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Abstract

Terrestrial net primary productivity (NPP) is an important metric of ecosystem
functioning; however, there is little empirical data on the NPP of human-modified
ecosystems, particularly smallholder, perennial crops like cocoa (Theobroma cacao),
which are extensive across the tropics. Human appropriated NPP (HANPP) is a
measure of the proportion of a natural system’s NPP that has either been reduced
through land-use change or harvested directly and, previously, has been calculated to
estimate the scale of the human impact on the biosphere. Additionally, human-
modification can create shifts in NPP allocation and decomposition, with concomitant

impacts on the carbon cycle. This study presents the results of three years of intensive



monitoring of forest and smallholder cocoa farms across disturbance, management
intensity, distance from forest and farm age gradients. We measured among the
highest reported NPP values in tropical forest, 17.57 +2.1 and 17.7 + 1.6 Mg C ha’!
yr! for intact and logged forest respectively; however, the average NPP of cocoa
farms was still higher, 18.8 2.5 Mg C ha™! yr!, which we found was driven by cocoa
pod production. We found a dramatic shift in litterfall residence times, where cocoa
leaves decomposed more slowly than forest leaves and shade tree litterfall
decomposed considerably faster, indicating significant changes in rates of nutrient
cycling. The average HANPP value for all cocoa farms was 2.1 = 1.1 Mg C ha™! yr';
however, depending on the density of shade trees it ranged from -4.6 to 5.2 Mg C ha’!
yr'!. Therefore, rather than being related to cocoa yield, HANPP was reduced by
maintaining higher shade levels. Across our monitored farms 18.9% of farm NPP was
harvested (i.e. whole cocoa pods) and only 1.1% (i.e. cocoa beans) was removed from
the system; suggesting that the scale of HANPP in smallholder cocoa agroforestry

systems is relatively small.
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Introduction

Net primary productivity (NPP) describes the rate at which carbon is assimilated from
the atmosphere and fixed as plant biomass. Its dynamics can relate to carbon and
nutrient cycling and recovery following disturbance (Malhi et al., 2011). Carbon
captured through global photosynthesis is considered to be the annualised biotic
consumption potential of the earth and, therefore, the NPP of natural and managed
systems represents the captured solar energy available for consumption by higher
trophic levels. Changes to this distribution of energy across species, particularly its
domination by only one species, is assumed to have negative implications for the
biosphere’s ability to support high biodiversity levels (Haberl, 1997; Haberl et al.,
2004; Miko and Storch, 2015; Vitousek et al., 1986; Wright, 1990). Allocation of

NPP, particularly into woody tissue instead of short-lived leaf or fine root tissue, is a



direct control on an ecosystem’s ability to store carbon over the long-term. However,
the biotic and abiotic drivers of these dynamics are still not fully understood,
particularly in managed forest systems.

Some satellite-based estimates of global land surface NPP have estimated a
relatively stable value of 53.6 Pg C yr'! for the last three decades, with inter-annual
variation of less than 2% (Running, 2012), whereas satellite-informed process-based
models have estimated a similar terrestrial NPP of ~54.6 Pg C yr! but a much higher
inter-annual variability of 12% (Field et al., 1998; Goetz et al., 2000). A low level of
NPP variability would suggest a physical ceiling on ecosystem productivity and, by
extension, energy available to meet the consumption demand of the biosphere
(Running, 2012). In contrast, Defries (2002) argued that in a high variability context,
the impact of human influence would need to be larger than the level of variability to
be discernible, particularly if relying on estimates derived from satellite imagery.
Efforts to improve global-scale estimates of NPP through upscaling from ground-
based measurements are ongoing, particularly incorporating data from land covers
other than mature, undisturbed forest (Anderson-Teixeira et al., 2016).

Twenty percent of global NPP is estimated to be found on the continent of
Africa (Williams et al., 2007), but there remain large uncertainties around the carbon
budget of the continent due to a dearth of field studies and CO> flux data (Ardo, 2015;
Ciais et al., 2011; Valentini et al., 2014). Broadly, the evergreen forests of Africa are
considered to be a carbon sink while the fire dynamics in savannahs and drylands and
the uncertainty in domestic wood harvesting contribute significantly to the inter-
annual variability in the observed African carbon cycle. The continent as a whole is
estimated to contribute 25% of the variability in the global carbon budget (Valentini
et al., 2014).

The proportion of global NPP that is either directly consumed by humans or
has been reduced due to alterations to vegetation cover has been given the term
human appropriation of NPP (HANPP). HANPP was first suggested by Vitousek et al
(1997) as a way to document the global scale of human influence on the biosphere
and has been proposed to be a conceptually robust and quantifiable planetary
boundary (Running, 2012). There are a number of ways to define HANPP (e.g.
embedded versus area-based), which may or may not include land-use change and
backflows to nature components. These decisions may be influenced by a study’s

focus on the carbon storage potential of human modified systems versus a measure of



the human “domination” of an ecosystem (Haberl et al., 2014). Proportional estimates

of HANPP have been calculated using total photosynthesis of the biosphere (Imhoff et
al., 2004; Rojstaczer et al., 2001; Vitousek et al., 1986) or with potential NPP prior to

human modification in the denominator (Haberl et al., 2007; Wright, 1990).

Global estimates of HANPP, calculated over the last several decades, seem to
have settled on human society appropriating between 20 and 30% of global NPP
(Haberl et al., 2007; Imhoff et al., 2004; Rojstaczer et al., 2001; Wright, 1990), with
the most recent calculation reporting a global HANPP of 25% (Krausmann et al.,
2013). However, these global estimates are largely derived from satellite data and
dynamic vegetation models (e.g. the Lund—Potsdam—Jena (LPJ) DGVM), with few
field-based studies that test and evaluate these HANPP estimates (Haberl et al., 2014,
2007). This is particularly true in tropical systems. Considering Africa, methods to
estimate HANPP have previously relied on extrapolated literature values (Fetzel et al.,
2016), medium-resolution imagery (Abdi et al., 2016, 2014; Imhoff et al., 2004) and
household surveys paired with community-scale, one-off ecological measurements
(Pritchard et al., 2018). However, there remains a dearth of studies providing
measures of in situ NPP in contiguous forest and managed landscapes and, therefore,
empirically calculated HANPP (Haberl et al., 2014).

The agricultural sector dominates global HANPP estimates, consisting of 84-
86% of global NPP appropriated, 42-46% due to conversion to cropland and 29-33%
to grazing (Krausmann et al., 2013). Spatially explicit landscape analyses of recent
HANPP values have shown that crops replacing non-forested natural systems come
close to replicating previously available NPP (Krausmann et al., 2013), whereas only
particularly intensive agricultural systems in temperate regions were found to be able
to produce NPP levels similar to or greater than replaced forested systems (DeFries,
2002; Plutzar et al., 2016). Perennial crops, such as coffee, cocoa or palm oil, have
been estimated to cover 1.8 million km? or 13% of the global cultivated area in 2000
and are recognised to have a different impact on carbon sequestration and NPP
potentials than annual crops (Monfreda et al., 2008). Cocoa, a tree crop, is currently
the fastest expanding perennial commodity in Sub-Saharan Africa, but the tree
canopies and fine spatial scales of smallholder cocoa farming make it very difficult to
differentiate from forest using remote sensing techniques (Ordway et al., 2017).
Therefore, estimates of the impact of cocoa on regional and planetary NPP do not

exist.



