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Abstract: In tropical regions, land-use pressures between natural forest, commercial tree plantations,
and agricultural land for rural communities are widespread. One option is to increase the functionality
of commercial plantations by allowing agroforestry within them by rural communities. Such land-
sharing options could address wider societal and environmental issues and reduce pressure on natural
forest. To investigate the trade-offs involved, we used InVEST to model the ecosystem services
provided by growing coffee under commercial pine plantations in Indonesia against other land-
use options. Pine—coffee agroforestry provided worse supporting and regulating services (carbon,
sediment and nitrogen retention, catchment runoff) than natural forest; however, it provided greater
provisioning services (product yield) directly to smallholders. Converting pine monoculture into pine-
coffee agroforestry led to increases in all ecosystem services, although there was an increased risk to
water quality. Compared with coffee and root crop monocultures, pine—coffee agroforestry provided
higher levels of supporting and regulating services; however, product yields were lower. Thus,
opening up pine plantations for agroforestry realises additional income-generating opportunities for
rural communities, provides wider ecosystem service benefits, and reduces pressure for land-use
change. Lower smallholder yields could be addressed through the management of shade levels or
through Payments for Ecosystem Services schemes.
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1. Introduction

Land-use change for agriculture is the fundamental threat for tropical forest ecosys-
tems [1]. In Southeast Asia, plantations for palm oil, pulp wood, and rubber products
are expanding due to global demand [2,3], resulting in the deforestation of primary and
secondary forests [4,5]. With a growing population needing access to land combined with
increased scrutiny to preserve forested lands, pressure on the natural resources within
these ecosystems continues to increase [6], leading to conflict and trade-offs in product
yields, ecosystem function, and biodiversity conservation [7-9]. Thus, the challenge exists
to find sustainable development options that can reduce land-use pressures or minimize
impacts, and agroforestry has been proposed as one such solution [10].

Combining shade trees and crops can provide secondary products, such as timber
and fruits [11,12], enabling the diversification of income and protection against crashes in
crop prices [13]. Often, this takes the form of adding or retaining shade trees in a system
where the understory crop is the focus. Coffee is commonly grown in an agroforestry
system in tropical areas and the incorporation of shade trees provides benefits such as pest
and disease control, carbon storage, and biodiversity [14-16], amongst others [17,18]. An
alternative form of agroforestry, which can be practiced in areas where plantation forestry
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dominates, is to incorporate shade-tolerant crops such as coffee or cocoa into existing tree
plantations. Such approaches offer opportunities for land-sharing agreements between
rural communities and commercial forestry, thus enhancing rural livelihoods for those
with limited access to cultivatable land, and potentially mitigating forest clearance for
agriculture [19,20].

Converting commercial forestry into agroforestry systems is not straightforward. Com-
mercial plantation forest is a valuable resource [4,20], and trees may be affected through
competition for resources with interplanted crop [21] or require changes in management.
The ecological and economic benefits of agroforestry within a commercial forestry plan-
tation may differ from ‘typical” agroforestry systems and are poorly understood. In land-
sharing systems, the income crop for the farmer is secondary to the trees which are grown
at a higher density and owned by a second party. This produces a distinct difference in
the system set-up and the actors involved compared to other agroforestry systems. To
date, few studies have directly studied this complex agroforestry arrangement. Before
encouraging the expansion of community agroforestry within commercial tree plantations
as a sustainable development strategy, the impacts on the functioning of the ecosystem and
the benefit to rural communities need to be understood [22,23].

An example of agroforestry within commercial plantations can be found on Java,
Indonesia, where coffee is grown under native pine (Pinus merkusii) plantations. The
pine is grown for resin and timber, with resin tapping contracted to rural villagers by
allocating land-use rights of approximately 1-hectare plots to workers [24]. Villagers’
livelihoods are often dependent on growing food crops and coffee within allocated plots,
a practice not always viewed favourably from a commercial forestry perspective [25]. In
some cases, coffee farming within government pine plantations has been encouraged
(under informal agreements) by the state forestry company Perum Perhutani to enable
rural villages to obtain an income from the land and prevent the clearance of their trees for
other crops [26,27]. This setup appears to be a “‘win-win’ situation for all actors involved,
with smallholders cultivating an income-generating crop: Indonesia produced 636,000 tons
of coffee in 2018/2019, predominately from smallholders [28]. Meanwhile, the state forestry
company is able to maintain its source of income from pine resin and timber [29]. However,
the trade-offs in ecosystem function and impact on smallholders against alternative land
uses have not been evaluated.

