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Abstract

Autotrophic respiration involves the use of fixed carbon by plants for their own metabolism, resulting in the release of
carbon dioxide as a by-product. Little is known of how autotrophic respiration components vary across environmental
gradients, particularly in tropical ecosystems. Here, we present stem CO, efflux data measured across an elevation
transect spanning ca. 2800 m in the Peruvian Amazon and Andes. Forest plots from five elevations were studied: 194,
210, 1000, 1500, and 3025 m asl Stem CO, efflux (Rs) values from each plot were extrapolated to the 1-ha plot level.
Mean R, per unit stem surface area declined significantly with elevation, from 1.14 £+ 0.12 at 210 m elevation to
0.62 + 0.09 pmol Cm ?s ™' at 3025m elevation. When adjusted for changing forest structure with elevation, this is
equivalent to 6.45+ 1.12MgCha 'yr ' at 210m elevation to 2.94 + 0.19MgCha 'yr ' at 3025m elevation. We
attempted to partition stem respiration into growth and maintenance respiration components for each site. Both
growth and maintenance respiration rates per unit stem showed similar, moderately significant absolute declines with
elevation, but the proportional decline in growth respiration rates was much greater. Stem area index (SAI) showed
little trend along the transect, with declining tree stature at higher elevations being offset by an increased number of
small trees. This trend in SAI is sensitive to changes in forest stature or size structure. In the context of rapid regional
warming over the 21st century, such indirect, ecosystem-level temperature responses are likely to be as important as
the direct effects of temperature on maintenance respiration rates.
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Amazon Basin, have been associated with potential

Introduction . . . .
large-scale increases in C effluxes in tropical forests

Tropical forests play a major role in the global carbon
(C) cycle (Malhi & Grace, 2000). The C cycle of forest
ecosystems includes the uptake of CO, during photo-
synthesis and the release of C from autotrophic respira-
tion for growth and the maintenance of stems, roots,
and leaves. The proportion of C allocated to growth or
released as a by-product of respiration should vary
between different soil types, climates, and growth stra-
tegies (Luyssaert et al., 2007).

There is mounting concern about changing carbon
balances in tropical forests (e.g. shifting from over-all
carbon sinks to carbon sources) in the face of global
climate change (Saxe et al., 2001). Warmer and possibly
drier conditions, such as those projected for the
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(Meir et al., 2008; Phillips et al., 2009). In order to
understand how forest systems may respond under
predicted climate regimes, it is first necessary to estab-
lish baseline data for broad-scale (i.e. landscape-level)
extrapolations. In Amazonia, some work towards this
effort has been undertaken, linking bottom-up with top-
down approaches to the quantification of C dynamics,
and scaling across heterogeneous landscapes (Cham-
bers et al., 2004; Luyssaert et al., 2007; Aragdo et al., 2009;
Malhi et al., 2009). To date very few studies have taken a
similar approach to quantifying the C budgets of tropi-
cal montane forests; the work presented here is part of a
systematic effort to quantify carbon dynamics along an
elevation transect in the Andes.

Autotrophic respiration (R,) makes up a large portion
of the C that is returned to the atmosphere from forests.
R, has been estimated as 40-70% of C assimilated via
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photosynthesis in temperate forest ecosystems (Ryan
et al., 1995; reviewed by Saxe et al., 2001). Chambers et al.
(2004) estimated that 70% of assimilated C is released as
autotrophic respiration in a Central Amazon forest.
Stem respiration is the efflux of CO, from the metabolic
activity of woody cells associated with maintenance
and growth processes, and is a substantial contributor
to total autotrophic respiration (Malhi et al., 2009). Stem
woody CO, efflux is largely a measure of stem respira-
tion, the in situ autotrophic respiration of the biologi-
cally active outer layer of the stem, although an
unquantified component of the CO, efflux may be from
CO, dissolved in the transpiration stream, and ulti-
mately coming from either from root metabolism (Tes-
key & McGuire, 2002; Aubrey & Teskey, 2009) or soil
heterotrophic respiration (Ry) transported from the
roots via the xylem (Bowman et al., 2005; Meir et al.,
2008). Our implicit assumption in this paper is that stem
woody CO; efflux is largely a measure of stem respira-
tion and hence is abbreviated R, although we recognize
the potential presence of a bark-diffused xylem-trans-
ported CO, component.

Compared with carbon fixation (e.g. photosynthesis),
autotrophic and heterotrophic respiration are much less
studied and harder to quantify (Harris et al., 2008).
Differences in soil type/nutrient content, forest type
and land-cover history are expected to result in differ-
ent balances of R, and R}, (Trumbore, 2006). Few studies
have attempted to quantify how autotrophic respiration
varies across the landscape. Plot-level, or ground-up
studies are crucial for extrapolating respiratory compo-
nents of forest ecosystems and to validate eddy-covar-
iance flux or remote methods.

Here, we exploit a tropical elevation gradient to
explore how woody-tissue CO, efflux rates respond to
a gradient in elevation, which we take as fundamentally
being a gradient in long-term mean temperature.
Across a wet tropical elevation transect there is little
seasonal variation in temperature, and no dormant
season that confounds interpretation of such analyses
along mid-high latitude elevation gradients. We
hypothesize that stem CO, efflux per unit stem and
ground area will decline with increasing elevation due
to decreasing temperature and changing tree stature.

The objectives of this study are to (i) compare R along
an elevation transect in the Andes, (ii) explore how stem
area indices vary along the elevation gradient, (iii)
attempt to separate R, into maintenance and growth
components, (iv) scale R to 1ha based on a subset of
measured trees in the plot, and (v) explore the extent to
which changes in forest structure and metabolism cause
changes in ecosystem woody respiration. This elevation
transect presents a natural laboratory in which to ad-
dress how forest C budgets change with altitude, and by

inference, an opportunity to explore the potential influ-
ence of temperature on ecosystem function.

