‘Global Change Biology

Global Change Biology (2010) 16, 3176-3192, doi: 10.1111/j.1365-2486.2010.02235.x

Net primary productivity allocation and cycling of carbon
along a tropical forest elevational transect in the
Peruvian Andes

C.A.J. GIRARDIN* Y. MALHI* L. E. O. C. ARAGAO*, M. MAMANI{,

W. HUARACA HUASCO{, L. DURANDY{ K. J. FEELEYS§Y,]J. RAPPS§, J. E. SILVA-ESPE]JOY,
M. SILMANS§, N. SALINAS*fandR. J. WHITTAKER*

*Environmental Change Institute, School of Geography and the Environment, Oxford University, South Parks Road, Oxford OX1
3QY, UK, tSchool of Geography, University of Exceter, Rennes Drive, Devon EX4 4R], UK, fUniversidad San Antonio Abad,
Apartado 921, Cusco, Peru, §Department of Biology, Wake Forest University, Winston-Salem, NC 27106, USA, {Florida
International University and The Fairchild Tropical Botanic Garden, Miami, FL 33199, USA

Abstract

The net primary productivity, carbon (C) stocks and turnover rates (i.e. C dynamics) of tropical forests are an
important aspect of the global C cycle. These variables have been investigated in lowland tropical forests, but they
have rarely been studied in tropical montane forests (TMFs). This study examines spatial patterns of above- and
belowground C dynamics along a transect ranging from lowland Amazonia to the high Andes in SE Peru. Fine root
biomass values increased from 1.50MgCha ' at 194 m to 4.95 + 0.62MgCha ' at 3020 m, reaching a maximum of
6.83 + 1.13MgCha ' at the 2020 m elevation site. Aboveground biomass values decreased from 123.50MgCha ' at
194 m to 47.03Mg Cha ' at 3020 m. Mean annual belowground productivity was highest in the most fertile lowland
plots (7.40 + 1.00Mg Cha ' yr ') and ranged between 3.43 + 0.73 and 1.48 + 0.40MgCha 'yr~' in the premontane
and montane plots. Mean annual aboveground productivity was estimated to vary between
9.50 + 1.08 Mg Cha 'yr~! (210m) and 2.59 + 0.40 Mg Cha ' yr ' (2020 m), with consistently lower values observed
in the cloud immersion zone of the montane forest. Fine root C residence time increased from 0.31 years in lowland
Amazonia to 3.78 £ 0.81 years at 3020 m and stem C residence time remained constant along the elevational transect,
with a mean of 54 + 4 years. The ratio of fine root biomass to stem biomass increased significantly with increasing
elevation, whereas the allocation of net primary productivity above- and belowground remained approximately
constant at all elevations. Although net primary productivity declined in the TMF, the partitioning of productivity
between the ecosystem subcomponents remained the same in lowland, premontane and montane forests.
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ing seasonal factors constant. In particular, there is no

Introduction . .
dormant winter or drought season that complicates

The important role of the Amazonian lowland forest in
global biogeochemical cycles, and in particular the
global carbon (C) cycle, is widely recognized (Inter-
governmental Panel on Climate Change, 2007). How-
ever, the C cycle of tropical montane forests (TMFs) is
only starting to be explored. In the Amazon basin, the
montane forests of the Andes extend from the lowlands
up to 3000-4000ma.s.l. In addition to their intrinsic
interest, studies of the ecosystem functioning of mon-
tane forests provide an opportunity to explore how
environmental variables (particularly temperature and
soil moisture) affect ecosystem functions, whilst keep-
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interpretation of latitudinal gradients. In this paper,
we explore the production, allocation and turnover of
C along an elevation gradient in the Peruvian Amazon
and Andes.

A number of studies have reported on variation of
aboveground biomass with elevation in TMFs in
Borneo, Ecuador, Puerto Rico, Venezuela, New Guinea,
Panama and Hawaii (Kitayama & Mueller Dombois,
1994; Delaney et al., 1997; Leuschner et al., 2007). These
consistently report a decline in aboveground biomass
with increasing elevation as a key characteristic of
TMFs. There have been far fewer studies of below-
ground biomass. Observations of fine root C stocks in
Southern Ecuador and in Borneo show an increase in
fine root C stocks with increasing elevation (Kitayama
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& Aiba, 2002; Leuschner et al., 2007). Based on these
previous findings, we would expect to observe a shift in
the partitioning of C standing stocks from above- to
belowground as elevation increases.

Net primary productivity (NPP) is defined as the
amount of C incorporated into new organic matter
produced by a plant of ecosystem in a specified time
interval. The components of NPP include the produc-
tion of stems, branches, leaves, flowers, fruit, coarse and
fine roots, volatile organic compounds and root exu-
dates. Although there is a long record of tropical forest
aboveground net primary productivity (NPPag) mea-
surement studies in the ecological literature, only a
handful of studies focus on TMFs (reviewed in Clark
et al., 2001a, b). Studies in the Jamaican Blue Mountain,
the Luquillo Mountains in Puerto Rico, Mount Kinabalu
in Borneo and the Ecuadorian Andes consistently re-
ported a decline in NPP,g with increasing elevation.
Whereas its cause is still poorly understood, this is
reported as one of the most fundamental features of
TMFs. The quantification of below ground net primary
productivity (NPPgg) is still in its early years and our
understanding of total ecosystem-level productivity is
very limited. To date, only one study in South Ecuador-
ian montane forests published NPPpg estimates along
an elevational transect (Roderstein et al., 2005) but did
not report parallel measurements of NPPx¢ (see, how-
ever, new results reported by G. Moser, C. Leuschner, D.
Hertel, S. Graefe & S. Iost, unpublished results, this
issue). The study found that fine root production,
NPPrineroot, increases with increasing elevation.

The mean residence time of C in biomass can be
estimated by dividing each C pool’s standing stocks
by the NPP of that pool. Only a few studies have
estimated stem C turnover rates or residence times in
tropical forests (Malhi et al., 1999, 2006); none of these
were carried out on TMFs. Similarly, very few studies
have been conducted on C turnover rates of fine roots in
tropical forests (Cuevas & Medina, 1988; Herbert &
Fownes, 1999; Ostertag, 2001), with only one study of
an elevational transect (Graefe et al., 2008).