Ecosystem service models are one method to understand trade-offs in ecosystem
services associated with land use (e.g., [30]). Modelling alternative land-use scenarios
allows a picture to be built up of the impact of land-use choice, and the measures needed
to compensate for the loss of services (e.g., [31]). Currently, few studies have incorpo-
rated agroforestry within landscape-scale models, due to the complexity of modelling this
land use. Zheng et al. [32] employed a similar approach to compare the differences in
ecosystem service provision between intercropped and non-intercropped rubber in China.
Kay et al. [33] incorporated cherry orchard agroforestry to explore how agroforestry affects
the landscape provision of ecosystem services compared to monocropping.

Therefore, we investigated whether pine—coffee agroforestry is truly a “win-win’ sce-
nario both environmentally and for the multiple actors involved, by incorporating pine—
coffee agroforestry as a land-use class in a widely used landscape-scale ecosystem service
model, INVEST. At a catchment scale, we modelled five ecosystem services (carbon storage,
nitrogen retention, sediment retention, water yield, and smallholder product yield) for
five alternative scenarios for commercial production forest pine plantation in part of East
Java, Indonesia. The land-use scenarios were: secondary forest, pine monoculture, pine—-
coffee agroforestry, full-sun coffee, and an annual agricultural crop. We aimed to address
the question of whether pine—coffee agroforestry achieves a balance in ecosystem service
outputs and can be considered as a sustainable development strategy.
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2. Materials and Methods
2.1. Study Site

Located in East Java, the study area consists of four catchments on the slopes of
stratovolcanoes Arjuno-Welirang and Kawi-Butak, and is located in the Upper Brantas
Watershed (Figure 1). The source of the Brantas River is the stratovolcano Mount Arjuno-
Welirang, and tributaries stem from the surrounding stratovolcanoes. The catchments are a
source of water supply to springs within Batu City [34]: population 170,000 [35]. The area
has a tropical monsoon climate with two distinct seasons: rainy season from November to
April and dry season from May to September. Average precipitation is 1900-2000 mm per
year, of which 80% occurs in the rainy season [34].

Arujuno-Welirang

Malang

0 D 10
s Kilometers

Landcover
[ Other plantation species B Bare land [ ] Rice Field
- Production forest pine plantations :l Bush / Shrub - Secondary dryland forest

|:| Understory crops / young trees |:| Dryland agriculture |:I Settlement area

Figure 1. (A) Location of study area on Java. (B) Elevation across the study area with production
forest band picked out. (C) Study area within Upper Brantas Watershed, with location of UB forest
and land cover. Catchments are numbered for identification. Background map copyright Esri, HERE,
Garmin, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster
NL, Ordnace Survey, Esri Japan, METI, Esri Chrina (Hong Kong), swisstopo.

Land cover within the catchments is based on the Ministry of Environment and
Forestry land-cover map [36] combined with a classification of tree type within their
production forest class. Within the catchments, the land cover consists predominately of
agriculture, followed by production forest pine plantations and human settlements, with
secondary forest located higher up the stratovolcano slopes. Pine plantations make up
29% of the land use in catchment 1, 16% in catchment 2, 27% in catchment 3, and 9% in
catchment 4.
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The agroforestry research platform of Brawijaya University, Malang, known as UB
forest, sits within these catchments in which pine—coffee agroforestry is the dominant
land use. Originally owned by Perum Perhutani, the land has been granted to Brawijaya
University to undertake educational research around agroforestry practices within state
forests. The forest is home to a number of communities who cultivate coffee under the
plantation forest [25].

