Using locally available fertilisers to enhance the yields of swidden farmers in Papua New Guinea
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Abstract

2. Context Swidden agriculture (a type of small-scale agriculture) is crucial to the livelihood and food security of millions of people in tropical regions. Social-ecological changes, including population growth and anti-swidden policies, are putting pressure on the existing swidden system to increase agricultural productivity in a sustainable way. Enhancing soil fertility is a promising option for increasing crop yields and extending lifetimes of agricultural fields, thereby reducing the demand to clear new land. However, there is limited information on how swidden farmers can best maintain soil fertility. 
3. Objective Our aim was to investigate whether using locally available fertilisers can increase soil quality, crop yields and lifetimes of swidden fields.
4. Methods We established experimental gardens on the land of swidden farmers in the Lowlands of Papua New Guinea, where the majority of the population depends on swidden agriculture. Gardens were set up on two types of sites; five were established on new sites that had just been prepared for gardening by cutting and burning vegetation after a fallow period, whereas another five were prepared on garden sites that were just being fallowed. We applied three treatments; i) compost consisting of decaying banana peels, ii) chicken manure, and iii) NPK fertiliser to different plots within each garden; and tracked soil quality and yields of sweet potato over 12 months (three post-intervention cropping periods). We also conducted in-depth interviews with local farmers to understand their perspective on soil management. 
5. Results and Conclusions Few farmers typically used compost, chicken manure or NPK fertiliser. Many were keen to try these fertilisers, provided they had more information. The performance of treatments depended on the type of garden with chicken manure increasing tuber yields in fallowed gardens but not new gardens, and banana peel compost also increasing tuber yields in fallowed gardens although not significantly. NPK fertiliser was the best option because it was the only fertiliser that increased yields in both new and fallowed gardens, produced tubers of similar quality and taste to control plots and was financially profitable. Treatments affected yield through increasing available nitrogen and reducing soil moisture. We also found that farmers fallow their gardens despite adequate sweet potato yields, so whether using fertilisers can enhance the lifetime of fields will depend on additional factors such as labour input needed. 
6. Significance Our work shows how swidden agriculture can potentially be adapted so that it continues to be a sustainable way of farming and living. 


