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Abstract

Why do some forests produce biomass more efficiently than others? Variations in Carbon Use
Efficiency (CUE: total Net Primary Production (NPP)/ Gross Primary Production (GPP)) may be due
to changes in wood residence time (BiomassiN@Rtemperature, or soil nutrient status. Weddst
these hypotheses in 14, one ha plots across Amazonian and Andean forests where we measured most
key components of net primary production (NPP: wood, fine roots, and leaves) and autotrophic
respiration (R wood, rhizosphere, and leaf respiratidie found lower fertility sites were less

efficient at producing biomass and had higher rhizosphere respiration, indicating ith@edssn
allocation to belowground components. We then compared wood respiration to wood growth and
rhizosphere respiration to fine root growth and found that forests with residence timgs kad
significantly lower maintainance respiration for both wood and fine roots than forestesiuitance

times >40 yrs. A comparison of rhizosphere respiration to fine root growth showed thap higie

growth respiration was significantly greater at low fertility sites. Ovansadlfound that Amazonian
forests produce biomass less efficiently in stands with residence times >40 yrs and in isiands w

lower fertility, but changes to long-term mean annual temperatures do not @y&act
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Introduction

Is growth a constant fraction of GPP (Gross Primary Production) or does it vang donest
types? This question has important implications for both global ecology and environmemtze sci
Forests that produce biomass more efficiently remove more carbon from the atmospherallypotenti
acting as more efficient and responsive moderators of climate change. For inst2@8é, a
uncertainty in current estimates of carbon use efficie@tyK total Net Primary Production (NPP)/
Gross Primary Production (GBP)sed in landscape models (e.g. ranging from 0.4 to 0.6) could

misrepresent an amount of carbon equal to total anthropogenic emissionsvafi€@scaled to the

terrestrial biosphere (DelLucia et al., 2D07nderstandingCUE in forests will improve our

understanding of the terrestrial carbon cycle and potential feedbacks on the climate systewer,How
before we can achieve improvements in ecosystem models sim@atiBgve need to develop the

mechanistic underpinnings of obsedypatterns irCUE.

In particular,CUE is rarely measured in tropical forests due to the difficulty of measuring
both GPP and total NPP at the same site. However, data are increasing and Campi@@Dabal.
recently provided global synthesis cEUE with >100 sites worldwide. Total GPP is often quantified

from above-canopy eddy covariance flux measurements corrected for estimated daytime respiration,

which in turn is derived from nighttime flux measuremaénts (Baldocchi,|2003). However, calm night

in tropical forests lead to large potential errors in nighttime fi@ measurements (Miller et al.,

2004). Alternatively, both GPP ai®UUE can be estimated by the quantification and scaling of the

major components of NPP (such as NBR, NPRiood, NPRanopy@nd NPRBranchta) @nd autotrophic

respiration (R), where CUE= NPP / (NPP + B, although this method may generate scaling errors.

What controls the variation IBUE in forests? It has frequently been suggested or assumed

that theCUE of forest stands has a fairly invariant value, ca} 0.5 (Gifford, rDQ\'Zvar et al., 1998

Waring et al., 199|anuist et al., 20Q//an Oijen et al., 20]|0). There is evidence that autotrophic

respiration rates are closely linked to supply rates through photosynthesis (GiﬁoﬂDém et

al., 1998), at a fixed ratio of photosynthesis ranging between 40 an@l 50% (Van Oijen et §l., 2010
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and independent of abiotic factors such as climate and soils. However, existing field daba ¢fuigsti

suggestion, indicating that different forest types may vary substantialiy i

For instanceCUE in tropical forests was initially described as ~

Meir & Grace, 200p).

D.3 (Cham

bers et al.

2004) compared

with ~0.5 for temperate forests (DelLucia et al., 2007). It has been hypothesized thatrviari@tlE

can be explained by variation in 1) temperature, 2) wood residence time, and 3) styjl fertil

Temperature: Autotrophic respiration has often been estimated as a sigy@Rt®nship

with temperature (the change in respiration rate over a temperatures incre®dsd,dhus

decoupling ecosystem carbon losses from inputs through photosyr

thesis (Huntingford et|al., 2004).

Therefore, a possible explanation for reduC&tE in tropical forests is that warmer temperatures

increase total respiration rates.