2.2. Scenarios

Within the study area, five scenarios were created to explore alternative land uses for
pine plantations in the production forest band. These five scenarios cover a management
intensity gradient ranging from low to high intensity, described below (with scenario
abbreviations in brackets):

1.  Secondary forest (forest)—the most likely natural forest state in the area, given histori-
cal disturbance.

2. Monoculture pine plantation (pine)—Pinus merkusii with no ground cover vegetation.

3.  Pine—coffee agroforestry (agroforestry)—Pinus merkusii with coffee (Coffea arabica) as
an understory.

4. Monoculture sun coffee (coffee)—Arabica coffee (Coffea arabica) with no understory or
interplanting.

5. Annual crop (crop)—generic root vegetable crop modelled on taro (Colocasia esculenta)
and with no interplanting.

Scenarios other than secondary forest are referred to in the text as ‘managed’, reflecting
the human cultivation aspect. The key assumption applied within the scenarios is that the
system is at its peak, i.e., coffee and pine trees are mature.

2.3. Modelling

We used the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST
software version 3.8.1) suite of spatially explicit ecosystem service models. InVEST utilises
land-use land-cover maps and provides a biophysical output value for each service [37].
The strengths and weaknesses of INVEST compared to other spatially explicit ES models
have been investigated by Sharps et al. [38]. We chose INVEST as it is open-source, able to be
used with global datasets, has relatively few input parameters, and has been applied across
the globe (e.g., [30,39,40]). As such, is it particularly useful for addressing research and
development questions in more data-poor regions of the world. Four ecosystem services
were modelled using INVEST (carbon storage, nitrogen retention, sediment retention, and
water yield), with the fifth (product yield) modelled separately. Due to the mismatch in
landscape scale of the models and plot scale for limited field data, not all model outputs
were calibrated.

2.3.1. Carbon Storage

The InVEST carbon storage and sequestration model uses lookup tables of carbon
values, summing carbon from above ground biomass (bark, trunk, branches, and leaves),
belowground biomass (roots), dead organic matter (standing deadwood and litter), and
soil carbon. As the amount of carbon in each pixel is not dependent upon neighbouring
pixels, only carbon within the production forest band under the different scenarios was
calculated.

Aboveground biomass or carbon values for land uses of secondary forest, pine mono-
culture, full-sun coffee, and agriculture were obtained from the literature for Indonesia
(Table S1, Supplementary Materials). Aboveground biomass data for agroforestry were
obtained using data from UB forest with pine- and coffee-specific allometric equations
from Hairiah et al. [41]. Agroforestry aboveground biomass was converted to aboveground
carbon using a conversion factor of 0.46, which differs from the default of 0.47 [42] based
on the manual produced by Hairiah and Rahayu [43] for measuring stored carbon in
Indonesia.
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Belowground biomass, and consequently carbon, was calculated as a fraction of
aboveground biomass, using root-to-shoot ratios for tropical ecosystems provided in IPCC
guidelines [42]. Dead litter carbon was assumed to be 2% of aboveground carbon. Global
soil organic carbon was obtained from Hiederer and Kochy [44]. These data were assumed
to be soil organic carbon stored under natural conditions; consequently, a reduction factor
was applied to each managed land use according to the work of Hairiah et al. [45] on soil
organic carbon change under different systems in Indonesia. Carbon values applied in the
study and soil organic carbon reduction factors are listed in Table S1.

2.3.2. Nitrogen Retention

The nitrogen retention of each scenario was calculated by modelling nitrogen export
using the Nutrient Delivery Ratio (NDR) model and subtracting catchment export from
catchment total load. The model applies a simple mass balance approach representing the
steady-state flow of nutrients from land to river [37]. Nutrient input (load) into the system
was modelled as atmospheric deposition plus fertiliser quantities obtained from the Food
and Agriculture Organisation (FAO, Rome, Italy) for Indonesia [46]. Three atmospheric de-
position classes were generated to account for different heights, and therefore interception
ability, of vegetation: low-growing vegetation (grass, 8.59 Kg N ha~! year—!); medium-
height vegetation (10.70 Kg N ha~! year~!); and tall vegetation (23.45 Kg N ha~! year~1).
Baseline atmospheric deposition for the area was obtained from Galloway et al. [47], and
values were scaled according to the deposition velocities of Jones et al. [48] to obtain a
value appropriate for medium and tall classes.