Introduction

Large areas of tropical forest landscapes are occupied by swidden cultivation (Padoch and Pinedo-Vasquez, 2010). Within this type of agriculture, forest is converted to agricultural land by cutting and subsequently burning trees, the ashes being used to enhance soil fertility (Gay-des-Combes et al., 2017). After a short duration of cultivation (usually one or two years), farmers move to farm a new area while the old area is fallowed (Padoch, 2018). The main reasons for leaving a field to fallow include severe weed infestation, high pressures of pests and pathogens and soil nutrient exhaustion (Sirén, 2007). Parts of the fallow areas are often planted with useful tree crops either for subsistence or cash income (Mertz et al., 2009b). After a comparatively long fallow period (which usually lasts more than two years, depending on the region) swidden farmers return to the same area, and clear and crop it again (Padoch, 2018). Swidden agriculture plays a crucial role in sustaining the livelihoods of many people living in tropical forests, with estimates ranging from 40 million to one billion people (Mertz et al., 2009a). 
Going forward swidden farming needs to adapt to demographic and political pressures. Swidden systems will have to continue to adapt to larger populations (van Vliet et al., 2012). As populations have increased, swidden farmers have often decreased the length of the fallow period (Dressler et al., 2016; Sirén, 2007). Reduced fallow periods have been shown to reduce soil quality and productivity in swidden fields (Bruun et al., 2017; Fujinuma et al., 2018), although it is unlikely that shorter fallow periods will eventually lead to a collapse of the swidden system (Mertz et al., 2008). There has also been a rise in anti-swidden policies, including prohibitions for conservation purposes (Fox et al., 2009). Swidden agriculture has often been criticised for driving deforestation and forest degradation (Heinimann et al., 2017). However, there is growing evidence that when swidden cultivation is discontinued it is often replaced by intensified land uses such as sedentary agriculture or commercially driven large scale plantations with higher environmental impacts (van Vliet et al., 2012). Swidden cultivation itself can actually harbour high levels of biodiversity (Padoch and Pinedo-Vasquez, 2010). So, there is a place for swidden cultivation in conservation landscapes, but swidden farmers may have to further limit the impact on their surroundings. Improving the productivity and sustainability of the existing swidden system is thus necessary so that it can continue to be a viable livelihood.
Enhancing soil fertility is a promising option for increasing crop yields and extending the lifetime of a field, thereby reducing the demand to clear new land (Fujinuma et al., 2018; Gay-des-Combes et al., 2017). At the moment there is limited information on the impact of swidden agriculture on essential nutrients and how soil fertility can best be maintained within the swidden system (Mukul and Herbohn, 2016). Currently, burning of fields is widely practiced because, besides clearing the land of remaining vegetation, it improves the physiochemical properties of the soils and thus favours crop growth (Kukla et al., 2019). The effects on the soil are, however, short-lived. During the burning process considerable amounts of nitrogen (N) and carbon (C) are lost to the atmosphere (Demeyer et al., 2001). The nutrients which are retained in ash patches are considered at risk of being lost through both leaching and erosion, with potassium (K) being particularly vulnerable to leaching and phosphorus (P) to erosion of ashes (Menzies and Gillman, 2003). Hence, there are limits to the extent ash fertilisation can sustain crop yields, especially in the long term, and there is merit in exploring additional soil fertilisation methods (Gay-des-Combes et al., 2017). 
Research to improve the productivity of the swidden system is needed across the tropics (Mertz et al., 2008). It is especially necessary in Papua New Guinea (PNG), because more than 75% of the population depends almost entirely on swidden agriculture (Conservation and Environment Protection Authority, 2019). The population in PNG has grown from 2.3 million people in 1960 to 8.9 million people in 2020, and the annual population growth is currently 2% (The World Bank Group, 2020). Increasing food production of swidden farmers in PNG is thus essential, even if existing yields are adequate for the current population. At the same time, PNG contains the third largest area of tropical forest worldwide. The country is home to circa 7% of the world’s biodiversity and at least 30% of species are thought to be endemic (Conservation and Environment Protection Authority, 2019; UNDP, 2021). There is thus limited land available for expansion by swidden farmers in PNG, other than mainly high conservation value areas. Swidden agriculture in PNG generally involves a family (5-10 people, including children) clearing and burning up to three small primary or secondary forest areas surrounding their village each year. The resulting fields are called ‘food gardens’ in which a combination of food crops, such as sweet potato and banana, is grown. Increasingly, cash crops, such as coffee and cacao, are planted alongside food crops, which are mostly sold on informal markets (Bourke and Harwood, 2009). In addition, people may prepare a couple of small plots closer to their house where they mainly grow vegetables (Sillitoe, 1999). After 1-5 rounds of crop planting, gardens are left to fallow for usually 5-15 years (Bourke and Harwood, 2009). So far most farmers in PNG have responded to the increased need for land to grow food and cash crops by reducing their fallow periods (Fujinuma et al., 2018; Hoover et al., 2017). This has caused a reduction in soil fertility and decreased yields, which are both very likely to worsen in the future because further land-use intensification is anticipated (Fujinuma et al., 2018). Therefore, investigating how soil quality can be enhanced in swidden fields in PNG so that crop yields and the lifetime of food gardens can be increased, could benefit both food security and biodiversity conservation. 
Most data on the effect of soil fertility on yield in PNG comes from research stations, with very few recordings from village gardens, especially in the Lowlands (< 600 m elevation; Hartemink & Bourke, 2000). Also, most research so far has focused on newly prepared gardens and not on fallowed ones, even though fallowed gardens will have to be reused soon in order to address the issues of land shortage. We define fallowed gardens as gardens which are less intensively managed. People may still return to a fallowed garden to harvest longer-lived crops or useful tree species, but no longer regularly clean and weed the area (Vira et al., 2015). Finally, so far studies in PNG have focused on the effect of inorganic fertiliser on crop yields (Hartemink and Bourke, 2000). However, it is useful to develop a wide range of soil fertility management tools as farmers may differ in their attitudes towards certain practices or be restricted in the type of fertiliser that they can acquire due to a lack of cash or access to markets (Bourke and Harwood, 2009; Fujinuma et al., 2018). The use of plant materials and manure from livestock has been identified by PNG’s National Agricultural Research Institute as promising fertilisers, and thus warrant further investigation (Askin, 2019).
Our aim in this study was therefore to investigate whether using locally available fertilisers can enhance soil quality and increase crop yields in both new gardens and gardens that have been fallowed for one or two years. We addressed four questions. First, how do different types of locally accessible fertilisers (compost made up of decaying banana peels, chicken manure, and NPK fertiliser) influence soil quality in new and fallowed gardens? Second, do these fertilisers increase crop yields compared to control plots in new and fallowed gardens? Third, what are the relationships between treatment, soil quality and yield? Fourth, are local farmers interested in using these soil management techniques, and what are the barriers to taking-up these practices? We set up experimental gardens on the land of swidden farmers in the PNG Lowlands, in which we grew sweet potato. This crop was chosen because it is an important staple food in PNG (Bourke and Harwood, 2009). We applied compost in the form of decaying banana peels, chicken manure and NPK fertiliser to different plots in the experimental gardens, and tracked soil quality and crop yields over three subsequent cropping periods spanning over 12 months. We also conducted in-depth interviews with local farmers to better understand their perspective on using compost, chicken manure and NPK fertiliser. 
We hypothesised that decaying banana peel compost, chicken manure, and NPK fertiliser would increase soil nutrients, specifically the nitrogen, phosphorus and potassium content of soil. Nitrogen, phosphorus and potassium are important macronutrients for sweet potato (O’Sullivan et al., 1997). Nitrogen and potassium are most likely to influence sweet potato yields. Nitrogen levels in PNG soil are often too low for sweet potato to yield well (Hartemink and Bourke, 2000). Sweet potato has a high requirement for potassium and especially soils which have seen several rounds of crop plantings already may be potassium deficient (O’Sullivan et al., 1997). Phosphorus, on the other hand, is less likely to determine yields as sweet potato is an effective phosphorus scavenger (Sillitoe, 1996). Besides increasing soil nutrients, we expected decaying banana peel compost and chicken manure to increase soil moisture (Amanullah et al., 2010; Gay-des-Combes et al., 2017). This is because organic materials have been shown to improve soil physical properties, for example by reducing bulk density, which consequently increase the soil water content (Bassouny and Chen, 2015). NPK fertiliser, on the other hand, was not expected to directly affect soil moisture (Bassouny and Chen, 2015; Tadesse et al., 2013). However, fertilisers can have indirect effects on soil moisture via plant growth; increased plant biomass stores more water and increases evapotranspiration, causing soil moisture to decrease (Bhatt and Hossain, 2019). A volumetric soil moisture level of 17-20% is ideal for sweet potato tuber development (Gajanayake et al., 2013), so depending on the soil moisture conditions present, decreased or increased soil moisture levels may be beneficial. As a result of soil physical and chemical improvements, we predicted that adding composting banana peels, chicken manure or NPK fertiliser would increase the nutrient status of plants and tubers, sweet potato yields and crop quality. 

