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Background: The impact of fire on carbon cycling in tropical forests is potentially large, but remains poorly quantified,
particularly in the locality of the transition forests that mark the boundaries between humid forests and savannas.

Aims: To present the first comprehensive description of the impact of repeated low intensity, understorey fire on carbon
cycling in a semi-deciduous, seasonally dry tropical forest on infertile soil in south-eastern Amazonia.

Methods: We compared an annually burnt forest plot with a control plot over a three-year period (2009-2011). For each
plot we quantified the components of net primary productivity (NPP), autotrophic (R,) and heterotrophic respiration (Ry),
and estimated total plant carbon expenditure (PCE, the sum of NPP and R,) and carbon-use efficiency (CUE, the quotient of
NPP/PCE).

Results: Total NPP and R, were 15 and 4% lower on the burnt plot than on the control, respectively. Both plots were
characterised by a slightly higher CUE of 0.36-0.39, compared to evergreen lowland Amazon forests.

Conclusions: These measurements provide the first evidence of a distinctive pattern of carbon cycling within this transitional

forest. Overall, regular understorey fire is shown to have little impact on ecosystem-level carbon fluxes.

Keywords: allocation; carbon cycling; CUE; fire experiment; GPP; NPP; Tanguro; tropical seasonally dry rainforest

Introduction

The Amazon forests store ca. 120 petagrams (1 Pg =
1 x 10° tonnes) of carbon (C) and contribute 10% of
global net biomass production (Melillo et al. 1996; Malhi
and Grace 2000), influencing both the regional and the
global climate. However, climate change can drastically
alter the ability of these forests to store C. Droughts can
affect the Amazon C cycle not only by killing trees and
reducing tree growth, but also by increasing the intensity
and extension of forest fires (Alencar et al. 2006). During
the drought of 1998, for instance, the area burnt in the
Brazilian Amazon was ca. 39,000 km?, much larger than
the 17,384 km? deforested directly (Nepstad et al. 2001;
Alencar et al. 2004, 2006), emitting significant amounts of
C into the atmosphere (Aragdo and Shimabukuro 2010).
Natural forest fires are a very rare occurrence across most
of the Amazon rainforest (Hammond and ter Steege 1998;
Turcq et al. 1998; Behling et al. 2001; Bush et al. 2004).
However, after large-scale human colonisation commenced,
the frequency and severity of fire events increased across
the region, primarily through accidental spread from fires
intentionally set to prepare land for agriculture (Cochrane
et al. 1999; Nepstad et al. 1999). In the Amazon the rate of
forest degradation due to accidental fires can often exceed
degradation caused by logging (Alencar et al. 2006). This
has been exacerbated by the increased susceptibility to

fire of degraded and logged forests; these have become
more widespread in the Amazon, and the rise in the fre-
quency of severe drought is often, although not always,
associated with El Nifio events (Laurance and Williamson
2001; Nepstad et al. 2004; Aragdo et al. 2007; Cochrane
and Laurance 2008). Thus, where in close proximity to
human settlements high levels of forest disturbance and dry
conditions overlap, the resultant fires can have a particu-
larly severe impact on forest structure and function, and
can release large quantities of carbon dioxide (CO,) into
the atmosphere (Potter et al. 2002, 2009; van der Werf
2003).

Studies of fire-associated forest CO, release have
tended to focus on the most immediate, visible and direct
fluxes from combustion of above-ground organic mate-
rial (e.g. Kauffman et al. 1998; Haugaasen et al. 2003;
Balch et al. 2008; Potter et al. 2009). However, much of
the tropical forest C is stored below-ground as a complex
and spatially heterogeneous mixture of different substances
(plant roots, mycorrhizae, dead organic matter and organic
compounds in mineral soil) each with their own sensitivity
to various environmental factors. Therefore, understanding
and predicting the impact of fire on the flow of CO, from
these different components, and their net effect on over-
all soil CO, efflux, is critical to accurately estimating the
impact of fire on the tropical forest C balance. Moreover, in
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order to understand and model the response of ecosystem
productivity and biomass to fire and drought it is important
to gain a comprehensive understanding of the complete
C cycle, including production, respiration, allocation and
turnover, of which the biomass and soil C stores are compo-
nents. These components are required in order to estimate
the stability of stored C, as the long-term outcome of the
balance between C assimilated by photosynthesis (gross
primary productivity, GPP) and C released via autotrophic
(R,) and heterotrophic respiration (R} ) (Chapin et al. 2006).
In this context, a key parameter is the carbon use efficiency
(CUE) of the forest, which is the proportion of GPP used
for net primary production of biomass (NPP) over relatively
long turnover times, rather than the rapid metabolism of
photosynthate to support R, (DeLucia et al. 2007). Such
a comprehensive understanding is beginning to emerge for
a few sites in humid Amazonian forests (Chambers et al.
2004; Malhi et al. 2009a; Metcalfe et al. 2010), but no such
study has previously been conducted in a seasonally dry
tropical forest.

