forest. Biogeochemistry 73:231–256.

Taylor, A. J., C. T. Lai, F. M. Hopkins, S. Wharton,
K. Bible, X. Xu, C. Phillips, S. Bush, and J. R.
Ehleringer. 2015. Radiocarbon-based partitioning
of soil respiration in an old-growth coniferous
forest. Ecosystems 18:459–470.

Trumbore, S. 2006. Carbon respired by terrestrial
ecosystems–recent progress and challenges. Global
Change Biology 12:141–153.

Urrutia-Jalabert, R., Y. Malhi, J. Barichivich, A. Lara,
A. Delgado-Huertas, C. G. Rodr�ıguez, and E. Cuq.
2015c. Increased water use efficiency but contrasting
tree growth patterns in Fitzroya cupressoides forests
of southern Chile during recent decades. Journal of
Geophysical Research Biogeosciences 120:2505–
2524. https://doi.org/10.1002/2015JG003098

Urrutia-Jalabert, R., Y. Malhi, and A. Lara. 2015a. The
oldest, slowest rainforests in the world? Massive
biomass and slow carbon dynamics of Fitzroya
cupressoides temperate forests in southern Chile.
PLoS ONE 10:e0137569.

Urrutia-Jalabert, R., S. Rossi, A. Deslauriers, Y. Malhi,
and A. Lara. 2015b. Environmental correlates of
stem radius change in the endangered Fitzroya
cupressoides forests of southern Chile. Agricultural
and Forest Meteorology 200:209–221.

Veblen, T. T., and D. H. Ashton. 1982. The regeneration
status of Fitzroya cupressoides in the Cordillera
Pelada, Chile. Biological Conservation 23:141–161.

Wang, C., and J. Yang. 2007. Rhizospheric and hetero-
trophic components of soil respiration in six Chi-
nese temperate forests. Global Change Biology
13:123–131.

Wang, C., J. Yang, and Q. Zhang. 2006. Soil respiration
in six temperate forests in China. Global Change
Biology 12:2103–2114.

Wood, T. E., M. Detto, and W. L. Silver. 2013. Sensitiv-
ity of soil respiration to variability in soil moisture
and temperature in a humid tropical forest. PLoS
ONE 8:e80965.

Yuan, Z., and H. Y. Chen. 2010. Fine root biomass, pro-
duction, turnover rates, and nutrient contents in
boreal forest ecosystems in relation to species, cli-
mate, fertility, and stand age: literature review and
meta-analyses. Critical Reviews in Plant Sciences
29:204–221.

Zuur, A. F., E. Ieno, N. Walker, A. Saveliev, and
G. Smith. 2009. Mixed effects models and exten-
sions in ecology with R. Springer, New York, New
York, USA.

SUPPORTING INFORMATION

Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
1640/full

 ❖ www.esajournals.org 18 April 2017 ❖ Volume 8(4) ❖ Article e01640

URRUTIA-JALABERT ET AL.

https://doi.org/10.1002/2015JG003098
http://onlinelibrary.wiley.com/doi/10.1002/ecs2.1640/full
http://onlinelibrary.wiley.com/doi/10.1002/ecs2.1640/full