7. Materials and Methods

7.1  Study site

Field sampling was conducted in Ohu (S 05°13.081’, E 145°40.735’, 150 m elevation), which is 12 km west of the town of Madang, on the North coast of PNG (Fig. 1). Ohu was selected because the village is representative of other landscapes in Madang province and Lowland PNG in general. The original mosaic of primary and secondary forest around the village has changed since the 1980s into a more intensely managed landscape with food gardens, young secondary forest on fallowed food gardens, family plantations and village settlements (Sam et al., 2014). Some of the remaining fragments of primary forest are being preserved as a community-based protected area, supervised by village landowners, where hunting, logging and gardening are forbidden (Weiblen and Moe, 2016). However, population growth is putting pressure on these forest fragments. The average rainfall in the Madang area is 3558 mm, with a moderately dry season from July to September. Mean air temperature is 26.5°C and varies little throughout the year (McAlpine et al., 1983). Soils in Ohu are a mixture of dystropepts and eutropepts inceptisols (Bryan and Shearman, 2008).  



7.2 Local practices in Ohu

At the start of the experiment in August 2018, we conducted in-depth interviews with local farmers in Ohu in which we asked about past, current and future diets, crops planted in food gardens, past and current land use and agricultural techniques used in food gardens. We interviewed a total of 23 people and selected participants with the help of a village leader. We asked both young (18-40 years) and old (> 40 years) people, and men and women to participate, as the use and distribution of resources in PNG can differ between these groups. Free prior-informed consent was given by all participants before the start of the interview. The average length of an interview was 60 minutes. The protocol was approved by the University of Oxford’s Research Ethics Committee under permit number R58337/RE001. 

7.3 Experimental gardens

7.3.1 Design

Ten experimental gardens were set up in Ohu on the land of local farmers in August 2018. Five gardens were set up on sites that had just been prepared for gardening by clearing and burning the area. Five other gardens were set up on sites that had been prepared in 2015 or 2016, used for food production by farmers afterwards and had just been fallowed (Fig. 1). Landowners were compensated for the use of their land. At the start of the experiment, we removed all vegetation in and around the experimental gardens, and deposited it at least 50 meters away from the site. 
    New garden
    Fallowed garden

Figure 1: Overview of the geographical locations of the experimental gardens in Ohu, PNG. 

Within each experimental garden, four 3.5 x 3.5 m plots were randomly allocated to one of the following treatments; control, compost, manure and NPK fertiliser (Fig. 2A). These fertilisers were chosen as they contain either nitrogen or potassium or both in high amounts, and these nutrients are important determinants of sweet potato yields (Table 1). All fertilisers were sourced locally, and could potentially be used by farmers themselves. For compost we collected fresh banana peels from the food waste of local farmers and left them to decay for a maximum of two months (this treatment is from here on called compost only), fresh chicken manure was sourced from a local farmer, and NPK fertiliser (12% - 12% - 17%) was bought in a shop in Madang town. The fresh chicken manure was dried in the sun for 2-3 weeks before it was used to reduce ammonia emissions which can harm roots, and to kill unwanted weed seeds and pathogens present in the manure.
Recommendations for the application of potassium fertilisers to sweet potato generally lie between 80 to 200 kg K/ha and for nitrogen fertilisers between 30 and 90 kg N/ha (O’Sullivan et al., 1997). Therefore, in the compost treatment we aimed to add 200 kg K/ha, and in the chicken manure and NPK fertiliser treatments 40 kg N/ha (Table 1). We determined the nitrogen, phosphorus, potassium and water content in compost, chicken manure and NPK fertiliser at the start of the experiment and calculated application rates based on these values (Appendix, Table 1). 

Table 1: Estimated inputs of N, P and K in kg/ha for each treatment, based on the weight of material applied and estimated using the data in the Appendix, Table 1.
	Treatment
	Input N
(kg/ha)
	Input P
(kg/ha)
	Input K
(kg/ha)

	Control
	0
	0
	0

	Compost
	9.6
	1.2
	200

	Chicken manure
	40
	17
	119

	NPK fertiliser
	40
	40
	57









Within each plot we made 25 mounds of 0.7 x 0.7 x 0.4 m, following local practices (Fig. 2B). In the compost treatment we added 358 grams of decayed banana peels to each mound 4-6 days before planting, and at the same time we applied 68 grams of dried chicken manure in the manure treatment. In the NPK fertiliser treatment we administered 16 grams of NPK fertiliser to each mound at the time of planting, as this type of fertiliser does not need to be broken down before nutrients become available to plants, which is different from compost and chicken manure. 
At the start of each planting in August 2018, December 2018 and April 2019, we planted three sweet potato vines in each mound, again following local practices. We used a local sweet potato Ipomoea batatas (L.) Lam variety called ‘wan mun kaukau’. The species has a growth cycle of approximately 90 days in Ohu and thus harvests were completed in November 2018, March 2019 and July 2019. Plots were weeded by farmers throughout the experiment, following local practices.
Measurements were taken only on the nine mounds inside a plot. The 16 mounds at the edge of each plot were not measured as they could have been influenced by spill over effects from neighbouring plots or food gardens.
Figure 2: Schematic overview of an experimental garden. Each dot represents a sweet potato mound with white dots indicating mounds in the guard rows which were ignored, and green dots indicating mounds inside a plot from which measurements were taken (A). Photo of the set up in the field (B). A
B