Wood Residence Time (Biomass/NR&): Variations inCUE in temperate and boreal forests

have also been hypothesized to relate to changes in stand age, with younger forests allocating more

carbon to growth and less to respiration than older forests. For instance, two (non-foogital

studies have found that less carbon was allocated to growth in older

orests (Deluck08fja

Goulden et al., 2011). Othefrs (Vicca et al., 2012) have suggested that these studies confounded

fertility with forest type|(DeLucia et al., ZOTDrake et al., 2011). However, in these studies, it is

unclear which components of respiration had changed (i.e. maintenance versus growth respiration or

wood versus root respiration).

Tropical forests tend to have conditions that favour growth (total NPP), with ety w

conditions that allow for growth year round, raising the possibility tbatdal forests could produce

excess carbon that is stored as non-structural carbohydrates (NSCs) (Korner 2GL&)oulchimply

that carbon uptakis driven by growth dynamics and that carbon investment in plant tissue is

mediated via environmental factors that control growth (Dietze et al.

Patiéhi et al., 2014). This

could, in turn, lead to increased tropical forest respiration rates. Chambers et4)| p(@apdsed the

concepbof “null respiration,” hypothesizing that tropical forests produce abundant sugars that are

stored as NSCs and that are burned off if not needed (Amtho

@bhambers et al., 20(

Wurth et

al., 2008).
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Soil Fertility: Alternatively, studies suggest that variations in CUE agehamattributable to
changes in soil nutrient status, with significantly higB&IE in forests with high-nutrient availability
compared to forests with low- or medium nutrient availability. For instance, iryhigtathered

nutrient-depleted soils, plants invest resources in nutrient-solubilising organioetddudates to

release nutrients from the soil for uptgke (Lambers et al.,|2008). Based on this process stuthce

that aggregated globaldE data hypothesized that in forests with access to more nutrients, a smaller
fraction of GPP is allocated to (often) unmeasured components, such as fungal root symbionts or root
exudates used to solubilize soil nutrients from clay’s structure (Vicca et al., 2012Fernandez-
Martinez et al., 2014)rhey suggest the term Biomass Production Efficiency (BPE) to refer to the
sum of canopy, wood and root biomass components as an alternative to CUE. Specifically, Vicca et
al. (2012) found that forests with high nutrient availability invest 16 + 4% more of thei
photosynthates in biomass production than forests with low-nutrient availability.

Vicca et al., (2012) hypothesized that photosynthates were transferred belowgrouid to bot

mycorrhyzal symbionts and root exudates, although these components were not measured in that

study. Symbiotic fungi exchange nutrients for carpon (van der Heijden et alj2008y et al.,

2014Q) and such symbiotic fungal associations are near universal. Up to 75% of plant phosphorus

uptake can be fungal-derived in forests and carbon allocation to ectomycorrhizal fungi coulahteprese

up to 30% of the NPP of a tr¢e (Hobbie, anoﬁurty et al., 2010). Carbon transfers to fungal

symbionts are strongly inversely related to nutrient availahility (Wallenda & Kottke||Te&8=der,

2004). Much lesss known about the carbon uptake of mycoralin tropical forests. However, one

study in Sabah, Malaysia directly measured root exudates and found they were gra&test in

deficient montane rainforest soil (16.6% of the aboveground NPP), but loaE¥iiich montane soil

(3.1%) and in the lowland rainforest (4.7%6) (Aoki et al., 2012). There is a cle@nstap between

nutrient status and mycorrlaig but is the carbon consumed by mycorrhizae sufficient to cause the
large shifts iINCUE across forest biomes?

The Amazon is an important region to study this question because of its key role in the global

carbon cyclg (Field et al., 19p5If. CUE can be explained in the Amazon, then this would contribute
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to an improved understanding of global carbon cycling trends. A network of long-term forest
monitoring plots established throughout the Amazon basin may help answer some of the questions

regarding the role of environment in regulat®dE. This plot network measures most major

components of NPP and autotrophic respiration, enabling calculat@dB{Clark et al., 200{1). We

calculate most major components of the carbon cycle, but not volatile organic compounds (VOCSs) or
carbon allocation to mycorrhizal fungi and root exudates. We can compare rhizosphereamespirati

(the sum of root respiration and mycorrhizae respiratio@Ug, fine root growth and soil fertility to
partially evaluate the hypothesis of Vicca et al. (2012). We can also calculittor individual

organs such as wood and roots, as well as separate growth versus maintenance respiration for these
components, to improve our understanding of this ecosystem carbon output. Using this dataset, we

ask the following questions:

1. In forests with low appare@UE and low fertility soils, is there an increase in rhizosphere
respiration? If so, is this variation in rhizosphere respiration sufficient to expeiapparent

variation inCUE among our plots?