Nitrogen was modelled as surface flow through each pixel, with pixel-level export
(export defined here as the nutrients that will reach the stream) calculated based on upslope
area and retention efficiencies of land-use land-cover types downstream. Pixels with natural
vegetation retain a higher percentage of nutrients passing through.

Gridded data of elevation [49] and annual precipitation [50] (as a proxy for nutrient
runoff) were used in the model, along with biophysical variables of retention efficiencies
and retention lengths of each land use. Land-use-land-cover-specific biophysical variables
for the scenarios are provided in Table S2 in Supplementary Materials. Further detail and
equations underlying the model can be found in Sharp et al. [37]. The model outputs were
the total annual nutrient exported per pixel and for the watershed.

2.3.3. Sediment Retention

The Sediment Delivery Ratio (SDR) model of INVEST models sediment exported from
the catchment by calculating the annual soil loss per pixel using the revised universal soil
loss equation (RUSLE) and multiplying this by the proportion of soil loss that actually
reaches the stream. Only rill/inter-rill erosion processes are modelled, and all sediment that
reaches the stream is assumed to leave the catchment; hence, no in-stream processes are
incorporated. See Sharp et al. [37] for further detail and equations underlying the model.

Gridded datasets of elevation [49], rainfall erosivity [51], and soil erodibility [52]
were inputted into the model, along with cover-management and support practice fac-
tors applicable to different land uses. Cover-management values were obtained from
Panagos et al. [53] and support practice factors derived from Stone and Hilborn [54] for
each scenario. Values applied are provided in Table S3 in Supplementary Materials.

2.3.4. Water Yield

Water yield (also described as catchment runoff) was modelled using InVEST water
yield model, in which it is assumed that water is lost from the catchment by evapotranspi-
ration or abstraction only. Water remaining after evapotranspiration is calculated to reach
the river irrespective of pathway travelled: surface, subsurface, or baseflow. This model
uses annual average precipitation [50], with evapotranspiration modelled based on the
Budyko curve [55].
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To calculate evapotranspiration, gridded datasets of potential evapotranspiration [56],
root-restricting layer depth [52], and plant available water fraction [52] were utilised, as well
as biophysical values for each land-use class of root depth where 95% of roots occur and crop
evapotranspiration coefficient (Kc). Biophysical values applied to each scenario are listed
in Table 54 in Supplementary Materials. Kc is less clear-cut for pine—coffee agroforestry and
pine monoculture. Based on information concerning shaded coffee plantations, pine—coffee
agroforestry is assumed to have higher evapotranspiration than full-sun coffee or annual
crop, between that of rain-fed crop and natural forest [57]. With the density of pine assumed
to remain unchanged, and with no ground cover, pine monoculture is assumed to have
lower evapotranspiration than natural forest and pine—coffee agroforestry. The resulting
differences in the Kc modelled were minor and deemed appropriate, as Cristiano et al. [58]
found that plantations have similar evapotranspiration losses to natural forest in subtropical
climates.

A key parameter for modelling evapotranspiration is the Z parameter, an empirical
constant which conceptualises local hydrological characteristics. Z was estimated as the
average number of rain days per year multiplied by 0.2, following Donohue et al. [59],
producing a value of 25. This method has been shown to result in a good agreement
between modelled and measured data [60]. Further detail concerning the calculations can
be found in Sharp et al. [37].

2.3.5. Products

For each scenario, the potential yield of crop or product was calculated. Coffee pro-
duced under pine-coffee agroforestry was taken as an average yield for smallholdings
within UB forest [61,62]. Indonesian yields were only available as aggregated values includ-
ing both sun and shade coffee; thus, full-sun coffee yield data were taken from Vietnam,
where coffee plantations are primarily in full sun and are often used for comparisons with
Indonesian yields. Turpentine and rosin produced from pine resin is a main source of
income for the state forestry company Perum Perhutani, and smallholders receive a form
of payment based on resin tapped. When pine cannot be tapped further, wood is felled and
sold mostly on domestic markets [29]. Rosin and turpentine yields from pine resin were
obtained from Perum Perhutani [63], and taro yield was obtained from FAO [64]. Although
taro production for Asia is estimated at 12.6 tons yr~! ha, we selected the more conservative
global average of 6.2 tons yr~! ha to account for the less-optimal growth conditions for
taro across the elevation band. Resin yield was assumed to be unaffected with the addition
of coffee agroforestry. Timber yield was not accounted for due to the complexity required
concerning quality and class, and smallholders do not gain any revenue from felled timber.