7.3.2 Soil nutrient content

Soil samples (circa 500 g) were collected at 10 cm depth within each plot at the start of the experiment and before each harvest. One sample was collected from the base of the mound and another sample was collected from in between mounds. Five sub-samples (circa 100 g) were taken, separated by a minimum distance of 1 m, pooled together to reduce heterogeneity and oven dried at 105°C for approximately 8 hours. Dried soil samples were shipped, under permit, to Charles University in the Czech Republic for laboratory analyses. 
Soil samples were analysed for their conductivity, pH, total nitrogen, phosphorus, potassium and carbon, and available nitrogen, phosphorus and potassium. Conductivity and pH were determined in a 1:5 soil:water suspension using a glass and potentiometric electrode. Samples of dry soil were milled and homogenized by a ball mill (Retsch MM 400 Mixer Mill). Then samples were dried at 40°C for 12 hours. For measuring total nitrogen and carbon content, samples were weighed (Mettler-Toledo MX5) and put into capsules. Total nitrogen and carbon content were determined using an elemental analyser (Flash 2000 Thermo Fisher Scientific). For measuring total phosphorus and potassium content, samples were mineralised in nitric acid for 30 minutes and in perchloric acid for 3 hours. Total phosphorus was measured by colorimetric analysis using a spectrophotometer at 889 nm (UV VIS Genesys 10, Thermo Fisher Scientific) following Murphy and Riley (1962). Total potassium (383 nm) was quantified by flame atomic absorption spectrophotometry (PerkinElmer 306). Inorganic nitrogen (NO3-) was measured in a 1:5 soil:water suspension and determined using a spectrophotometer at 210 nm (GenesysTM 10S UV-Vis, Thermo Fisher Scientific). Available forms of phosphorus (PO43−) were quantified after extraction in a Mehlich III solution with a 1:10 soil:Mehlich ratio using ascorbic acid and ammonium molybdate as a reducing agent following Murphy and Riley (1962), and then using a spectrophotometer at 889 nm (GenesysTM 10S UV-Vis, Thermo Fisher Scientific). Available potassium (383 nm) was quantified by flame atomic absorption spectrophotometry (PerkinElmer 306).

7.3.3 Soil moisture

Volumetric soil moisture was measured within each plot at the start of the experiment, and again before each harvest. Measurements were taken in between mounds and at the base of mounds at 10 cm depth with a SM150 Soil Moisture Sensor (Delta-T) using the pre-set mode for mineral soil which is accurate to ± 3%. Five measurements separated by a minimum distance of 1 m were taken within each plot.  

7.3.4 Plant- and tuber nutrient content

The first fully developed leaf from the apex was collected from four different vines within each plot at the time of harvest. Also, four tubers were collected from every treatment, and a 1 cm slice was cut from the middle of the tuber. The leaves and slices were dried using silica gel (Sigma-Aldrich), packed into plastic bags and transported, under permit, to Charles University for further laboratory analysis. 
Leaves and tubers were analysed for their total nitrogen, phosphorus, potassium and carbon content. Samples of dry biomass were milled and homogenised using a ball mill (Retsch MM 400 Mixer Mill). In case samples had taken up water from the air during milling, they were dried again at 40°C for 12 hours. Samples were then weighed (Mettler-Toledo MX5) and put into capsules. Total nitrogen and carbon content were determined using an Elemental Analyzer (Flash 2000 Thermo Fisher Scientific). For measuring total phosphorus and potassium content samples were mineralised in nitric acid for 30 minutes followed by perchloric acid for 3 hours. Total phosphorus was measured by colorimetric analysis using a spectrophotometer at 889 nm (UV VIS Genesys 10S, Thermo Fisher Scientific), following Murphy and Riley (1962). Total potassium (383 nm) was quantified by flame atomic absorption spectrophotometry (PerkinElmer 306).




7.3.5 Yield of leaves, vines and tubers

Approximately 90 days after planting, mounds were harvested, and sweet potato tubers, leaves and vines were collected. First, we collected leaves and vines from each mound, separated the two and weighed them individually on a digital scale (Heston Blumenthal). Next, we destroyed the mounds and collected all the tubers. Tubers were washed and their skin dried before being weighed. The yield of leaves, vines and tubers was calculated per mound. 

7.3.6 Quality of tubers

Each tuber was assessed visually by local farmers and ranked as either ‘unfit for human consumption’ if the tuber would have to be thrown away or could only be fed to livestock or pets, or ‘fit for human consumption’ if the tuber could be consumed by humans or sold on local markets. Factors that determined the ranking of a tuber included tuber size and the extent to which it had been attacked by insects, earthworms, rats or pathogens.

7.3.7 Taste test

A blind tasting experiment was performed at the end of each harvest. During harvests we collected one marketable tuber from each plot from every garden. The tubers were put in different pots based on the treatment they had been grown in. One cook, who was unaware of which pot related to which treatment, prepared the tubers for consumption by peeling them, cutting them in equal-sized slices, and boiling them in water without adding any flavours, spices or other food. Participants, also blind to which pot represented which treatment, were subsequently asked to eat a slice from each pot, describe the taste of each slice and why or why not they liked it, and rank the slices from the different pots among each other. A total of 51 participants took part in the tasting experiment. 