West Africa has shown the largest increase in total agricultural area of the
continent’s regions, increasing 120% since 1980 (Fetzel et al., 2016). According to
FAOSTAT (2016), planted area of cocoa has increased by 92% over the same time
period and consists of ~6% of total agricultural area in the region. Cocoa-dominated
landscapes with extensive shade tree cover have been cited as potentially important
reserves for tree diversity and significant carbon storage, resulting in a win-win in
terms of biodiversity conservation and economic development (Tscharntke et al.,
2005). However, with the increase in hybrid cocoa planting, younger cocoa farms
consist of fewer shade trees and lower diversity of tree species (Anglaaere et al.,
2011). Therefore, there remains uncertainty in the current state of and potential for
carbon storage under different land uses, particularly in these tropical settings (Erb et
al., 2017). Shifts from forest to cocoa agroforestry can also impact decomposition
rates of litterfall, which is an important mechanism for recycling nutrients (i.e.
nitrogen and phosphorus) in a forest ecosystem (Vitousek, 1984). In the case of cocoa
in Ghana, fertilisation rates are often low. Results reported by Morel et al (in review)
found an average fertiliser application of 1.1 + 0.3 times per year, with 20% of
surveyed farmers reporting zero fertiliser applications over the previous five years. As
a result, nutrient returned through decomposing litter is an important maintainer of
soil fertility; however, it has been shown that litterfall decomposition rates were
slower in cocoa farms than in secondary forest, potentially suppressing the return of
nutrients to the soil (Dawoe et al., 2010).

The objectives of this study were to directly measure annual NPP in intact
forest, logged forest and smallholder cocoa agroforest farms to provide empirical
estimates of HANPP. These data represent one of the first directly comparable NPP
measures in both natural and human modified systems, particularly in a tropical
smallholder landscape. Intensive cocoa monitoring plots were established across
gradients of farm age, distance from forest and management intensity. We were
interested to assess how consistent or variable NPP was across these gradients, what
were the strongest drivers of this pattern and whether forest conversion to cocoa had a
discernible impact on carbon cycling. The data collected allowed us to answer the
following questions: 1) to what extent does total NPP in cocoa farms differ in
magnitude and allocation from forest and how much is that driven by the productivity
of cocoa trees; 2) are there differences in the rates of biomass turnover and litter

recycling between cocoa farms and forest; 3) what is the average HANPP of a cocoa



farm and can it be predicted by farm attributes; 4) how do our measurements of NPP
and HANPP compare with published measures from other continents and, finally, 5)

how meaningful is the HANPP metric in this context?

Materials and Methods

Sampling design

We established ten 0.36 ha (60 m x 60 m) plots across a forest to cocoa-dominated
landscape gradient surrounding the Kakum Conservation Area (5°26'53",
N1°20'42"W) comprising the Kakum National Park and the adjacent Assin-
Attandanso Resource Reserve in Ghana’s Central Region. The area is characterized
by moist evergreen forest with an annual precipitation of 1500 mm and average
temperatures of 24-27°C. The soils are predominantly weathered oxisols with high
sand content. One forest plot was located within the Assin-Attandanso Resource
Reserve approximately 800 metres in from the forest edge, which we considered to be
representative of “intact forest”; although there had been light logging in this area
prior to establishment of the conservation area in 1992. The second forest plot was
established within the Ajueso shelter belt, which is currently undergoing extensive
selective logging both legal and illegal, which we labelled “logged forest”. Within the
surrounding cocoa landscape, three contrasting-aged plots (e.g. young, medium and
old) were established in cocoa farms located within 100 metres and 500 metres of the
forest edge. Two older cocoa farms were monitored at 1 km and 5 km from the forest
edge (see Table 1 for details). The cocoa farm at 5 km is a particularly old cocoa farm
with several mature timber trees maintained above the cocoa canopy. This cocoa farm
seemed to be managed more as a timber plantation than a farm intended to maximize
cocoa production; therefore, in subsequent tables this plot was reported separately as
“Timber/Cocoa” rather than averaged with the other cocoa farms monitored.

The plots were monitored continuously from October 2014 to October 2017.
Each plot consisted of nine sub-plots of 20 m x 20 m. Canopy gap over cocoa trees
was calculated by averaging leaf area index (LAI) derived from hemispherical photos
taken at 4.5 m above the ground (i.e. above the cocoa trees) for all nine sub-plots.
Management practices, including reported fertiliser application rates, were collected

from a household survey of the eight cocoa farmers as part of a larger study (Morel et



al., in review). Other aspects of the social context of these study sites are reported in
Hirons et al (2018a, 2018b). Soil samples were collected from all plots for the top 30
cm to assess bulk density and carbon content following ClimAfrica protocols

(http://www.climafrica.net). We limited analysis to the top 30 cm, where the most

readily labile carbon is found. Below 30 cm, carbon stores are likely to be less labile
(Malhi et al., 2009).

To assess how representative these plots were, we compare them to 36 plots
we established and monitored for a larger study on the ecological drivers of cocoa
yields outlined in Morel et al (in review). Comparing characteristics of all monitored
plots with Tables

Table 1, we find the median cocoa farm age was 29.5 + 3.9 years compared to
25 £ 4.9 years in this study, median cocoa density was 528 + 65.7 trees ha™! compared
to 410 + 89.0 trees ha™! in this study, median canopy gap was 59.9 + 4.6 % compared
to 47.4 + 4.4 % in this study and median shade tree density was 24.0 + 8.4 trees ha!
compared to 34.9 + 12.3 trees ha'! in this study. All values reported include 95%
confidence intervals. These values suggest that our monitored plots were somewhat
higher in shade, with lower cocoa density and younger than our larger sample dataset;
therefore our averaged results may be somewhat overestimating NPP and
underestimating HANPP. Regarding our intact forest and logged forest plots, we
wanted to compare direct measurements of remnant forest in close vicinity to actively
managed cocoa farms; however, as we only monitored one of each we augmented our
analysis with NPP measurements in moist semi-deciduous forest published by Moore

et al (2017).

[insert Table 1]

NPP Estimates

Field measurements followed the protocols of the Global Ecosystems Monitoring
network (gem.tropicalforests.ox.ac.uk; Marthews et al., 2012), with minor
modifications. Due to the number of replications undertaken for this study, and the
low tree species diversity and spatial homogeneity of the cocoa farms, plots consisted
of only nine 20 m x 20 m sub-plots rather than the twenty-five subplots required to

monitor a full hectare of forest. Three components of NPP were estimated for



forest/shade trees, namely canopy NPP (leaves, twigs, flowers, seeds and other
material), woody NPP (stems, coarse roots and branches) and fine root NPP. For
cocoa farms an additional important NPP component, cocoa pod production, was
estimated. Annual NPP values were calculated by summing monthly and seasonal
measures of individual components. Standard errors were computed for each
component at each time step and propagated through quadrature for every calculation

(as in Malhi et al., 2015).