Raich et al. (1997) measured aboveground productivity
and soil respiration in three Hawaiian rainforests, but to
date there have been no complete analyses of NPP and
its allocation along a tropical elevation transect. Here, we
present the first reported analysis of total directly mea-
sured NPP and its allocation along a large vertical
gradient in the tropics. We also describe changes in total
biomass and its distribution between above- and below-
ground components in nine tropical forests sites along an
elevational transect in the Peruvian Andes. In addition,
we provide an examination of overall changes in eco-
system C dynamics across the elevational transect. To
this end, we analyse standing stocks, production rates

and residence time of aboveground (stems, canopy) and
belowground (roots) vegetation components. Specifi-
cally, we test the following hypotheses:

(1) There is no change in total C stocks with elevation,
but there is a shift in relative stock of C from above-
to belowground (Leuschner ef al., 2007).

(2) Total NPP declines with elevation, but the propor-
tion of NPP allocated to above- and belowground
components stays fixed along the elevation gradient.

(3) The NPP allocation patterns on the elevation transect
are the same as those observed for lowland Amazo-
nian forests (Aragdo et al., 2009; Malhi et al., 2009).

(4) NPP decline can largely be explained by decreasing
temperature as elevation increases.

Materials and methods

Site characteristics

The study region is the focus of the interdisciplinary Andes
Biodiversity and Ecosystem Research Group (ABERG, http://
darwin.winston.wfu.edu/andes/). Nine permanent tree sam-
pling plots of 1ha each were established along an elevational
gradient ranging from 194 to 3025 m elevation, extending from
lowland forest (<800m), through premontane (800-1200 m),
lower montane (1200-2200m) and upper montane forest
(2200-3400m). Of these, six experimental sites were
established at elevations from 3020 to 1500 m on the eastern
slope of the Andes, in the Kosfipata valley, Province of
Paucartambo, Department of Cusco, Southern Peruvian An-
des. One site was established at 1000m in an adjacent valley
(Tono valley). A further two lowland Amazonian sites were
established and monitored according to the same protocol in
the Tambopata reserve, Tambopata Province, Department of
Madre de Dios, Peru, approximately 244 km east of the main
transect. Data from these two lowland sites were published in
Aragdo et al. (2009). Site descriptions are provided in Table 1.
The transect ranging from the high Andes to lowland Ama-
zonian sites (nine plots in total) is hereafter referred to as the
Kosnipata transect. Plots established from 1855 to 3020 m are
located on a ridge adjacent to an ancient Inca path referred to
as the Trocha Union. As the path is fairly inaccessible and
carved on difficult terrain, it is rarely used. As the geological
substrate and topographic position can have a significant
bearing on montane forest dynamics (Takyu et al., 2002), all
the montane plots along the Trocha Union were established
along a ridge-top with the same substrate (Palaeozoic shales-
slates), with the exception of the 1855m plot (situated on a
granite batholith). Plots at 1000 m and below are situated on
clay-rich sediments formed from alluvial deposition (though
all are now above river flood levels). All plots along the
elevational transect were selected in areas with relatively
homogeneous stand structure, geological substrate and topo-
graphy and with no sign of significant recent human influence.
All have closed canopies without any large gaps. Soil C,
nitrogen and phosphorus stocks in the top 50 cm are highest
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2 © in the 2000-3025m band, where there is a build-up of a thick
I
5 SIS S layer of humic material (typically 20-30 cm thick) above C-rich
gl L F = 3 topsoil (C. A. J. Girardin, L. E. O. C. Aragdo, Y. Malhi, W.
g % ;@ 1\2 < < R n s Huaraca Huasco, D. Metcalfe & J. E. Silvae, unpublished
g 29232 & N — 3 results). The base of the cloud zone is located at 1500-1800 m,
£ . N and the cloud forest zone extends to the tree line at approxi-
= Y, )
= w SR g8 3 mately 3400 m, above which puna grasslands dominate.
Q E S O o S §
g < R % e o SRR
Sl= oo = O NS 2SS . .
FE|FToa 18 o — Mm&<HE Weather. Weather patterns along the elevational gradient are
« described in a companion paper in this issue (C. A. J. Girardin,
i(g E\j g ) T L. E. O. C. Aragdo, Y. Malhi, W. Huaraca Huasco, D. Metcalfe &
o | = B o +H ~ § S 3 J. E. Silvae, unpublished results). Mean annual air temperatures
QR
é [9 ﬁ 5‘2 S = g x 3 g = § over the study period ranged from 26.4°C (194m) to 11.8°C
Thoema e ¥ = (3000 m). There was a close association between elevation and
temperature (* = 0.99, P <10~%), implying a vertical lapse rate of
° soil temperature of 4.79°Ckm™', and a lapse rate of air
I~ § temperature of 4.94 °Ckm™". Over the measurement period
% § = § g 3 (August 2007-August 2008), precipitation showed a humped
< A E(: [ o s 8 S S relationship with elevation, with our recorded highest values
E8 Eoodee 2 o ST8 (30862746 mm yr~ ') near the base of the mountain range (1000~
=z Y &
0 A~ »n o~ N — [ — SN TS| . o .
1500 m). Light incidence and soil water content (SWC) showed
no clear relationships with elevation. There may be microsite
effects along the elevational gradient, which reflect the
= = S .. geomorphological situation rather than the influence of
= - [N
- - L ® o § § S elevation per se (Moser et al., 2008). This is illustrated by the
5 .5 o % R i o ¥ SEF variation of rainfall patterns between the two forest sites under
é :C‘) E 052 k g = E < 8 § 8 investigation at 3000 m: the plot located on a slope (3025 m) was,
on average, drier and received higher annual light incidence
£ than that located on the Trocha Union ridge (3020m).
k= - o SR Nonetheless, within the cloud immersion zone, SWC is
:r; %\,1 & : § % typically above 25% throughout the year, because of limited
'58 . [5 Y & S <« 0N 3 g3 evapotranspiration and fog deposition.
E> F2R&ER &2 8 OF
o N 5 g Aboveground C stocks and fluxes
— x o Q Iy
2= 3 [(:: H s 3 We determined wood productivity using multiple censuses of
0.9 | o™ 7 o @ SIS . .
e el D%, ud : o : S 3 the forest plots. Tree censuses were carried out in our plots in
ED|E2RQ=E2 & & C3 . -
2003 and 2007 to determine the growth rate of existing
= o ¥ surviving trees and the rate of recruitment of new trees.
. = 3, ;’8 IS § 3 Mortality was estimated for each site by calculating the
5 .5 - g; [ i © S § biomass of trees that were measured in 2003 and dead in
é f) E G2 E: § z = E g D: S 2007. Only trees >10 cm diameter at breast height (DBH) were
included in the census. These measurements were subse-
o quently converted into estimates of coarse wood productivity
8 z using allometric equations for moist forest stands that relate
k2 C tree diameter to biomass (Chave ef al., 2005). Two equations
5_3 < e} -2 % were explored in order to determine the importance of includ-
g 'j‘é %.\1 s oS § S ing tree height in biomass estimates of montane forest trees:
~ ~ <H =~
G Sl == Bw v 2 o £S5 AGB = 0.0776 x (p x (DBH2) x H)0.94 (1)
2 15628 & R ¢ =2£
"é Z 3 — N O o — I3V E T
o
; o5 . AGB = p x exp(—1.499 + 2.1481 x In(DBH) + 0.207
S BN ¥y 9 x (In(DBH))2 — 0.0281 x (In(DBH))3), (2)
5 SeE & E )
g e T E PR where AGB is aboveground biomass in kgm™~, p is density of
N Qé © g \; g g S '5 ’g = the wood obtained from (Chave et al., 2006), DBH (cm), and H
- S 5 "QU; 22 s g E* E ‘; %‘3 i’ g is height (m). Both were derived from the same pan-tropical
Bo © = . . . .
i) PRERE: %D 2 2‘.( g & = g = & g dataset, however (2) only incorporates diameter information
= Fl53335<5 <EZBA and so is applicable for data sets where height information is
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not available. As we had some height data from each plot, Eqn
(1) was used for the subsequent analysis. It includes census
data on DBH, a single measurement of tree height and species-
specific values for wood density. Tree height was available for
approximately 125 trees in each plot. Where tree height was
not available for particular trees, it was estimated by fitting an
exponential model to existing height and diameter at breast
height data for trees at that elevation. To convert biomass
values into C, we assumed that dry stem biomass is 50% C
(Chave et al., 2005).