7.4 Statistical analyses

The goal of the analyses was to (1) examine the effect of treatment (control, compost, chicken manure or NPK fertiliser) on soil quality and yield in both new and fallowed gardens, (2) investigate whether treatments had different effects in new versus fallowed gardens, and (3) understand the causal relationships between treatment, soil quality and yield.
To examine the effect of treatment in new and fallowed gardens on soil chemical properties, soil moisture and the yield of sweet potato leaves, vines and tubers, we split the data set into two based on whether it was a new or fallowed garden. Analyses were run on the two data sets independently with treatment included as a fixed effect. To correct for temporal pseudo-replication, harvest number was included as a fixed effect. Plot number nested within garden number was included as a random intercept effect where data was collected at the mound level (for soil moisture and yield data), and garden number only was included where data was collected at the plot level (for soil chemical properties data). In 5.6% of the mounds a combination of two different varieties of sweet potato, as judged by the colour and shape of the leaves and tubers, was accidently planted, although both varieties have a growth cycle of approximately 90 days. In the models for yield we included whether a mound contained only the main variety of sweet potato or a combination of the two varieties as a fixed factor to control for this. For a full overview of the specification of the models, see Appendix, Table 2.
To investigate how the effect of treatment differed between new and fallowed gardens we ran the analyses on the full data set including both new and fallowed gardens. We included an interaction effect between treatment and garden type as fixed effects, and we corrected for pseudo-replication in time and space and the presence of a different variety similarly to described above. We fitted this model to data on soil, plant and tuber chemical properties, the yield of sweet potato leaves, vines and tubers, and tuber quality. For the taste test analysis we included treatment as a fixed effect, as well as harvest number to correct for temporal pseudo-replication. For a full overview of the specification of the models, see Appendix, Table 3. 
To examine the links between soil quality and yield we built an a priori conceptual model of hypothesized causal relationships within a path model (Appendix, Table 4). We then used structural equation modelling (SEM) to directly test the supposed causal structure. SEM was designed for continuous variables that are normally distributed and it is advised to convert factors into dummy variables. Thus we included treatment and the type of garden as dummy variables with control and new gardens as the respective reference levels. In this model we again corrected for temporal and spatial pseudo-replication by including harvest number as a fixed effect and garden number as a random intercept effect. For a full overview of the specification of the SEM model, see Appendix, Table 5. To check whether the hypothesized relationships were consistent with the data we calculated Fisher’s C and its associated p-value. 
	All statistical analyses were done in R version 4.0. For soil, plant and tuber chemical data the data was normally distributed and we fitted a linear mixed model using the ‘lmer’ function in the lme4 package (Bates et al., 2019). Soil moisture measurements were recorded in percentages, and thus we used a beta distribution to fit the model. For the data set on the yield of sweet potato leaves, vines and tubers we opted for a gamma distribution because the yield data were bounded at zero and positively skewed. Counts of tubers per mound were analysed using a Poisson distribution. For beta, gamma and Poisson distributed models we used the ‘gamlss’ function in the gamlss package (Stasinopoulos et al., 2020). Tuber quality followed a binary distribution and we conducted a logistic regression using the ‘glmer’ function in the lme4 package (Bates et al., 2019). Results from the taste test were analysed using the ‘clm’ function from the ordinal package (Christensen, 2019). Where appropriate collinearity between independent variables was tested using the variable inflation factor. For the structural equation model we used the ‘psem’ function in the piecewiseSEM package (Lefcheck et al., 2019). We only included a few unrelated independent variables in our models, so we report values from the full models. Means are reported with standard errors. 

8. Results

8.1 Local practices in Ohu

All 23 interviewees indicated that they relied on their gardens for their daily food. People complemented their garden food with foraging in the forests and buying food (mainly rice) from stores. Families maintained an average of 1.5 ± 0.13 food gardens (range zero to two) and 1.3 ± 0.29 smaller vegetable gardens (range zero to six). A variety of crops were intercropped in food gardens with banana, Chinese taro, taro and sweet potato being planted most often. 
	Interviewees pointed out that within their lifetime (the average age of interviewees was 42 years) fallow times have decreased from an average of 8.5 ± 1.3 years to 3.6 ± 0.25 years, and that the lifespan of a garden has increased from 2.0 ± 0.20 years to 2.3 ± 0.20 years. When discussing this and without being prompted, the majority of people indicated that they had seen yields declining in their lifetime. 
	At the time of the interview, none of the interviewees used NPK fertiliser. Fifty-two percent of interviewees sometimes applied compost in the form of food waste and 35% animal manure, but only in their smaller vegetable gardens. Only 4% of respondents used compost or animal manure in their food gardens. The most often cited reason for not using compost, animal manure or NPK fertilisers in their food gardens was that people were not always sure how to use these fertilisers. All interviewees were keen to try out animal manure, 87% compost and 83% NPK fertiliser, provided they had more information on how to use these fertilisers.

8.2 Experimental gardens

Before the start of the experiment, the amount of soil nutrients and level of soil moisture did not differ between the control plots and treatment plots. Only the level of total potassium was significantly higher in NPK fertiliser plots in fallowed gardens compared to control plots. However, this is unlikely to have influenced our results because the level of available potassium has a more direct influence on plant growth compared to total potassium, and available potassium did not differ between NPK fertiliser and control plots. Also, the levels of available and total potassium were high in all plots and above the threshold for sweet potato to grow well (Nicholaides III et al., 1985). New gardens contained a higher amount of available nitrogen, available and total phosphorus and available and total potassium compared to fallowed gardens, whereas fallowed gardens had higher levels of total nitrogen and soil moisture (Appendix, Table 6).

8.2.1 Soil nutrient content

The amount of soil nutrients was significantly higher in mounds than between mounds (Appendix, Table 7). Since sweet potato plants were planted in mounds and since their roots spread around 15 cm deep in the soil, only results based on measurements taken from mounds are reported below. 
The application of treatments significantly affected the soil nutrient status compared to the control condition. Compost significantly increased the amount of available potassium in the soil (Fig. 3E). Chicken manure, on the other hand, did not affect soil potassium levels, but increased the amount of available and total nitrogen, and available and total phosphorus in new gardens (Fig. 3A-F). In fallowed gardens, chicken manure had less of an effect (Table 2), and only increased the level of soil available phosphorus (Fig. 3C). NPK fertiliser, similar to chicken manure, increased the amount of available and total phosphorus in new gardens (Fig. 3C-D). Also NPK fertiliser had less of an effect in fallowed gardens (Table 2), and only increased the amount of total phosphorus (Fig. 3D). Contrary to chicken manure, NPK fertiliser did not affect soil available or total nitrogen levels in either new or fallowed gardens (Fig. 3A-B). Soils in fallowed gardens contained on average less available potassium than in new gardens (Table 2).


[image: C:\Users\Mirjam Hazenbosch\Documents\Oxford\PhD Project\Chapter 4\Chapter 4 - Figures\Rplot.png]
Figure 3: Available nitrogen (A), total nitrogen (B), available phosphorus (C), total phosphorus (D), available potassium (E) and total potassium (F) in mg/kg for different treatments. Orange indicates new gardens and blue fallowed gardens. Mean ± s.e. are shown. For full results, see Appendix, Table 8.

