Landscape Ecology


Electronic Supplementary Materials
This supplementary material has not been peer-reviewed. 

Title: Modeling trade-offs among ecosystem services for agriculture in the “Sisal Belt” of Kilosa, Central Tanzania

Authors: Puyang Li, Guohua Hu, B.L. Turner II, Yujia Zhang



















Table S1. Spatial datasets required to evaluate ecosystem services
	Dataset
	Description
	Data source

	Carbon pools
	A table of LULC classes containing data on carbon stored (in a million grams or metric ton carbon (tC) per hectare – tC/ha) in each of the four fundamental pools for each LULC class (Table S2). 
	Detwiler (1986); Post and Kwon (2000); IPCC (2006); Ruesch and Gibbs (2008)


	Average annual precipitation
	A GIS raster image with non-zero values for average annual precipitation (in mm).
	WorldClim dataset:
http://www.worldclim.org/

	Reference evapotranspiration (ET0)
	The energy (expressed in units of the depth of water, e.g., mm) supplied by the sun (and occasionally wind) to vaporize water.
	CGIAR CSI dataset (based on WorldClim data): 
https://cgiarcsi.community/data/global-aridity-and-pet-database/  

	DEM
	A GIS raster dataset with an elevation value for each cell; we used DEM to create watershed and sub-watershed images in this paper.
	The World Wildlife Fund: https://www.worldwildlife.org/pages/hydrosheds

	Soils
	GIS aster maps containing soil and vegetation properties of rooting depth, soil depth, and plant available water content (PAWC)
	The Harmonized World Soil Database: https://www.fao.org/soils-portal/soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/

	Hydrologic systems
	A vector layer of streams of the study area
	HydroSHEDS: https://hydrosheds.org/ 

	Road networks
	A vector layer of roads of the study area
	https://mapcruzin.com/free-tanzania-arcgis-maps-shapefiles.htm

	Biophysical table
	A .csv table containing data corresponding to each land-use class in the LULC raster evaluates the water quality (nutrient delivery ratio module); the key information required includes nutrient load, retention efficiency, retention length, and subsurface parameters (Table S3). 
	https://naturalcapitalproject.stanford.edu/sites/g/files/sbiybj9321/f/nutrient_db_0212.xlsx; Borrelli et al. (2017); Mayer et al. (2007); Pärn et al. (2012); Zhang et al. (2010)



Table S2. Input values for the carbon storage/sequestration model*
	

lucode
	Land use/land cover (LULC_Name)
	Carbon stored in aboveground biomass (C_above: tC/ha)
	Carbon stored in belowground biomass (C_below: tC/ha)
	Carbon stored in soil (C_soil: tC/ha)
	Carbon stored in dead organic matter (C_dead: tC/ha)

	1
	Estate sisal
	33
	4
	30
	2

	2
	Mixed crop
	15
	2
	10
	0

	3
	Rice
	9
	2
	10
	0

	4
	Settlement
	0
	0
	50
	0

	5
	Savanna
	40
	16
	46
	8

	6
	Water
	0
	0
	0
	0

	7
	Forest
	167
	80
	115
	40

	8
	Abandoned sisal
	47
	20
	60
	10


Note: estate and outgrowing sisal use the same set of coefficients in the modeling process of InVEST.
*1. Estate sisal (Hartemink and Van Kekem 1994; Vuorinne et al. 2021); 2. Mixed crop (Liebman et al. 2014; Nyasasi and Kisetu 2014; Namirembe et al. 2020; Mugi-Ngenga et al. 2021); 3. Rice (http://sri.ciifad.cornell.edu/countries/tanzania/index.html); 4. Settlement (Sharp et al. 2020); 5. Savanna (Amara et al. 2020); 6. Water (Sharp et al. 2020); 7. Forest  (Ryan et al. 2011; Carreiras et al. 2013; Malimbwi et al. 2016); 8. Abandoned sisal (Vuorinne et al. 2021).