The Amazonian forest formations with greatest sus-
ceptibility to fire are the transitional forests, such as those
located at the dry southern extremity of Amazonia (Nepstad
et al. 1999; Alencar et al. 2005), which also demarcates
the Brazilian agricultural frontier. This is one of the trop-
ical forest regions most likely to become drier as a result
of global climate change (Zelazowski et al. 2011). Yet
despite their susceptibility to drought and fire, the transi-
tion forests remain poorly studied. To address this gap in
knowledge, a large-scale burn experiment was initiated in
2004 to examine the effect of low intensity understorey
fire on ecosystem structure and function in this threatened
ecotone (Balch et al. 2008). By the start of our study in
2009 the 0.5 x 1.0 km experimental burn plot had been sub-
jected to six ground surface fires in the previous eight years.
In the present study we present a comprehensive picture of
forest C cycling across a full seasonal cycle, averaged over
2009-2011 in the experimentally burnt forest, and compare
these measurements with matching data from a similar, but
unmodified, control plot nearby. The specific questions we
ask are as follows:

(1) How do the components of NPP vary over the
seasonal cycle in the burned and control plots?

(2) How do the components of R, and R}, vary over the
seasonal cycle in these two plots?

(3) What is the NPP, CUE and biomass allocation in
this seasonally dry transition forest, how do these
differ from wetter Amazon forests, and how do they
change following regular burning?

Materials and methods
Study site and experimental design

The study area was located on the Fazenda Tanguro (ca.
80,000 ha) in Mato Grosso State (Figure 1), ca. 30 km north
of the southern boundary of the Amazon rainforest in Brazil
(13°04' 35.39" S, 52°23" 08.85" W). The average annual

rainfall was ca. 1770 mm (2005-2011), with a very intense
dry season, and monthly rainfall between the months of
May and August typically below 10 mm (Figure 2).

The average annual air temperature was 25°C, with usu-
ally less than 5°C seasonal variation around this mean. The
soil type at the site was a red-yellow alic dystrophic latosol
(RADAM Brasil 1974; Brazilian soil classification), a rela-
tively infertile sandy ferralsol (FAO classification) or oxisol
(Haplustox; US Department of Agriculture classification
scheme); the groundwater was at a depth of ca. 15 m, and no
layers of soil were able to prevent root penetration through
the soil profile. These soils are among the least fertile in
Amazonia and are widespread across eastern Amazonia
(Quesada et al. 2010). The study was located within a resid-
ual tract of transitional forest kept as a protected reserve by
the landowner, as required by Brazilian law. The forest type
according to the Veloso et al. (1991) classification scheme
was seasonal semi-deciduous alluvial.

The forest had a relatively low mean canopy height
(20 m) and low plant species diversity in comparison with
the wetter forests typical of the central Amazon (97 species
of trees and lianas >10 cm diameter at 1.3 m stem height
above the ground (dbh) identified over the entire 150 ha
experimental area) (Balch et al. 2011. The 10 most common
species accounted for ca. 50% of the Vegetation Importance
Index: Amaioua guianensis Aubl. (7.8%), Ocotea acutan-
gula (Miq.) Mez (7.5%), Aspidosperma excelsum Benth.
(6.4%), Ocotea guianensis Aubl. (6.2%), Tapirira guianen-
sis Aubl. (5.9), Micropholis egensis (A. DC.) Pierre (4.4%),
Trattinnickia burserifolia Mart. (4.1%), Sloanea eichleri
K. Schum. (4.0%), Trattinnickia rhoifolia Willd. (3.7%),
and Pouteria ramiflora (Mart.) Radlk. (3.6%) (Balch et al.
2008). In addition, at least 23 forest species co-occurred in
the savanna (cerrado) biome which adjoins the forest ca.
30 km to the south of the study area.

A Dburning experiment was established within a
1.5 x 1.0 km? (150 ha) area of the property’s legally pro-
tected forest reserve to identify the effect of fires on forest
vegetation structure and its rate of recovery after the fire.
The site was situated within the forest at the edge of a pas-
ture area (now an area of soybean cultivation with no fire
use). The site had no known logging or previous fires in the
recent past, or at least for several decades. The study design
and effect of the burning experiment on microclimate and
forest structure have been described in detail by Balch et al.
(2008), and mortality patterns and species—fire interactions
described by Balch et al. (2011) and Brando et al. (2012),
respectively.