8.2.2 Soil moisture

Soil moisture was significantly lower in plots treated with NPK fertiliser compared to control plots in both new and fallowed gardens (Fig. 4). Compost only lowered the level of soil moisture in fallowed gardens, whereas chicken manure only lowered soil moisture in new gardens (Fig. 4). Fallowed gardens, overall, had a significantly lower percentage soil moisture compared to new gardens (Table 2). 
[image: C:\Users\Mirjam Hazenbosch\Documents\Oxford\PhD Project\Chapter 4\Chapter 4 - Figures\Soil_moisture_2.png]
Figure 4: Percentage of volumetric soil moisture for different treatments. Orange indicates new gardens and blue fallowed gardens. Mean ± s.e. are shown. For full results, see Appendix, Table 8.

Table 2: Summary of the model results for soil nutrients and soil moisture. ‘ns’ = non-significant; ‘+’/ ‘-‘ = p < 0.05; ‘++’/’—‘= p < 0.01; ‘+++’/’---‘ = p < 0.001, with ‘+’ indicating a positive effect and ‘-‘ a negative effect. Reference levels are given in grey shading for each variable. For full results, see Appendix, Table 9.
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	Compost
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	ns
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	ns

	
	Manure : Fallowed
	ns
	-
	ns
	ns
	ns
	ns
	ns

	
	NPK fertiliser : Fallowed
	ns
	ns
	--
	ns
	ns
	ns
	ns





8.2.3 Plant and tuber nutrient content

The application of treatments did not significantly affect the amount of nutrients in plants or tubers. Plants in fallowed gardens contained a significantly lower amount of total nitrogen compared to new gardens (Appendix, Table 10 and 11).

8.2.4 Yield of leaves, vines and tubers

In control plots, the yield of leaves, vines and tubers did not differ significantly between new and fallowed gardens (Table 3). However, the application of treatments significantly affected the yield of leaves, vines and tubers, and the effects differed for new versus fallowed gardens (Fig. 5A-D). 
The compost treatment significantly decreased leaf and vine yields compared to the control treatment, but more so in new gardens compared to fallowed gardens (Table 3). Contrary to this, chicken manure and NPK fertiliser increased leaf and vine yields in new gardens. In fallowed gardens, chicken manure and NPK fertiliser only increased vine yields, but not leaf yields (Fig. 5A-B).
In new gardens that were treated with compost, tuber yields declined, similar to the leaf and vine yields. In fallowed gardens, however, tuber yields increased when treated with compost, although not significantly (Table 3). Chicken manure significantly increased tuber yields in fallowed gardens, but had no effect in new gardens. NPK fertiliser was the only fertiliser that increased tuber yields in both new and fallowed gardens, and had a greater effect in fallowed gardens compared to chicken manure (Fig. 5C). 
The increase in yield was due to an increase in tuber number, rather than an increase in the mean average weight of a tuber. In control plots, we harvested an average of 4.8 tubers per mound. In fallowed gardens, compost increased the average number of tubers per mound by 0.85 tubers, while chicken manure led to 1.4 additional tubers on average. NPK fertiliser increased the average number of tubers per mound by 2.5 tubers in fallowed gardens and 1.4 tubers in new gardens (Fig. 5D). None of the treatments increased the average weight per tuber. Compost even decreased the average weight per tuber, by 8.9 grams, in new gardens (Appendix, Table 12).

[image: C:\Users\Mirjam Hazenbosch\Documents\Oxford\PhD Project\Chapter 4\Chapter 4 - Figures\Yield_2.png]
Figure 5: Yield of leaves (A), vines (B) and tubers (C) in grams per mound, and number of tubers per mound (D) for the different treatments. Orange indicates new gardens and blue fallowed gardens. Mean ± s.e. are shown. For full results, see Appendix, Table 12.

8.2.5 Quality of tubers

In the control condition, 62% of sweet potato tubers were classified as being fit for human consumption. Treatment with compost lowered the probability of sweet potato tubers being acceptable for human consumption by 39%. The application of chicken manure and NPK fertiliser did not significantly affect tuber quality. Tuber quality also did not differ between new and fallowed gardens (Table 3).



Table 3: Summary of the model results for soil nutrients and soil moisture. ‘ns’ = non-significant; ‘+’/ ‘-‘ = p < 0.05; ‘++’/’—‘= p < 0.01; ‘+++’/’---‘ = p < 0.001, with ‘+’ indicating a positive effect and ‘-‘ a negative effect. Reference levels are given in grey shading for each variable. For full results, see Appendix, Table 13.
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8.2.6 Taste test

Tubers grown in compost and NPK fertiliser plots were ranked similarly compared to tubers grown in control plots, but tubers from chicken manure plots were ranked significantly lower (Fig. 6 and Appendix, Table 14). Participants remarked that these tubers tasted less sweet and contained roots on their skin, which was why they did not prefer these tubers.














Figure 6: Overview of how tubers from different treatments got ranked among each other, with ‘1’ indicating a participant’s favourite sweet potato slice, and ‘4’ indicating a participant’s least preferred slice.