We calculated annual aboveground woody biomass produc-
tivity, NPPstem, from full plot census data from 2003 and 2007.
This was calculated using the allometric equations of Chave
et al. (2005), including estimates for height, as described above.
The biomass of new recruits measured at the second census
was then added.

To determine seasonal variation in NPPsi,, we used 3-
monthly dendrometer band measurements on approximately
200 randomly selected trees per plot from August 2007 to
January 2009. Dendrometer measurements were converted
into 3-month biomass increments for each tree. To scale from
the dendrometer trees to the full plot, we grouped the tree
species by genus. From the full census data we determined the
annual NPP of each genus g, and what fraction of the annual
NPP of each genus was captured by dendometers, fg. The 3-
monthly whole-plot NPP of each genus was then estimated by
dividing the dendrometer-measured 3-month NPP of that
genus by f,. These whole plot estimates of NPP for each genus
were then summed over genus to obtain a total plot NPP.

Given that some species of tree ferns and palms can grow
vertically without increasing in girth, hence measuring their
increase in diameter at breast height over time is futile, we
included tree ferns and palms as recruits in our NPP estimates
and in our stem biomass estimates, as described in Malhi et al.
(2004), but did not estimate growth rates over time. The
proportion of tree ferns in the plots ranged from 2.5% (1000
and 3020m) to 21% (2020m), peaking between 1855 and
2720 m. Palm proportion varied from 0% (3100m) up to 27%
one plot in the Tambopata lowlands. There were no tree ferns
at the lowland sites, and no palms above 1500 m elevation.

Canopy productivity was estimated by collecting litterfall in
0.25m? litter traps (PVC tubes and 1 mm mesh nylon screen,
25ha') set up 1m above the ground. Litterfall was collected
bi-weekly to minimize loss by decomposition, split into dif-
ferent components, oven dried at 80 °C and weighed. Compo-
nents of litterfall include leaves; reproductive organs (fruits
and flowers); twigs (up to 2cm girth, including bark); epi-
phytes and bromeliads (all parts combined); and fine debris
(unidentifiable particles that pass through 2 mm mesh). In the
present analysis, we refer to the sum of leaves, twigs, repro-
ductive organs, epiphytes, bromeliads and unidentified mate-
rial as canopy productivity.

Belowground C stocks and fluxes

Soil and root C stocks were estimated using soil cores only
(these soil cores were sampled during the installation of
ingrowth cores), while root production was estimated using

two independent approaches, rhizotrons and soil ingrowth
cores. The comparison of these two approaches gives us some
metric of confidence in these results. A detailed description of
the methodologies described here is presented in Metcalfe et al.
(2008a). For an in depth review and critique of these methods
refer to Vogt et al. (1998) and Hendricks et al. (2006).

Rhizotrons. NPPp; was determined using rhizotron root
observation chambers (Burke & Raynal, 1994). These
observation chambers were framed on three sides using
lumber or metal. The fourth side was a 6 mm thick pane of
Perspex 40 cm deep, 0 cm being the surface of the organic top
layer, and 35cm wide. Lowland sites with thin organic layers
(OL) had their observation chambers mostly in mineral soils,
while at highland sites with thick OL, the chambers mostly
observed root growth in the OL and not in the mineral soil
(Table 1). The rhizotron measurements began 2 months after
installation, once we could observe the roots growing rapidly
against the observation chamber, to let the roots recover from
the initial disturbance resulting from severing the roots during
the installation of rhizotrons. Three rhizotrons were installed at
sites chosen to encompass the topographic variation in each
plot, in November 2006, at the end of the dry season. Monthly
root growth was recorded from the rhizotrons over 23 months.
Each month, root increments were recorded at each session by
tracing over visible roots with permanent markers on
transparent A4 acetate sheets placed over the glass face.
Information on root diameter class was recorded through
colour coding (<1mm = black, 1-2mm = blue, 2-3 mm = red,
<4mm = green) and the dates of root appearance and
disappearance were recorded by numbering each root
increment traced. Root intersections with the rhizotron
screens were counted on each sheet and converted to
biomass production per unit ground area using the method
described in Bernier & Robitaille (2004). In this method, the
number of roots contacting the rhizotron screen at each time-
step, together with root diameter, is used to calculate the total
cross-sectional surface area of intersecting roots using the
equations presented by Bernier & Robitaille (2004). As roots
can only intersect with the rhizotron screen from one side, the
resulting value was doubled, assuming that if there was not an
empty space behind the rhizotron screen, an equal amount of
roots would contact the rhizotron screen from the other side.