2. If variation in rhizosphere respiration is insufficient to explain the shifts in Cafvariations in
either forest residence time or temperature across the plot network contributeatoirgphe

observed differences QUE?



136 Materials and methods

137 Field sites

138 We collected data 0BUE for between 2-4 years (generally starting in January 2009) from 14
139  plots in the Global Ecosystems Monitoring (GEM) network, spanning contrasting rainfall and soil
140 regimes in Amazonia and the Andes (edaphic and climatic properties in Sl Tables 1 and 2). The plots

141  showed wide environmental variability. In western Amazonia, on relatively fertile thaisrange

142  from those with a moderate dry seagsoiSE Pery (Malhi et al., 20L4) an ecotone in Bolivia

143  between humid Amazon forest and chiquitano dry forest with a strong dry $eason (Araujo—Murakami

144 |et al.,, 2014). In eastern Amazonia, on infertile soils, they ranged from humid forest in NE Amazonia

145 da Costa et al., 201Doughty et al., 2014b) to dry forest in SE Amazonia, close to the dry forest-

146  savanna ecotorle (Rocha et al., 2014). We also include four montane cloud forestgtiedsifothe

147  Andes Mountaing (Girardin et al., 2(1|Huasco et al., 2014) at elevations ranging from 1500 m to

148 3025 masl Full site descriptions are in the supplementary online material (SOM). Western

149  Amazonian soils generally have weaker physical structure (i.e. limited rooting depth, poor drainage,

150 low water holding capacity), which may also affect forest mortality rates and tutimoest(Quesadp

151 |etal., 201P). We have tried to maximize our sample size by including a 1 ha fire experiment plot

152 Rocha et al., 2014) and a drought glot (da Costa et al.| 2014); the results without tisesze plo

153  qualitatively similar and we skothem in the supplementary figures. The other plots show little
154  evidence of anthropogenic disturbance of forest community structure, hosting mixed-age tree

155 communities. Detadld descriptions of the carbon cycle of each plot are given in individual site papers

156  (Araujo-Murakami et al., 20]|¢Ja Costa et al., Zondel Aguila-Pasquel et al., 20lBoughty et al.,

157 2014t1|Girardin et al., 201rHuasco et al., 2014Malhi et al., 2014Rocha et al., 2014). Spatial

158  gradients in this carbon cycle are described in Malhi et al. (2015), and temporal respoadasto

159  allocation, seasonality and drought events are explorgd in (Doughty et al.||ROLdaty et al.,

160 20151 Doughty et al., 2015a).

161 Measurements



162 The GEM (global ecosystem monitoring) plot carbon monitoring protocol measures and sum
163  all major components of NPP and autotrophic respiration on monthly or seasonal timescales in each
164  one ha forest plot between 2009-2010 or 2012 (for specific dates for each plot and measurement see
165 SOM Table 3 and 4). For NPP, this includes canopy litterfall (N from 25 litterfall traps per

166  plot at bimonthly to monthly intervals, above-ground coarse woody productivityxgWIPerf all

167  mediumiarge (>10 cm DBH) trees in the plot via dendrometers at 1-3 month intervals, the turnover of
168  branches on live trees by conducting transect censuses every three months of freshly fallen branch
169  material from live trees (NRRnchia)), and fine root productivity (NRR o) from ingrowth cores

170 installed and harvested every three months. Total NPP is the summation of these terms (Eq 1) and

171  does not include smaller terms resolved on less than a three monthly basis included in previous

172 studies.