In 2004 the experimental area was divided into three
adjacent treatment areas, each of 50 ha (0.5 x 1.0 km?)
(Figure 1). In two of the treatment areas, fires were set with
kerosene drip torches along transects spaced 50 m apart,
within two areas of previously undisturbed forest. Fires
were set during three or four consecutive days between
9:00 and 16:00; 10 km of fire lines were set up per 50 ha
plot. The majority of fires became extinguished naturally
by nightfall and were then relit on subsequent days. This
method achieved a low-intensity, slow-moving fire across
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Figure 1. Location of the experimental area, Fazenda Tanguro, in Mato Grosso State, Brazil (upper right panel insert). Colouring indicates
vegetation density (high, green; low, pink/purple). The control plot is A, the 3-year burn (not studied here) is B, and the annually burnt

plot, the burn treatment plot featured in the present study, is C.

the plot, typical of naturally occurring tropical understorey
forest fires. The fire was carefully controlled along the plot
margin to prevent it spreading into nearby forest, including
the third treatment area, which was unmodified, old-growth
forest chosen as a control plot. This process was repeated
every year in one treatment (burn plot) near the end of the
dry season, when most wild fires occur in the region. In
two years (2008 and 2011) restrictions prevented burning,
so the burn treatment had been applied six times by the end
of the present study.

The second burn treatment, in which the forest was
burned every three years, was not the focus of our measure-
ments. Prior to the first fire, extensive vegetation surveys
indicated that the control and burn plots had similar tree
species diversity (68 and 82 on the control and burn plots,
respectively) and composition, and similar overall density
(2200 and 2246 stems >10 cm dbh) and size distribution
of stems (Balch et al. 2008, 2011). After the third burn
in 2006, near-soil air conditions became warmer and drier
(Balch et al. 2008; Silveira et al. 2009), fine ground sur-
face litter became 38% drier, and its mass was reduced by
13% compared to the control plot. Over the same period the
mortality of trees and lianas >10 cm dbh on the burn plot
increased by 96% relative to the control (Balch et al. 2011),
associated with a 22% reduction in canopy density mea-
sured in terms of leaf area index (LAI). Within the 50 ha
treatments, we focused the measurements reported here on

a 1-ha plot of 500 x 20 m? along a transect (F-transect)
located 250 m from (and running parallel to) the edge of
the forest.

The substantial logistical and financial costs of main-
taining the burning treatment precluded further replication
outside the experimental area, but the study provided an
insight into the effects of an important natural phenomenon
on an ecologically meaningful spatial scale that would
have been impossible to gather from smaller scale, more
easily replicated experiments (Carpenter 1996; Sullivan
1997; Osmond et al. 2004; Stokstad 2005). Fire events are
increasing in frequency across the Amazon (Alencar et al.
2006; Aragdo and Shimabukuro 2010), particularly in frag-
mented forests which have burned previously (Cochrane
and Schulze 1999; Cochrane 2001). The burn treatments
therefore represent an extreme but plausible natural state
for a significant portion of Amazon forest facing a drier
future climate with more extensive agricultural land-use
(Nepstad et al. 2001; Cardoso et al. 2003).

Meteorological data

Solar radiation, air temperature, relative humidity and pre-
cipitation time series were collected from an automatic
weather station located in open ground near the study
plots (13.08°S, 51.48°W). The original data were mea-
sured at hourly resolution for the period January 2004 to
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Figure 2. Seasonal climate data for (a) total radiation, (b) average monthly temperature, (c) relative atmospheric humidity, (d) average
monthly precipitation and (e) surface soil volumetric moisture, in Fazenda Tanguro, Mato Grosso State, Brazil. All variables were recorded
using a meteorological station situated in open ground near the study plots, with the exception of soil moisture which was recorded by
sensors installed in the control and annual burn plots. Error bars are standard errors over multiple years, to give an indication of inter-annual

variability. Filled circle, control; open circle, burn.

December 2011. During control of temperature, values
>4 standard deviations from the mean were discarded,
as were relative humidity values >100%, and precipita-
tion values >100 mm over 30 min. In the generation of
a monthly time series for each variable, at least 90% of
the maximum possible values during a given month had
to be present for that month to be included in the time
series. For solar radiation, temperature and relative humid-
ity, the monthly mean value for each missing month was
used to add the missing values. In the case of precipitation,

only months in which all the days were sampled were
considered.

The precipitation monthly time series was gap-filled
using data from a nearby station, which is part of the
Hidroweb network (station number 01352001), located at
13.50°S, 52.45°W. These data were available hourly but
were aggregated to generate a monthly time series. Surface
soil moisture was recorded using probes installed in each
plot. Maximum climatological water deficit (MCWD), a
climatological measure of tropical forest water stress, was
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calculated using the gap-filled monthly time series for pre-
cipitation, according to the equations listed by Aragdo et al.
(2007).