Table S3. Water services coefficients by LULC type used in annual water yield and water quality models*
	Description
	lucode
	usle_c
	usle_p
	load_p
	eff_p
	crit_len_p
	root_depth
	Kc
	LULC_veg

	Estate sisal
	1
	0.28
	1
	5
	0.25
	15
	600
	1.055
	1

	Mixed crop
	2
	0.412
	1
	3.57
	0.48
	15
	1000
	1.1
	1

	Rice
	3
	0.25
	0.4
	1.5
	0.25
	25
	2000
	0.65
	1

	Settlement
	4
	0.001
	0.001
	10
	0.1
	10
	500
	0.3
	0

	Savanna
	5
	0.034
	1
	0.93
	0.6
	30
	2000
	0.865
	1

	Water
	6
	0
	1
	0
	0.4
	15
	10
	1.05
	0

	Forest
	7
	0.025
	1
	1.36
	0.67
	20
	3500
	1.008
	1

	Abandoned sisal
	8
	0.005
	0.2
	0.011
	0.7
	15
	2500
	0.8
	1


Note: estate and outgrowing sisal use the same set of coefficients in the modeling process of InVEST.
*Local values were unavailable, so these are either globally-averaged values or substitutes for places with similar hydrologic conditions. These sources include the InVEST parameter database (available from https://naturalcapitalproject.stanford.edu/software/invest.); Mayer et al. (2007); Zhang et al. (2010); Pärn et al. (2012); and Borrelli et al. (2013).

Table S4. A comparison of key storylines embedded in the three scenarios (BAU, FWL, and OGS) used in the land-change modeling
	Storyline descriptor
	Business-as-Usual (BAU)
	Formal Work Labor (FWL)
	Outgrowing Scheme (OGS)

	Population
	The population will grow by 79.6% relative to 2018, based on the average annual growth rate of 5%; 60% of this growth are migrant laborers who seek wage work at the estate. This population increase fraction (79.6%) can help us estimate the magnitude of settlement expansion by 2030. 
	The population under FWL will double by 2030, based on a rapid growth rate of 6%, consistent with that of the “sisal boom” periods in the 1920-1930s, KSB region; 66.7% of the increased population are migrant wage seekers attracted by the employment under formal contact at CSF estates.
	Under OGS, the population will grow at a moderate rate of 1.5% per annum, making the total population increase by 19.6%  in 2030 relative to 2018, in alignment with the guidelines by INDC for Tanzania; same to BAU and FWL, the increase in land for settlements corresponds to the population growth.

	Estate-smallholder relationship
	Most wage laborers are casual and work at the estate primarily in the dry months; they are paid by day, and their wages increase by 10% annually.
	Estate wage laborers are paid at the same rate relative to that under BAU by month rather than day (daily wage * 20 monthly average working days); they work at the estates year-round in a formal labor contract.
	Sisal operations at KSB proceed with a mode of “casual labor + outgrower,” in which landless smallholders work at the estate year-round as that under FWL but not in a formal contract, small and medium landholders mix farming and casual labor as that under BAU, whereas most large landholders are engaged in the outgrowing scheme. 

	Estate development
	The estate develops moderately; it will rehabilitate 80 new sisal parcels annually as it has done in the past two decades, making the total sisal plantations in cultivation over 3,000 ha by 2030.
	The estate expands significantly; it will employ an enlarged group of formal workers and add 200 ha annually to maintain a profitable operation; the increasing rigidities in the switch to formal sisal operation, however, may reinforce the estate’s dependence on the global market. 
	The estate can potentially generate the largest revenue under OGS; the likelihood of attaining the expected outcomes will depend on 1) global market fluctuation, and 2) the agreed division rate of proceeds after sisal sale between the estate and outgrowers. 

	Smallholder household income from agricultural commodities
	The maximum-extent commercial rice expansion and the rising market price ensure smallholder households consistent gains from rice sales; this income increase, however, may be taken off on average-household terms by the decline of earnings from selling the remaining food crops (maize) after satisfying the domestic requirement owing to the decreases in the marketed price of subsistence and the population increase. 
	An enlarging number of smallholders become formal estate laborers who work completely off-land at the estate year-round, which leads to a shortage of hands engaged in commercial rice expansion; the increases in subsistence demands and declining food crop prices will compress the profit margins of food crop sales significantly. The average smallholder household income from agricultural commodities is expected to decrease relative to that under 2018 baseline conditions (BSL).
	Apart from food crops and commercial rice, households under sisal producing contracts with the estate can also gain from the sales of outgrowing sisal; the household income from agricultural commodities is likely to increase on average terms, but the inter-household income gap may widen––the larger landholders (households with six or more acres of land in this study) will benefit more than others owing to their engagement in the outgrowing scheme.