173

174  Total NPP = NPReroot+ NPPicw + NPRanopyt NPRyranchtail Eq1l

175

176 Autotrophic respiration includes rhizosphere respirafi®h.ospnerd, Which is estimated by

177  subtracting surface collars that capture soil heterotrophic respiration, fine raties@nd

178  mycorrhizae respiration (N=12 per plot) from collars that capture only soil hefgnairespiration

179  (the collars allow water to drain, but neither fine roots nor mycorrhizaedo eMe use these data to
180 calculate a ratio of autotrophic soil respiration to total soil respiration ancpipuhis ratio by 25

181  collars per plot measuring total soil respiration. We corrected for the impactingcbe roots with

182  adisturbance experiment (N=10 per plot, described in SOM). Above-ground woody respiration is
183  estimated by measuring stem respiratior2®25 trees per plot on a monthly timescale and scaling to

184  the stand level by estimating stem surface area (SA) tisinipllowing equation:

185  log(SAF -0.105-0.686 log(DBH)+2.208 log(DBH)- 0.627 log(DBHj Eq 2

186  whereDBH (diameter at breast height) is bole diameter at 1.3 m hieight (Chambers et al., 2004).

187  Canopy respiratiorRanopy IS €stimated by multiplying leaf dark respiration (generally measured 1-2

188 times per plot on 3-4 leaves per branch, 2 branches per tree on 20-25 large trees per plgt generall



189  between 9D0-14:00, but see SOM for specific details) by leaf area index (measured monthly using

190  hemispherical photos and analysed using CAN-EYE softwaregf dark respiratiors measured

191 using a gas exchange system (Li-Cor 6400 or Ciras-2) on dark-adapted leaves from cut branches from
192  sunlit and shaded parts of the canopy. Autotrophic respiratiois, tRe summation of these terms

193 (Eq 3) and does not include smaller terms resolved on less than a three monthly basis included in

194  previous studies. Respiration rates were standardized to the plot mean annual temperature.

195 Ra = I:erhizosph-:-zre'i' Rwood + Rcanopy Eq 3
196
197  Further methodological details are available in SOM and in an online manual

198  (www.gem.tropicalforests.ox.ac.uk). Individual site data and full site-specific methochildgtails

199 are available in a series of site specific companion papers (Araujo-Murakami et g|d2Cbsta et

200 Jal., 2014ndel Aguila-Pasquel et al., 201@oughty et al., 2014[Girardin et al., 20111Huasco et al.,

201 |2014|Malhi et al., 2014Rocha et al., 2014). Each site-specific paper presents both an estimate of

202  spatial and sampling error for each measurement.
203 In this study, we focus specifically on presenting two novel analyses. The first arglysis i

204  comparingCUE (Eq 4), rhizosphere respiration and soil fertility.

205 CUE=Total NPP/GPP = NFINPP+R,) Eq 4

206 Vicca et al. (2012) hypothesized that IGME is due to forests increasing root exudate

207  transfer to mycorrhizae in exchange for nutrients at low fertility sites. We doractiyimeasure

208  root exudates in our study, but we do measure rhizosphere respiration which combines fine root and

209  mycorrhizae respiration. It is well documented that root exudate carbon is transferred thizgeorr

210 in exchange for nutrients (van der Heijden et al., #Q@Rirty et al., 2010) and that these exudates

211 are therefore correlated with metabolic processes and mycorrhizal respiration.

212 The second analysis is to directly measure the efficiency of production of wood angdEgpots
213 5-8). We separate maintenance respiration from growth respiration by finding thediaganship

214 between NPP and autotrophic respiration. The y intercept in this relationshiglefjrbion, the
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maintenance respiration and the slapthe growth respiratiorRenning de Vries, 1975We use

this methodology to separate out growth and maintenance respiration for both wood and roots.

R_mainineroots= Y intercept of the regression between:RpheredNd NPRheroos EQ 5

R_growthineroots= The slope of the regression betweeidgneredNd NPRheroots EQ 6

R_maineod =Yy intercept of the regression betweepdRand NPRood Eq 7

R_growthy.od = The slope of the regression betweeaR.Rand NPRood Eq8

We compare estimates of CUE, maintenance respiration and growth respiration to site-

specific data on wood residence time, soil fertility, and temperature. We determineesiciethce

time (tre9 by dividing aboveground woody biomass by aboveground wood prodyiction (Galbraith et

al., 2013). This refers to wood residence time and not stand age, which refers to the time since

disturbance (all our measured plots are effectively old growth forests). We detenean annual

temperatures using meteorological stations situated near each of our plots. We dstdrfaititity

using cation exchange capacity (collected from the mineral layer) as a proxy fert#ibyl (Quesada

et al., 2010). Low fertility sites were defined as cation exchange capacity<25 kgrhahd high

fertility sites were defined as cation exchange capacity>25 gkgaél This threshold was chosen to

give an approximate even distribution between low and high fertility plots.