Root ingrowth cores. NPPgg was also quantified in all plots
using the ingrowth core technique (Vogt ef al., 1998; Steingrobe
et al., 2000; Hendricks et al., 2006), following the methodology
described in Metcalfe et al. (2008b). These are cores of root-free
soil surrounded by mesh bags in which roots were allowed to
grow over a set period of time (3 months), providing estimates
of root production per unit area and time (Mgha ' yr ). Nine
ingrowth cores were installed in the plots in May 2007, three of
which were in close proximity to rhizotrons. Soil cores were
extracted and soil layers were separated into O-horizon OL
and A- and B-horizon mineral layer (ML). Fine roots were
manually removed every 3 months using a method which
corrects for underestimation of fine root biomass. Roots were
manually extracted from soil cores during 10min time
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intervals, over a period of 40min. The curve of cumulative
extraction over time was used to predict root extraction beyond
40 min (Metcalfe et al., 2007). This method only accounts for live
fine roots, as the 3-monthly sample period was much lower
than the turnover time of the roots. Root-free soil was then
replaced in each ingrowth core, maintaining the horizon
layering of the undisturbed soil. Sampled roots were rinsed
in water to remove soil particles, oven dried at 70 °C in the lab
until constant mass, weighed and scanned as greyscale images
at 600 dpi resolution. Fine root biomass and mass of the soil OL
were measured using the first soil cores sampled in May 2007.
NPPg was estimated from the quantity of root mass produced
in the 3-month interval since the last collection. Fine and coarse
roots were defined as <2mm and >2mm in diameter,
respectively. The scanned images were analysed using
commercially available software (WINRHIZO PRO version 2003b,
Regent Instruments, Ottawa, Canada), to calculate root length
and surface area, according to the methodology described by
Metcalfe et al. (2008a,b). Finally, OL depth and root mass
within the OL were also measured using soil cores in August
2008 at 25 points for each elevation (only five at 2000 m). As it is
very difficult to discern between biomass and necromass of fine
roots, fine root biomass are likely to be overestimated.

NPP calculations

NPP of an ecosystem can be defined as the total biomass of
autotrophs produced in a specified time interval (Roy et al., 2001).
Total productivity (NPPrp) can be divided into belowground
(NPPgc) and aboveground (NPPAG) production of C per unit
time. Aboveground NPP consists of stem production (NPPgter),
canopy production (NPPcanopy), branch turnover (NPPpranch)
and volatile organic compound production (NPPyoc).

NPPag = NPPstem + NPPCan(\py + NPPpranch + NPPyoc. (3)

We obtained stem (NPPgier,) and leaf (NPPcanopy) produc-
tion values through direct measurement. NPPcanopy consist of
leaves, small branches, flowers and fruit. As we did not
directly measure branch production in this study, it is scaled
from NPPge,n using the ratio (0.4) of NPPgranch: NPPstem
estimated from published values in lowland Amazonian plots
(Aragdo et al., 2009). NPPyc is the emission of volatile organic
C from the vegetation. VOC flux appears to be a very small
component of the C cycle of tropical forests (Malhi et al., 2009)
and is not quantified in this study.

NPPp; consists of fine (NPPgjueroot) and coarse root
(NPPcoarseroot) production (Clark et al., 2001a), and exudate
production.

NPPBG = NPPFineRoot + NPPCnarseRont + NPPEXudate' (4)

Whereas we estimated NPPrineroot directly, NPPcoarseroot
presents a methodological challenge and is very difficult to
estimate directly. Hence, NPPcoarseroot Was estimated as a
fraction of NPPg.p,, following the method proposed by Malhi
et al. (2009): NPPcgarseroot = 0.21( & 0.03) X NPPgier,  Where
0.21 £ 0.03 is the mean ratio of belowground stocks to above-
ground stocks reported across lowland tropical forests. This
may result in underestimation of production, as the NPP of

smaller roots is likely to exceed that of large structural roots.
For the TMFs, we chose to use the same ratio with a higher
uncertainty (0.21 & 0.10); on wind or erosion prone sites it is
likely that trees invest more in coarse root anchoring, but on
the other hand on shallow montane soils they are not able to
have a large root core or deep roots.

Exudates and export to mycorrhizae are not measured in
this study, resulting in an underestimation of the NPPpg
values presented in this study to our knowledge. This compo-
nent has never been explicitly measured in any tropical forest,
it has been found to account for 3-15% of NPP in temperate
forests (Vogt et al., 1982; Bekku et al., 1997; Clark et al., 2001b).

Analytical techniques

We used these data to describe the spatial variations of above-
and belowground C stocks, NPP and turnover rates along the
Kosiipata transect. All uncertainty estimates are given as the
standard error of the mean. The statistical significance of
correlation coefficients was based on a two tailed approach,
df =n—-2, P<0.05. Linear regression analyses were conducted
to identify significant elevational trends in ecosystem alloca-
tion to different NPP components and the relationships be-
tween components. All statistical analyses were performed
with the R version 2.9.0 statistical package (Chambers, 2008).