Carbon fluxes

The protocols used to estimate the ecosystem C flux com-
ponents were largely based on those developed by the
RAINFOR-GEM network. A detailed description is avail-
able online for the download (http://gem.tropicalforests.
ox.ac.uk) and is given in the online supplemental mate-
rial accompanying this paper. Summaries of the different
components quantified, and the field methods and data pro-
cessing techniques used, are presented in Tables 1 and
2, respectively. We calculated above- and below-ground
NPP, NPPag and NPPgg respectively, using the following
equations:

NPPAG = NPPACW + NPPLitter fall

&)
+ NPP Branch turnover — NPP Herbivory

NPPBG = NPPFine roots NPPCoarse roots (2)

This neglects several small NPP terms, such as the NPP lost
as volatile organic emissions, and litter decomposed in the
canopy or shed by ground flora below the litter traps. Total
R, was estimated as

Ra = RLeaves + RStems + RRhizosphere + RCoarse roots (3)

Here we consider root exudates and transfer to mycorrhizae
to be a component of Rrpizosphere Tather than NPP. In quasi-
steady state conditions (and on annual timescales or longer
where there are no net changes in plant non-structural car-
bohydrate storage), GPP should be approximately equal to
PCE. Hence, we estimated GPP on the control plot as

GPP = NPPyg + NPPyG + R, )

In perturbed systems such as the burn plot, plant-level
steady-state conditions may not apply. Thus, we interpret
the sum of NPP and R, in the burn plot as PCE (Metcalfe
et al. 2010). Using these data, we can estimate the CUE as
the proportion of total GPP/PCE invested in total NPP:

CUE = NPPg + NPPyg/ (NPPaG + NPPyG + Ry) (5)

Statistics and error analysis

A repeated-measures analysis of variance (ANOVA) was
used to test for significant seasonal shifts in ecosystem
C components between plots. In addition, mean annual
differences between the two plots were assessed using a
student’s t-test, assuming that the component measure-
ments within each treatment were independent replicates.
All the estimated fluxes reported in this study are in
Mg C ha~! year™!, and all reported errors show 1 SE.

Impact of fire on Amazon forest carbon cycling 5

Errors were propagated by quadrature of absolute errors for
addition and subtraction, and quadrature of relative errors
for division and multiplication (Taylor et al. 1997; Malhi
et al. 2009a). This assumes that uncertainties were inde-
pendent and normally distributed. We explicitly consider
two distinct types of uncertainty in this study, firstly, the
sampling error associated with spatial variation in the vari-
ables measured, and secondly, the measurement uncertainty
due to equipment functioning, measurement accuracy, and
in particular scaling localised measurements to whole-tree
and whole-plot estimates. Here we assume that most NPP
terms are measured relatively precisely and sampled with-
out large biases, and NPP error was thus largely the result of
sampling uncertainty. In contrast, we believe that the main
R, terms included a large measurement uncertainty, though
this is very difficult to quantify. The approach taken here
is to assign explicit and conservative estimates of the mea-
surement uncertainty for these components, as summarised
in Tables 1 and 2. Some components were not directly
measured at the site (RLCaVCSs RCoarsc roots» NPP Coarse roots»
NPPsiens <10 cm dbh), but were estimated from mea-
surements in similar Amazon forests, or taken from the
literature. In recognition of the uncertainty entailed by this
approach, we have assigned particularly wide error values
to these estimates. A description of the overall approach and
assumptions made in estimating components is presented in
Tables 1 and 2.

Results
Climate

Solar radiation was high throughout the year and showed
relatively moderate seasonal variation, with a minimum
in the late wet season and a maximum in the mid-late
dry season (Figure 2). Total annual radiation was among
the highest found in the Amazon region. Mean monthly
temperature varied between 24°C and 27°C, with the high-
est temperatures in the late dry season. Precipitation was
highly seasonal, with an intense five-month dry season
(May—September) with very little rain, countered by very
high rainfall rates (>350 mm month~") at the peak of the
wet season (December—January). Mean surface (0—30 cm)
annual soil moisture content was not significantly different
(P < 0.001) in the control plot (10.7 & 0.20%) than in the
burn plot (10.8 £ 0.2% water) (Figure 2). Wet season soil
moisture values peaked at ca. 15%, and the dry season min-
imum was ca. 7%. The burn plot soils appeared to rehydrate
more rapidly in the wet season. The mean MCWD was esti-
mated to be —482 mm, towards the lower limit for tropical
forest persistence (Malhi et al. 2009b)

Above-ground woody biomass and NPP

The mean height of canopy trees (>40 cm dbh) was 24.9 &
3.5 m for the control plot and 22.1 + 2.4 m for the
burn plot. Total above-ground biomass for trees >10 cm
dbh was 75.2 Mg C ha! on the control and 57.8 Mg C
ha~! on the burn plot, indicating a substantial reduction
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of above-ground biomass resulting from the annual burn-
ing treatment. On the other hand, the mean NPPacw of
trees >10 cm dbh was similar on the two plots, at 2.25 +
0.23 Mg C ha~! year™! for the control plot and 2.19 +
0.22 Mg C ha~! year™' for the burn plot. This implies
that the fewer trees present on the burn plot maintained a
higher rate of growth per tree than the control. Including
trees <10 cm dbh (17 £ 6% of total), we estimated a
total NPPacw of 2.63 £ 0.29 and 2.56 £ 0.28 Mg C ha™!
year~! for the control and burn plots, respectively (Table 3,
Table 4, Figure 3, Figure 4). Dividing stem biomass by total
NPPacw, we estimated a stem biomass residence time of
ca. 29 years for the control plot.