To determine wheth€BUE varied as a function of s, cation exchange capacity and
temperature, we use ordinary least squares regression. Due to the limited sample sizest we do n
pursue multiple regression approaches. To test for multicollinearity among theseopsediet
calculated variance inflation factors (VIF) and pairwise correlation coetisitrAll VIFs were less
than 2.5 and all correlation coefficinents <0.7, indicating minimal likelihood for colligeari
influence our results (Dorman et al. 2012). To determine whether plot-averagedyniahiés of

CUE varied as a function of rhizosphere respiration, we use a linear mixed-effects model with a

10
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random categorical effect of fertility (low fertility - cation exchange capa2iymmot kg?* and high
fertility - cation exchange capacity>25 mmkd?). We find no evidence for patterns in the model
residuals associated with temporal autocorrelation. Based on model validation, CUE was log-
transformed for analysis. To determine whether slopes and intercepts significantgddiéwveen

our groups, we use analysis of covariance. All analyses were implemented using R 3.1.2 (R Core

Team 2015).
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Results

In the lowland sites, med®UE was 0.37+0.01 (this error is the standard error between
monthly measurements, for full propagated error see site-specific papers). TheClolEestes were
the two plots at Caxiuana in the Eastern Amazon and the highest were in the southern Amazon in

Bolivia.

We comparedes, temperature, and base cation saturation of cation exchange capacity

Quesada et al., 20[L0) to plot averaged valu€d it (Figure 1). CUE did not vary significantly as a

function of temperature ar.s(P>0.1; Figure 1a and b). Howev&{JE generally increased in stands
with tes <40, as would be expected by theory, and the non-significant result may be due to small
sanple size. There was a significant increase in plot averaged CUE as a function ofrigcsedsi

fertility (P = 0.02; Figure 1c).

We then used our dataset to explore the relationship betddEmnd soil fertility (cation
exchange capacity) as a function of rhizosphere respiration (Figure 2). We compared plot-averaged
monthly values o€CUE for all our sites (14, one ha plots) to rhizosphere respiration rates for the same
sites and time periods and binnedseh@ata according to fertility rates of the soil (cation exchange

capacity). The lower fertility sites had higher rhizosphere respiration and lovier CU

Total plotCUE incorporates many measuremeeteh with a source of uncertainty and we
might more accurately estimaBJE by comparing rhizosphere respiration to fine root growth and
wood respiration to wood growth rates to see how organ-sp€tificvaries with fertility, wood
residence time, and temperature (Table 1 and Figures 3-5). Using this data, we can separate
maintenance respiration (i.e. the y intercept of the linear regression) and grEpithtien (i.e. the

slope of the regression).

Both the low and highland sites had similar maintenance rhizosphere respiration (0.24+0.04
vs. 0.27+0.12 Mg C hamao?, a very small, but significant difference P<0.01) (Figure 3a). This
indicates that maintaining root and mycorrhizae mass requires similar rates ofioespagdrdless of
temperature, and that the maintenance of root and mycorrhizae mass is ~10% of GPP (assuming a

12



274  GPP of ~35 Mg C hayr?). Growth rhizosphere respiration (i.e. the slope) differs, but not

275  significantly (P>0.05), between the low and highland sites (0.52+0.13 and 1.47+0.97 unitless).

276 Wethen compared how soil fertility affects growth and maintenance respiration of roots,
277  comparing low (cation exchange capasy mmol kg?) to high (cation exchange capacity>25

278  mmol kg?) fertility sites (Figure 3b), a threshold chosen to give an approXyraten balance of
279  plots. There was no significant difference (P>0.05) in maintenance respiration (062d4t:0.0

280  0.39+0.05 Mg C hdmo?) between low and high fertility soils. However, there waignificant

281  (P<0.05) difference in slopes (0.72+0.24 and 0.02t-Qnitless), with increased growth rhizosphere

282  respiration at less fertile sites (Table 1).