Materials and methods

Study sites

The elevation transect is established in southern Peru (Fig. 1)
and spans approximately 2800 vertical metres. The foci of this
study are five study sites including five 1-ha long-term forest
monitoring plots at each site and four smaller plots (ranging
from 0.04 to 0.14 ha at four of the five study sites) located from
194 m elevation to 3025m (Table 1). At least one study site is
included from each of the following forest categories: upper-
montane cloud forest (2200-3400 m asl), lower-montane cloud
forest (1500-2200 m asl), pre-montane forest (800-1500m asl),
and lowland rainforest (<800m asl). The 1-ha 3025m plot is
actually 1.2 ha in area due to the sloped terrain (projected are is
1 ha); plot area was corrected to 1 ha in all analyses relating to
stem area index. This study is a component of a suite of
projects attempting to quantify plot-level aspects of tropical
montane forest carbon cycling within the Andes Biodiversity
and Ecosystems Research Group (ABERG).

Weather stations were in place in all Andean plots and close
to the lowland plots. The air temperature lapse rate is
4.94°Ckm ™! (Girardin ef al., in press). There is little evidence
of seasonality in air temperature although but a defined dry
season between June and September (Girardin ef al., in press).
Soil water content also does not vary substantially with eleva-
tion (C. A.]. Girardin, L. E. O. C. Aragao, Y. Malhi, W. Huaraca
Huasco, D. Metcalfe, L. Durand, M. Mamani, J. Silva-Espejo,
unpublished results), and in particular showed almost no
seasonal variation above 1000m elevation, presumably be-
cause cloud immersion (cloud deposition and reduced tran-
spiration) in the montane forests prevents the onset of water
stress. There are no significant differences in soil phosphorous
(P) between elevations and soil N initially declines with
elevation but there is no difference between the highest and
lowest elevation plots (Table 1); however, foliar N:P data
suggest increasing P limitation and decreasing N limitation
with increasing elevation (J.A.B. Fisher, unpublished analysis).
There are no clear trends in basal area or stem density with
elevation (Table 1); declining aboveground biomass with
increasing elevation is mainly explained by decreasing canopy
height (Girardin et al., in press).

At the lowland study location, long-term forest plots have
been extensively studied as part of the Amazon Forest Inven-
tory Network (RAINFOR) in the Tambopata Biological
Reserve, Madre de Dios Region, Peru (Fig. 1). All trees and
lianas > 10cm diameter at breast height (dbh, measured
1.3m above soil level) have been taxonomically surveyed.
We measured Rs within two 1-ha plots, TAM-06 (194 masl)
and TAM-05 (210m asl); plot characteristics can be found in
Table 1. At both sites, the average canopy height for both
Tambopata plots is approximately 35m (Aragao et al., 2009),
and average annual length of dry season (<100 mm monthly
precipitation) is 3.5 months (Malhi ef al., 2004). In addition to
the 1-ha plots, one 0.1-ha (10 x 100 m) permanent tree plot was
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Kosiiipata Valley

Tambopata

Fig. 1 Location and elevation of study sites (circled) in the Peruvian Andes in context of South America (lower right panel). The top
panel shows the entire elevation transect from 3025 to 194 m elevation on the Eastern flank of the Peruvian Andes.

included next to both TAM-05 and TAM-06, here referred to as
TAM-054ma11 and TAM-06¢man. In these small plots all trees and
lianas > 2cm dbh have been measured and catalogued,
but are yet to be taxonomically identified; the purpose of
measuring stem respiration on the smaller tree component is
to quantify the contribution of CO, efflux from the forest
understory (trees and lianas under 10 cm dbh).

The montane part of the transect is located in the Manu
National Park, on the eastern slope of the Peruvian Andes, in
the Kosiipata Valley (Province of Paurcatambo, Department of
Cusco, Peru; Fig. 1). One-hectare permanent tree plots were
established between 2003 and 2005 by ABERG and all trees
and lianas > 10cm dbh have been catalogued. The three
Andean plots, Tono (1000masl), San Pedro (1500 masl) and
Wayqecha (3025 m asl) in addition to the 1-ha Tambopata plots
(194 and 210 m asl) were used for the elevation comparison of
stem respiration. The Andean plots are referred to by elevation
only from this point forward. Additional small-tree plots (all
trees dbh > 2cm dbh) were nested within the 1500 m plot
(0.04 ha, consisting of one 20 x 20 m plot; 15004ma11) and within
the 3025 m plot (0.14 ha, consisting of one 20 x 20m and four
16 x 16 m plots; 3250sman). These small plots are used here to

characterize the forest understory, however, no Ry measure-
ments were taken within these plots as they were established
after this study was conducted.

Sample design

Within each of the five 1-ha plots included in this study, 50
trees > 10cm dbh were randomly chosen for measurement,
stratified by relative growth rate (lowland plots) or dbh
(Andes plots). At the time trees were chosen for measurement,
growth-rate data were not available for the (then single
census) montane sites and thus sample stratification by growth
rate was not possible. Growth data were collected concurrently
with this study. Tree diameters and growth rates were deter-
mined via recensused dbh data and tri-monthly dendrometer
band measurements. Ten trees were randomly chosen from
each of five annual growth-rate classes [0cmyr™' (no growth),
0.01-0.19, 0.20-0.49, 0.5-0.69, and > 0.70cm yr_l] or diameter
classes [10.0-12.9, 13.0-15.9, 16.0-20.9, 21.0-25.9, > 26.0cm].
At 194 m, 32 species were selected for measurement includ-
ing nine individuals from the dominant palm species, Iriartea
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Table 1 Site characteristics for the plots included in the elevation transect, including mean annual precipitation (MAP), mean
annual air temperature (MAT), and mean measured stem temperature (MST) for the measurement interval in May 2007