Canopy NPP LAl averaged 4.13 m? m~2 in the control plot
and 2.53 m?> m~2 in the burn plot, a significant difference
(P < 0.001). There was surprisingly little seasonality in
estimated LAI despite the large seasonal cycle in litterfall.
This suggests that there was turnover of leaves in the
canopy, with the production of new leaves overlapping with
the abscission of old leaves.

Mean annual LAI in the burn plot declined from 2.77 £
0.19m> m~2 in 2009 t0 2.13 & 0.16 m®> m~2 in 2011. If we
assume the specific leaf area to be 0.012 £ 0.003 g m~2
(intermediate between an infertile humid forest in the east-
ern Amazon and the more fertile deciduous forests in the
western Amazon, Araujo-Murakami et al. 2014; da Costa
et al. 2014), this is equivalent to a net canopy biomass loss
rate of 0.27 £ 0.12 Mg C ha~! year™!. Hence our assump-
tion of equilibrium in canopy biomass was not valid for the
burn plot, since abscised leaves were clearly not entirely

replaced by newly grown foliage. Therefore, NPP\yiyerfall
on the burn plot was calculated as the litterfall rate minus
the annual rate of loss of leaf biomass (Table 3, Table 4,
Figure 3, Figure 4). In the control plot, there was no sig-
nificant net change in LA/ over the three years, and we
therefore assume that litterfall gave a reasonable proxy for
canopy production of fine organic matter.

Both sites showed a broad peak in canopy litterfall
between May and October, closely tracking the seasonal
pattern of radiation (Figure 5). NPPyiyerrann Was significantly
greater (P < 0.001) at the control plot (5.00 + 0.47 Mg C
ha~! year™') than at the burn plot (4.48 & 0.48 Mg C ha™!
year™!) (Table 3, Table 4, Figure 3, Figure 4).

NPPgranch turnover averaged 0.08 & 0.01 Mg C ha™!
year™! at the control plot but was very low (0.05 & 0.01 Mg
Cha~! year™!) at the burn plot. There was a strong seasonal
cycle in the control plot, branch fall being greatest in the
wet season and lowest in the dry season.

Below-ground NPP

NP Prine roots Was relatively low compared with other ecosys-
tem components of NPP. We detected a significant effect
of fire (P < 0.001) in the year of measurement, with fine
root NPP of 1.86 & 0.13 Mg C ha~! year™! in the con-
trol plot, compared with just 0.96 £+ 0.05 Mg C ha™!
year~! after the burn treatment (Table 3, Table 4, Figure 3,
Figure 4). Both plots exhibited a strong seasonal cycle in
NPPrine roots, declining during the dry season (Figure 5).
Estimated NPPcoarse roots Was ca. 0.5 Mg C ha~! year™! on
both plots.

Table 3. Summary of carbon fluxes on the control and annually burnt plots over 2009-2011 in Fazenda Tanguro, Mato Grosso state,
Brazil. Net primary productivity (NPP), gross primary productivity (GPP), plant carbon expenditure (PCE) and respiration components
are in units of Mg C ha~! year~!. Carbon use efficiency (CUE) is calculated as total NPP / GPP or PCE. Sample error is uncertainty
caused by spatial heterogeneity of the measured parameter within the study plots (standard error of the mean). Total error includes sample
error together with an estimate of uncertainties due to measurement/equipment biases and up-scaling localised measurements to the plot

level.
Control plot Burn plot

Mean Sample error Total error Mean Sample error Total error
Net primary productivity
Fine litter 5.00 0.47 0.47 4.48 0.48 0.48
Loss to herbivory 0.32 0.20 0.26 0.28 0.18 0.23
Branch turnover 0.08 0.01 0.01 0.05 0.01 0.01
Stems 2.63 0.25 0.29 2.56 0.24 0.28
Coarse roots 0.47 0.05 0.14 0.46 0.05 0.14
Fine roots 1.86 0.13 0.13 0.96 0.05 0.05
Respiration
Leaves 7.48 0.80 2.30 5.29 0.50 1.55
Stems 4.57 0.45 1.82 5.29 0.18 1.77
Rhizosphere 3.30 0.30 0.63 4.00 0.49 0.89
Coarse roots 0.96 0.17 0.36 1.11 0.16 0.39
Soil heterotrophs 11.17 1.01 1.01 6.73 0.84 0.84
Ecosystem totals
R, 16.31 0.98 3.02 15.69 0.74 2.54
NPP 10.36 0.58 0.64 8.80 0.57 0.62
GPP / PCE 26.67 1.14 3.09 24.49 0.93 2.62
CUE 0.39 0.03 0.08 0.36 0.03 0.08
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Table 4. Carbon allocation patterns on the control and annually burnt plots over 2009—2011 in Fazenda Tanguro, Mato Grosso state,
Brazil. All values are percentages of total plant carbon expenditure (PCE), in components of net primary productivity (NPP) and
autotrophic respiration (R,). The stems NPP component includes contributions from branch turnover. Sample error is uncertainty caused
by spatial heterogeneity of the measured parameter within the study plots (standard error of the mean). Total error includes sample error
together with an estimate of uncertainties due to measurement/equipment biases and up-scaling localised measurements to the plot level.