3. Results

The results presented here are predicted outcomes, based on input data for each
scenario. Scenarios were compared against the pine scenario, which was taken as the
baseline to reflect the current situation.

3.1. Carbon Storage

The quantities of carbon stored in the forest scenario were higher than all of the
managed land-use scenarios. Agroforestry led to a lower (4%) increase in the carbon storage
compared with monoculture pine plantations (Figure 2). By contrast, other agriculture
options had substantially lower carbon storage than pine (43-55%). Changes in the spatial
pattern of carbon storage across the production forest band within scenarios reflected the
combined influence of land cover and underlying soil type (Figure 3).
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Figure 2. Total values across catchments for different ecosystem services of (A) nitrogen load, export
and retention; (B) carbon stock according to different carbon stores; (C) sediment exported; (D) water
yielded; and (E) product yield per scenario. Note different y axes for each plot, and that carbon refers
to production forest band only.
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Figure 3. Model outputs of carbon stored and nitrogen exported for different land-use change options
of the pine production band.
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3.2. Nitrogen Retention

All scenarios involving agriculture, including agroforestry, had a higher nitrogen load
and export than pine or forest. However, the fraction of nitrogen load retained within the
agricultural systems varied, with higher retention in the agroforestry scenario compared
with coffee or crop, leading to a lower export despite a higher load (Figure 2). We mapped
nitrogen export rather than retention in Figure 3 because the former has the greatest impact
on water quality. On the spatial impact of land use, steeper areas closer to flow paths had a
higher export of nitrogen (Figure 3). Considering the production forest band only, the rate
of average nutrient export was 370 g N km? yr—! under agroforestry, intermediate between
the tree scenarios (30 g N km? yr~! under forest; 60 g N km? yr~! under pine) and the
monoculture crop scenarios (590 g N km? yr~! under coffee; 580 g N km? yr~! under crop).

3.3. Sediment Retention

Forest had the lowest sediment loss out of the scenarios (28% lower than pine), fol-
lowed by agroforestry (8% lower than pine) (Figure 2). Under crop, total sediment lost was
almost double the amount lost under pine. The spatial patterns showed that areas with
higher slope gradients within the production forest band displayed higher quantities of
sediment loss (Figure 4). Considering the production forest band only, the average rate
of sediment export within the band for agroforestry was 3190 kg km? yr—!, intermediate
between forest (160 kg km? yr~!) and managed scenarios (4880 kg km? yr~! under pine;
11,280 kg km? yr~! under coffee; 21,490 kg km? yr~! under crop). Taking an average rate
of sediment export for the catchment as a whole under each scenario, the order remained
the same, though the rates reduce to: 680 kg km? yr—! under forest; 940 kg km? yr~!
under pine; 860 kg km? yr—! under agroforestry; 1240 kg km? yr~! under coffee; and
1700 kg km? yr~! under crop.

3.4. Water Yield

Managed land-use scenarios increased the quantity of water exiting the catchment
compared with forest, with agroforestry having the lowest increase at 0.27% (Figure 2).
Spatially, the changes in water yield between the scenarios were more pronounced in areas
of higher precipitation (Figure 4).

3.5. Products

Focusing on smallholder yields, the largest yields came from the crop scenario. This
provided an increase in yield quantity of 2000% compared with agroforestry (Figure 2).
The potential yield attainable under the coffee scenario was 400% greater compared with
that attained under agroforestry. Pine provided no smallholder benefit other than through
payment for resin tapping, which is not quantified here. Agroforestry provided a greater
diversity of products, with additional state-owned products of rosin and turpentine. As-
suming resin quantities from pine trees within agroforestry are not affected by the presence
of coffee plants, state-owned income remained the same as pine and agroforestry.