Canopy NPP

To estimate canopy production (NPP,4y,py), litterfall was collected every two weeks

in 0.5 m by 0.5 m litter traps, one metre above the ground. Samples were oven-dried
at 70°C to a consistent weight, sorted into leaves, twigs, branches < 2 cm diameter,
flowers, seeds and undefined debris and each category was weighed separately. For
cocoa farms, leaves were additionally sorted into cocoa and shade tree categories to
estimate canopy productivity for each. For estimating the decomposition rate of
litterfall, quarterly measures of ground litter were collected from a marked 0.5 m by
0.5 m area on the forest/farm floor per subplot and processed in the same way as the
litterfall trap samples. The first collection of ground litter was a stock estimate and all
subsequent collections were cumulative measures. Carbon content was assumed to be

47.4% (Malhi et al., 2009).

Woody NPP

The woody component of NPP (NPP,,,,,4,) Was estimated by summing coarse root,
stem growth and branch turnover. For stem growth, all trees >10 cm DBH were
tagged and measured annually to the nearest mm. In five sub-plots, all trees 2-10 cm
DBH were tagged and measured annually. Stem height was measured for all trees in
the forest plots and for all shade trees in cocoa farms using a laser hypsometer during
the first census. Sixty cocoa tree heights across all plots were measured. Subsequent
height growth was considered to be too small to be measured reliably; therefore,
separate equations for predicting height from DBH measurements were developed for

forest species and cocoa trees. Aboveground biomass was estimated using allometric



equations from Chave et al (2014) with measured DBH, estimated height and species
specific wood density taken from a global wood density database (Chave et al., 2009;
Zanne et al., 2009). Coarse root stock was not directly measured but estimated for

each census using the equation from (Cairns et al., 1997):

BGB = e(~10587+0.8836+In(AGB)) (1)

where BGB is belowground biomass and 4GB is estimated aboveground biomass
from the census and extrapolated to one hectare. Annual NPP for aboveground and
belowground components were calculated by taking the difference between
consecutive census estimates of surviving trees and then averaged over total years of
monitoring for forest/shade and cocoa trees separately. New recruits were included in
subsequent census NPP estimates when their incremental growth between censuses
could be calculated and mortality events were treated as a loss of incremental growth
and total stored carbon moved to the dead biomass pool. Branch turnover was
estimated from quarterly measurements of four 1 m x 60 m coarse woody debris
transects, located along the boundaries of each plot. All fallen branches >2 cm DBH
that were not associated with tree mortality were categorised by diameter size, decay
class (Harmon et al., 1995) and weighed in the field. A representative sample of
diameter and decay class samples were taken from the field to calculate average dry
matter and wood density values for each diameter and decay class combination.
Branch turnover was apportioned between shade and cocoa trees based on proportion
of litterfall estimated for each category. The first survey measured total coarse woody
debris stock with subsequent surveys monitoring additional branchfall by removing

all samples from transects after weighing.

Root NPP

Fine root production (NPPfine ro0¢) Was estimated from quarterly measures of four 12
cm diameter by 30 cm deep ingrowth cores made from wire mesh in each plot. When
cores were installed, soil with fine roots was extracted for measuring total fine root
stocks and the wire mesh was filled with root-free soil for subsequent measures of

fine root productivity. In order to standardise extraction effort, field team members



searched for fine roots during four separate 10 minute periods following Metcalfe et
al (2007). Total root mass was estimated after generating a cumulative sum curve for
root mass and extrapolating to 120 minutes of search effort. Fine root NPP was
apportioned between shade and cocoa tree pools based on the proportion of stem
growth for each category. Root biomass was converted to carbon assuming a carbon

content of 47.4% (Malhi et al., 2009).

Cocoa Pod NPP

In the eight plots located in cocoa farms, cocoa pod productivity (NPPcycoq poa) Was
estimated using data from a monthly disease survey of 18 trees, distributed as two
trees per sub-plot. Pod counts were categorised by size class (i.e., small, medium and
large) and differences in monthly measures were apportioned between pods maturing
to larger size classes, harvested or removed due to fungal, insect and mammal attack.
Total pod production included estimates for all removal categories. Shells from
harvested pods are left in the field and considered to be the “unused”” component for
subsequent HANPP calculations, while the beans are removed for subsequent drying
and sale. Field-measured total pod, fresh beans and shell weights were made across
plots and averaged for each size class. Dry weights were estimated using literature
values of 60% for beans (ICCO, 2018) and 14.1 % for shells (Daud et al., 2013).

Calculated carbon values assumed a carbon content of 47.4%.

Therefore, total NPP was calculated using the equation:

NPPTotal = NPPwoody + NPPcanopy + NPPfine root + NPPcocoa pod (2)

Where all values were reported in Mg C ha! yr!.

NPP Allocation and Residence Times

The proportion of total NPP allocated into each component (x) was calculated using

the equation:



Allocation,, = NPPX/NPPT . (3)
ota

Biomass residence time (7, ) was estimated for each component by dividing total

biomass by productivity (Galbraith et al., 2013):

biomass
Ty = */NPP, “)

For the plots outside of the intact forest, biomass residence times were not calculated
for the woody component as they were assumed to not be in equilibrium. Calculations
of litterfall residence time required additional steps, which are outlined in

supplemental materials.
Comparative studies

To augment our study sample we compared our findings with several forest and cocoa
NPP measurements from the literature. To compare our intact forest plot
measurements with other semi-deciduous forest in Ghana, we added the total and
allocation patterns of forest NPP from Moore et al (2017). This study followed the
same GEM protocol (Marthews et al., 2012) and monitored two semi-deciduous, one-
hectare forest plots located within 5 km of each other within the Bobiri Forest
Reserve. Continuous NPP measurements were collected from 2012-2015. Data on
total NPP and allocation patterns for comparative forest plots from Southeast Asia
were taken from Riutta et al (2018) and the Amazon from Malhi et al (2015). Riutta et
al (2018) collected continuous NPP measurements following the GEM protocol
(Marthews et al., 2012) in six old-growth and five logged one-hectare forest plots
over different 24 month periods between 2011-2016. The study by Malhi et al (2015)
summarises the dynamics of continuous NPP measures collected across ten plots in
the Amazon during the years 2005-2011 also following the GEM protocol (Marthews
et al., 2012). We averaged the NPP measures and allocation patterns for three one-
hectare plots in old-growth forest of Western Amazonia (Allpahuayo and Tampobata)
and two one-hectare plots in old-growth forest of Eastern Amazonia (Kenia).

For comparative cocoa NPP data we identified a recent study by Abou Rajab
et al (2016). This study was conducted in Sulawesi, Indonesia and established three



20 m by 20 m plots across three cultivation methods, namely: 1) cocoa monoculture,
2) cocoa planted beneath leguminous shade trees (e.g. Gliricidia sepium ) and 3)
cocoa planted beneath diverse shade tree species. To collect NPP data the authors
manually harvested cocoa pods from 10-20 cocoa trees per plot over a 12-month
period and measured wet weight in the field. Dry weights were derived from a subset
of pods across size classes taken to a laboratory. Woody increment was measured
from dendrometers of 20 trees per plot, litterfall was collected in 10 litterfall traps
collected monthly and root productivity was estimated using 10 ingrowth cores per
plot and collected after 10 months. All measures were extrapolated to 12 months.
They estimated below ground productivity from above ground woody biomass.