Stem CO,

Elevation Plot efflux MAP MAT MMT Basal area Stem density
Plot ID (m) area (ha) measured (mm) (°C) (°C) (m?ha ') (stemsha ') Soil type
TAM-06 194 1.0 Yes 2730 264 264 35.3 665 Holocene alluvial terrace
TAM-064an 194 0.1 Yes 2730 264 264 12.3 1110 Holocene alluvial terrace
TAM-05 210 1.0 Yes 2730 264 240 26.4 535 Pleistocene alluvial terrace
TAM-054man 210 0.1 Yes 2730 264 240 12.3 1080 Pleistocene alluvial terrace
Tono 1000 1.0 Yes 3087 207 218 294 412 Alluvial terrace
San Pedro 1500 1.0 Yes 2631 188 17.8 354 687 Paleozoic shales-slates
15004 mart 1500 0.04 No 2631 188 17.8 45 1800 Paleozoic shales-slates
Wayqecha 3025 1.0 Yes 1706 125 122 19.3 1060 Paleozoic shales-slates
30254 mall 3025 0.14 No 1706  12.5 12.2 3.4 1225 Paleozoic shales-slates

Soil/climate data from C. A. J. Girardin, L. E. O. C. Aragdo, Y. Malhi, W. Huaraca Huasco, D. Metcalfe, L. Durand, M. Mamani,

J. Silva-Espejo (unpublished results).

deltoidea (Palmaceae). Thirty-five tree species were sampled
from 210m; three species were palms representing four
individuals. Only two sampled species were present at more
than one elevation: Iriartea deltoidea was sampled at both 194
and 210m, and Virola elongata (Myristicaceae) was sampled
from 194 and 1000 m. In each of TAM-05,,,.11 and TAM-06¢y,.11,
25 additional trees and lianas between 0.2 and 10 cm dbh were
randomly chosen for measurement. Measurements in TAM-
05¢man included two lianas whereas lianas represented 13 of
the 25 individuals in TAM-064,.1- The trees selected for
measurement at 1000 m included 27 species (not including 13
unidentified morphotypes), individuals from 2000m com-
prised 30 species (not including 15 unidentified individuals),
and measured trees within the 3000m plot represented 25
species with 19 individuals representing the dominant taxon,
Weinmania crassifola (Cunoniaceae).

CO; efflux measurements

Woody-tissue CO, efflux was quantified using a field-portable,
closed dynamic chamber system incorporating an infra-red
gas analyzer and datalogger (LI-820, LI-1400, LiCor, Lincoln,
NE, USA). A polyvinyl chloride (PVC) semi-cylindrical cham-
ber was secured to the base of each tree/liana at 1.3 m above
ground (or above buttresses) using nylon straps (chambers
ranged in volume from 245 to 784 mL; chambers were chosen
to best fit each individual bole). Closed-cell foam and silicon
were used to create a secure seal and breathing tests were
conducted near each tree to insure a proper seal. Any mosses
or epiphytes were removed using a soft brush before securing
the chambers. The concentration of CO, within the chambers
was measured for 2min per tree. The field equipment and
methods were adapted from Chambers et al. (2004). Measure-
ments at all sites were taken during the day in the early dry
season in May, 2007.

Plots of CO, concentration against time were checked for
linearity for each measurement. Plots were discarded if the
coefficient of determination, 2, for a linear regression of CO,

concentration against time was < 0.80 and all but four
samples (N =242) had 7 > 0.90. Stem CO, efflux per unit
stem surface area over time was calculated using the following
equation (PP-Systems, 2002):

G(=L) (22735 _\pm(¥
Rs —( (1) (”273-15> (A)> x 3600 x 6.132, 1

1000

where R; is the woody tissue CO; efflux per unit stem surface
area (umolCm 2s™"); S is the slope of the change in CO,
concentration over time in the chamber (ppm s™Y; P is the
pressure (kPa); T is the ambient temperature (°C); M is the
volume of one mole of CO, (22.41 x 10~*m? at STP); V is the
total volume of the chamber (m>); A is the stem surface area
covered by the chamber (m?); the last two multiplication
factors convert units to pmolCm 2s™!. 1pumolCm 2s™!
ground area is equivalent to 3.788MgCha 'yr . Herein
values given in units of pmolCm™2s™" relate to CO, efflux
per unit stem surface area whereas MgCha 'yr ' relate to
CO, efflux scaled to the 1-ha plot level.

Scaling stem CO; efflux to plot level

A challenge to ‘ground-up’ methods is the extrapolation from
a subset of measurements to the forest level. Approaches to
scaling woody CO, efflux have included measuring respira-
tory fluxes per unit live-cell (sapwood) volume scaling by
estimating total-tree sapwood volume (Ryan, 1990), modelling
CO;, efflux by temperature (Hansen et al., 1994), cell nitrogen
content (Reich et al., 2008), or bole surface area (Meir & Grace,
2002). Here, we scale to the forest level by estimating the
surface area of the entire tree, or the stem area index (SAI — the
surface woody area per unit ground area) for each tree in the
plot (Chambers et al., 2004). Large branches are implicitly
included in the SAI calculations (see methods of Chambers
et al., 2004). This method is comparable to using leaf area index
(LAD to scale leaf respiration measurements.

Chambers et al. (2004) explored the relationship between the
surface area of trees to dbh for broad-leaved trees (N = 5283) in
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lowland Amazonian forests near Manaus, Brazil. We adopted
their equation to calculate SAI for broad-leaf trees based on
dbh measurements. SAl, is the summation of all bark sur-
face areas (all trees in the plot) divided by the plot area:

n

SA%M:7%§:f&m570%6bgDy+2m8
8 i=1

x log(D)? — 0.627 log(D)?,

where SAIq is the plot stem area index; D is the dbh for each
tree (cm); Ag is the plot ground area (m?. Note that Eqn (2)
uses tree-allometry data specific to Central Amazon lowland
forests.

We calculated the SAI of palms in a different manner, by
calculating the surface area of a cylinder, as the boles of palms
do not taper like broad-leaf trees and branches make little
contribution to the total bark surface area. Additionally, the
height of palms was adjusted to be 60% of that of broad-leaf
trees of similar diameter (Frangi & Lugo, 1985). Equation (2)
was not adjusted for lianas due to the low numbers of lianas in
our datasets; in the five 1-ha plots, only individuals > 10cm
dbh were included and few lianas enter this category.