3.6. Trade-Offs

Ilustrated in Figure 5, forest supplied high levels of ecological function but provided
no substantial income to smallholders or the state. In opposition to this scenario was
crop, which provided the highest level of product yield for smallholders but resulted in
the highest levels of nutrients, sediment, and water lost from the catchment along with
minimal carbon storage. Agroforestry sat between these extremes. It did not provide the
highest product yield for smallholders; however, it did provide the highest carbon storage
option across the managed scenarios along with income for both smallholders and the state,
while minimising the negative impacts of managed land use to a larger extent than pine on
its own. Agroforestry had lower sediment, nitrogen, and water losses from the catchment
compared with the crop and coffee scenarios.
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4. Discussion

We found that incorporating agroforestry coffee within pine plantations has a balanced
impact on ecosystem service delivery at the landscape level, compared with other scenarios.
Agroforestry provided higher levels of ecological function over crop monocultures with
lower adverse impacts, while also providing socioeconomic benefits to smallholders absent
within state pine plantations and secondary forest.

There is a considerable amount of literature showing the ability of agroforestry to
sequester more carbon than conventional agriculture (e.g., [16,17]); however, studies com-
paring agroforestry with tree plantations are scarce, and in Southeast Asia mostly concern
jungle rubber [9,65]. In our study, carbon storage was higher under the agroforestry system
than pines alone, since tree density remained the same between agroforestry and timber
monoculture—a factor unique to these systems, where the primary focus of the land use is
maintaining timber productivity. The differential between carbon stored in natural forest
and agroforestry was not as pronounced as seen elsewhere in the literature [9], as the natu-
ral forest type modelled to otherwise exist at this location is disturbed secondary-growth
forest rather than primary forest. Although unable to attain the carbon levels achievable
through natural reforestation, agroforestry within commercial plantations has the potential
to contribute towards carbon storage targets.

The improved nitrogen retention, and therefore lower leaching losses, of agroforestry
compared with crops is due to the belowground root safety net provided by the trees [17].
The 35% lower leaching modelled is lower than that reported for other silvoarable studies
in the literature, where agroforestry reduces nutrient losses compared to conventional
agriculture by 40-70% [17,33,57]. The steepness of the production forest band may con-
tribute to the smaller difference between agriculture and agroforestry in this study. Whilst
pine—coffee agroforestry retains a higher proportion of nitrogen compared with other
managed scenarios, the quantities of fertiliser applied to the coffee crop may still cause
substantial amounts of nitrogen to enter into the water system. The leaching of fertiliser
can increase riverine loads [66] or result in groundwater contamination [67], which will
have consequences for human health [68]. In reality, the actual amounts of fertiliser applied
may be lower than what was modelled. The internal cycling of nitrogen via litter decom-
position from pine trees [69] combined with the higher retention ability of pine—coffee
agroforestry could result in less fertiliser being required by smallholders. At the landscape
level, however, differences in nutrient losses were less pronounced between scenarios due
to the relatively small (9—29%) proportion of the total catchment area that is production
forest, and the significant contribution to catchment nitrogen load from agricultural land
outside of the forest area. Nevertheless, finding the optimal level of fertiliser application
for pine—coffee agroforestry would help reduce the risk to water quality downstream if this
land use expands, and will require additional data to be collected from the relatively new
UB forest research platform [25].