For cocoa productivity in the Americas, we identified a study by Beer et al
(1990) where plots with mono-specific timber tree species (e.g. Cordia alliodora) and
plots with mono-specific leguminous trees (e.g. Erythrina poeppigiana) were planted
with cocoa. These treatments were established on 18 m by 18 m plots with four
replicates of each. Standing biomass was measured when the farms were 5 years old
and 10 years old, through a combination of non-destructive and destructive sampling
methods that provided estimates of stem, leaf and branch biomass. Pod production
was calculated from bi-monthly harvesting of mature pods from 1979 to 1987 and dry
weights for beans and husks calculated from oven drying. Increment growth was
estimated from DBH and height measurements taken once or twice a year. Litterfall
was derived from six litterfall traps randomly placed across the plots; therefore, there
were not replicate samples within plots. Pruning residues were measured during the
standing biomass inventories. Sampling of roots was described by Alpizar et al
(1986), whereby a ring of 27.4 cm diameter and 15 cm in height sampled soils at three
depths (0-15, 15-30 and 30-45 cm). The roots were dried and then weighed and
extrapolated to one ha using 16 repetitions. Root turnover was estimated for time

periods 0-5 years and 5-10 years.

HANPP calculations

HANPP has both a land-use change (HANPP; ;) and a harvested (HANP Py 4ry)
component (see Figure S1). The land-use change component represents how much
productivity declines in the shift from a purely natural ecosystem to a human-

modified one; it can be negative in cases where human-modification has boosted



ecosystem NPP, as in irrigated or some heavily fertilised agricultural systems. The
harvested HANPP represents how much biomass is actually harvested, and can be
partitioned into how much is left as slash to decompose in the ecosystem
(HANPPunusep) and how much is removed from the system (HANPPusep). In both
cases, total NPP measured in our intact forest plot was considered to be the baseline

level of productivity for comparison.

HANPPyc; = NPPpor — NPPycr; (6)

Where HANPP from HANPP, ;;¢;, in Mg C ha'! yr'!, for plot i is the difference
between potential total NPP measured in the intact forest (NPPp,r) and actual total
NPP measured in that plot (NPPycri).

The harvested component of HANPP is estimated as the sum of the
agricultural yield removed from the field and the agricultural yield left in the field,
which in this study were the estimates for annual production of cocoa beans

(HANPPusep) and cocoa pod shells (HANPPunusep), respectively.

HANPPHARV - HANPPUSED + HANPPUNUSED (7)

Total HANPP (HANPPrr) is the sum of HANPP, ;; and HANPPy 4py .

HANPPTOT - HANPPHARV + HANPPLUC (8)

We report HANPP values in Mg C ha™! yr'!, which is equivalent to 100 g C m? yr!.
HANPP can also be presented as a percentage of baseline NPP, in this case NPPpor,
with negative values indicating a net productivity increase compared with native
forest.

HANPP efficiency (HANPPg) has been defined as the ratio harvested biomass
(HANPPy 4gy) over total HANPP (HANPPror) (Haberl et al., 2014); however, for
studying a perennial crop like cocoa, we found ratios between HAN PPy 4z, and
NPPycr; and HANPPyggp and NPP,qrito be more meaningful, which we defined as
HANPP efficiency (HANPPg) and HANPP use efficiency (HANPPy) and calculated

using the following equations:



_ HANPPypy
HANPP; = /NPP,er; )

HANPP
HANPPy = USED PP, e, (10)

These metrics are different from their original purpose in Haberl et al (2014), which
was to contrast the influence of HANPP; ;. versus HANPPy 4y on HANPPrgr.
However, as the majority of our results showed a negative or small HANP Py, we
found it difficult to interpret negative or extremely large efficiencies and, therefore,
focused on the proportion of NPP,-r that was being harvested and/or removed from

the system.
Statistical Analysis

For assessing the drivers of carbon storage, NPP and HANPP, ANOVA and linear
models were run in R (R Development Core Team, 2014). Compositional analysis of
NPP allocation patterns across plots were run using the R package compositions
(Tolosana-Delgado and van den Boogaart, 2011; van den Boogaart et al., 2014; van
den Boogaart and Tolosana-Delgado, 2008). Due to the unique management of the
cocoa farm at 5 km from the forest, this farm was treated as a separate land cover
during statistical analysis to differentiate total NPP and NPP allocation between forest
and cocoa and across cocoa farms, and is subsequently referred to as “Timber/Cocoa”.
For allocation patterns of the components for total NPP, cocoa pods were combined
with canopy measures. Fertiliser application rates were changed to a binary variable

(0 indicating none applied and 1 indicating some applied).

Results

Above and Belowground Carbon

The average biomass carbon stock across all cocoa farms was 69.9 + 2.2 Mg C ha™,
ranging from 21.6 +2.3 Mg C ha''to 194.1 + 3.8 Mg C ha'!. The highest carbon

values overall were found in the Timber/Cocoa farm. This farm stores 48% more

biomass carbon than the intact forest plot (131.9 +2.3 Mg C ha!) and 111% more



carbon than the logged forest plot (93.1 £+ 2.7 Mg C ha™') (Figure 1). Across cocoa
farms, above and belowground biomass carbon values did not differ by distance from
forest or farm age. Soil carbon did not differ significantly between forest and cocoa
farms nor over distance from forest and age gradients in cocoa farms. The highest soil
carbon content was measured in the old cocoa farm 100 metres from the forest (39.7
Mg C ha!) and the lowest in the logged forest plot (13.2 Mg C ha™!). Soil carbon
ranged from being 12.0% to 53.6% of total plot carbon and, on average, was 24.8 Mg
C ha'! in cocoa farms. Fine root stocks did not differ by land cover, distance from

forest or age of cocoa farm.

[insert Figure 1]

Total NPP and NPP allocation

Mean total NPP measured in the intact (17.6 + 2.1 Mg C ha'! yr'!) and logged (17.7 +
1.6 Mg C ha'! yr!) forest plots were among the highest values reported for tropical
forest, though similarly high values were reported by Moore et al (2017) for a
different semi-deciduous forest site in Ghana (Table S1). Remarkably, the NPP of the
cocoa farms was similar to that of intact forest, and in many cases was higher, with an
average across our monitored farms of 18.8 +2.5 Mg C ha'! yr'!. Mean total NPP was
highest in the young cocoa farm at 100 m from the forest edge (24.3 + 2.2 Mg C ha’!
yr!), closely followed by the Timber/Cocoa farm (23.9 = 1.9 Mg C ha'! yr!) and the
old farm at 500 m (24.0 + 3.7 Mg C ha! yr'!) (Table 2). Only three cocoa farms were
less productive than the intact forest plot (Figure 2). Total mean NPP of cocoa farms
did not vary by distance from forest, age of cocoa farm or application of fertiliser. The

strongest predictors for total NPP were above ground carbon and canopy gap between

shade trees (R’ = 0.93, p<.001, Figure S2).

[insert Figure 2]

[insert Table 2]

In terms of NPP components, total canopy NPP was a strong predictor of total

plot NPP (Figure 3); although, it is important to keep in mind the x- and y- axes are



not independent. When considering total NPP for cocoa and shade trees separately
woody NPP of cocoa trees was the only component that was not a reliable predictor
(Figure S3). Across all monitored plots, NPP of shade trees was significantly different
from cocoa trees (F,14= 18.06, p<.001), averaging 8.2 + 1.3 Mg C ha! yr'and 10.5 +
2.2 Mg C ha'! yr'!, respectively. The strongest predictor of total cocoa NPP was
canopy NPP of cocoa trees (R?> = 0.935, p<.001) and woody NPP of shade trees was
the strongest predictor for total shade tree NPP (R? = 0.883, p<.001).