SAI was also estimated for the small-diameter plots and
scaled to 1ha. We refer to SAljya as the summation of SAIp
with the estimated SAI for the understory at that elevation. As
there is no small-diameter plot at 1000 m, the understory SAI
for that elevation was estimated by assuming that the propor-
tion of SAI in small trees was equal to average of this propor-
tion in the plots at 194, 210 and 1500 m. For the purposes of
error propagation, uncertainty for SAI measurements was
assigned an estimated value of 10%. There is inherent error
in the SAI equation as well as in the dbh measurements.
Across the heterogeneous variety of the Amazon basin, SAI
is calculated between 1.5 and 2.0 (unpublished data; Chambers
et al., 2004); given that vastly different forest structures result
in a similar SAI value, an error estimate of 10% can be
considered reasonable.

In the Andean plots, we adjusted the SAI calculations for
canopy height. Average canopy height in forests near Manaus,
where the SAI equation was derived, is 35 m (Chambers et al.,
2009), similar to mean canopy height for the Tambopata low-
land forest. Trees in the montane forests tend not to grow as
tall as lowland trees with the same dbh. We used the plot-
specific equations given in Table 2 to estimate tree heights at
1000, 1500, and 3025m (J.A.B. Fisher, unpublished analysis).
SAI for each tree was multiplied by the height correction factor
which was calculated as the average ratio of predicted tree

height per given dbh in the Andes plots to trees with the same
dbh in the Tambopata plots (Table 2). For the same dbh, trees
tend to be 39% shorter in the upper-montane cloud forest
plot (3025m), 28% shorter in the lower-montane cloud forest
plot (1500 m), and 14% shorter in the pre-montane forest plot
(1000m), compared with the lowland forest at Tambopata
(Table 2).

Analyses

Within-plot comparisons of R, included looking for differences
in CO; efflux between different functional types (e.g. palms,
hardwoods, lianas) and dominant genera (e.g. Weinmania in
high-elevation plots) as such differences have been observed
in other tropical forests (Cavaleri et al., 2006, 2008). This study
was not initially designed to address these questions and thus
only in TAM-06 was palm sample size high enough for
comparison with broadleaf trees using a two-sample t-test
assuming unequal variances. Ry measurements for lianas were
singled out in TAM-06¢y,.;. Weinmania was compared with
other genera within the 3025 m plot also using a f-test assum-
ing unequal variances. Statistical differences in respiration rate
between functional or taxon groups would increase the accu-
racy of scaling respiration to the plot level. All analyses were
conducted using JMP (v. 8, SAS Institute).

Mean maintenance respiration per unit stem surface area
(Ryy) at each sample plot was estimated as the y-intercept of Ry
plotted against growth rate, when growth rate is zero (Penning
de Vries, 1975). Error was calculated as the y-intercept error
from R, regressed vs. growth rate. Growth respiration per unit
stem area (Rg) was then calculated as the difference between
total measured respiration and maintenance respiration; error
was calculated from the sum of squares of R, and R,, error
estimates. The growth respiration coefficient, GRC, was calcu-
lated as the slope of the linear fit of R vs. growth rate, with
error reported as the SE of the slope of R, regressed against
growth. Both maintenance and growth respiration were
plotted against elevation for between-plot comparisons.

We also exploited the elevation gradient to estimate the
sensitivity of stem respiration to temperature (assuming that
temperature was the main driver (direct or indirect) of differ-
ences seen along the transect). We fit an exponential model to

our data:
Rstem = RstemOe_k(T_TU)v (3)

where Rgem is the mean stem respiration at a point with

Table 2 Models used to predict tree heights in the Andean plots where (h) is predicted tree height and (d) is diameter at breast

height

Plot Elevation (m) Height model Model fit Height correction factor
Tono 1000 y = 6.06In(x)—4.58 0.79 0.86

San Pedro 1500 y =4.48In(x)—1.48 0.78 0.72

Wayqecha 3000 y =3.34In(x) + 0.49 0.66 0.61

Plot-specific tree heights were incorporated into calculations of stem area index to account for changing tree allometries with
elevation. Model fit is the 7 value of the non-linear regression models. The height correction factor is used to correct for declining
tree height with elevation relative to the Tambopata lowland sites (see text). Data from J. A. B. Fisher (unpublished analysis).
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measured temperature T, and Rgemo is the reference respiration
at an arbitrary reference temperature T, and k is the tempera-
ture sensitivity coefficient.

In ecophysiological literature, this temperature sensitivity is
often expressed as a Q¢ coefficient, where Q, is the change in
respiration rate associated with a 10 °C change in temperature:

Quo = e'%, (4)

where k is the slope of the regression of respiration against the
natural logarithm of temperature (°C). The error in Q;o, AQ1o,
can be calculated from the error in k, Ak, as:

AQuo
Qio

= 10Ak. (5)

Our analyses describe apparent changes in ecosystem woo-
dy respiration that are not purely ecophysiological or meta-
bolic (e.g. changes in active tissue depth, and changes in forest
structure), and hence application of Q;o may be considered not
strictly appropriate. Nevertheless, it is still conceptually useful
to calculate a value of Qq¢ for comparative purposes (thus
treating it as a general temperature sensitivity parameter)
particularly in the context of ecosystem models that may
incorporate a single Qo response that includes both ecophy-
siological and structural responses to temperature.