Borrelli et al. [70] estimate a soil erosion rate of 0.01 to 0.5 t km? yr‘1 on Java (average
of 0.035 t km? yr~! for Asia), and the rates in this study sit in the upper range of this
band or exceed the estimates. The higher rates are most likely due to differences in
land-cover type (with associated RUSLE parameters) and resolution resulting from the
scale of the study: the area modelled is smaller than the pixel size of the MODIS land
cover used by Borrelli et al. [70] in their global study. Analysing the difference in soil
erosion between agroforestry and an annual crop within the production forest band, the
differential is similar to the average difference of 86% reported by Zhu et al. [57]. Soil loss
impacts upon other ecosystem services of carbon storage, nutrient retention, infiltration, and
yields [70]. Already accelerated under monocultures, soil loss and associated consequences
are exacerbated for monocultures located on steep slopes, such as Javanese pine plantations.
Landslides [71] and lake siltation have been widely observed on Java and directly attributed
to land-use conversion and monocultures. In these locations, agroforestry has considerable
potential to improve erosion control [17,69,72] and wider ecosystem service benefits.
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Replacing forest has impacts on water retention, with choices altering groundwater
recharge rates and mechanisms [73,74], and affecting flood risk [75] and water supply
costs [76]. The loss of forest cover within the study catchments has decreased spring dis-
charge in the lower catchments and exacerbated flood events on the Brantas river [34,77].
Pine—coffee agroforestry provides the closest water yield to natural conditions and should
minimise the negative impacts of land-use change on water supply and retention. However,
the impact of pine—coffee agroforestry on groundwater is more complex than can be cap-
tured in this study. Cannavo et al. [78] found that, while coffee agroforestry decreased runoff
compared to coffee monoculture, drainage was also decreased. Additionally, Kay et al. [33]
found that the groundwater recharge rate was lower for agroforestry dominated landscapes
compared with agriculture. Further modelling of pine and coffee interactions would clarify
the impact agroforestry could have on groundwater water supply.

Although coffee agroforestry within commercial plantations provides an opportu-
nity for smallholder income in conditions of scarce land availability, there are two major
potential disadvantages from the perspective of the smallholder. The first is gross crop
yields and translation into income. Agroforestry often does not provide the same economic
returns as monoculture [9,79]. In this study, higher gross yields (at least in the short term)
are produced under monocultures of coffee or annual root crop; in the case of annual root
crop this negates the lower farmgate price. These yield gaps are likely exacerbated by
current shade levels within pine—coffee agroforestry systems. However, agroforestry does
offer opportunities to increase or diversify existing income. Within the UB forest enclave,
smallholders typically grow cash crops in small plots of land outside the forest, so the
utilisation of the forest resource in an agroforestry context can provide additional income
benefits.

The relationship between coffee yields and shading is not straightforward, as it de-
pends on local environmental conditions and shade tree species [80,81]. Shading has been
found to negatively impact coffee yields [82], although intermediate levels of shade have
been shown to increase coffee yield (e.g., [83]) or not affect yields compared with full-sun
plantations [12,84]. Greater yields do not always result in greater profit, particularly for
coffee, where factors such as environmental conditions, production processes, and routes
to market determine the type of coffee that can be grown and the bean quality—factors
that rank above yield when determining profit [85]. Shade levels within the pine—coffee
agroforestry systems of UB forest are around 70%, a level at which they are negatively
impacting yields to an extent which is not balanced by improvements in coffee quality [25].
The yield gap due to shading could be reduced through research to find a compromise
shade level which improves coffee yield or quality [23] while not adversely affecting resin
or timber production [81,84]. Indeed, such research is currently being undertaken within
the UB forest research platform [25]. For pine—coffee agroforestry to be a ‘win” for small-
holders, a compromise with the state forestry company regarding pine management may
be needed to produce better coffee-growing conditions.

The second disadvantage is the felling of the pines at the end of their rotational period,
since the land-owners’ primary aim is still commercial forestry. The felling of pine trees
requires the removal of, or damage to, the coffee plants, and therefore a temporary loss
of income to smallholders. The optimal pine rotation length for resin is 35 years, though
stands are often left for up to 50 years [86], while the economic lifespan of a coffee plants
is approximately 30 years [87]. Harmonising the growth cycles could reduce the negative
impacts of felling, as subsistence crops could be grown while both the replanted pine trees
and coffee trees are young. In this study, the effects over a full production cycle were not
captured. A time-averaged assessment of ecosystem services, such as that undertaken
by Guillaume et al. [65], incorporating the growth and felling of pine and coffee over the
rotational period, would provide a clearer picture of the long-term impacts of pine—coffee
agroforestry [88,89]. Insights from Guillaume et al. [65] suggest that greater losses in
ecosystem services will be observed, with rotation length having an impact as well as
ecosystem services with slow dynamics, such as soil carbon stores.
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To be a viable sustainable development pathway for rural communities, the impact of
climate change also needs to be considered. In the long term, smallholders may have an
advantage in farming coffee within pine plantations. In addition to the ecosystem services
provided by an agroforestry system that will reduce the need for extensive input, pine trees
protect coffee from less-favourable climatic conditions [90]. Climate change is threatening
coffee production, with declines predicted in the predominate growing areas of Central
and South America as well as Indonesia [91,92]. Within Indonesia, Ovalle-Rivera et al. [93]
predict that suitable Arabica coffee growing climates will shift from 500-2000 m elevation
to 800-2300 m elevation. Since the production forest pine plantations in East Java are
predominately found between 1000 m and 2000 m elevation, and with added protection
from climate extremes provided by the pine canopy, farming coffee within these plantations
may become an attractive future economic prospect.