	Growing sectors in the regional economy
	Commercial rice is the growing sector under BAU, though the entirety of heat-moisture suitable lands for rice cultivation in KSB will have been used up around 2025 by a safe estimate. 
	With the influx of in-migrants and emerging class of formal workers, the service sectors continue to grow, providing laborers with social, legal, and financing support. This trend, although not taken into account in the modeling of this research, may have effects on restructuring the local rural economy.
	The engagement of smallholders in outgrowing sisal production fosters the growing sectors in transportation, logistics, warehousing, and machinery maintenance linked to standardized sisal production and processing. These businesses are primarily concentrated in the populous transport hubs, e.g., Msowero, Mvumi, and Peapea. 

	Regional financing
	KSB faces severe financing shortages or does not have strategic plans to make the best use of limited resources. The carbon and water markets have not yet formed. 
	KSB relies on state and foreign funds for its domestic revenues. It expects the potential of Kilimo Kwanza and SAGCOT schemes for funding from the state and foreign donors to be available for its agricultural development and UNSPF for forest conservation and restoration. 
	KSB receives the same format of financial support from estate and foreign donors for its economic development and considerable funds channeled via AFR100 to implement stricter afforestation plans. The CSF estate will be financed by its parent agribusiness and the Chinese government's “Go Out” policy to encourage overseas estate development.  

	Forest conservation
	Forest conservation is under increasing strain as a growing population and estate expansion put great demand on the forests converted to subsistence and commercial agriculture. If KSB keeps up the present deforestation rate, it will lose 13.5% of forest for other uses by 2030 under BAU.
	On the one hand, KSB under FWL faces increasing land demand for agriculture and estate development; on the other hand, forest conservation is supported through associated forest protection schemes funded through mechanisms such as UNSPF and regional initiatives, by which KSB will gain a 3% forest by 2030. This dual pressure will expedite the land conversions from other native landscapes, savanna, for instance.
	By following stricter forest management and restoration guidance by AFR100 under OGS, KSB will gain a 10% increase in forest stock by 2030. 

	Climate change
	Due to the scarcity of reliable data, we cannot give a projection of the rainfall and temperature change of KSB by 2030, although this information may affect the modeling outputs of ecosystem services by the use of InVEST. Therefore, we assume that climate change and its environmental consequences are minimal and consistent across all three scenarios.



Table S5. Rules for land-change modeling
	Land conversion
	Rules

	To estate sisal
	· Occur exclusively in the estate prescribed territory;
· From savanna and forest; 
· Non-reversible;
· Contiguously grown (expand surrounding existing sisal parcels);
· Once planted, not change to other LULC types

	To mixed crop
	· Not affected by elevation, water, road access, and slopeness;
· Not occur in the estate prescribed territory;
· From savanna and forest; non-reversible;
· Contiguously grown (expand surrounding existing mixed cropland);
· Once planted, not change to other LULC types but rice

	To rice
	· Distance to rivers: ≤ 2,000 m;
· Upper elevation limit: 500 m;
· From mixed crop, savanna, and forest; non-reversible;
· Not occur in the estate prescribed territory;
· Contiguously grown (expand surrounding existing rice fields);
· Once planted, not change to other LULC types

	To settlement
	· Distance to roads: ≤ 500 m;
· From savanna and forest; non-reversible;
· Contiguously developed (expand surrounding existing settlements);
· Once planted, not change to other LULC types

	To savanna
	· From forest––a transitional conversion from forest to farmland;
· Reversible; back to forest-like landscape if the further conversion does not follow;
· Convert to all other LULC types except water and aban. sisal in various circumstances;
· Conversion to savanna (from forest) occurs contiguously

