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ARTICLE INFO ABSTRACT

Tropical forests are characterized by their high photosynthetic activity. Results from pantropical studies show
that on average only 30% of the products from photosynthesis are allocated to new biomass compared to on
average 50% in temperate forest systems. Why those forests have a low carbon use efficiency (CUE) remains
unknown. We present a synthesis of studies from two tropical sites with a similar methodological setup allowing
the evaluation of the ecophysiological responses of tree communities to diversity effects and forest disturbance.
Here we use xylem sap flux derived gross primary productivity (GPP) that was modeled with eddy covariance
data for a seven-year-old planted forest with plots of varying tree species diversity in Panama and an old-growth
forest with a distinct disturbance gradient in an Amazonian moist lowland forest. Additionally, net primary
productivity (NPP) was calculated from inventory data. We found evidence that GPP is relatively stable with
forest disturbance but GPP increases with tree species richness. Lowest CUE with only 35% of GPP allocated to
growth was present in undisturbed forest patches. Light forest disturbance had a positive effect on CUE and 62%
of GPP was allocated to grow new biomass. Monospecific stands had a higher CUE than diverse tree stands. We
conclude that two factors are controlling CUE in tropical forests leading to low CUE. First, forest disturbance
leads to a higher allocation of carbon towards growth. Second, a great fraction of GPP is used for processes
dedicated to species complementarity. This improves the overall performance of diverse forest stands compared
to monocultures.
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1. Introduction from the atmosphere by plants to carbon allocated to growth is broadly
defined as the carbon use efficiency (GPP/NPP = CUE) (DeLucia et al.,
2007). CUE gives a measure of how much carbon is respired by a plant

as autotrophic respiration (R,). Consequently, a higher CUE refers to a

The quantification of the carbon flow through terrestrial ecosystems
has been a major and broad research area over the last decades. Carbon

studies concerning climate change have gained much attention and
especially studies that quantify how much carbon can be sequestered by
forests (e.g. Lewis et al., 2009; Luyssaert et al., 2008; Malhi et al.,
2009). The potential of sequestering carbon is partly reflected by the
productivity of a forest ecosystem. The productivity of forest ecosys-
tems can be divided into the gross and the net primary production (GPP
and NPP) respectively defined as the total amount of carbon fixed by an
ecosystem through photosynthesis and as the fraction of GPP allocated
to grow new biomass (Clark et al., 2001). The ratio of carbon acquired

higher biomass gain per unit carbon assimilated by the plant. CUE is
thus a critical physiological parameter describing the carbon storage
and allocation processes in forest ecosystems.

It has initially been thought that CUE would be relatively stable
among the different forests and that a constant fraction of about half of
the GPP is being allocated towards NPP (Waring et al., 1998). Con-
siderable deviation from this relationship has been reported by DeLucia
et al. (2007) indicating a strong age relationship, in which declining
CUE has been observed in older forests. For example, Vanninen and
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Makeld (2005) found that carbon allocation pattern of photosynthetic
products towards growth in Scots pine decreased from 0.65 in 13 years
old trees to 0.45 in over 200 years old trees. In addition to tree age, CUE
changes with environmental conditions e.g. with increasing tempera-
tures a decrease in CUE can be observed (Bradford and Crowther,
2013). For example, a considerable deviation of CUE from the 0.5 va-
lues has been found from tropical old-growth forests indicating that
tropical forests are at the lower end of observed CUE (Chambers et al.,
2004; Doughty et al., 2018; Ferndndez-Martinez et al., 2014; Malhi,
2012). In tropical old-growth forests, only 30% of the assimilated
carbon is allocated to growth. The other 70% of the assimilated carbon
is dedicated to metabolic processes such as maintenance or growth
respiration and is respired back to the atmosphere. Hence, one driving
question is, why are old-growth forest trees in the Amazon so inefficient
in converting assimilated photosynthetic products into new plant bio-
mass (see e.g. Malhi, 2012)? Explanations for low CUE range from low
nutrient availability enhancing the production of root exudates, un-
accounted processes within NPP (Goulden et al., 2011; Vicca et al.,
2012) or that water availability and high temperature are influencing
autotrophic and heterotrophic respiration (Chambers et al., 2004; Kato
and Tang, 2008). It is a general assumption, that lower CUE might be
explained by higher temperatures in tropical climates and thus a higher
stimulation of plant respiratory activities than stimulation of photo-
synthesis (Dewar et al., 1999; Hartley et al., 2006). Forests in lower
latitudes should be characterized by a higher respiratory carbon loss
and thus lower CUE than temperate forests or even boreal forests. In
contrary to this assumption, CUE decreases from temperate forest to-
wards colder climates in boreal forests (DeLucia et al., 2007; Fernandez-
Martinez et al., 2014). On smaller scales on in a tropical biome,
Doughty et al. (2018) confirmed that CUE actually tended to decrease
with lower mean temperatures along a rainfall and fertility gradient in
the Amazon forest. The CUE was strongest (positive) correlated to fer-
tility and increased with biomass residence time (Doughty et al., 2018).
Most studies are comparing CUE as a property changing along a large
gradient of parameters and even with spatial distribution.