Results

C stocks

Estimates of C stocks are presented in Table 2. We
calculated stem biomass using two of the moist forest
stand equations presented by Chave et al. (2005), as
described above. Equation (1) requires measurements of
tree height, H. Equation (2) does not account for height,
and we use it here to explore the importance of directly
accounting for height. Equation (2) assumes a fixed
polynomial relationship between In (H) and In (DBH)
derived for lowland tropical forests. It would only be
valid if the tree form, as expressed by the relationship
between diameter and height, did not vary with eleva-
tion. Hence the comparison of these two equations
gives us some indication of the importance of variation
in tree form with elevation in determining forest bio-
mass. Our data show that the allometric form of trees in
our sites varies with elevation: trees at high elevation
have less stature for the same DBH, ie. tree form
becomes gradually more squat and stunted with in-
creasing elevation. Hence, using Eqn (2) would result in
a systematic overestimation of biomass by 52 £ 10% at
higher elevations. Figure la demonstrates the impor-
tance of including height estimates into stem C stocks
calculations in TMFs, as height is the dominant factor
dictating a decline in aboveground C stocks with in-
creasing elevation. Figure 1a includes published data
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Table 2 Synthesis of carbon stocks estimates

Plot Elevation (m)  C stockgey (ML)  C stocksey (OL)  C stockgineroots ~ C Stockcoarseroots ~ C Stockpg C stocksiem
WAY 3025 2.45 59.6 + 5.00 64.9
TU3 3020 1.42 68.8 + 4.47 495 + 0.62 9.88 + 0.54 14.8 + 0.82 47.0
TU4 2720 3.97 63.6 + 4.37 4.05 £+ 0.56 13.8 £ 0.78 17.9 + 0.96 65.9
TU?7 2020 8.35 52.1 £10.7 6.83 £ 1.13 8.11 4+ 1.47 149 + 1.85 38.6
TU8 1855 10.5 58.3 + 8.45 6.54 + 0.54 11.7 + 0.87 18.2 +1.03 55.6
SPD 1500 15.7 27.6 £ 1.93 21.6 102.8
TON 1000 5.69 8.45 + 0.92 2.62 + 0.29 16.7 + 0.54 19.3 + 0.61 79.5
TAMO5 210 2.31 315 33.8 123.5
TAMO06 194 11.9 3.55 1.50 315 33.0 118.5

All values are in Mg C ha . BMcoarseroots Were estimated as described in the text (Malhi ef al., 2009). All other values were directly
measured as described in the text. Bmger, were calculated as the sum of all stem stocks of trees >10 cm diameter.
Bm, biomass; ML, mineral layer; OL, organic layer; BG, below ground.

from nine plots in lowland Amazonia (two of which are
the lowland plots from this transect), for which biomass
was estimated using the same methodology and Eqn
(2). We observed a significant decrease in stem biomass
with increasing elevation with Eqn (1) (r* = 0.80,
P <0.0005, n=17).

Figure 1b indicates a step change in fine root biomass
in the soil OL at the base of the cloud immersion zone.
Fine root C stocks increased from 1.50MgCha ' at
194m to 6.54 &+ 0.54 Mg C ha~! at 1855 m, and thereafter
no significant changes in root C stocks were observed
within the cloud immersion zone. Coarse root biomass
was calculated as a fixed fraction of stem biomass, and
thus we presumed coarse root biomass to follow a
similar pattern to stem biomass and decrease with
elevation. Fine root to stem biomass ratio increased
with elevation, from 0.02 at 194m to 0.11 at 3020 m.

NPP

The patterns of NPP components along the elevational
gradient are shown in Figs 2 and 3. NPPrq, estimated
in nine plots along the elevational transect did not
decline monotonically with increasing elevation. How-
ever, we observed a change in regime in the premon-
tane and montane forests: lowland values (16.9 +
1.48 MgChef1 yrf1 at 210m and 13.6 125
MgChaflyrfl at 194m, Aragao et al., 2009) were sig-
nificantly higher than values recorded in the Andes
(7.07 £0.98MgCha 'yr ' at 1000m to 4.11 +0.26
MgCha 'yr ' at 3020 m). This relationship is particu-
larly apparent in Fig. 2, in which values from central
Amazonia reported by Malhi et al. (2009) and Aragdo
et al. (2009) are also included. Here, TMF values of
NPPrqy are significantly lower than NPPr,,; from even
the least fertile soils in central Amazonia.

NPPgsem ranged between 0.79 £ 0.08 (1855-2020 m)
and 2.80 = 0.24 MgChaflyrfl (210 m), with a change

in regime between lowland Amazonian forests and
premontane to montane forests. Likewise, we recorded
a significant decline in NPPcanopy With increasing ele-
vation (slope =—0.001, =074, P=0.002, n=9)
(Fig. 3a). Hence, NPPog decreased with elevation
(slope =—0.001, 7* = 0.69, P = 0.005, n = 9). These linear
relationships provide indications on the overall ten-
dency of the trends we observed, however, rather than
a steady linear decline, there appears to be a fairly rapid
decline in NPP4¢ with elevation until the base of the
cloud immersion zone (around 1500m), and then no
trend in NPP,g with elevation within the cloud zone all
the way up to the tree line. There appears to be two
distinct regimes, one below the clouds where NPP
declines with elevation, and one within the cloud zone
where NPP does not change with elevation. Average
NPP,; was estimated at 3.53 &+ 0.38MgChaf1 yrf1
(n=7) in the TMF and 8.87 4 0.63MgCha 'yr !
(n = 2) in the lowland Amazonian plots.

A change in regime of NPPpg was observed around
1000m, with a decrease in production and with the
lowest values recorded within the cloud immersion
zone, between 196+0.18 and 1.48 +0.40Mg
Cha™! yr_l. NPPEgineroot followed a similar pattern, with
values decreasing from 6.80 + 1.0MgCha 'yr ' in the
lowlands (210m) to 1.23 4 0.40 MgChef1 yrf1 in the
upper TMF (Fig. 3c). NPPrincroot represented the largest
proportion of belowground productivity, ranging be-
tween 83% and 92% of NPPpg. NPPcoarseroot (Fig. 2)
was estimated as a fixed fraction of aboveground pro-
duction stem biomass (21 £ 10%). As a result, we
estimated a decrease in NPPcgarseroot in the TMF, from
0.60+0.09 (1949m) to 0214004 (3020m)
MgCha 'yr .