8.2.7 Relationships between treatments, soil quality and tuber yields

 Using structural equation modelling we analysed how treatments influenced the amount of soil available nitrogen, phosphorus and potassium, and soil moisture, and how these variables then influenced tuber yields. This analysis therefore had the advantage of directly testing the supposed causal structure of the effects of treatment on yield. The SEM fitted adequately to the data (Fisher’s C = 25.52 with p = 0.11 on 18 degrees of freedom). The effect of treatments on soil chemical properties and soil moisture confirmed the above-described analyses. Increased plant biomass (as calculated by the total of leaf, vine and tuber yield) decreased soil moisture. Compost and NPK fertiliser also affected soil moisture via additional pathways. Of all soil properties, higher levels of soil available nitrogen had a positive effect on tuber yields, while higher levels of soil moisture decreased tuber yields (Fig. 7). Thus, the SEM indicated that the main path by which treatments affected yield was through increasing available nitrogen and reducing soil moisture. It also suggested that treatment-induced increases in available phosphorus and potassium did not directly affect tuber yield.
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Figure 7: Graphical depiction of the structural equation model with indicating a positive correlation, and a negative correlation with p < 0.05. Compost increased the amount of soil available potassium, NPK fertiliser and manure the amount of soil available phosphorus, and manure also the amount of soil available nitrogen. An increase in total plant biomass decreased soil moisture. Compost and NPK fertiliser also decreased soil moisture via additional pathways. Soil moisture and soil available nitrogen directly influenced tuber yields, with soil available nitrogen having a positive effect while soil moisture having a negative effect. For full results, see Appendix, Table 15.

9. Discussion

We found that banana peel compost, chicken manure and NPK fertiliser affected soil nutrient status, soil moisture and sweet potato yields and quality, and that these effects differed between new gardens and fallowed gardens. Overall, NPK fertiliser had the largest positive effects.

9.1 Effect of treatments on soil properties

The amount of nitrogen, phosphorus and potassium in the soil fell within the range of values previously recorded in new and fallowed gardens in PNG (Fujinuma et al., 2018; Kukla et al., 2019; Sillitoe, 1996). The level of available and total nitrogen in Ohu was relatively low compared to other regions in PNG, whereas the amount of available and total phosphorus was average. The amount of available potassium was high compared to Highland sites (Fujinuma et al., 2018; Sillitoe, 1996), but low compared to other Lowland sites (Kukla et al., 2019).
Treatments increased the amount of available nutrients in the soil, with the increases corresponding to their different inputs. Compost increased the amount of available potassium, which was expected since banana peels contain high levels potassium and low levels of nitrogen and phosphorus. Chicken manure increased the amount of available nitrogen and phosphorus, which again followed expectations. NPK fertiliser, which is high in phosphorus, increased the amount of available phosphorus in new gardens and total phosphorus in new and fallowed gardens. Since NPK fertiliser also contains large amounts of nitrogen we expected soil available nitrogen to increase as well, but this was not the case. It is likely that the available nitrogen provided by NPK fertiliser was taken up by the sweet potato plants before we took our soil measurements at the end of the cropping period, which is probably why we did not find an effect of NPK fertiliser on soil available nitrogen. NPK fertiliser plots had an average increase in leaf, vine and tuber yields of 356 grams per mound (7.3 t/ha) compared to control plots. Estimated nitrogen removal by sweet potato vines and roots for this increase is 32 kg N/ha (O’Sullivan et al., 1997), which is close to the 40 kg/ha of fertiliser which we applied.
	Soil moisture levels were relatively high compared to levels recorded in the fields of shifting farmers in Madagascar (Gay-des-Combes et al., 2017) and Bangladesh (Miah et al., 2014). PNG is one of the wettest places in the world, and thus these high soil moisture levels are not surprising (The World Bank Group, 2021). At the start of the experiment, levels of soil moisture were higher in fallowed gardens compared to new gardens. This was expected, as measurements were taken 1-2 weeks after the vegetation in fallowed gardens had been cut, whereas in new gardens removal of vegetation had happened 1-2 months earlier, allowing the soil to dry out more (Miah et al., 2014). However, over the cropping seasons we found that mounds in fallowed gardens had lower soil moisture levels compared to new gardens. Atchley et al. (2018) found that fires of low to moderate burn severity, as applied in new gardens, within a year will result in increased soil water due to a reduction in evapotranspiration, which could explain the higher levels of soil moisture in new gardens. Applying banana peel compost, chicken manure and NPK fertiliser decreased soil moisture, with compost reducing soil moisture in fallowed gardens, chicken manure in new gardens and NPK fertiliser in both new and fallowed gardens. These results can in part be explained by the fact that treatments increased the yields of leaves, vines or tubers, causing the plants to take up more water from the soil and increasing the amount of water lost through transpiration (Bourke and Harwood, 2009). However, as shown in the SEM, compost and NPK also decreased soil moisture via additional pathways, which was unexpected and we can only speculate about the underlying mechanisms. It may have been that compost and NPK fertiliser improved soil structure, and soils with better structures have larger volumes of macropores that drain more easily (Weil and Brady, 2017). Decayed organic matter is known to increase soil porosity (Kranz et al., 2020). NPK fertiliser may have increased soil macroporosity by increasing the number of sweet potatoes, which enhances rooting depth and root proliferation, and roots are able to increase soil porosity (Scholl et al., 2014). Increased volumes of macropores may have caused water to drain from the mounds deeper into the soil, and with that allow compost and NPK fertiliser to reduce volumetric soil moisture in the mounds. 