Control plot Burn plot

Mean Sample error Total error Mean Sample error Total error
NPP
Canopy 51 6 6 54 7 7
Stems 26 3 3 30 3 3
Roots 22 2 2 16 1 3
R,
Leaves 46 6 16 34 4 11
Stems 28 3 12 34 2 13
Roots 26 3 7 33 4 8
PCE (NPP + R,)
Canopy 48 4 10 41 3 8
Stems 27 2 8 32 2 8
Roots 25 2 4 27 2 5
GPP/PCE=24.45 2 262 GPP [ PCE=26.67£3.09
Burn plot Total NPP=8.80£0.62 Control plot c ﬂ = Total NPP = 10.36£0.64
; Total R=22.42 £3.38 A~ J por L Total R=27.48 £4.03
4 R,=15.68 2254 = 2", R,=1631£3.02
R,=6.730.84 3 NPP | gyt = 5002 0.87 R,=1117 £1.01
CuE=0.36 4008 P — CUE=0.3910.08
Y & . NPP ertivory = 032 4 0.?5. .
B reaes * 529 £ 155 +— | R agves = 748 2 2.59-—-\"'—'._;" 7 |_ R
P s 008 2001
Rgpams=5.291 1.77 + R gspm; = 457 £ 1.82 e —— )
| i
NPP oy =2632029 | | =5.3210.54
Rem=10.7321.22 Ry =14.47£1.19
s s s
R anisoighere™ & R prizsaphers™ 330 2 N’Wc‘_;_“ P - u.u;n.;a-

D gy = 233 £ 019

= NPP fio roey = 186 £0.13

R souiner = 6.73 £ 0.84 R ging " 1117 £1.01

Figure 3. Diagram showing the magnitude and pattern of key carbon fluxes on the control and annual burn plots in 2009-2011 in
Fazenda Tanguro, Mato Grosso State, Brazil. Components with prefixes R, NPP and D denote respiration, net primary productivity and
decomposition terms, respectively. Detailed descriptions of C flux components measured are presented in Tables 1 and 2. All values are
in units of Mg C ha™! year™!, with the exception of carbon use efficiency (CUE), which is calculated as total NPP/GPP or PCE. GPP =
gross primary productivity, PCE = plant carbon expenditure, R, = autotrophic respiration, R, = heterotrophic respiration. Errors include
sample error caused by spatial heterogeneity of the measured parameter within the study plots (standard error of the mean) together with
an estimate of uncertainties due to measurement/equipment biases and up-scaling localised measurements to the plot level.

Soil CO; efflux

Total R, incorporating both autotrophic (Rrpizosphere) and
heterotrophic (Rseilet) cOomponents, showed a significant
seasonal cycle at both sites (P < 0.001), declining with
soil moisture, and was lowest between May and September
at both sites (Figure 6). Total annual Rs.; was signif-
icantly different between sites (P < 0.001), averaging
14.47 &+ 1.19 Mg C ha™! year™! at the control plot and
10.73 & 1.22 Mg C ha~! year™! at the burn plot (Table 3,
Figure 3). Rrpizosphere €xhibited a significant seasonal cycle

(P < 0.001) that was similar in both sites and was lowest in
the dry season (Figure 6). On an annual basis, Rrhizosphere
was not significantly different between sites, averaging
3.30 4 0.63 and 4.00 £ 0.89 Mg C ha™! year™! at the con-
trol and burn plots respectively (Table 3, Table 4, Figure 3,
Figure 4). Rsoiimet also showed a significant seasonal cycle
(P < 0.001) in the control plot, and was lowest in the dry
season (Figure 6). In the burn plot, the annual value of
Rsoimet Was lower and the seasonal cycle was weaker, in
particular not rising to high values in the dry season as
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Figure 4. Allocation of plant carbon to different components
on the control and annual burn plots over 2009-2011 in Fazenda
Tanguro, Mato Grosso State, Brazil. Components with prefixes R
and NPP denote respiration and net primary productivity terms,
respectively. Detailed descriptions of C flux components mea-
sured are presented in Tables 1 and 2. NPPcanopy = NPPLigerfanl +
NPPHcrbivory~ NPPRoots = NPPFinc roots 1 NPPCoarsc roots * NPPStcms =
NPPACW + NPPBranch turnover - RRoots = RRhizosphere + RCoarse roots +

observed on the control plot (Figure 6). Annual Rgyijhet Was
significantly lower at the burn site (P < 0.05), averaging
6.73 & 0.84, compared to 11.17 & 1.01 Mg C ha~! year™!
at the control plot (Table 3, Figure 3).