283 We then compared belowground CUEtgof the forests to explore how efficiently forests
284  of different residence times grow fine roots (Figure 3c). We find no significdetatite in growth
285  respiration between stands withs <40 years and stands withs >40 years (0.30+£0.23 andl8+0.17
286 unitless). However, root maintenance respiratory costs were significRay001) greater at stands
287  with 1res >40years (0.40+0.05 Mg C hianc?) than atstands with tes <40 years (0.27+0.05 Mg C fa

288  mo?) (Table 1).

289 Next, we compared efficiency of woody biomass production (stem growth rate) to wood

290 respiration across the sites (Figure 4). There was very small, but significBr@XPdifferences in

291  maintenance respiration of wood between low and highland sites (0.52+0.03 versus 0.56+£0.06 Mg C
292 ha® mo?). A few particularly high values at a lowland site (Kenia B) and particularly low values at a
293  highland site (Esperanza) obscure this difference. There was no difference in wood grovatiarespir
294  (0.45+0.32 versus 0.28+ 0.15) (Figure 4a). There were no significant differences between low and
295 high fertility sites for either woody maintainance respiration (0.56+0.06 versus 0.49+0.03 Mg C ha
296  mo?) or wood growth respiration (0.08 + 0.31 versus 0.52+0.14 unitless) (Figure 4b). Wood

297  maintenance respiratory costs were significantly greater (P<0.84h@t with tes >40 years

298  (0.60%0.04 Mg C hdmo?) than atstands with tes <40 years (0.44+0.03 Mg C fiano™). Wood

13
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growth respiration was not significantly different between stands with diffege(@.42+0.15 versus

0.2240.22 unitless) (Figure 4c).

Mean maintenance respiration for wood was almost double that for roots (0.52+0.05 versus

0.28+0.06 Mg C hdAmo?) (Figure 5 and Table 1). Growth respiration across all categories averaged

0.44 £ 0.12 mol C@per mol C added to structure. This was slightly higher, but within range of

growth respiration ofrops estimated from biochemical pathway analysis at 0.13 - 0.43 m@e&zO

mol C added to structu

e (Amthor, 2(

00).
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Discussion

Which factors are the most important in controlling the variatidDUt at our sites: soil fertility,

temperature, or wood residence time?

Soil fertility

There was a significant relationship (P<0.05, Figure 1) between plot averaged CEGEBNd
and this appears to be associated with increased rhizosphere respiration (root plus mycorrhizal
respiration) at the least fertile sites (Figure 2). These results are congrhethiewecent study by
Vicca et al. (2012), which found a statistically significant effect of nutrienisthut not climate

zone, forest type or stand age (P > 0.1). Previous studies found stand age to be important in

explainingCUE (Del.ucia et al., 20QjGoulden et al., 2011), but Vicca et al. (2014) raised the

possibility that there was an uneven distribution of forests with high nutrient avilabiloss the

globe that may have confounded these conclusions.

However, because the to@UE measured by our plot network includes all components, it is
difficult to understand which organ (leaves, fine roots, or wood) may be driving thess. résulthis
reason, we also present organ-le®elE, which can give us a more specific understanding of the
forest. Root growth versus rhizosphere respiration shows no significant difference imaraiate
respiration (P>0.05, figure 3b), but growth respiration is significantly highesafértile sites than
more fertile sites (P<0.05, figure 5). We hypothesize that root growth requires more cdolwon at
fertility sites because more carbon is allocated to mycorrhizae to search for authieataged over

a year, the increase in rhizosphere growth respiration at low fertility sites ghdieility sites sums

to ~2.4 + 1.4 Mg C hayr? (assuming a total GPP of ~35 Mg C'hyar! (Malhi et al., 2015) or 7% of

total GPP) (Figure 3b). We do not directly measure mycorrhizal respiration, myabhiamass or

root exudates; therefore, this number is a very rough estimate (but possibly within pastmate

of 3-11%) of carbon potentially transferred to these non-plant components. This comparesaaith Vi
et al. 2012 that found an increase of 16 taf9photosynthatewards biomass production between

the low and high fertile site and Aoki et al 2012 that found an increase & d8&boveground NPP
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333  towards root exudates between the low and high fertility sites. The relationship betyeerhizal

334  growth and respiration is complicated, Bidartondo et al., (2001) found that carbon allotated i

335 symbionts was mostly used as energy to aquire nutrients instead of for mycorrhizal growth.