[insert Figure 3]

When including allocation data of forest plots from Moore et al (2017) and cocoa
plots from Abou Rajab et al (2016) and Beer et al. (1990), allocation patterns of total
NPP were not significantly different between forest and cocoa farms; however
allocation patterns of cocoa farms did differ across studies by continent (p<.05),
which is visibly due to very little allocation of NPP to roots (Figure 3). This
phenomenon is consistent with reported allocation patterns of forests in Southeast
Asia (Riutta et al., 2018); although, due to the small number of studies we are
comparing to we cannot make continent-wide generalisations. Within study cocoa
plots, pod production dominated NPP, which, on average, consisted of 40% (ranging
9-59%) of total cocoa NPP or 22% (ranging 5-34%) of total farm NPP (Table 2).
Allocation patterns were not related to age of cocoa farm, distance from forest or
fertiliser application, either for cocoa pods included with canopy production or as a
fourth component. The two farms with lower overall NPP than our forest plots,
allocated only 16 and 9% of cocoa NPP to pod production and when pod and canopy
production were combined, were the only two farms with less than 50% of total farm
NPP allocated to litterfall/pod production. Compared to cocoa trees, shade trees
disproportionately invested in woody growth, especially in the Timber/Cocoa farm,;
although NPP allocation patterns of shade trees did not vary significantly between
forest and cocoa farms. This may be due to the large variation in allocation patterns
reported in monitored forests (Table S1). The shade trees on an average cocoa farm
allocated 32% (14%), 29% (13%) and 39% (17%) of shade tree NPP (total farm NPP)

to canopy, woody growth and fine roots respectively.



[insert Figure 4]

Biomass Residence Times

The average farm, has a litterfall layer similar in mass to intact and logged forest, but
the proportion of litterfall due to cocoa leaves varied widely across our monitored
cocoa farms (7.1-66.7%, average of 27.1%). The average across cocoa farms had
similar residence times for cocoa and shade leaves, 0.5 + 0.3 and 0.5 + 0.2 years,
respectively. However, the range in residence times varied widely across farms,
particularly for cocoa leaves (0.1 to 1.6 years) and somewhat for shade leaves (0.3 to
0.7 years). Forest leaves had a much higher mean residence time of 1.0 + 0.2 and 0.9
+ 0.2 years in intact and logged forest, respectively. Total biomass residence in cocoa
farms was not significantly different than forest, however, shade leaves did have a
significantly shorter residence time in cocoa farms (F>,7 = 8.368, p <.05) (Table 3).
Residence times of shade leaves were positively correlated with basal area of
leguminous trees present in the plot (R? = 0.695, p<.01), although the effect becomes
negative when considering the interaction of higher basal area of leguminous shade
trees and canopy gap (F34 = 14.77, p <.05). Across cocoa plots, biomass residence
time of cocoa leaves was higher for farms applying fertilisers (Fi1,6 = 7.841, p <.05),
but was not significantly related to farm age, distance from forest, canopy cover or
shade density. Residence time and biomass of r0ots (7,.y,¢s) Were similar in both
forest and cocoa plots, and did not vary by age of cocoa farm, distance from forest or

fertiliser application within cocoa plots.

[insert Table 3]

HANPP

Total human appropriated NPP (HANPPror) values and both HANPP use efficiency
(HANPPg and HANPPyg) metrics are presented in Table 2, in Mg C ha™! yr'! and
percentages, respectively. These measures varied widely across our monitored cocoa
plots (Figure S4). All but three of the cocoa farms exhibited negative HANPPLuc
values, which was largely driven by cocoa pod NPP. Once taking into account the

portion of HANPP that was harvested, HANPPtor values were only negative for the



particularly productive, young cocoa farm at 100 m and the Timber/Cocoa farm.
HANPProt was best predicted by the density of shade and cocoa trees (R? = 0.859, p
<.01, Figure S2). The average HANPPor value across farms was 2.1 + 1.1 Mg C ha'!
yr'! (210 £ 110 g C m? yr'"), with an average HANPPE of 18.9% and HANPPyE of
1.1%.

Discussion

Difference in magnitude and allocation of NPP between cocoa farms and forests

We found NPP allocated to litterfall to be the most reliable predictor of the combined
total farm NPP for both shade and cocoa trees, consistent with previous studies in
mature forest (Malhi et al., 2015, 2011; Moore et al., 2017). The hypothesis for these
systems is that individual trees are driven by resource competition with immediate
neighbors to trade-off between investing in wood and root tissue and, therefore,
assuming overall NPP stays relatively constant, allocation of NPP to litterfall would
be expected to be more consistent interannually (Malhi et al., 2011). On the other
hand, when considering shade trees and planted cocoa trees as separate systems, that
model applied across our cocoa management gradient would suggest that competition
for light between shade trees should be minimal compared to competition for water
and nutrients. Therefore, as we would surmise, we found that woody NPP was the
most reliable predictor for shade tree NPP, while cocoa NPP was largely predicted by
canopy production (e.g. litterfall and pod production). These findings offer a practical
shortcut for estimating NPP in cocoa farms in future.

It was interesting that so many cocoa farms had higher total NPP than both
forest plots, which was largely driven by high cocoa pod production (Figure 1
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Figure 1), except in one specific farm, Cocoa/Timber, where shade trees were being
managed for timber production. This farm had both high total carbon and annual NPP;
although, that is without considering a rotational harvest as it is not currently legal for
farmers to harvest and sell trees growing on their land due to national land and tree
tenure laws (Fenske, 2011; Hirons et al., 2018a). It is well established in the literature

that the rate of carbon sequestration in trees is much slower than the rate of release



once felled (Korner, 2003); therefore, these carbon storage estimates would be rapidly
reduced once a harvesting regime were initiated. Nevertheless, this study does provide
empirical data to address some of the uncertainty around the potential carbon storage
managed forest areas in the tropics could provide for meeting the commitments of the
Paris Climate Change Agreement (Erb et al., 2017). It has been proposed that African
agroforestry systems could be designed for greater carbon sequestration (Kongsager et
al., 2012), which for cocoa agroforestry would be accomplished primarily through

enhanced shade management (Norgrove and Hauser, 2013).

Impacts of human modification on biomass turnover

Residence time of litterfall components did vary significantly between forest and
cocoa farms, although it is difficult to discern the main drivers due to the high
variability in this measure across our farms. It has been hypothesized that due to the
uneven canopy cover in cocoa farms, forest dependent decomposer communities
would be absent or diminished; however, we did not see a correlation to biomass
residence time with canopy cover or distance from forest. By using the mass balance
approach to estimate decomposition, we are assuming this detrital mass to be in
equilibrium; however, it has been reported that cocoa farmers may spread cocoa leaf
litter around the farm to suppress weeds (R. Ashley Asare, personal communication).
This may partially explain why our estimates for cocoa leaf residence times are so
varied. Previous studies using litter bags in cocoa farms and secondary forest have
found significantly higher resident times for cocoa leaves, and that these rates vary
between wet and dry seasons (Dawoe et al., 2010).