Measurements of NPP and respiration fluxes are
presented in Table 3. An analysis of the patterns of
NPProta1 partitioning into above- and belowground
components demonstrated that the ratio of NPPg¢ to
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Fig. 1 The variation with elevation of above- and belowground standing carbon stocks (MgCha™"): (a) stem biomass and (b) fine root
biomass. Biomass estimated using a height and diameter based allometric equation (a, closed squares) showed a clear decrease in
aboveground biomass with increasing elevation, both when data points from this study were combined with data presented in Aragdo et
al. (2009) (dotted line, y = —0.042x + 161.3, *=0.76, P<10~* n = 17) and when we included the data points from the Kosfiipata transect
only (solid line, y = —0.023x + 116.5, r* = 0.65, P = 0.008, n =9). Biomass estimated without including height data (a, open triangles)
showed no change in aboveground biomass with elevation (y = —0.022x + 180.3, ?»=0.26, P =0.24, n =7). Stem biomass values for the
lowlands (a, open squares) were obtained from Aragdo ef al. (2009). Root carbon stocks were from the top 30 cm of soil. Root carbon
values were obtained from nine soil cores at each elevation (only five at 1000 m). Root carbon content was estimated at 50% as in Malhi et
al. (2009). Error bars are SE of the mean. The estimated base of the cloud immersion zone is located at 1500-1800 m.

NPP4g (Fig. 4) shows high site-to-site variation (be-
tween 0.2 and 1.2) but no evidence of any overall trend
with elevation. The mean value of the ratio is
0.69 + 0.44. A significant exception was the forest at
1855m, where we observed a high NPPgg driven by
high fine root productivity. To a small extent, this lack of
trend in above- and belowground partitioning is forced
by the fact we set NPPcoarseroot @s a fixed fraction of
NPPstern. However, this effect is relatively small, be-
cause NPPcoarseroot 15 @ relatively small component of
NPPgp; (5-17%), and NPPgin is a relatively small
component of NPPag (~ 34%).

The ratio of each NPP component to NPPr,,; showed
no significant trends with elevation (Fig. 5). On average,
below the cloud base, 18 + 5% of NPPr, is allocated to
stems, 34 + 29% to canopy and 37 &+ 15% to fine roots
(n=23). Above the cloud base, 21 £ 7% of NPPp,; is
allocated to aboveground woody biomass, 32 £ 7% to
canopy and 37 & 15% to fine roots (n=6). Figure 6
shows the relationships ~ between = NPPxg
(y=0.58 £ 0.05x, n=9) and NPPgg (y=0.39 £ 0.05x,
n=9) with NPPr. in the Kosfipata transect, with
regressions forced through the origin. These variables
are not independent and thus the correlation statistics
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Fig. 2 The net primary productivity (NPP) of the seven premontane and montane sites from this study compared with values from nine
sites in lowland Amazonia. All values to the right of the dotted line, described as published results from lowland Amazonia, are
presented in Aragdo ef al. (2009). Bars correspond to NPPr.; for each site, they combine NPPcanopy (pale grey), NPPgineroot (dark grey),
NPPstem (White) and NPPcoarseroot (black). Error bars are SE of the mean.

are not meaningful, but the regression slopes are mean-
ingful. Across the elevational transect, the regression
suggests that NPPyg and NPPpg are 58 + 5% and
39 £ 5% of NPPro. The slopes of the relationships
were remarkably similar for (i) the nine plots from the
Kosiiipata transect only, (ii) the lowland Amazonian
plots from Aragdo et al. (2009) only, and (iii) both data
sets combined. We found a significant relationship
between NPPcanopy and NPPseer (Fig. 7) when we
included all plots of the Kosfiipata transect as well as
when we included montane forests.

Regressions of the components of NPP against envir-
onmental parameters are presented in Table 4. There are
particularly strong correlations between annual mean
air temperature and NPPcanopy and NPPgineroot, and
weaker correlations with stem productivity. Overall
78% (P<0.005) of the variance in NPPr., correlated
with temperature. Rainfall directly is a weak predictor
of NPP, though it may explain some of the residuals
once temperature correlation is factored out.

Residence time

A significant decrease in stem biomass with elevation
coupled with a decrease in NPPgn resulted in no
significant change in stem C residence time with in-
creasing elevation (Table 5, Fig. 8a). In the Kosiipata
transect, the mean stem C residence time was 54 + 4
years (n=9). However, as fine root biomass increased
with elevation and NPPgj,cro0t Was lower in TMFs than
in most lowland forest plots, fine root C residence time
(Table 5, Fig. 8b) increased significantly with increasing
elevation (+*=0.80, P=0.006, n=7) from 0.31 & 0.61
years (194m) to 3.78 & 0.81 years (3020 m).

Discussion

We have presented data on C stocks, productivity,
allocation and residence time of seven Andean montane
and premontane forests and two lowland Amazonian
rainforest sites. In addition, we reviewed published data
from nine lowland plots, two of which were the lowland
plots of our elevation transect (Aragdo ef al., 2009; Malhi
et al., 2009). Our results confirmed that aboveground
biomass and productivity are the main contributors of
total C stocks and NPP at all elevations. Overall,
NPPryta1 was lower in the premontane and montane
forests than in lowland Amazonia. This pattern was
driven by a decline in above- and belowground NPP
in premontane and montane forests, with lower values
recorded within the cloud immersion zone.

No change in total C stocks with elevation

A decline in aboveground biomass with increasing
elevation in altitudinal transects is a common feature
of TMFs. Our results corroborate previous findings by
showing a significant decline in aboveground woody
biomass with increasing altitude (Fig. 1). Further, Fig. 1
demonstrates that calculated stem biomass shows no
significant trend with elevation when we do not include
the decline in tree height in our allometric equation
(Chave et al., 2005). Hence, we can attribute this decline
solely to a decrease in tree stature with increasing
elevation, confirming the importance of measuring tree
height when estimating aboveground C stocks in TMF
ecosystems. In terms of belowground C allocation, we
observed a step change in fine root biomass at the base
of the cloud immersion zone, with consistently higher fine
root biomass in the TMF than in the premontane and
lowland plots. Further, the soil organic matter C stocks
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Fig. 3 Above- and belowground net primary productivity (Mg Cha ' yr~) along the elevational gradient. (a) NPPcanopy (pale grey), (b)
NPPrineroot (dark grey) and (c¢) NPPgiem (white). All values to the right of the vertical line are presented in Malhi et al. (2009) and Aragao

et al. (2009). Error bars are SE of the mean.

increase significantly with elevation. Hence, if we include
increases in the soil C stock pool and fine root C stocks in
our estimates of belowground C stocks, these results are
consistent with our first hypothesis: there is no significant
change in total C stock with elevation, but there is a shift
in relative stock of C from above- to belowground.