Concluding from those observation, there are two major gradients in
CUE. The first one is a forest-age-gradient meaning that younger forests
- or, in other words, forests recovering from forest disturbance — more
photosynthetic products are allocated towards growth. The second
gradient is a latitudinal gradient coinciding with a significant increase
in tree species diversity in lower latitudes towards the equator.

Methodical limitations prevented testing those two gradients up to
now, as there were only two main approaches to estimate CUE of forest
ecosystems both relying on GPP and NPP measurements. The first ap-
proach, the so-called “top-down” approach, is based on measurements
of the net ecosystem carbon fluxes between the forest ecosystem and
the atmosphere. GPP is accordingly the net ecosystem exchange (-NEE)
of carbon plus all ecosystem respiratory processes. NPP is assumed to be
-NEE plus all heterotrophic ecosystem respiration (Ry). This approach
gives good information on an ecosystem scale, but often lacks sufficient
spatial resolution to actually relate the finding to specific ecosystem
properties on the individual tree level (Tang et al., 2006). The second
approach, the “bottom-up” approach assesses different autotrophic re-
spiratory processes (Ry) on an individual tree level by measuring CO,
effluxes from leaves, woody tissue and roots. The bottom-up approach
is bonded to upscaling artifacts and thus require large sample sizes or at
least strong allometric equations.

A third and relatively new approach to get a higher spatial resolu-
tion has been proposed by Tang et al. (2006) and combines bottom-up
and top-down data. This method allows the derivation of high-resolu-
tion GPP of single trees and forest plots by combining data from xylem
sap flux measurements and GPP measurements from eddy covariance
ecosystem measurement (see Tatarinov et al., 2017 for detailed pro-
tocol). The method assumes that xylem sap flux measurements serve to
directly estimate photosynthesis by using the strong correlation of
water use efficiency (WUE) and vapor pressure deficit (D) (Tang et al.,
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2006; Tatarinov et al., 2017). D is accordingly one of the main factors
controlling WUE calculated out of canopy transpiration (E.) from xylem
sap flux measurements and GPP from the eddy flux measurements
(Tatarinov et al., 2017). In the following, this relationship can be used
to model GPP of certain trees or plots that are actually contributing to
the initial canopy transpiration. Accordingly, this approach accounts
for environmental heterogeneity on fine spatial scales in the canopy
boundary layer.

With this new approach being able to derived GPP data on small
spatial scales, we wanted to test if it could confirm the two gradients
mentioned above. The goal of this study was to assess if CUE is sig-
nificantly different between a mature, old-growth forest with different
degrees of disturbance and if CUE decreases with increasing species
richness in a planted forest. Therefore, we hypothesized that differences
in CUE can be explained on small spatial scales by forest disturbance,
hence forest age. Further, we assumed that species diversity plays a role
in controlling CUE and that it decreases with increasing species di-
versity. We combined xylem sap flux and eddy covariance datasets from
two different tropical study sites to derive GPP values for small forest
monitoring plots characterized by different forest disturbance intensity
and species diversity.

2. Material and methods
2.1. Study sites

The data for this study were obtained from one site in the Central
Amazon and one in Central Panama. Both study sites can be classified as
tropical moist lowland forests (Kunert, 2016). Their annual precipita-
tion is about 2550 and 2350 mm with mean temperatures of 25.8 °C and
26.2 °C for the site in the Amazon and in Panama, respectively (Kunert
et al., 2017, 2010).

The Amazon dataset comes from a species-rich old growth forest
characterized by a distinct disturbance gradient caused by a forest edge
which was created about 25 years ago (Kunert et al., 2015b). The Pa-
nama dataset comes from an experimental planted forest designed to
test for functional biodiversity (Scherer-Lorenzen et al., 2005). The
main difference between the two sites was the forest age, with the trees
in Panama being only seven years old at the time when the measure-
ments were conducted in 2007/2008.