Increased residence time of cocoa leaves with fertilization across cocoa farms,
could be revealing a changing microbial dynamic as described by Bhatnagar et al
(2018); although our observations suggest an opposite effect to what they found.
Bhatnagar et al (2018) found that by manipulating their litter experiments with N-
fertiliser, they found both fungal and bacterial community compositions changed and
that the fungal community was dominated by cellulose preferring guilds relative to the
wild community. We did not see the same effect on shade tree leaf or total litterfall
residence times, so perhaps a more complex dynamic is occurring. We also found that
residence times for shade and cocoa leaves increased with basal area of nitrogen

fixing shade trees, although considering residence times are higher in forest plots



where canopies are more closed, we explored the trade-off between more nutrient rich
leaf material and open canopies. We found the interaction between these two factors
to have an overall negative effect on shade, but not cocoa, leaf residence times. With
so many nutrients stored in leaf material and a documented dynamic of soil nutrient
mining (Morel et al., in review), it will be valuable to better understand the

decomposition dynamics and their drivers in this smallholder agroforestry system.

HANPP estimates and farm attributes

For this study we focused on the cocoa-related aspects of farm-level NPP that could
be measured using the same methods for the intact and logged forest plots. As a
result, we did not collect data on other elements of farm-level productivity that
farmers may have consumed (e.g. fruit production from other tree crops, harvested
wood, or intercropped subsistence crops). Also, our HANPP estimates are based on
the NPP measures of only one intact forest plot that was measured in close proximity.
To assess the effect of this assumption, we compared our forest measures with a
similar study (Moore et al., 2017) and found our estimates to be within 5%. Therefore,
we feel our forest NPP values to be within a reasonable range for calculating locally
relevant HANPP measures.

We found a wide variety of HANPPror values ranging from -4.6 to 5.2 Mg C
ha! yr!, which were largely driven by the density of shade trees and to a lesser extent
planted cocoa trees. By choosing to calculate modified ratios of HANPP efficiency,
we avoided the confusion of trying to interpret negative, or in some cases very large
negative, percentages. We also did not use NPP of the intact forest in the
denominator, which would have provided an informative metric of the intensity of
human use relative to potential productivity and would have been a closer
approximation to the efficiency measure proposed by Haberl et al (2014). Instead, by
considering the actual NPP of the farm in the denominator, we were focusing
efficiency measures on the proportion of farm productivity that was being harvested
and eventually removed from the system. In a perennial system, a higher proportion
of NPP being removed for human consumption would suggest greater pressure on the
system and, likely, lower overall productivity of the farm, which would also relate to
the size of HANPPLuc. We found that the proportion of total farm NPP dedicated to
producing cocoa pods (HANPPE) varied between 5.3 and 34.3% and, if only



considering the proportion of farm NPP being removed for human consumption
(HANPPug) never went above 2%. As the harvested portion of cocoa yield was such a
small component of cocoa farm NPP, the predominant driver of HANPP in this

landscape is land-use change, particularly, shade management.

Comparison of NPP and HANPP measures with the literature

Moore et al (2017) reported similarly high NPP values for semi-deciduous forest plots
in Ghana, which were among the most productive reported for the tropics. However,
we did not see the same high proportion of total NPP allocated to litterfall production.
Instead we found a pattern of more equal allocation between NPP components as
reported pan-tropically by Malhi et al (2011). Riutta et al (2018) found a shift in
carbon allocation to greater woody growth in logged forest compared to undisturbed
plots, unfortunately we were not able to confirm this statistically due to our small
number of forest plot replicates; however, it does appear our single logged plot is
investing a higher proportion of NPP to woody growth.

Our total measured cocoa NPP values were similar to those reported in
previous published studies performed in Southeast Asia and the Americas (Table 4)
and mixed shade tree farms had significantly higher NPP than cocoa monoculture. We
also found a significant difference in allocation patterns between studies, particularly
related to investment in roots; although, methods to collect root productivity did vary
across cocoa studies (see Materials and Methods). Our study shows that it is feasible
to have a diverse and carbon rich shade cover while maintaining reasonable cocoa
production, consistent with results from Indonesia (Abou Rajab et al., 2016).
Nevertheless, all of our measured farm plots had NPP values higher than calculated
NPP values using yield estimates from FAOSTAT and equations from Monfreda et al
(2008) for Sub-Saharan Africa, which averaged around 12 Mg C ha™! yr'! for the years
2000-2016. This value seems to be more similar to monoculture cocoa reported by

Abou Rajab et al (2016).

[insert Table 4]

Figure 5 shows a comparison of this study’s average cocoa farm, by NPP

component, and total NPP of intact forest as well as comparisons of reported humid



forest NPP and cocoa farm NPP for the Americas and Southeast Asia, with the caveat
that neither forest or cocoa farm NPP were measured in close proximity and this
figure is not meant to assume generalised NPP measures for each continent. Dashed
lines in this figure indicates the proportion of total cocoa NPP that would be
considered “background” compared to a “baseline” forest, for possible calculation of
comparable HANPP values. Only the cocoa NPP values for the Americas are less than
the “baseline” forest, though the cited study was monitoring the first 12 years of an
established cocoa farm, which may be underestimating the NPP of a mature cocoa
farm. This figure suggests that our estimates of cocoa NPP and HANPP would be

similar across continents and, potentially, higher than most measured forest NPP.

[insert Figure 5]

This study is unique in having collected empirical NPP data of a perennial
crop system with analogous intact and disturbed forest plots, allowing for the direct
calculation of HANPP values. Our study found an average HANPP value of 2.1 £ 1.1
Mg C ha! yr! (210 + 110 g C m yr'"), which compares reasonably well to the
continent-wide average of 1.59 Mg C ha! yr! (159 g C m? yr!) for 2005 reported in
Fetzel et al (2016). This study was one of many that calculated global HANPP using
model-derived NPP (Fetzel et al., 2016; Haberl et al., 2007; Krausmann et al., 2013).
To more directly compare their estimates over our study landscape, we extracted
HANPP estimates from their published maps and found an average HANPP of 2.7 Mg
C ha! yr'!. We were surprised at how similar our results were considering the coarse
resolution and broad-scale model of these studies. However, even though our average
HANPP values were consistent with this estimate, we also found high variability in
measured HANPP across our farms and, therefore, when considering the relative
representation of each land cover, average landscape values may differ. Using
HANPP estimates from spatial datasets derived from drone imagery, we found values
closer to 6.0 Mg C ha! yr'! across our study landscape, which included fallow lands
and subsistence crop production (Moore et al., in review). Assuming similar dynamics
across other heterogenous landscapes dominated by smallholder agriculture, we

suggest caution in relying on globally-derived estimates of HANPP.