Within each site, we tested for the best-fit relationship of R
and growth rate and/or dbh for each tree. Models were set up
to include both dbh and growth rate (with one model includ-
ing an interaction term), and only dbh or growth rate. The
Akaike Information Criterion (AIC) was used to select the
best-fit model while penalizing models with more parameters
(Kutner et al., 2005). Rs was scaled up from the area under the
chamber to the entire tree level, and then to the plot level
(Rs plot; MgChaF1 yr’l) by multiplying Ry by SAI using two
methods. Method 1 takes the sum of Ry {ree X SAliee for each
tree and then sums over all trees with Ry e for each non-
measured tree estimated from the site-specific diameter/
growth rate model; method 2 is the product of the plot
Rs mean X SAlplor. As method 1 is a more rigorous approach
than method 2, only the mean values from method 1 are
reported herein; however, it is simpler to estimate propagated
errors from method 2. Error values for R pior wWere calculated
as the mean proportional sums of squares error of Ry and
SALot (error for Ry, piot and Rg plor were calculated in the same
manner). SAlia is the SAL o plus the estimated small-tree
SAL R tota1 is the scaled R estimates to the 1-ha plot level also
incorporated the estimated additional SAI of small trees
<10cm dbh. Even though the relationship between R per
unit stem area and dbh was weak, total stem respiration is still
likely to scale strongly with total stem surface area. Ry piot is
calculated as the difference in Ry pior and Rp, piot-

Results

Measured woody respiratory flux

Plot mean stem CO, efflux per unit stem surface area
varied over the elevation gradient approximately 1.7-

fold (Fig. 2, Table 3). There was also substantial varia-
tion among trees within sites, ranging between one and
two orders of magnitude. An exponential regression of
mean respiration rate per unit stem surface area at each
site against mean annual temperature at that site re-
sulted in a temperature sensitivity parameter, k, of
0.04 + 0.01°C™" (adjusted 1* =0.86; P =0.016), equiva-
lent to a Q;¢ temperature sensitivity of 1.50 + 0.12.

In the 3025m plot, there was no significant difference
in measured woody carbon efflux per unit stem surface
area between the dominant genus, Weinmania, and
other tree taxa in the plot (t = 0.277, df =47, P = 0.39; mean
Ry Weinmania = 0.68 + 0.14pmolm >s!, mean R, all
other genera =0.54 + 0.05umolm s '). There was a
moderately significant difference in efflux per stem
surface area values for palms as compared with broadleaf
trees (t =1.36, df =17, P =0.096; mean R, palms =1.13 +
024 umolmf2 s™! mean R,  broadleaves =0.75 +
0.12 pmolm_2 s 1), but there was no significant difference
in R, between lianas and trees (t =1.76, df =14, P = 0.45;
mean R, lianas=0.84 + 0.16 pmol m2s~!, mean R,
trees = 1.01 & 0.28 umolm 25~ Y).

Maintenance and growth respiration

For each site, regressions of R, vs. growth (Fig. 3) were
used to calculate the GRC, maintenance and growth
respiration for each plot. Maintenance respiration per
unit stem surface area showed a moderately significant
(P<0.10) negative trend when regressed against eleva-
tion [adjusted ”=0.60, P=0.08, slope = (-7.6 £
2.84) x 1072 pmol m2s 'm™! elevation; Fig. 4]. Growth
respiration per unit stem area had a very similar
absolute decline with elevation (adjusted =060, P =
0.07, slope=(-8.4+277)x10 > umolCm *s 'm’
elevation; Fig. 4), but a much greater proportional
decline as mean growth respiration rates were much
smaller. The growth respiration coefficient, GRC,
showed a strong decline with elevation (=095, P=
0.004, slope=(-3.1 £0.40) x 107 pmolm_2 s lem™!
growthm ™' elevation; Fig. 5). The GRC in particular
appeared to decline to approximately zero at the highest
elevation plot.

Extrapolation of R

To assign R; to every tree within the 1-ha plots, the best-
fit relationships characterizing stem CO; efflux per stem
surface area given tree dbh and/or growth rate were
used (Table 4). The model parameters for the TAM-05,
1000, and 3025 m plots were dbh and growth, while dbh
alone best explained the trend of R vs. elevation in the
TAM-06 and 1500 m plots.

© 2010 Blackwell Publishing Ltd, Global Change Biology, 16, 3193-3204
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Fig. 2 Woody CO, efflux plotted against elevation. (a) Mean measured CO, efflux per unit stem surface area (umol C m2s ;7 =0.92,
P<0.001, slope = (1.7 + 0.30) x 10~* pmol Cm ? sec ' m ™" elevation); N = 44 (194 m), 48 (210 m), 52 (1000 m), 48 (1500 m), 50 (3025 m).
(b) All data points for measured trees in each 1-ha plot (CO, efflux per unit stem area) shown regressed against elevation (adjusted
7 =0.06, P =0.0001, slope = (—1.7 &+ 0.44) x 10~* pmol C m 2 sec ' m! elevation; N = 242; (c) CO, efflux scaled to the 1-ha plot level
(Mg C ha™' yr; adjusted r* = 0.82, P = 0.02, slope = (—1.18 + 0.27) x 10> Mg C ha~' yr ' m™"' elevation. Error bars indicate standard
error of the mean.

Table 3 Measured respiration per stem surface area (Rs) from seven plots along an elevation gradient in the Peruvian Andes

Plot Elevation (m) N R, (umollrf2 sh Ry (pmol m 2571 Ry (umollrf2 sl GRC (umollrf2 s tem™! growth)
TAM-06 194 44 1.06 +£0.12 0.80 + 0.14 0.26 4+ 0.18 0.58 4+ 0.21

TAM-06¢an 194 23  0.46 +0.04

TAM-05 210 48 1.14 £0.12 0.86 + 0.15 0.28 + 0.19 0.73 + 0.27

TAM-05,an 210 27 0.96 £ 0.21

Tono 1000 52 0.85 + 0.09 0.66 + 0.11 0.19 + 0.14 0.51 +0.17

San Pedro 1500 48 0.81 £ 0.10 0.78 + 0.11 0.03 + 0.15 0.19 + 0.40

Wayqecha 3025 50 0.62 £ 0.09 0.58 + 0.11 0.03 + 0.14 —-0.2 £0.18

Small diameter trees (<10 cm dbh) were measured in TAM-05¢,,1 and TAM-064,a11, in all other plots trees and lianas > 10 cm dbh
were measured. Ry, is the maintenance component; the growth component of stem respiration is Rg. GRC is the growth respiration

coefficient.