The old growth forest in the Central Amazon is located northwest of
the city of Manaus in the TACAPE monitoring plots (Tree Assimilation
Carbon  Allocation  Physiology = Experiment, 02°3822.54"'S
60°09'51.34”"W). The TACAPE monitoring plots are part of the
Experimental Station for Tropical Silviculture (ZF-2) of the Brazilian
National Institute of Amazonian Research (INPA). The tropical moist
forest in the area is considered to be a hyperdiverse forest with more
than 250 different species per hectare (only accounting for tree larger
than 10 cm in diameter). Due to this high diversity all astimates of tree
properties are thus not given on species level. The study site is along the
access road, which is ~6m wide with an approximately 9m wide
buffer zone on each side to avoid access blockage by falling trees. The
road was built in the 1980s when the field station was established. A
250 m-long transect was established perpendicular to the road and
extending into the forest. A set of four plots (20 X 50 m) were estab-
lished at distances of 10 m, 50m, 100 m, and 250 m from the forest
edge. Field measurements were conducted from January 2013 to
December 2013 (Kunert et al., 2015b).

The experimental planted forest is located in Sardinilla, Central
Panama (9°19’ N, 79°38’ W), which is approximately 50 km north of
Panama City. It was established in 2001 with six different tree species
planted as a monoculture, 3-species mixtures and 6-species mixtures.
Trees were planted in 3 x 3 m spacings (Scherer-Lorenzen et al., 2005).
One species Cordia alliodora (Ruiz & Pavon) Oken) did not establish,
probably due to missing mycorrhiza at the beginning of the experiment
and the fact that the site was used as pasture site for about 50 years
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(Kunert and Mercado Cardenas, 2015). However, the other five species
Anacardium excelsum ((Bert. & Balb. ex Kunth) Skeels), Cedrela odorata
(L.), Luehea seemannii (Triana & Planch), Hura crepitans (L.) and Tabe-
buia rosea ((Bertol.) DC.) developed well over the years reaching
medium tree heights of up to 13 m at the time of the present experiment
(Kunert et al., 2012). The species were chosen out of the variety relative
growth rates on Barro Colorado Island (relative growth rates of species
on Barro Colorado Island: Luehea seemannii 9.1%; Cordia alliodora 7.0%;
Anacardium excelsum 5.9%; Hura crepitans 4.0% ; Tabebuia rosea 3.4%;
Cedrela odorata 2.3%; for more details see Scherer-Lorenzen et al.
(2005)). The failed establishment of one species resulted in the devel-
opment of five monocultural, three 2-species mixtures, three 3-species
mixtures and four 5-species mixtures plots (n = 15 plots). The field
measurements used for this analysis were conducted during June 2007
and July 2008 when trees were between 6 and 7 years old (for details
see Kunert et al., 2012; Wolf et al., 2011). A closed canopy had been
established already at the time of study (compare crown projection
areas in Kunert et al., 2012). Trees for the sap flux measurements were
chosen in subplots with similar soil properties and water table (compare
Kunert et al., 2012).

2.2. Xylem sap flux derived gross primary productivity

At both sites, the same set up of Granier type thermal dissipation
probes was used to measure xylem sap flux densities (J;, g cm™2 d%).
We used the standard Granier calibration equation (Granier, 1985) to
calculated xylem sap flux density from the thermocouple readings. We
assumed a good fit of this equation, as Granier et al. (1996) tested the
calibration equation on trees in the same biome and on trees from the
same families and even tree species. All our investigated tree species are
diffuse porous trees (Aparecido et al., 2015), which seem to be in good
agreement with the standard calibration equation (Bush et al., 2010).
Further, Kunert et al. (2015a) and Kunert et al. (2013) already showed
that a large variety of arborescent plants from tropical moist lowland
forest are in good agreement with the Granier equation. Xylem sap flux
measurements were conducted at four individual trees of each given
species within the mixtures. We used the species and mixture specific
sap wood and diameter at breast height (DBH, cm) relationships in the
experimental plantation developed by Kunert et al. (2012). Briefly, the
equation was derived from profile measurements at different xylem
depths to assess changes of xylem sap flux densities across the stem
cross section (for details see Kunert et al., 2012). Further, we applied
the allometric equation to calculate the conductive xylem area for the
Amazonian forest presented by Kunert et al. (2017) to estimate the
conductive sap wood area (A, cm?) for the trees equipped with xylem
sap flux sensors. Kunert et al. (2017) showed that the use of the allo-
metric equation caused only minor and non-significant errors in the
upscaling process. We calculated tree water use rate (Q, kg d') by
multiplying mean species and mixture specific J; and A of a given tree.
Canopy transpiration (Ec, mm d) is given as the sum of water use rates
of all trees for a given plot. We used total daily gross primary produc-
tion (GPPeyqy) from eddy covariance flux measurements (fodetails on
the eddy flux measurements and analysis see Kunert et al., 2017; Wolf
et al.,, 2011) and Ec to estimate daily or monthly mean water use effi-
ciency (WUE, mg C g H,0) per plot, which is defined as GPPeqay/Ec
(Tatarinov et al., 2017). The relationship between WUE and vapor
pressure deficit (D) was described by an exponential decay function
(Tang et al., 2006):