	To water
	· water is constant in all scenarios

	To forest
	· From savanna following the natural vegetation succession;
· Reversible;
· Convert to all other LULC types except water and aban. sisal in various circumstances;

	To abandoned (aban.) sisal
	· Constant under BAU and FWL;
· Rehabilitated to estate sisal under OGS in priority; non-reversible;

	To outgrowing sisal (only occur under OGS)
	· Distance to roads: ≤ 1,000m;
· Distance to settlements: ≤ 1,000m;
· From aban. sisal and uncultivated landholding in the predominant form of savanna;
· Not occur in the estate prescribed territory;
· Non-reversible;
· Contiguously grown;
· Once planted, not change to other LULC types



Table S6. Derived weighs matrix for land-change modeling
	LULC type
	Estate sisal
	Mixed crop
	Rice
	Settlement
	Savanna
	Water
	Forest
	Aban. sisal

	Estate sisal*
	-
	0
	0
	0
	0
	0
	0
	0

	Mixed crop
	0
	-
	0.4
	0
	0
	0
	0
	0

	Rice
	0
	0
	-
	0
	0
	0
	0
	0

	Settlement
	0
	0
	0
	-
	0
	0
	0
	0

	Savanna
	0.7
	0.8
	0.5
	0.9
	-
	0
	1.0
	0

	Water
	0
	0
	0
	0
	0
	-
	0
	0

	Forest
	0.3
	0.2
	0.1
	0.1
	1.0
	0
	-
	0

	Aban. sisal
	0
	0
	0
	0
	0
	0
	0
	-


*Estate and outgrowing sisal use the same weights for land conversion, though the latter is constrained by more rules in the land change modeling (Table S5). 

Table S7. Commodity production value statistics of baseline (BSL) and future scenario (BAU, FWL, and OGS) conditions*
	Scenario
	Commodity
	Land area (La––ha)
	Unit yield (Y––cube/bag per ha)
	Unit price (P––$ per cube/bag)
	Production cost rate (C––%)
	Total net income/revenue (T––$)

	BSL
	Maize
	19,027
	16
	14.9
	35
	2,948,424

	
	Rice
	16,803
	12
	74.4
	40
	9,001,031

	
	Estate sisal
	2,125
	11
	170.0
	65
	1,390,813

	BAU
	Maize
	24,131
	16
	13.9
	35
	3,488,377

	
	Rice
	21,004
	12
	79.0
	40
	11,947,075

	
	Estate sisal
	3,084
	11
	172.0
	65
	2,042,225

	FWL
	Maize
	23,658
	16
	13.9
	35
	3,420,000

	
	Rice
	17,643
	12
	79.0
	40
	10,035,338

	
	Estate sisal
	4,524
	11
	172.0
	65
	2,995,793

	OGS
	Maize
	14,057
	16
	13.9
	35
	2,032,080

	
	Rice
	18,483
	12
	79.0
	40
	10,513,130

	
	Estate sisal
	3,809
	11
	172.0
	65
	2,522,320

	
	Outgrowing sisal
	2,885
	11
	120.0
	60
	1,523,280



*Notes for the Table
Y (unit yield by cube/bag per ha): 
· Bags are the basic unit locally used in grain transactions; each bag weighs 100Kg.
· Decorticated and dehydrated sisal fiber is brushed, sorted, graded, and finally baled under pressure into cubes ready for shipment; each cube weighs 100Kg.
· The unit yield information was derived from the field data.
P (unit price per cube/bag):
· Baseline unit price for each commodity was derived from field data based on the year 2018 in reference to FAO statistics (2017).
· The future unit prices were calculated based on the smallholders’ and the estate’s estimates of the annual inflation rate for each commodity, in this case -0.6% for maize, 0.5% for rice, and 0.1% for sisal fiber.
C (production cost rate):
· The rate of costs generated in the production process of each commodity.
· Production cost rates for maize and rice in Tanzania were derived from field data in reference to OCGS (2017) and Vandercasteelen and Christiaensen (2020).
· Production cost rate for sisal was estimated by CSF in reference to Dalberg (2019).
T (total net income/revenue):
· T = La*Y*P*(1-C).
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