Scaling R

SAlLi0t showed no significant trend with elevation when
the SAI equation was adjusted by plot-specific tree
adjusted
slope=(-85+737)x10°m™' elevation). Without

heights

(Fig.

the canopy-height adjustment, however, the SAI would
have been overestimated in the Andean plots and thus
would have generated a significant positive correlation
between SAI and elevation (adjusted = 0.60,
P<0.0001, slope=(3.05+1.15) x10™*m™" elevation).
This illustrates the importance of including site-specific

?=0.08, P=0.33,
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Fig. 3 Measured CO, efflux per unit stem surface area (umol C m~2 s™") regressed against growth rate for each 1-ha plot. Each point
represents an individual tree. TAMO06 (194 m) adjusted »=0.14, P<0.01, slope = 0.58 £ 0.21; TAMO5 (210 m) adjusted »=0.11,P=0.01,
slope =0.73 £ 0.27; Tono (1000 m) adjusted 7 =0.13, P 0.01, slope =0.51 & 0.17; San Pedro (1500 m) adjusted #=0.01, P =0.63,
slope = 0.19 + 0.40; Wayqecha (3025 m) adjusted 7 =0.03, p =0.28, slope = —0.20 + 0.18.

tree allometries whenever possible when using this
method, in particular along environmental gradients
where tree form is likely to change. The relative con-
stancy of SAI (with the allometric adjustment) is the net
result of two compensating trends in forest structure.
The decline in tree stature with increasing elevation
tends to decrease overall stem surface area, but this
effect is offset by the increasing number of small trees,
which tends to increase overall stem surface area.

Consideration of small trees <10 cm dbh substantially
increased the estimated SAI of the plot, by 0.19 m?>m 2
(13%) at 3250m, by 0.30m”*m 2 (15%) at 1500m, and
by 0.16-024m’m™2 (9-14%) at the lowland sites
(ca. 200m). Averaging the percentage small tree SAI
contribution at 194, 210 and 1500 m, we estimate that
the small tree SAI at 1000m would be
0.23 £ 0.02m*m™? (9%).

The results of scaling stem respiration to the plot
level, in MgCha 'yr ' are shown in Table 5. Scaled
CO, efflux ha™! values were calculated with SAI esti-

mates that were adjusted for the reduction in canopy
height with increasing elevation. As Ry was not mea-
sured in the small diameter plots in the montane sites,
the additional SAI of the small trees for 1500 and 3025 m
was accounted for by multiplying the calculated Rg o
by SAliotar/SAlpior. This correction increased estimates
of Ry total by between 9% (1000 m) and 15% (1500 m).
Including small trees when estimating overall SAI is
clearly important in scaling respiration to the plot level.

Keeping with the assumption that all variation in
woody CO, efflux along the transect is primarily
determined by temperature (an assumption unlikely
to be entirely true as the transect spans gradients such
as changes in tree species composition, moisture, and
soil types), we can also quantify a temperature sensi-
tivity of ecosystem-level stem carbon efflux, incorporat-
ing the variation of physiological respiration rate and
the variation of stem area index. An exponential regres-
sion of stem CO, efflux per unit ground area, R; total,
against mean annual temperature at that site resulted in

© 2010 Blackwell Publishing Ltd, Global Change Biology, 16, 3193-3204
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Fig. 4 Estimated maintenance respiration per unit stem surface
area and growth respiration per unit stem surface area for
woody tissues for each plot. Dark grey diamonds represent
values for maintenance stem respiration; the line shows trend
of maintenance respiration (R,,) with elevation (adjusted
*=0.60, P = 0.08, slope = (~7.6 & 2.84) x 10> umol C m ?sec ™"
m™! elevation). Light grey squares show growth stem respiration
(Ry); line shows trend with elevation (adjusted »=0.67, P =0.06
slope = (-84 +2.77) x 107> pmol C m 2 s°' m™' elevation).
Error bars are the standard error of the mean; lower bars are
removed for the upper two elevations as they were below zero.
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Fig. 5 Growth rate coefficient (GRC; pumol m?2 s em™?

growth) for each plot in the elevation transect (adjusted
7 =0.95, P<0.01, slope = (—3.1 + 0.40) x 10~* pmol m 2 s~
cm ™! growth m™" elevation GRC was calculated as the slope of
the regression of stem CO, efflux against growth rate.

a temperature sensitivity = parameter, k, of
0.048 + 0.012°C~! (adjusted 7 =0.96; P<0.01), equiva-
lent to a Q¢ temperature sensitivity of 1.62 £ 0.19,
similar to the value of Q;p=1.514 0.04 when only
respiration rates per unit stem area are considered.
The Qi value of maintenance respiration are similar
(Q10=1.42 £ 0.25 at plot level, Q;p = 1.27 & 0.10 at stem
level); the value for growth respiration is much greater
but with large uncertainty (Qi9=>5.83 +2.97 at plot
level, Q190 =5.63 £ 3.09 at stem level). Hence plot mean
maintenance and overall stem respiration rates appear
to have relatively low sensitivity to temperature,
whether on a stem surface area basis or a plot area basis.

Discussion

There is a clear trend of decreasing stem CO; efflux with
increasing elevation, even given the high within-plot
variation. We did not see the six-fold decline in R, found
across a 2000-m elevation transect in the Ecuadorian
Andes (Zach et al., 2010). R, follows the pattern of
declining above-ground and below-ground net primary
productivity (NPP) with elevation (Girardin et al., in
press), with a similar range of variation along the
elevation transect. In comparison, respiration per unit
mass of soil organic matter does show a strong decline
along the transect (Zimmermann et al., 2009), as does
leaf litter decay (Salinas ef al., in press). Autotrophic
processes appear to vary less along the gradient than
heterotrophic processes; in the long-term, autotrophic
respiration has to be limited by photosynthetic sub-
strate supply. This difference in temperature sensitivity
between autotrophic production processes and hetero-
trophic decomposition processes explains the accumu-
lation of the litter layer and soil organic matter in cold
ecosystems, such as at the top of this transect.

Our data suggest that the variation in R, with increas-
ing elevation is driven by changes in both maintenance
and growth respiration. The relatively little variation of
maintenance respiration is remarkable in the context of
the large variation in temperature and the complete
turnover of tree community composition along the
gradient.