WUE = ag + a; e~ 27D, (€D)]

where the parameter a,, a; and a, are fitted coefficients (Figs. 1 and 2).
WUE reaches its minimum at a, when D approaches . Hence, daily
GPP,,, values were derived as (Tang et al., 2006):

GPP, = Ec(ay + a; e2D) (2)
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Fig. 1. Response curves of daily water use efficiency (WUE) to daily mean
vapor pressure deficit (D) in the different subplots in the Amazon. Fitted curves
are exponential decay functions.

2.3. Estimation of NPP and CUE

The net primary productivity (NPP) was calculated based on the
annual increment of the trees. In Panama, the increment of the studied
trees was measured on a bi-monthly basis with measuring tape during
the study period. In the Central Amazon, lab-made metal increment
bands were used and increment was measured at the beginning and at
the end of the study. At both sites, we had specific details on the tree
biomass. For the Amazon, we used the site-specific allometric equation
for calculating tree biomass and carbon stock (Chambers et al., 2001).
In Panama, tree species- and site-specific allometric equations were
used (Oelmann et al., 2010). CUE was then calculated as the ratio of
ecosystem-scale GPP (from eddy covariance fluxes) and NPP from site-
specific allometric relationships of the trees.
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Fig. 2. Water use efficiency (WUE) response curves to daily mean vapor pressure deficit (D) in the different mixtures in the experimental tree plantation in Panama.

Fitted curves are exponential decay functions.

2.4. Statistical analysis

An analysis of variance (One-way ANOVA followed by a Brown-
Forsythe test) was performed to test for homogeneity of variables across
the different treatments. A Monte Carlo analysis was performed to
calculate the uncertainty around the final estimate of GPP,,. We used
the estimated standard errors of the coefficients of the different ex-
ponential decay functions (Eq. (1) and Figs. 1 and 2) and assumed
normal distributions for the averages. Random numbers were sampled
from the distribution of E; and D and then summed up to produce an
estimate of the GPP,. We repeated the procedure 1000 times and
performed a sensitivity analysis to test the effect of correlation between
variables. We used the standard deviation of the distribution of the
averages (i.e. the standard error of the mean) as an estimate of the
uncertainty of each treatment. Statistical analyses were carried out
using the open source statistical program JASP 0.8.2 (The JASP Team,
2017. Computer software, https://jasp-stats.org/). Curve fittings for
exponential decay functions were done with Sigmaplot (version 10.0,
SPSS Inc., Chicago, IL, USA). The Monte Carlo was performed in an
excel matrix and the covariance analysis with Analysis ToolPak (Ver-
sion 2016, Microsoft Corporation, USA).

3. Results
3.1. Meteorological conditions

During the study period, the meteorological conditions did not show
any significant anomalies for both study sites (Fig. 3c and 4f). At both
sites, the relationship between monthly averages over the last 12 years
and monthly rainfall during the study period was close to the 1:1 line.
In the year 2013 the study site in the Amazon received 2300 mm of
rainfall, what is about 10% less rain than the long-term average in the
area recoded by a long-term climate station. However, the TACAPE
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monitoring plots are about 16 km away from the long-term climate
station and receive on average 11% less rainfall per year due to a
natural rainfall gradient. During the study period, less than 100 mm of
rainfall fell in the three months June, August and September (Fig. 3b).
At the long-term climate station, monthly rainfall drops below 100 mm
only in August. However, up to four months with less than 100 mm of
rainfall per month is nothing uncommon. We did not observe any
meteorological abnormalities during the study period at the site in
Panama (Fig. 4d). The plantation received 2260 mm of rainfall during
the 12-month periods and the dry season length of approximately 116
days was within the average dry season length and its standard devia-
tion of 131 = 19 days.