NPP

Total NPP declines with elevation. NPPry was lower in
the premontane and montane forests than in lowland
Amazonia. In a study on nine lowland Amazonian
forest plots, Aragao et al. (2009) estimated an average
NPProta 0f 12.6 £ 2.5Mg C ha™! yr’l. The present study

estimated a significantly lower average NPPro of
5.68 + 044MgCha 'yr'' (n=7) in the TMFs. All
components of NPPTotal measured for this study
(NPPcanopyy  NPPsiery  and  NPPgincroots) ~ Were
significantly lower in TMF plots compared with the
two lowland Amazonian plots of this transect. Further,
we found evidence of a change in regime of NPPyg
rates in the cloud forest zone, where NPP,g rates are
lower than in most lowland Amazonian plots (Fig. 2).
This decline is driven by above- and belowground NPP
allocation. Stem and canopy productivity are both
significantly lower in the premontane and montane
forests than in lowland Amazonia, confirming
previous published observations of NPP,g along
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Fig. 4 Ratio of below- to aboveground net primary productivity (NPPgg/NPPsg). Results from this study (closed squares) and
published results from lowland Amazonia (Aragdo et al., 2009; Malhi et al., 2009) are represented. Error bars are SE of the mean. The

estimated base of the cloud immersion zone is located at 1500-1800 m.

above- and belowground productivity to changes in
NPPrya (Fig. 6). These relationships confirm that,
although the total productivity of forests is reduced in
the mountains, the allocation patterns of NPP do not
change with elevation in our elevation transect. However,
G. Moser, C. Leuschner, D. Hertel, S. Graefe & S. lost
(unpublished results) reported a very different pattern of
NPP allocation along an Ecuadorian elevational gradient,
hence, generalizing about the relationships between NPP
components in TMFs may still be premature.

Nonetheless, in a review of aboveground NPP in 104
Neotropical forest plots, Malhi et al. (2004) observed a
constant partitioning between NPPster, and NPPcanopy
(NPPsterm = 1.73( % 0.09) X NPPcanopy) When they com-
bined their data with published results from (Clark et al.,
2001b). In a subsequent study, Aragdo et al. (2009) found
a significant relation between stem and canopy produc-
tivity (NPPcanopy = 1.61( £ 0.07) X NPPgier,, 7° = 0.58,
P<0.001) when they combined their results to those
presented in Malhi et al. (2004). The evidence from the
Kosfiipata elevational transect confirmed that this rela-
tionship holds in our TMF plots, providing further
support that NPPcanopy is a good proxy for NPProg in
moist tropical forests (Fig. 7). These findings are consis-
tent with hypothesis (3): the TMF of the Kosiiipata eleva-
tional gradient displays the same NPP allocation patterns as
those observed in lowland Amazonian forests by Aragdo et al.
(2009) and Malhi et al. (2004).

Factors controlling NPP. In one of the most thorough
appraisals of tropical forest NPP quantification of recent
years, Clark et al. (2001a,b) compiled data from 39
tropical forest sites and estimated total tropical forest
NPP. Their estimates ranged between 3.1 and
21.7MgCha 'yr !, confirming that our estimates of
4.11 (3020m) to 7.07 (1000m)MgCha 'yr ' in TMFs
are situated in the lower range of lowland forest

estimates. Tropical forest NPP was found to be poorly
correlated with mean annual temperature and with
annual rainfall (Clark et al., 2001b; Del Grosso et al.,
2008). Some authors found that NPP decreases at
extremely high precipitation (>3000 mm yrfl), due to
the indirect effects of excess moisture, such as low soil
oxygen resulting in slow mineralization rates and the
loss of nutrients through leaching (Clark et al., 2001b;
Schuur et al., 2001). More recently, Malhi et al. (2004)
concurred with these observations, and also reported
that NPPgen, varied substantially at the regional scale,
and that a large part of this regional variation was due
to soil type. Subsequently, Aragdo et al. (2009)
investigated the relationship between soil fertility and
NPP in ten Amazonian forests on contrasting soil types,
confirming the relationship between soil fertility
(particularly phosphorus status) and productivity.
Palm litter was not accounted for in the lowland
plots, implying a further underestimation of NPPcanopy
at 210m and 194m. Nonetheless, NPPcanopy was sig-
nificantly lower in the cloud forest than in the premon-
tane and lowland forests, showing evidence of a change
of regime at the cloud base (Fig. 3a). Within the cloud
immersion zone, NPPcanopy did not change signifi-
cantly. The decrease in canopy production with increas-
ing elevation may be largely explained by temperature
(r* =0.76, P<0.005, n=9), however, as temperature
decreases linearly with elevation and NPPcanopy does
not, this relationship may be a result of the in indirect
effects of temperature rather than the direct effects of
temperature on plant physiology. Several authors have
suggested that plants adjust their C allocation patterns
in response to imbalances in resource availability (nu-
trients or water) (Bloom et al., 1985; Litton et al., 2007).
Since SWC is typically above 25% in our plots, water
shortage should not be limiting plant growth in any of
our study sites. Nevertheless, water saturation in the
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Fig. 5 Partitioning of net primary productivity (NPP) components along the elevational gradient. (a) NPPsterm/NPProtal, (b) NPPcanopy/
NPProtal (€) NPPrineroot/ NPProtal ratios along the elevational gradient. Data from this study (closed squares) is compared with data
presented in Aragao et al. (2009) (open triangles). Mean value represented by a solid horizontal line. Error bars are SE of the mean. The

estimated base of the cloud immersion zone is located at 1500-1800 m.

soil may have prevented mineralization, reducing nu-
trient supply to the roots, as suggested by Leuschner
et al. (2007).