Applicability of the HANPP metric



HANPP provides a quantifiable measure of human influence on the biosphere and at a
global-scale has been suggested as a meaningful planetary boundary (Running, 2012).
By empirically calculating HANPP across a management and distance from forest
gradient, we were interested to explore how well this metric was able to capture the
variability within a smallholder perennial system and what a large or small HANPP
value might mean for the sustainability of cocoa cultivation. Our results suggest that a
large negative HANPP value could be driven by either high cocoa pod productivity or
high shade tree density. While large positive HANPP values could either refer to low
producing farms or farms with low shade density. HANPP efficiency formulae from
the literature do not help parse that apart, because the proportion of farm-level NPP
being removed from the system was consistently low (~2%) in either case. For
instance, if shade cover were to be removed, as reported in Abou Rajab et al. (2016),
HANPPLuc would be larger and NPP litterfall would increase without significant
changes in cocoa pod production, resulting in low HANPP use efficiency. Therefore,
we would argue that the logic of the HANPP metric is more relevant to annual crop
cultivation. Otherwise, the considerable carbon investment of the farm into cocoa
litterfall and shade tree woody growth, which has ecological benefits for the
sustainability of the agroforestry system, is presented as being inefficient because it
does not scale with agricultural productivity.

Comparing extrapolated estimates of HANPP from the regional to continental
level, we further discuss the caveats of generalising this metric at a large-scale. Fetzel
et al (2016) report HANPPror values of 33% for West Africa and 35% across Africa.
They concede that these are relatively low compared to parts of Europe and Asia, but
highlight declining to stagnating trends in efficiency of HANPP as worrying and
unique to this continent. A remote sensing-based study by Abdi et al (2016) found
that HANPProt in the drylands of Africa can vary by 80% and be heavily impacted
by climatological phenomena such as El Nifio and La Nifia. They found a 7.2%
increase in demand for NPP relative to supply; although the mean trends they
identified varied from -0.25 Mg C ha™! yr! (southern Africa) to 0.02 Mg C ha'! yr'!
(Western Sahel) to 0.3 Mg C ha! yr'! (central Africa). These values are much lower
than the NPP we measured and would indicate that dryland trends are significantly
more marginal than what we are observing in this highly productive region of West

Africa. This would suggest that averaging NPP and HANPP measures over the entire



continent would be obscuring very different patterns in human appropriation.
Krausmann et al (2013) reported trends of population growth and HANPP for Africa,
whereby HANPProt has increased dramatically, largely driven by “inefficiencies” in
HANPPLuc, while per capita HANPP has reduced considerably. At the landscape
scale, studies have shown that HANPPror tends to increase with development and
affluence, with wealthier households appropriating larger proportions of NPP (Haberl
et al., 2014; Pritchard et al., 2018), a phenomenon we did not explore for this study.
However, as stated, our results suggest this fixation on “efficiency” may not be as
meaningful in more heterogenous, smallholder dominated landscapes, which current
satellite remote sensing methods do not discern particularly well (Curtis et al., 2018;
Ordway et al., 2017) and that will require higher resolution imagery and improved
classification algorithms to adequately capture (Moore et al., in preparation). If we
contrast these studies with results reported for industrialised countries, which have
shown decreasing trends in HANPP and a supposed disconnection of HANPP with
population growth and GDP (Haberl et al., 2014), it seems that HANPP is more a
metric of the dependence of a society on natural systems, particularly agricultural,
rather than being related to the level of a society’s consumption. As a result, we
would caution against implementing this metric at a broad-scale. Averaging these
values in our study landscape obscured non-trivial dynamics that could have very
different implications for the long-term sustainability of smallholder agriculture and,
therefore, does not appear to us to be a helpful metric for informing a planetary

boundary.

Conclusion

This study presents intensive, empirical data on carbon cycling and allocation across a
forest to cocoa farm management gradient. For our study system and comparable
shaded cocoa agroforestry systems globally, we found the average smallholder cocoa
farm to be more productive than baseline forest with a low HANPP efficiency of
18.9%. Therefore, to improve satellite derived NPP and HANPP estimates it will be
important to be able to differentiate shade tree density above smallholder cocoa farms.
We measured higher total biomass carbon values in a high shade cocoa farm than both
intact and logged forest plots. These results are not meant to suggest that shaded

cocoa farms are as valuable as intact or logged forest areas, as we are only comparing



carbon productivity and storage and are not considering nutrients, biodiversity, micro-
climate or other ecosystem services. They do, however, quantify how shaded cocoa
farms can yield ecosystem benefits and lower environmental footprints compared to

intensive, monoculture cocoa farms.
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Tables

Table 1 Plot names and characteristics for eight monitored cocoa farms. Age of farm was
based on reports from farmers, distance from forest was measured by GPS and confirmed
from satellite imagery, canopy openness was measured from hemispherical photos taken at
4.5 metres (above the cocoa canopy) during the wet (July) and dry season (January), cocoa
density, shade tree density and shade tree basal area were estimated from a small and large
tree census and species of shade tree are ordered by basal area dominance and represent 80%
of plot-level basal area, excluding Theobroma cacao.

Shade
Age of - Canopy COC(.)a Tree Shade Tree Dominant Shade Tree
Plot Farm Gap Density Basal Area Species

o 1 Density 24 -1
[yr] [%] [trees ha™] [trees ha'] [m” ha”]

Terminalia ivorensis
Ceiba pentandra
Entandrophragma angolense
Young Cocoa 3 36.9- 709 55 6.4 Milicia regia
[100 m] 39.7 Bombax buonopozense
Petersianthus macrocarpus
Triplochiton scleroxylon

Medium 533

Triplochiton scleroxylon
[Cl(())%()a | 18 74.5 784 8 0.71 Terminalia ivorensis
m

Discoglypremna caloneura
Hannoa klaineana

Old Cocoa 43 4- Afzelia bella
[100 m] 30 45.5 414 52 12.2 Parkia bicolor

Bombax buonopozense
Erythrina vogelii

Ricinodendron heudelotii
Sterculia tragacantha
Cola nitida

Antiaris toxicaria

Young Cocoa 48.0- Lannea welwitschii
[500 m] ? 494 337 72 11.4 Amphimas pterocarpoides

Entandrophragma angolense
Daniellia ogea

Citrus sinensis

Morinda lucida

Ficus sur
Morinda lucida
Medium 60.4 Petersianthus macrocarpus
4= Celtis zenkeri
Cocoa 15 63.4 406 52 7.4 Ficus exasperate
[500 m] Citrus sinensis
Irvingia gabonensis
Celtis mildbraedii

Hannoa klaineana
Erythrina vogelii

Old Cocoa 38.7- Nesogordonia papaverifera
[500 m] 40 443 738 36 7.8 Sterculia tragacantha

Discoglypremna caloneura
Ficus sur

Ficus sur
Nesogordonia papaverifera
Albizia zygia

Old Cocoa 30 60.1- 117 61 2.5 Voacanga Africana

[1 km] 60.8 Pycnanthus angolensis
Milicia excelsa
Morinda lucida




Cocoa/Timber
[5 km]

50

20.0-
293

478

119

34.7

Petersianthus macrocarpus
Lannea welwitschii
Bridelia atroviridis
Zanthoxylum zanthoxyloides
Spathodea campanulata
Antiaris toxicaria
Discoglypremna caloneura




Table 2 Total NPP measured separately for shade trees and cocoa trees for each cocoa plot,
including proportion of productivity for each NPP component (e.g. canopy, woody, roots and
cocoa pods), total HANPP calculated as the sum of land use change (LUC) and harvested
NPP (HANPPror), HANPP efficiency (HANPPE) calculated as HANPPuarv over total NPP
and HANPP use efficiency (HANPPug) calculated as HANPPusep over total NPP. Negative
values indicate NPP production greater than levels measured in intact forest.