3.2. Gross primary productivity in relation to species richness and forest
disturbance

High GPP was observed in the undisturbed old-growth forest in the
Amazon (Table 1). The undisturbed old forest assimilated 31.1 Mg C
ha~! yr~%, slightly more than in the disturbed subplots closer to the
forest edge, however, this difference was not significant (p = 0.151,
ANOVA). In the young planted forest in Panama, GPP ranged from 2.3
to 10.1 Mg C ha™! yr~! in the monospecific stands with a mean and
standard deviation of 4.9 = 3.1 Mg C hat yr_1 (Table 2). This was on
average lower than in the mixed species plots. The 3-species mixtures
assimilated 8.1 + 1.9 Mg Cha~' yr~! and the 5-species mixtures up to
9.3 = 0.4Mg C ha! yr™!. The 2-species mixtures were lower in their
GPP and only assimilated 2.8 + 1.0Mg C ha™ yr~ 1.

Annual pattern of GPP followed similar courses in the Amazon old-
growth forest and in the disturbed subplots (Fig. 3). Dry season GPP
was almost equal in all plots, but diverged during the wet months. The
undisturbed plot (i.e., 250 m inside the forest) showed the highest GPP
during this time and the difference possibly explains the overall higher
annual GPP of this plot. In the young planted forest in Panama, the
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Fig. 3. Annual course of A) gross primary production (GPP) in the different subplots in the Amazon and B) weekly rainfall data and weekly mean vapor pressure
deficit (D). C) mean monthly rainfall (mm, error bars indicated the standard deviation) observed over the last 12 years at the nearest long term climate station at the
LBA tower versus the monthly rainfall during the study period (the slope is 0.97).

annual patterns in GPP was as diverse as its species diversity (Fig. 4).
Planted in monoculture, Luehea seemannii had the highest GPP with just
one short drop at the end of the dry season coinciding with the species
short leaf shedding period. Despite a considerable scatter, GPP of the
other species was following a very similar course during the wet season
and diverged during the dry season depending on the leaf phenology of
a given species. Dry season GPP tended to be lower than in the wet
season for all the species growing in monoculture. The GPP in mixture
plots was characterized by an averaging-effect and followed all similar
courses over the year depending on the species they contain. Most
pronounced was this averaging effect in the 5-species mixtures showing
all the same pattern throughout the year. GPP was highest in those plots
during the wet season. Despite some drop in GPP in the 5-species
mixtures, they maintained a high GPP even throughout the dry season.
All 2-species mixtures had lower GPP during the dry season, mainly due
to the proportion of deciduous species in those plots. GPP was lowest in
the 2-species mixtures, due to the reduced number of individuals in
those plots (since Cordia alliodora did not establish). Exceptional was
the higher GPP in the 3-species mixtures during the dry season com-
pared to the wet season GPP (Fig. 4b).

3.3. Sources of error in the GPP estimates

The standard error of estimates calculated for the exponential decay
functions describing the relationship between WUE and D were in
general low. In the Amazonian terra firme forest, the standard error of
estimate of the function for the plot 10 m from the forest edge was 0.83
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and 0.93 at 50 m from the forest edge. The standard error of estimate
was highest with 1.61 for the function of plot the at 100 m from the
forest edge. The standard error of estimate for the function for the forest
plot at 250 m was lying at 1.05. The uncertainty of final GPP estimates
was accordingly 1.4, 1.4, 1.6 and 1.2% for the plot at 10 m, 50 m, 100 m
and 250 m, respectively. In the planted forests in Panama, the largest
standard error of estimates was present in function for the mono-
cultures and was 1.44. The standard error of estimates for the 2/3-
species mixtures was with 1.29 lower and was only 0.58 for the 5-
species mixtures. This resulted in an uncertainty of the final GPP values
of only 2.7, 2.7 and 2.1% for the monocultures, 2/3-species and 5-
species mixtures, respectively.