The decline of growth respiration with elevation
tracks the decline in growth rates, but the parallel
apparent decline in the growth respiration coefficient
is puzzling. Similarly, the apparent negative values of
GRC at the highest elevation are impossible. At face
value, this would imply that the construction cost of
new woody tissue declines with elevation (or decreas-
ing temperature) to effectively zero at the highest plot.
One possible explanation for these paradoxes may be
that our assumption of a simple mean maintenance
respiration rate applicable to all trees and functional
groups in a plot is invalid. If faster growing trees have
lower maintenance respiration rates than slow-growing
trees at the high-elevation plots, this would generate an
apparent decline in GRC and a slight increase in the
intercept (estimated maintenance respiration). This
would imply that our overall maintenance respiration
rates were overestimated at the high elevation plots.
Ryan et al. (2009) showed that both maintenance re-
spiration and growth respiration coefficients declined
with tree age, as does tree growth rate. This does not
easily explain the trend in GRC with elevation, how-
ever, as trees are no older at the high elevation plots
(tree turnover times are similar along the elevation
transect).

© 2010 Blackwell Publishing Ltd, Global Change Biology, 16, 3193-3204
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Table 4 Model parameters for assigning R, values to each tree in 1-ha plots based on subset of measured trees

Plot Predictor var. Model Model fit
TAM-05 dbh and growth rate y=expNmx —=1//x1+m2x \/x2 +D) 0.27
TAM-06 dbh y=expMmx—-1/y/x+b) 0.21
TAM-054man Growth rate y=exp™(mx \/x+b) 0.01
TAM-064man Growth rate y=-expNm x /x +b) 0.01
Tono dbh and growth rate y=expmx —1/y/x1+m2x \/x2+Db) 0.40
San Pedro dbh y=exp™mx—1/y/x+Db) 0.07
Wayqecha dbh and growth rate y=-expNmx —=1//x1+m2x \/x2 +D) 0.12

Akaike Information Criterion was used to choose the best-fit model per site. m is the slope of the regression, x is the independent
variable and b is the y-intercept. Model fit is the 7* coefficient of determination for the model.

SALjo

0 500 1000 1500 2000 2500 3000 3500
Elevation (m)

Fig. 6 Stem Area Index per 1-ha plot (SAlpioy m? stem surface
area m 2 ground) regressed against elevation. Diamonds repre-
sent plot SAl,: before adjustment for plot-specific canopy
height (dashed line; adjusted 7 =0.60, P =0.08,
[slope = (3.05 + 1.15) x 10~*]; squares represent SAI, after ca-
nopy height adjustment [solid line; adjusted #?=0.08, P=0.33,
slope = (—8.5 £ 7.4) x 107°]. The inclusion of differences in stem
allometry along the transect has a strong influence on estimates
of SAl and thus of total stem respiration. SAI error is assigned to
be 10% (see text).

Our measurements present only a snapshot from the
early dry season, yet data on the seasonal variation in
stem growth rates provides some indication that our
inferences about annual stem respiration rates are ro-
bust. C. A. J. Girardin , Y. Malhi, L. Durand, L. E. O. C.
Aragdo, R. J. Whittaker, M. Zimmermann, J. E. Silva-
Espejo, N. Salinas (unpublished results) report on sea-
sonal variation in tree growth rates across these sites.
They report almost no seasonality in tree growth rates at
the 1000 and 3025 m sites and only moderate seasonality
in growth at the 194, 210, and 1500 m sites, with peak
growth in the wet season (January-February) and mini-
mum growth in the dry season (June-September). Our
sample period of May falls between these extremes and
represents a period when growth rates are likely to be

representative of the annual mean growth rates. Zach
et al. (2010) found stem respiration to be highest during
the driest months in a tropical montane forest. Detailed
seasonal comparisons of stem respiration have recently
commenced at a number of plots along this transect,
and will eventually enable evaluation of the magnitude
of seasonal variation.

Unexpectedly, we found no significant relationship (at
5%) between stem CO, efflux and forest functional
types, although this analysis is limited by the small
sample sizes of each functional type. There is a hint that
palms have higher respiration rates than broadleaf trees
(P<0.10), and this difference may have become more
significant with larger sample sizes. Functional and
genus-specific differences in Ry have been documented
in Central-American forests (Cavaleri et al., 2006, 2008),
although variation at the genus level at that site is likely
due to the nitrogen-fixing habit of the dominant genus,
Pentaclethra. Maintenance respiration is expected to vary
with tissue N content (Ryan, 1991; Reich ef al., 2008).

The difference in plot-level Ry with and without the
incorporation of small trees and lianas between 2 and
10cm dbh, shows the important contribution of small
trees to ecosystem respiration (Reco). Small-tree carbon
efflux per ha increased plot R, estimates by 9-15%, a
component that is not generally included in plot-level
analyses. Moreover, as the understory may show sub-
stantial site-to-site variation, using site-specific SAI va-
lues where possible is important. Cavaleri et al. (2008)
found higher respiration rates from branches than in the
trunk. Small diameter branches were not included in our
measurements (although large branches are incorporated
into the SAI equation; Chambers et al., 2004). This
suggests that our values reported here may be under-
estimated (see Malhi et al., 2009), although it is unclear
how much of the CO, efflux from branches represents
plant stem metabolism as opposed to the release of soil
CO; efflux dissolved in the transpiration stream.