336

337  Temperature

338 There was no significant trend between temperatureCatielat the plot scale (P>0.05,
339  Figure 1b) and only very small differences at the organ scale (Figure 5a and b). Therefore,
340 temperature does not appear to explain variati€ili in our plot network. This indicasthat

341  forest respiration rates in the tropics acclimate to mean temperature and thaptee s

342  temperature relationship may not apply to long-term changes in mean biome tempegratures (Amthor

343 |200Q|Galbraith et al., 2030).) This does not mean that climate warming in tropical ferestsan

344  important issue (Doughty and Goulden 2008; Clark et al., 2013) and this study daddrest the

345  question of whether hotter years at these sites impact carbon cycling.

346

347 Wood Residence Time

348 There was no significant relationship (P>0.05, Figure 1a) between plot avetagadCUE.

349  However, a slightly more complex story emerges when looking at the organ level comparisons. The
350 cost of maintaining both wood and roots was significantly (P<0.001) greater at stands; with

351  years versus stands witls <40 years. If we scale theeffects over a year (averaging seasonal

352  variation and assuming a total GPP of ~35 Mg €yrawhich is the average GPP from our seven

353  humid lowland plots (35.44 + 3.57) Doughty et al 201 5tots require 1.6+0.36 Mg C hgr?* and

354  wood requires 1.9 +0.42 Mg C hgr! more carbon for maintenance at stands witf»40 years than

355  at stands withyes <40 years (Figures 3c and 4c) for a total sum of 3.5+0.78 Mg'@rHa

356 The observed changes in wood maintenance respiration between the diffeséas cannot

357 be explained by differences in forest sapwood volume alone (Doughty et al. 2015b and Malhi et al.
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2015). The estimated mean woody surface area (which can be taken as an estimate of active area of
sapwood) for stands withes <40 yearss 14,990 + 2,260 fha’and for stands witlaes >40 years is

18,680 + 2,380 mhal, an increase of ~25% while the increase in wood maintenance respiration

is >50%. One possible explanatigrthat tropical forests witlhes <40 years have tree communities
dominated by faster-growing species that prioritise growth over defence and thus havedowassbi

and maintenance respiration costs (Malhi et al. 2015). More conservative, defensive stoatedies

in older, less dynamic tropical forests may carry high respiration costs associatdgewpitbduction

and maintenance of defence compounds (Coley et al.| 1985). This may also help explain why tropical

forests appear to have low€UE than many temperate foregts (DelLucia et al., P007), because

temperate forests are often recovering following disturbance or management and prioriding ra

growth over defence.

If wood residence time is driving much of the changeSUHE through an increase in
maintenance respiration, what is causing the changes to wood residence time acrosseturgplot n

where all stands are effectively “closed canopy oldrowth” but have different dynamics? Forests

have lowres because they have higher mortality, not because they are unprodguctive (Malhi et gl.,

2015). The causes for higher mortality in these plots remains unresolvads been linked to sail

physical/structural properties (e.g. topography, soil depth), to seasonal droughtestygssy, and

to other disturbance factors (Quesada et al., [2012).

If we combine the increased maintenance costs of forests with higher residencehithe wit
increased rhizosphere respiration at low fertility sites, there is a total poteat&dsed respiratory
cost of ~5.7+2.2 Mg C hayr?, with ~60% of the effect from wood residence time and ~40% due to
low fertility soils. This difference is exemplified by comparing the control sitbeofaxiuana
drought experiment (Da Costa et ab]4) with low CEC and high 1res (GPP =39.18, NPP = 11.20,
CUE = 0.29) to Kenia wet (Araujo-Murakami et al., 2014) with high CEC andle(GPP =34.14,
NPP = 15.50, CUE = 0.45])This difference is sufficient to explain much of the variatioGUWE
observed across our sites, but this ratio (60/40%) is a simple estimate based on our playsrextd m

be applicable to other regions under different conditions.
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The mechanisms driving whole plant respiration remain poorly understood and quantified
compared to those driving photosynthe€igrrently, most carbon cycling models do not account for
either root exudates or increased respiration in older stands. Typically, terbésshlere models
partition autotrophic respiration {Rnto maintenance @} and growth (B terms. Whereas
maintenance respiration is calculated separately for each plant tissue, growgtioasigitypically
calculated as a bulk term and is usually a fixed fraction of (GRF). In contrast, global
biogeochemical models have recently incorporated nutrient limitation into their framewordyher

forests with a medium- or low-nutrient availability class have a greater fraction of GRiered to

unaccounted NPP components such as root exudates (Buendia et TI., 2014). Our data suggest that this

is an improvement, liahat wood residence time slightly more important as a determinantGhiiE.
This suggests a need for reanalysis in other biomes of what is driving these trends and eventually

following further data analysis, a reorganization of autotrophic respiration iorcaysling models.