Live stem CO; efflux

CO; efflux per unit stem area was significantly lower (P <
0.001) on the control plot (0.91 & 0.04 pmol m~2 s7!)
compared to a mean value of 1.25 £ 0.05 wmol m~2 s~!
for the burn plot (Figure 7). There was a significant positive
linear relationship between NPPacw and Rsems for both the
control plot and the burn plot, although the R? for this rela-
tionship was below 0.05 for both plots. The best fit equation
for the control plot was

Rstems = 99 X NPPacw + 0.47, (6)
and for the burn plot
Rstems = 26 X NPPacw + 0.64, 7

where NPPacw and Rgems are in units of Mg C ha™!

month™! and pmol m~2 s~ respectively.

There was a significant seasonal cycle (P < 0.001) in
Rsiems at both sites, related to the stem growth and pre-
cipitation cycle (Figure 7). When CO, efflux per unit stem
area was up-scaled with plot-level stem area estimates, the
resulting estimate of Rgems Was significantly greater (P <
0.01) at the burn plot (5.29 + 1.77 Mg C ha~! year~!) than
at the control plot (4.57 & 1.82 Mg C ha~! year™!) (Table 3,
Table 4, Figure 3, Figure 4).

Leaf respiration and photosynthesis

Based on the site LA/ data and the mean of leaf respira-
tion values found at other seasonal lowland Amazon forests

(Araujo-Murakami et al. 2014; da Costa et al. 2014), we
estimated a total Ry cayes Of 7.48 & 2.30 Mg C ha™! year™!
in the control plot and 5.29 + 1.55 Mg C ha~! year™! in
the burn plot (Table 3, Table 4, Figure 3, Figure 4). The
difference between the two plots was due entirely to the
difference in LAI.

Total NPP. GPP and CUE

The individual components of NPP were summed to give an
estimate of total NPP of 10.36 4 0.64 Mg C ha~! year™! for
the control plot and 8.80 & 0.62 Mg C ha~! year™! for the
burn plot. Similarly, the components of R, were summed to
give an estimate of total R, as 16.31 £ 3.02 and 15.69 £+
2.54 Mg C ha™! year™! for the control and burn plots,
respectively. The sum of NPP and R, yielded an estimated
PCE of 26.67 & 3.09 Mg C ha~! year™! for the control
plot and 24.49 + 2.62 for the burn plot (Table 3, Table 4,
Figure 3, Figure 4). The ratio of NPP to PCE gave an esti-
mated CUE of 0.39 £ 0.08 at the control plot and 0.36 +
0.08 at the burn plot.

Discussion

Broad similarities in carbon cycling across plots
highlighting forest fire tolerance

Despite the severity of the fire treatment at the study site,
we found quite subtle shifts in C cycling on the burn plot
relative to the control (Table 3, Table 4, Figure 3, Figure 8).
Overall estimated NPP was reduced by 15%, while the
estimated R, was 4% lower on the burn plot relative to
the control (Figure 8). In the case of NPP, all individual
components declined, though NPPrinc roots and NPP\iyerfall
accounted for 91% of the overall reduction (Figure 8).

By contrast, the apparent lack of plot difference in R,
masked opposing responses from the individual compo-
nents. For example, both Rghizosphere aNd Rsiems actually
increased on the burn plot, but this was largely offset by
a substantial estimated decline in Ry cayes (Figure 8). This
conclusion remains tentative, however, as leaf-level respi-
ration rates were not directly measured on the two plots,
instead a single site value was derived from other lowland
forests. Hence, the large estimated decline in Ry ¢ayes On the
burn plot was entirely driven by the lower LAI on the plot
compared to the control. Clearly, leaf-level physiology and
gas exchange measurements at the site are a key priority in
future studies to resolve the forest C balance at Tanguro.

We found significantly higher Rgems on the burn
plot compared to the control (Figure 7), yet plot-level
NPP pcw was similar (Table 3, Table 4, Figure 3, Figure 4).
We hypothesise that this may reflect elevated maintenance
respiration in the wood tissue on the burn plot, possibly
due to damage repair costs incurred by the fire treatment.
Similarly, despite a 48% decrease in NP PFrine roots, Probably
caused by fire-associated destruction of surface root mats
on the burn plot, Rrpizoesphere actually increased by 21% rel-
ative to the control (Figure 8). This suggests either that
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Seasonal net primary production from (a) canopy fine litter and (b) fine roots on the control (filled circles) and annual burn

plots (open circles) over 2009-2011 on the Fazenda Tanguro, Mato Grosso State, Brazil. Error bars are standard errors (n = 16 for roots

and 10 for canopy fine litter).