Plot Tree }"l\(/)[i:lcl\llllzll’ Allocation of Productivity: I[{ﬁgNgl;;OlT H Alo\IPPE H Al:IPPUE
Category yrl] Canopy Woody Roots Pods yrl] [%] [%]

Young Cocoa 12.8+2.0 0.26 0.12 0.10 0.52

Cocoa Shade 115+1.0 0.22 036  0.42 -0.1 27.2 1.0

[100 m]  — Ajj« 243+22 0.51 0.23 0.25

Medium Cocoa 16.8 £2.1 0.22 0.18 0.30 0.30

Cocoa Shade 21405 0.55 016  0.29 3.7 26.5 1.3

[100 m]  — Ajp« 18.8£2.2 0.52 0.18 0.30

oid Cocoa 8.6+2.4 0.24 0.10 0.07 0.59

Cocoa Shade 11318 0.31 039 030 2.8 255 1.4

[100 m]  — Ajp« 19.8£2.9 0.54 0.26 0.20

Young Cocoa 52+1.1 0.38 0.20 0.26 0.16

Cocoa Shade 103+1.3 0.31 023 046 2.9 5.5 0.3

[S00 m] — Ajp« 15.6 1.7 0.39 0.22 0.40

Medium Cocoa 7.0+£2.1 0.28 0.11 0.17 0.44

Cocoa Shade 84+1.1 0.35 027 038 5.2 19.8 L7

[S00 m] — Ajp« 154+2.4 0.52 0.20 0.28

oid Cocoa 154+3.5 0.21 0.08 0.18 0.53

Cocoa Shade 8.6+12 0.41 0.19 0.40 1.8 34.3 1.9

[S00 m] — Ajp« 24.0+3.7 0.62 0.12 0.26

oid Cocoa 77£1.0 0.28 0.30 0.33 0.09

Cocoa  Shade 5.6+0.9 0.30 032 037 4.9 5.3 0.2

[1 km] All* 13.3+1.4 0.34 0.31 0.35

Timber/  Cocoa 3.7+ 1.4 0.39 0.09 0.04 0.48

Cocoa  Shade 203+13 023 052 025 4.6 7.4 0.6

[S km] All* 239+1.9 0.33 0.46 0.22

Average  Cocoa 10.5+2.2 0.25 0.15 0.20 0.40

Cocoa  Shade 82 <13 0.32 029  0.39 3.0 22.5 11

Farm'’ All* 18.8+2.5 0.51 0.21 0.28

*Cocoa pods included in canopy pool.
"Not including timber/cocoa plot



Table 3 Comparison of carbon stock and biomass residence times of the three NPP

components for intact forest, logged forest, the cocoa farm with high timber tree density and
averages across the remaining cocoa plots. Values presented with = 1 SE. Superscripts
indicate groups of land covers that are different (p < 0.05) according to Tukey’s HSD test.

L d Timber/Cocoa Mean Cocoa

Plot Intact Forest F‘:ﬁ%ﬁ ¢

Total Shade Cocoa Total Shade Cocoa
Woody biomass 1319423 93 1+£2.7% 194.1+3.7° 169.0+3.8 252402 69.6+9.65 46.6+7.4 234+3.7
[Mg C ha']
Woody residence
time 39.9+0.6
[years]
Litter biomass 49+ 1.4 40+1.3 3.4+1.0 32411  23+15 38+14 13410 1.0+07
[Mg C ha']
Litter residence
time 1.0+0.2 0.9+0.2 0.7+0.1 07+02  1.6+07 09+02 05+03 0.5+02
[years]
Fine root biomass 2.0+0.2 23403 1.9+0.2 1.6£02 03+002 1.9+07 1.0+0.1 0.4+0.04
[Mg C ha']
Fine root residence
time 3.3+04 3.840.5 44+18 44+22

[months]




Table 4 Comparison of study measurements to cocoa NPP values published in the literature

across continents.

Category Component NPP Country Reference
[Mg C ha! yr']
2.7+£1.0 Ghana This study
Litterfall 21404 Costa Rica (llgggr) ctal., 1990; Fassbender,
32+0.3 Indonesia (Abou Rajab et al., 2016)
2.4+£0.5 Ghana This study
Shade Trees Woody 1.8+0.2 Costa Rica (Beer et al., 1990)
6.8+£0.7 Indonesia (Abou Rajab et al., 2016)
3.2+0.6 Ghana This study
Fine Roots 1.6+ 0.6 Costa Rica (Beer et al., 1990)
0.2+0.0 Indonesia (Abou Rajab et al., 2016)
2.6+£0.9 Ghana This study
Litterfall 1.54+0.65 Costa Rica (llgggr) ctal., 1990; Fassbender,
1.3+£0.1 Indonesia (Abou Rajab et al., 2016)
1.6+£0.3 Ghana This study
Woody 0.46 £0.05 Costa Rica (Beer et al., 1990)
Cocoa Trees 1.6+ 0.6 Indonesia (Abou Rajab et al., 2016)
2.1+£0.4* Ghana This study
Fine Roots 0.33£0.1 Costa Rica (Beer et al., 1990)
0.5+0.1 Indonesia (Abou Rajab et al., 2016)
39+ 1.8 Ghana This study
Pods* 1.3+0.2 Costa Rica
42+1.9 Indonesia (Abou Rajab et al., 2016)
18.8+2.5 Ghana This study
. 16.4£5.28 Costa Rica (Beer et al., 1990)
Combined Total 17.7+0.6 Indonesia (Abou Rajab et al., 2016)
9.1+£2.0° Indonesia (Abou Rajab et al., 2016)

*Beans and shells combined

fCombined above-ground carbon and coarse-root measures.
fApportioned between cocoa and shade trees proportionally based on coarse root biomass estimates.

SIncludes pruning residues.

QEstimate for cocoa monoculture.
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Figure 1 Above and below ground carbon stored in forest and cocoa plots with error bars
representing =1 SE. Carbon stored in cocoa trees represents all trees >2 cm DBH and soil
values are for carbon stored in the top 30 cm.
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Figure 1 Total net primary productivity for cocoa trees (top), forest and shade trees (middle)
and combined (bottom), shaded to indicate contributions from different components of NPP

(e.g. woody, canopy, root and cocoa pods). Error bars represent +1 SE.
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Figure 2 Total NPP as a function of NPP components: (a) above- and below ground coarse
woody NPP, (b) canopy NPP and (c) fine root NPP, across monitored cocoa plots. Error bars

signify + 1 SE. Values for forest plots are plotted in red, intact (solid) and logged forest
(hollow).
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Figure 3 Ternary diagram of NPP allocation patterns across forest and cocoa plots. Size of
symbol indicates age of shaded cocoa farms measured for this study including the average
(hollow circle). Symbol shape indicates land cover type, including agroforest cocoa,
monoculture cocoa, forest, logged forest and cocoa farm managed for timber. Forest plots
from Moore et al (2017) are included (hollow squares) as well as cocoa measures from Abou
Rajab et al (2016) and Beer et al (1990), coloured by continent.
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Figure 4 Comparison of average lowland tropical forest NPP and cocoa farm NPP published
in the literature and this study by continent, reported in Table S1 and Table 4 respectively.

Dashed lines indicate NPP for each cocoa farm type after harvest of pods and error bars are +
1 SE.