Conclusions

Overall, our results correlates with changes ilCUE, but also provide evidence for an
increase in carbon allocated belowground in lower fertility sites. Our analysis,nye@inCUE
into its component parts, was not available for the other studies analysed in Vicca@t3l. (
However, it would be valuable to assemble a similar dataset for boreal and tempestdarfaneler
to compare and contrast with the trends that we have observed in our tropical sitdso hééeahat
most current models do not account for these trends in autotrophic respiration and sugidpest that
modification could potentially improve prediction of carbon cycling responses to future

environmental change.
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436  Table 1- A summation of the y-intercepts, slopes and p-values of the linear relationshiparof org
437  growth (x-axis) versus organ respiration (y-axis) (from figure¥ f&+the various categories. Stars
438 indicate significant differences in intercept between categories (i.e. low vegbuslévation root

439 intercept) or in slope between categories (i.e. low versus high elevation root slauedivas

440  ANCOVAs with *<0.05, **<0.01 and ***<0.001. NPP was a significant predictor of respiration in all

441 six models.

Categories Intercept (Mg C halmo?) Slope (unitless)
Low fertile roots 0.24+0.06 0.72+0.24*
High fertile roots 0.39+0.05 0.00+0.21*
Low fertile wood 0.56+0.06 0.08+0.31
High fertile wood 0.49+0.03 0.52+0.14
Low elevation roots  0.24+0.04** 0.52+0.13
High elevation roots  0.27+0.12** 1.47+0.97
Low elevation wood  0.52+0.03** 0.28+0.15
High elevation wood 0.56+0.06** 0.45+0.32
Low Tres FOOtS 0.27+0.05*** 0.30+0.23
High tresroots 0.40+0.05*** 0.15+0.17
Low Tres WOOd 0.44+ 0.03** 0.42+0.15
High tes Wood 0.60+0.04** 0.22+0.22

442
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Figures

Figure 1— A comparison of carbon use efficiency (NPP/ NPR€R a function of (a) wood
residence time, (b) mean annual temperature, and (c) cation exchange capacity foral4zigesd

over the length of each plot’s dataset (between 2-4 years).

Figure 2 -Monthly, plot-averaged values GUE (NPP/ NPP+R as a function of rhizosphere
respiration from 14, one ha lowland tropical forest plots. Color codes are mean soil imtal cat

exchange capacity (mmolc Ky

Figure 3 - Plot mean fine root NPP (Mg C-hano?) from every third month versus rhizosphere
respiration for (a) lowland (grey) versus highland (black), for (b) low fgr{igjtey) and high fertility
(black) and (c) < 40yr residence times (grey) and > 40 yr residence times (black)iés afséha

tropical forest plots. Statistics are shown in Table 1. Elevation is a proxy for téuneera

Figure 4 — Plot mean monthly woody NPP (Mg Chao?) versus wood respiration (Mg C-heno
1 for (a) lowland (grey) versus highland (black), for (b) low fertility sitegyyand high fertility
sites (black), and (c) <40yr residence time (grey) vs > 40 yr residence time (blaclgticState

shown in Table 1. Elevation is a proxy for temperature.

Figure 5— (a) Root maintenance respiration (Mg Cinao?) based on the y intercepts and error bars
from figure 3, (b) wood maintenance respiration (Mg ¢ ma?) based on the y intercepts and error
bars from figure 4, (c) root growth respiration based on the slope and error bars tn@n8fi¢d) root
growth respiration based on the slope and error bars from figure 4 for low fertile siteguaee)),
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467

468

469

470

high fertile sites (black square), low elevation (red circle), high elevation (btat&) clow residence
time (red triangle), high residence time (black triangle). Stars indicate signdif@nénces based

on ANCOVAs with *<0.05, **<0.01 and ***<0.001. Elevation is a proxy for temperature.
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