3.4. Net primary productivity in relation to species richness and forest
disturbance

Large differences in NPP were observed along the disturbance gra-
dient in the Central Amazon plots. The plots in the forest interior with
only intermediate to low disturbance pattern grew 9.31 and 11.0 Mg C
ha~! yr_1 (at 100 m and 250 m distance to the forest edge, respec-
tively). The two plots at the forest edge were characterized by a high
increment and a NPP of 14.5 and 18.6 Mg C ha yr ! at 10 m from the
edge and at 50 m from the edge, respectively (see Table 1). In the Pa-
nama study site, NPP was highest in the 3-species plots with trees ac-
cumulating 5.0 + 3.4 Mg Cha ™ 'yr~!. Lowest NPP was observed in the
2-species mixtures, where 2.1 + 0.9Mg C ha~! was allocated to
growth. For the monocultures and the 5-species mixtures, annual NPP
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and mean weekly vapor pressure deficit (D) is shown in the lower panel. F)
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Salamanca versus the monthly rainfall during the study period (the slope is
0.87).

Table 1

Summary of the data set from the Central Amazon. Values of xylem sap flux
derived annual gross primary productivity (GPP,,), net primary productivity
(NPP) and carbon use efficiency (CUE) for different tree species mixtures. CUE
is given as the ratio between GPP and NPP.

Distance from forest edge Disturbance GPP,, NPP CUE
intensity
MgCha™' MgCha™!
10 High 29.2 14.5 0.50
50 High 29.8 18.6 0.62
100 Intermediate 27.3 9.31 0.34
250 Low 31.1 11.0 0.35
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Table 2

Summary of the data set from the planted forest in Panama. Values of xylem sap
flux derived annual gross primary productivity (GPP), net primary pro-
ductivity (NPP) and carbon use efficiency (CUE) for different tree species
mixtures. CUE is given as the ratio between GPP and NPP.

GPP,, NPP CUE
Plot No  Mixture Species Mg Cha™' MgCha™?!
LS1 monoculture LS 10.1 8.4 0.83
AE2 monoculture AE 3.0 2.2 0.73
HC1 monoculture HC 4.7 3.7 0.78
Cco2 monoculture  CO 2.3 2.0 0.86
TR1 monoculture TR 4.4 3.1 0.71
T1 2-species CO;HC 1.6 1.1 0.67
T2 3-species TR;AE;LS 10.3 8.8 0.85
T3 3-species LS;CO,AE 7.2 4.2 0.58
T4 3-species LS,CO,HC 6.9 21 0.31
TS 2-species HC; TR 3.5 2.5 0.71
T6 2-species TR;AE 3.1 2.7 0.86
Al 5-species LS;AE;HC;CO;TR 8.7 2.4 0.28
A3 5-species LS;AE;HC;CO; TR 9.4 5.2 0.55
A4 5-species LS;AE;HC;CO;TR 9.3 5.1 0.55
A5 5-species LS;AE;HC;CO;TR 9.6 3.0 0.31

* LS: Luehea seemannii; AE: Anacardium excelsum; HC: Hura creptitans; CO:
Cedrela ordorata; TR: Tabebuia rosea.

was almost the same with 3.9 + 2.6 Mg Cha™' yr~' and 3.9 + 1.4Mg
Cha™' yr™1, respectively.

3.5. Carbon use efficiency in relation to species richness and forest
disturbance

In the Amazonian forest, a clear pattern was present for the CUE in
relation to forest disturbance. Edge effects on CUE disappeared at a
100 m distance from the edge during the wet season (January to May
and October to December); accordingly, CUE was almost equally low at
100 m and 250 m (0.34 and 0.35). During the dry season, edge effects
penetrated deeper into the forest, increasing the CUE of the trees at
100 m distance from the forest edge to 0.39 (Fig. 5¢). The plots next to
the forest disturbance were characterized by the highest CUE, in-
dependently of seasonality (0.50 at 10 m from the forest edge and 0.62
at 50 m from the forest edge) (see Table 1).

In the planted forest in Panama, there was a clear pattern of CUE
across the different species mixtures. CUE was on average highest in the
monocultures (0.78 + 0.06) followed by the 2-species mixtures
(0.75 = 0.10). CUE in the 3-species mixtures was on average
0.58 + 0.27. Accordingly, the 5-species plots with the highest species
number were the least efficient plots and the ratio between NPP to GPP
was only 0.42 + 0.15.