Our results indicate a strong correlation *=0.78,
P<0.005, n=9) between NPPr., and mean annual
temperature, particularly so in the case of fine root
(=077, P<0.005, n=9) and canopy productivity
(* =0.76, P<0.005, n =9). Of course, correlation does

not necessarily indicate causation; further, linear regres-
sions are not valid if there is a sudden regime change at
cloud base, as observed in this elevational gradient (Fig.
3). The results of linear regressions are provided here to
provide a summary statistic of the overall trend ob-
served along the elevational gradient, although we are
cautious not to over interpret them. Thus, over this
extreme elevation gradient it is likely that temperature
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(closed circles) and NPPgg (open circles) data from the Kosfipata transect. In both forests, a regression analysis with the intercept set to 0
showed a significant positive relationship between NPP,g, NPPgg and NPPry. For the Koshipata transect, NPPAG (solid line,
y=0.58 4+ 0.025x, * =0.94, P<10™*, n=9) and NPPy¢ (solid line, y = 0.41 + 0.022x, * = 0.89, P<10~* n=9). In lowland Amazonian
forests, NPP5g (dotted line, y = 0.61 + 0.035x, ?=0.52, P<0.04, n=8) and NPPy; (dotted line, y=10.38 + 0.032x, =040, P<0.08,
n=38). For the combined dataset, NPP5g (v =0.54 & 0.026x, ?=0.89, P<0.0005, n=16) and NPPpg (y=0.44 £ 0.024x, ?=0.93,

P <0.0005, n =16). Error bars are SE of the mean.
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Fig. 7 Relationships between the two aboveground NPP components. We include values from the Kosfiipata transect (closed squares,
y=173 £ 0.23x, ?=0.90, P<0.0005, n=9) and from lowland sites presented in Aragao et al. (2009) and Malhi et al. (2009) (open
triangles, y = 1.58 £ 0.36x, 7*=0.44, P<0.05, n = 11). Error bars are SE of the mean.

plays an important role in influencing ecosystem func-
tion. This could be through direct effects of temperature
on plant physiology, or indirect effects via slow decay
and mineralization rates, which affect nutrient supply
and canopy nitrogen and leaf area index. Physiological
studies at the 3025m site in Wayquecha indicate no
decline in plant physiological capacity, but a decline in

canopy leaf area and overall canopy leaf nitrogen and
N: P ratio (Fisher et al., this issue). Hence the decline in
NPP components could be related to the observed
decline in leaf nitrogen supply. Finally, we observed a
high rate of NPPpiperoot at 1855 m compared with other
montane forest sites, with values comparable to that of
some lowland sites. Although this site is located at the
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Fig. 8 (a) Stem (b) and fine root carbon residence time (years) along the elevational gradient. Error bars are SE of the mean. The
estimated base of the cloud immersion zone is located at 1500-1800 m.

elevations as a result of high disturbance caused by high
wind exposure and steep slopes in the high elevation
sites. In Amazonian forests, coarse wood (stems and
branches) represent about 30% of NPP,¢, with a mean
residence time of 50-100 years (Malhi et al., 2006).

In contrast, the C residence times in belowground
components increase with elevation from 4 months in
the lowlands to almost 4 years at high elevations (Fig.
8). Root residence time should be partly determined by
the cost of root tissue construction and maintenance,
which is related to root C and N content (Gill & Jackson
2000). There is evidence that low root tissue N content is
linked with longer residence time (Gordon & Jackson
2000; Hendricks et al., 2006). Hence, waterlogged soils
would contribute to longer residence time by slowing
root mineral uptake. Increasing soil acidity, as that

found in the high elevation soils of the Koshipata
transect, was also found to increase fine root residence
time in temperate forests (Jentschke et al., 2001). In our
study, decreasing temperatures explained 78% of the
variance in fine root residence time (slope=-0.24,
r*=0.78, P<0.05, n=6). This long residence time ex-
plains the shift in C stocks from above- to belowground
as elevation increases, despite the consistently slower
productivity rates observed belowground.

Concluding remarks

In summary, this study describes changes in total
biomass and NPP and their allocation between above-
and belowground components in nine tropical forests
sites along an elevational transect in the Peruvian
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Andes. It found that (i) there is no change in total C
stock with elevation, but there is a shift in relative stock
of C from above- to belowground; (ii) total NPP de-
clines with elevation, but the proportion of NPP allo-
cated to above- and belowground components stays
fixed along the elevation gradient; (iii) NPP declines
linearly with elevation in lower forests, but is at a fairly
constant low level within the cloud forest zone. We
conjecture that this pattern is driven by temperature
limitation of mineralization in the in lower forests, and
by water-saturation inhibition of mineralization in the
cloud forest zone; and (iv) the NPP allocation patterns
on the elevation transect are similar to those observed
for lowland Amazonian forests. The discrepancy be-
tween above- vs. belowground allocation between bio-
mass and NPP is explained by differences in residence
time of the C in above- and belowground components.
Aboveground woody biomass components have a C
residence time of 42 to 71 with lower residence times
occurring at higher elevations as a result of high dis-
turbance rates. In contrast, the C residence times in
belowground components increase with elevation from
4 months in the lowlands to almost 4 years at high
elevations.

The work presented here and compiled from our
other recent publications (Aragdo et al., 2009; Malhi
et al., 2009) probably represents the most comprehen-
sive dataset to date on the C allocation of tropical forests
(16 study plots in total). We have compiled enough data
to propose an approximate ‘rule of thumb’ for the
partitioning of NPP in Amazonian and Andean forests
(and perhaps in other tropical forests). Our data suggest
that approximately 33 + 30% of NPPTotal is allocated to
canopy production, 20 + 8% to aboveground woody
production (and 61 + 21% to aboveground NPP, includ-
ing coarse root production). Below ground, 35 + 25% of
NPPTotal is allocated to fine root production, 4 &+ 2% to
coarse root production (and hence 39 & 25% in total to
belowground NPP). This rule may of course be revised
and refined as new data are collected; nevertheless it
may be useful as it is for those attempting to model
allocation of NPP, and in particular relate NPP to
woody biomass construction.
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