root-specific respiration rates were elevated or that allo-
cation to other rhizosphere components (mycorrhizae and
exudate-dependent soil microbes) was substantially higher
on the burn plot than the control. As an independent check
on the accuracy of the soil respiration partitioning in this
study we compared directly measured Rsyimet and soil C
inputs from all of the NPP terms on the control plot. Under
steady-state conditions, these two terms should approxi-
mately match one another (Raich and Nadelhoffer 1989),
and on the control plot the measured Rsoimet diverged by
8% from the expected flux based on soil C input. Under
the same steady-state assumptions, the difference between
soil C input and Ry; should be approximately equivalent to
total below-ground allocation (TBCA) to roots. Comparing
this difference with the sum of Rgpizosphere and NPPrEine roots
on the control plot, we again found reasonable agreement
(26% divergence of the measured from the expected TBCA,
equivalent to 1.1 Mg C ha~! year™!), which confirms that
our approach successfully captured the broad pattern of soil
CO, partitioning at the site.

There was strong seasonality in Rrpizospheres tracking
seasonality in NPPFine roots, With the lowest values in the
mid-late dry season (Figure 6). Rsimet also showed a clear
seasonal cycle, with a minimum in the mid-dry season
(Figure 6). In the control plot Rgoinet Started to rise in the
late dry season (Figure 6), possibly as a consequence of

both increased litter inputs and rising rainfall (Figure 2,
Figure 5). In the burn plot, the wet season rise in Rgjihet
was muted (Figure 6). A probable reason for this was that
much of the litter layer was combusted in the annual burn
in September (and litterfall inputs were also lower), which
probably resulted in diminished stocks of surface litter and
labile soil organic matter.

The net consequence of these shifts in NPP and R,
was that the plots exhibited surprisingly similar estimated
GPP/PCE values (Table 3, Figure 3), given the large reduc-
tion in both tree density and LAI on the burn plot. We note
that as the burn plot degrades over time, our plant-level
steady-state assumption may not be valid if vegetation was
depleting non-structural carbohydrate reserves, and there-
fore that the PCE we recorded with our approach may
have been be greater than C uptake via GPP. Expenditure
of stored reserves of non-structural carbohydrates could
account for higher plant PCE than GPP over limited peri-
ods of time. Alternatively, despite all efforts to minimise
errors, some portion of R, recorded in the present study
may actually be heterotrophic in source. For example, a pro-
portion of Rgiems may be derived from CO, generated by
soil microbes and subsequently taken up in xylem solution
(Levy et al. 1999; Teskey and McGuire 2002), though the
general agreement between expected (from soil C inputs)
and recorded Rsyinet indicated that this was not a major
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problem at the site. In addition, the similar CUE estimated
for both sites suggested that R, for the burn plot was not
disproportionately high compared to NPP.

Distinctive patterns of carbon use at the dry southern
Amazon forest ecotone

The high value of CUE at both the control and burn
plots is noteworthy (Table 3, Figure 3). CUE values of
ca. 0.30 have previously been reported from undisturbed
sites in the humid forest zone of the Brazilian Amazon
(Malhi 2012). As there was no evidence of recent distur-
bance in the control plot, the high CUE values appear to

be a consequence of the high natural dynamism of this site,
with stem turnover rates of 3% on the control plot (Balch
et al. 2011) compared to <2% in most humid Amazonian
forests. This results in a relatively short estimated woody
biomass residence time of ca. 29 years for the control plot,
compared to typical residence times for Amazonian forests
of between 50 and 100 years. This conclusion requires fur-
ther testing and validation at other similar sites to assess
whether these properties are a general facet of these eco-
tonal forests, or whether the study site is anomalous in this
respect. However, a study from forests in Kenia, Bolivia,
which have a comparable rainfall regime but more fertile
soils, has reported similar woody biomass residence times
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of 22-26 years and CUE of ca. 0.40 (Araujo-Murakami
et al. 2014). Taken together, these studies provide the first
evidence that the humid Amazon forest biome is fringed by
a distinctive peripheral forest zone characterised by highly
dynamic forests with relatively high CUE. Thus, despite
potentially lower rates of GPP in the drought-adapted for-
est at this study site, rates of biomass production were not
greatly different from those in the more humid Amazonian
forests.

Conclusions

This paper presents the first comprehensive quantification
of the C cycle of unburnt and annually burnt transition
forest plots in Amazonia. The most noteworthy feature is
the similarity in respiration, biomass production and allo-
cation between the two plots, regardless of the annual
burn in one plot. This suggests that many aspects of pro-
ductivity and C cycling in these transitional forests are
not greatly affected by frequent, low intensity understorey
fires. In addition, our measurements indicate that this forest
consists of shorter-lived trees with a higher CUE com-
pared to trees in wetter, lowland forests in the interior of
Amazonia.

The study has demonstrated the potential of a compre-
hensive, multiple-component approach to quantifying and
understanding the mechanisms controlling the C cycle in
tropical forests.
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