4. Discussion

In the current study, we could confirm that an undisturbed tropical
old-growth forest was characterized by a low CUE; however, CUE
changes due to forest disturbance on small spatial scales. Despite lower
CUE, GPP was higher in the undisturbed forest mostly driven by higher
wet season productivity. Overall, species richness had a positive effect
on GPP in the planted forest. GPP in mixtures exceed the GPP in most
monospecific stands. This was driven by higher dry season productivity
of the mixed species stands compared to monocultures. However, the
higher overall gross gain in carbon in the mixtures could not be equally
allocated into a higher net productivity and resulted in a lower CUE in
mixed species plots.

4.1. Forest disturbance increases carbon use efficiency

We observed the lowest CUE in trees growing at least 100 m away
from the forest disturbance where edge effects have been found to be
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1.0 Fig. 5. Linear relationship between carbon use efficiency (CUE)
a) b) c) and controlling variables such as a) tree species richness
(R%=0.56 ; p < 0.001) and b) forest disturbance indicated as
. edge effect (R? = 0.44; p = 0.334). Note: a) and b) indicate an-
. nual values, whereas c) indicates the linear relationship between
° ¢ CUE and forest disturbance (R? = 0.86 ; p < 0.05) in the driest
w drieSt m‘?”th . month during the study period (September 2013), when edge ef-

8 fects penetrated deeper into the forest interior.

entire year
0.0 : : : : : : : . : : .
0 1 2 3 4 5 6 0 50 100 150 200 250 300
species richness distance from edge (m)
(number of species)
minimal (Kunert et al., 2015b). Studies presenting low CUE from tro- explaining a higher respiration or a lower yield rate of plants (Tanaka,
pical forests usually consider the forests to have been in a ‘close-to- 1972). Especially older plant tissue is thought to use such alternative
stable-state’ over a longer period and were not affected by any major pathways (Beevers, 1970). Considering that tropical old-growth forest
disturbance (Chambers et al., 2004; Malhi, 2012; Malhi et al., 2009). are very old (Chambers et al., 1998) or contain a fraction of old in-
According to a global assessment of the variation of CUE among dif- dividuals a higher fraction of GPP might me lost in such overflow
ferent forest ecosystems, DeLucia et al. (2007) found that CUE de- pathways. Another possibility is that a high fraction of GPP is allocated
creases with forest age and tropical forests were considered to be the to plant parts (e.g. storage, belowground processes) hard to identify
oldest forests. with our approach.

In general, a common explanation why tropical trees — and espe- In our study, sap-flow derived GPP was not significantly different in
cially old trees - are characterized by a lower CUE is that they need to the disturbed plots at the forest edge compared to the undisturbed
invest more energy into defense compounds against herbivory and in- forest interior (Table 2). Forest disturbance induced a clear and sig-
festation (Coley and Barone, 1996). Further, we can consider that tro- nificant effect on allocation processes and a higher fraction of carbon
pical forest are very old and at a low disturbance rate over a long time was allocated to growth. NPP almost doubled, comparing between plots
period or are at least containing a high fraction of ancient tree in- at 50 and 100 m distance from the forest edge. Forest disturbance in the
dividuals (Chambers et al., 1998). This means, that trees are on average form of edge effect had thus a clear effect on the carbon allocation.
relatively old in an undisturbed old-growth forest. As tree growth tends One study found that anthropogenic disturbance of forests by forest
to slow with tree age and tree size (Luyssaert et al., 2008; Penuelas, management had a significant effect on forest CUE in general
2005), we can assume that the average tree in an old-growth forest is (Fernandez-Martinez et al., 2014). Forest disturbance caused by timber
probably characterized by a rather slow growth rate (e.g. da Silva et al. harvesting reduced biomass stocks and was lowering the competition
(2002) give a mean annual diameter increment of only 1.64 mm per for light, water, and nutrients (Ferndndez-Martinez et al., 2014). Hence,
year at our study site). On the other side, younger tropical trees in forest disturbance can be seen as a key for increasing NPP and might be
forests recovering from disturbance or faster-growing tree species have the main explaining factor for decreasing CUE with forest age.

higher CUE (Doughty et al., 2018) and early successional species more
abundant at the forest edge than in the forest interior (Kunert et al.,
2015b). Accordingly, faster growth is more important for younger trees
in terms of competition than defense compounds. Unfortunately, there
is only limited information available on the quantities of carbon allo-
cated to plant defense compounds (Schultz et al., 2013). However, the
allocation to defense compounds explains probably only a part of the
lower CUE and deviation from the 0.5 value observed in temperate
forests. In other words, if tropical forests would have the same CUE as
temperate forests, roughly 20% more assimilated carbon would be al-
located to growth accounting for more or less 6 Mg C ha™ ' yr . Even if
the energetic carbon invested in the synthesis of those products is very
high, such a high amount of carbon cannot disappear in the production
process of secondary defense compounds.