Ultimately, plantation forestry is managed for profit. As such, resource-use comple-
mentarity between tree and understory crop is vital to ensure success [94]. Investigating
the economic feasibility of growing rubber within an agroforestry system, Warren-Thomas
et al. [95] found that yields of a high-yielding rubber variety did not decrease when grown
in an agroforest system. By contrast, there is some evidence that the growth of pine trees
is affected by nutrient and water competition with coffee plants [61], but further work is
required in this area.

Legal rights are also an important issue, particularly considering the history of land-
use conflicts between governments and rural communities in Indonesia [96]. Currently,
no formal policy exists that protects agroforestry systems in Indonesia. To ensure that
agroforestry within commercial plantations is beneficial for smallholders in the long term,
a clear policy framework protecting rights and land allocations is required rather than
informal agreements [97,98]. One mechanism that may provide this structure without
conceding land ownership is a form of a Payments for Ecosystem Services (PES) scheme,
centred on security tenure for smallholders. A scheme could also consider additional
income or start-up funding to recognise the wider ecosystem service benefits provided by
smallholder agroforestry to downstream catchments. Numerous existing schemes provide
a range of models to follow [99], and PES schemes have been previously implemented in
Indonesia, though these tend to focus on one service only and implementation has been
limited [100].

Our findings have implications beyond the pine plantations on Java. In Indone-
sia, around 30 million people are estimated to directly depend upon access to forest
resources [101,102], and within Southeast Asia, forests support the livelihoods of around
70 million people [103]. Agroforestry schemes adapted to different tree species plantations
could provide a benefit to rural communities with wider ecosystem service benefits [94]—
there is certainly no ‘one setup fits all’. Secondly, plantation forestry will increase in South-
east Asia [104,105], and in Indonesia it is likely that natural forest will be converted [106,107].
The expansion of forest plantations is not without biological and sociological cost [9,97].
Though we found that pine—coffee agroforestry offered the best ecological and economic
balance—provided that the management of pine—coffee agroforestry is undertaken for
smallholder benefit—this does not justify the expansion of this land use into natural forest
or the replacement of more complex, biodiverse agroforestry systems or other forest owner-
ship schemes [95,98,108]. Rather, as pressure on forest resources and access increases, the
expansion into existing plantations is a feasible forest policy.

5. Conclusions

Meeting economic needs while providing wider ecosystem services results in a com-
promise between ecological and economic function. In the case of pine—coffee agroforestry,
this land use is not a substitute for natural forest regarding supporting or regulating ecosys-
tem services; conversely, the economic benefit for smallholders is lower, at least in the short
to medium term. However, being able to ensure a greater provision of ecological function
while at the same time meeting smallholder needs and forestry requirements means that
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pine—coffee agroforestry has the potential to be a “win-win” land-use option environmen-
tally and for the multiple actors involved—provided that management/a form of PES is
undertaken for smallholder benefit. How likely changes to pine plantation management
are, or the feasibility of implementing PES scheme, are questions outside the scope of this
study. If this land use expands throughout monoculture pine plantations, there could
be a risk to water quality through increased fertiliser application, and further research
into this area would be beneficial. Ultimately, provided that the risks to water quality are
understood and mitigated, the expansion of coffee within existing tree plantations is a
sustainable option.
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biophysical input values for production forest band per scenario for IN'VEST sediment retention
model. Table S4: Table of biophysical input values for production forest band per scenario for IN'VEST
water yield model. References [38,41,88,109-114] are cited in the supplementary materials.
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