We used Qpo to demonstrate the relationship of CO,
efflux from woody tissues with temperature along our

© 2010 Blackwell Publishing Ltd, Global Change Biology, 16, 3193-3204



STEM RESPIRATION ACROSS AMAZON-ANDES TRANSECT 3203

~ < 2 >
— O = = . .
L §' EAER elevation transect. In doing so, we assume that tempera-
5 . . . e .
Tlg g 9w o= 22352 ture is the unique variable differing across the elevation
! =] . . . .
gl o S oo =] po e e radient. Clearly, this assumption is not fully met, as
50 H H HH H - & % Y
2%l w4 o wow o o 2 3 other variables such as soil nutrients and species com-
[o\] N N — — = O oy
S22 2 2z Z & =4 2 osition and structure also vary between these plots.
(=) o g p
S< 8 J We did not take into account diurnal variations in R
S 5 = s
= 2 2E Pt which may cause our estimates to be overestimated if
‘o= © . .
8 95T stem CO, efflux rates decline at night. R, rates mea-
bl — — o ol o)) & = 4 5
g2 o8 g2 = g€ Tg T sured in a montane tropical forest in Ecuador did not
o S o e C e . .
2 +H H H H H a5 significantly differ over a 24-hour period (Zach et al.,
g 202 gnificantly P
£ & 1B &8 R s 2859 2008), but variability in diurnal xylem sap flow rates can
~ = [T9) <f o0 18 i L 8 &S 4 y P
2 ] L. .
282 cause variation in bole CO, efflux (Teskey & McGuire,
5 e Y
— &5 8 N 2002). As our measurements are all taken during the
\n o v a = . .
: S @ d h lem fI tes are high, there is less CO
= L g & ay when xylem flow ra igh, i )
5 5 < . .
Tl 8 N8 ] g g 58 diffusing through the bark from the xylem (Teskey &
&< S —=o o 28 E g McGuire, 2002). Nevertheless, we did not attempt to
O | H H HH H S HE T
Ewlo = gr = -2 oS separate the sources of C efflux between xylem-trans-
2|38 8 83 o I3 g orted and local tissue metabolites. How xylem-trans-
o g p Y
T 25 & orted C varies with elevation is unknown.
L] % (7] p
— 9o 3 2
in L9 =
I = 8 o
= 2 g .= 0
>~ o g I .
N N R NN =) ?E5 g Conclusions
I — O 0 O © N — = = @
fla3333s o s S "g z ‘ .
5O | HHHHHAH H 3 & 50 The data presented here show that there is a substantial
T N ID O O O T 5o L. . ..
22| 3T S - A ‘7\| £ (two-fold) variation in stem CO, efflux with elevation in
= ~ 2] 50 . . . .
g o E our Amazon-Andes transect. This variation is driven by
9 W] B .. .
= ©w I~ wo o SEE% an apparent decline in both maintenance and growth
<) 3] -8 @» . . . .
a B S 85 S8 o £ < = § respiration. At plot level, the rate of decline is very
s e . . .

e 5| 1 H H H g g5 = sensitive to changes in forest structure, but in this case
; = | © Ny o o o) T © 2 S . ;
5 S 5 B = % g 3 ~ the decline in tree stature was offset by the increase in

& 0 . . .
i SE 5 E small trees, leading to little overall change in stem
b4 X f%3 oy )
< o = B . O surface area. The moderate sensitivity to elevation,
2| =2 E 29T . .. .
~| &% a8 —g ° and implicitly to temperature, suggests that autotrophic
i £ E SgregIxg8sg| g g 508 rocesses have moderate long-term sensitivity to tem-
; SS8|cs3cs3cssSsS gL eH p
® 5 = §23 2 erature, in contrast to heterotrophic processes.
S| ZE|[HHHAHHHHH] S TS 13 phic p
S| E X eI geegse S+ 5 The bottom-up approach of providing detailed quan-
E| L8| EoBhaasads) 5258
gl "eTe T Te—e SgE2 tification of carbon cycling at the plot level generates
2] . . . .
% ° © <« o 5 § Z < new insights into the carbon budget of tropical ecosys-
X9} - .
E =z g ¢ £738 « 8 tems (Malhi et al., 2009). The results presented here add
- S 3@ . . . .
2 £+ H H H H g o mg to a growing pool of information on autotrophic
— = 60 . . . . . .
° 2% i B @ & B~ g respiration in tropical forests, although it remains amon
% wn — — — (o] g = + I p p
~ T E 58 the least studied aspect of forest carbon dynamics.
z £ 8 2E
- o . .
s = O . We can speculate on how global warming trends will
= N OV QY0 N DN N — IO o E S P g g
<X < o DN N it . N . .
4 > | 8¥BTIBT D= ; 257 affect woody-tissue respiration rates in the tropics. The
3 S & zs tropical Andes are predicted to warm by 4-6°C this
& o
g 2 2 3 & century under mid-high greenhouse gas emissions sce-
% Al . . .
= z P55 4w narios (Urrutia & Vuille, 2009). Our data suggest that
< 2 5 é = § plot-level stem respiration rates are likely to increase
b= < . . .. .
A §/33ss888848 é = é = with warming, but that this increase would be sensitive
& M oo ~EET to (i) changes in forest stature and woody surface area,
< 3 =3 % g y
g =2 9 (ii) increases in forest growth rates (either because of the
) = = < o AN 3 &
o3 TE“ g ° _ s @ t g = physiology of growth or enhanced nutrient supply
o 8sL8y 3 :g J g 8B @ o because of more rapid mineralization rates — which
[ 1 1 1 - - = :‘ - . . .
= 2| S555¢eC 8| 28Rk are likely to change faster than autotrophic metabolic
i Sl d<<<5588g | <85¢2% : .
= EIHEEEELES2SERI 0T L ER processes), and (iii) increases in long-term maintenance

© 2010 Blackwell Publishing Ltd, Global Change Biology, 16, 3193-3204



3204 A. L. ROBERTSON etal.

respiration rates. Our findings are based on sites in a
quasi-equilibrium with mean annual temperatures; sys-
tems experiencing a rapid 4-6°C warming over a
century are likely to display a number of transient
phenomena as physiological and ecological processes
respond to such rapid changes in abiotic factors. We
have demonstrated the power of elevation transects to
reveal insights into how complex systems adjust in both
structure and physiology to changes in mean annual
temperature. Tropical elevation transects may prove
particularly powerful tools as they avoid the confound-
ing interactions with variability of growing season and
seasonal variation in temperature and soil moisture that
may be found in mid-high latitude elevation transects.
Such insights need to be explored further in continued
and more detailed measurements at this elevation
transect, and parallel studies in other elevation transects
across the tropics.
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