Another explanation could be the idling hypotheses: tropical old-
growth forest trees have a lot of excess carbon available and maintain a
high rate of idle respiration so that they can respond quickly after
disturbance or sudden availability of additional resources (Chambers
and Silver, 2004; Doughty et al., 2018). The hypothesis is based on the reduction in competition for light, water and nutrients by com-
assumption that plants need to respire carbon to maintain their living plementarity and niche facilitation (Forrester and Albrecht, 2014;
cells or to grow new tissue (maintenance-growth-paradigm, Amthor, Sapijanskas et al., 2014, 2012). Our results suggest that this does not
2000). Besides beneficial maintenance-growth respiration, some re- apply for carbon as a resource. Trees probably assimilate more carbon
spiration cannot be attributed to neither maintenance nor growth and ~ than they are able allocate to growth. Accordingly this over production
thus occurs without any benefit to the plant. In this pathway, photo- needs to be disposed in an overflow pathway via wastage respiration
synthetic products are wasted by the plant (maintainance-growth-wa- (Amthor, 2000). Mixed species stands might be at the maximum ca-

stage-paradigm, Amthor, 2000) for example by hydrolysis of ATP pacity of the species for net biomass production and might be simply
not able to allocate more carbon towards growth. Another speculative

4.2. Carbon a limited resource?

In our data from Panama, the on average highest GPP during the
observed year was in the plots with the highest species richness
(Table 1). Those plots were also characterized by the on average faster
growth rates and thus highest NPP. The positive species mixture effect
on the net primary production has been attributed to be clearly de-
pendent on complementarity effects on water use characteristics
(Kunert et al., 2012) and soil water uptake pattern (Schwendenmann
et al., 2015). Further, mixtures can perform photosynthesis for a longer
time when soil water is limited (Kunert and Mercado Cardenas, 2015).
Nevertheless, higher GPP and NPP does not mean that the trees in the
plots with the highest species richness did allocate GPP to NPP most
efficiently. In general, it is assumed that higher productivity of diverse
plant communities, compared to single-species communities, comes
from a high resource use efficiency (Kelty, 2006). This is induced by a
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explanation could be that the excess carbon is used to access limited
nutrients and is leading to observed higher growth rates of species-rich
forests. A fraction of the carbohydrates might be distributed to my-
corrhiza enabling trees in mixtures to retain nutrients (Read, 1991).

Tropical trees in old-growth forests, but even in young forests with
high species diversity, are demonstrating significant luxury consump-
tion of carbon, and ‘waste’ carbon via idling respiration. This could
mean that forests may be more resistant than expected to changing
environmental conditions, and may exhibit low sensitivity to elevated
atmospheric CO, as carbon does not seem to be a limiting resource.
Information on responses of tropical trees to elevated CO5 only exists
for tree seedlings or lianas (Marvin et al., 2015; Raj et al., 2014).In-
formation on the effect of elevated atmospheric CO5 on old-growth
tropical forest trees is — to our knowledge - still absent from the lit-
erature, however the AmazonFACE experiment (Norby et al., 2016)
might shed light on this question. Additional studies focused on the
carbon metabolism of individual trees under changing resource supply
are needed to better understand forest response to a changing en-
vironment. We especially need an improved understanding on which
mechanism is responsible for the low CUE in tropical trees since the
implications for predicting forest response to a changing environment
are highly critical. If the low CUE is the result of carbon oversupply,
tropical trees might be more resistant to a changing atmospheric CO,
concentration.

5. Conclusion

We conclude that forest disturbance and species diversity are two
important variables controlling carbon use efficiency in tropical forests.
Undisturbed tropical forests are characterized by a low CUE and forest
disturbance increases CUE. Trees in disturbed forest have an enhanced
carbon allocation towards growth. Tree diversity seems to highly favor
forest net primary productivity and to an even larger portion gross
primary productivity. CUE in diverse stands is accordingly lower and a
great fraction of GPP is probably used for processes supporting species
complementarity. Developing an improved mechanistic understanding
of CUE variability in tropical forests is critical for predicting forest re-
sponse to changing environmental conditions.
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