9.2 Effect of soil treatments on sweet potato yield

In control plots the mean tuber yield per mound was 313 grams, or 6.4 t/ha. Worldwide, the average yield of sweet potato in 2019 was 12 t/ha, and in PNG 5.1 t/ha (FAO, 2021). Thus, sweet potato yields reported here are relatively high for PNG standards, but low compared to global standards and could thus potentially be increased. 
Our results show that one way to achieve this is by applying soil treatments, including chicken manure and NPK fertiliser (but not compost). How well a treatment performed in terms of increasing tuber yield depended on whether a garden was new or fallowed, with chicken manure only having an effect in fallowed gardens. This may be explained by the fact that organic fertilisers, including chicken manure, need to be broken down by micro-organisms before their nutrients can be taken up by plants (Amanullah et al., 2010). The fire that is used to prepare new gardens reduces bacterial and fungal populations in the soil (Miah et al., 2014), which may, temporarily, decrease the effect of organic fertilisers. NPK fertiliser, on the other hand, can be taken up directly by plants (Heeb et al., 2006), and could thus increase yields in both new and fallowed gardens.
One of the main pathways through which treatments affected yield in our experiment was through increasing available nitrogen. This is not surprising given that the amount of nitrogen in the soil in Ohu was low. Nitrogen has been shown to increase leaf area, which in turn increases mean tuber weight and hence tuber yield (Bourke, 1985). However, too much nitrogen can cause luxuriant growth of vines at the expense of storage root yield. Therefore, recommendations for application of nitrogen fertilisers to sweet potato generally lie between 30 and 90 kg N/ha (O’Sullivan et al., 1997), and our application of 40 kg N/ha falls within these bounds. We expected potassium to influence sweet potato yields as well, but we did not find evidence for this. This may be because the amount of available potassium in Ohu was well above the critical threshold for sweet potato of 31 mg/kg (Nicholaides III et al., 1985), and further increases may not improve yields. Phosphorus also did not influence yields. The threshold for deficiency of phosphorus levels for sweet potato has been estimated to range from 5 to 7 mg/kg (O’Sullivan et al., 1997). The phosphorus levels in the soils in Ohu were above this threshold, which explains why phosphorus did not affect yields.
The other pathway through which treatments affected yield was through soil moisture. Soil moisture has been shown to have an important effect on sweet potato tuber development (Gajanayake et al., 2013) with both water deficits and excesses decreasing tuber yields (O’Sullivan et al., 1997). Volumetric soil moisture levels of 17-20% have been found to be optimal for root development (Gajanayake et al., 2013), and soil moisture levels in compost, chicken manure and NPK fertiliser plots were closer to this optimal level than in the controls, where the level of soil moisture was recorded to be an average of 30%. 
Application of banana peel compost caused tubers to be less likely to be suitable for human consumption. Compost made from the grass Ischaemum polystachyum has been shown to improve sweet potato yields by increasing tuber initiation rather than promoting tuber bulking (Sillitoe, 1996), and we find the same here; compost treatment decreased the average weight of tubers, especially in new gardens. If tubers are too small, farmers will deem them unsuitable for human consumption, and are likely to feed the tubers to their livestock instead (Sillitoe, 1996). 
Application of chicken manure decreased the taste of tubers. The application of chicken manure may have increased the water content of roots making the tubers taste less sweet (Sowley et al., 2015) and increased the production of non-tuberous roots on its skin (Magagula et al., 2010). Especially in Ohu where food is not in critically low supply, taste may be an important consideration for farmers when deciding to adapt a fertiliser. 

9.3 Looking forward

We found that soil moisture and available nitrogen play an important role in determining sweet potato yields. Farmers in PNG already employ strategies to optimise these factors. For example, they often plant sweet potatoes in mounds, which allows excess moisture to drain away from the root zone (Bourke and Harwood, 2009). In parts of the Highlands where sweet potato is an especially important food crop, farmers rotate sweet potato with leguminous crops such as peanut or winged beans which can increase soil nitrogen levels (Bourke and Harwood, 2009). 
Our study shows that in the Lowlands it is also possible to enhance soil quality and yields using nitrogen-containing fertilisers such as chicken manure and NPK fertiliser, with their relative effectiveness depending on whether the garden is new or fallowed. We expect other fertilisers, which are also capable of increasing available nitrogen and reducing soil moisture, to increase yields too, but this would need further research. Alternative fertilisers may be more appropriate in places where soil properties differ. 
In Ohu, out of banana peel compost, chicken manure and NPK fertiliser, NPK fertiliser came out as the best option as it was the only fertiliser that increased yields in both new and fallowed gardens. Unlike chicken manure, NPK fertiliser produced tubers which taste similarly good compared to tubers from control plots. The use of NPK fertiliser was also financially profitable in Ohu (Appendix, Table 16), although only marginally so and only makes a real difference if farmers sell large quantities of sweet potato. However, excessive use of NPK fertiliser can have negative effects on the environment, including eutrophication and contamination of aquatic systems, soil acidification and a reduction of plant species richness in neighbouring herbaceous communities (Shoji et al., 2001; Soons et al., 2017). Here we applied nitrogen and phosphorus at a rate of 12 g/m2/year, which is unlikely to have a significant negative effect on biodiversity (Soons et al., 2017), but it will be important to monitor possible negative consequences of NPK fertiliser in this context, especially when it is used over longer time periods. 
Whether the use of fertilisers can enhance the lifetime of a garden, will depend on multiple factors. At the moment, farmers in Ohu leave their gardens to fallow despite adequate sweet potato yields. This may at first seem surprising given that starting a new garden requires significant labour and time inputs (Sillitoe, 1999). However, sweet potatoes are known to produce adequate yields on soils that may be too poor for other crops (O’Sullivan et al., 1997), so farmers may choose to fallow a garden so they can grow a variety of crops rather than just sweet potato. In addition, it may be that in fallowed gardens the pressure from weeds, pests and diseases become too high, reducing the return to labour ratio and thus making it worthwhile to switch to a new garden (Sirén, 2007). Especially in Ohu, starting a new garden is relatively easy compared to other regions in PNG as people mainly cut young secondary forest and they do not fence their gardens against pigs, which can promote the quick turnaround in gardens. If soil quality is improved and yields enhanced, yields may outweigh labour inputs for longer, which could potentially encourage farmers to prolong the lifetime of their garden but this would need to be confirmed. 
Currently, farmers in Ohu are typically not using compost, animal manure or NPK fertilisers in their food gardens. Using fertilisers requires additional knowledge, more work such as having to acquire and transport materials to gardens, and in the case of NPK fertiliser also money, which are barriers to taking-up these practices (Zhang et al., 2020). However, in Ohu there is great interest in these techniques as farmers are seeing their fallow times, soil fertility and yields decline. 

9.4 Conclusion

Social-ecological changes, including demographic and political transitions, are putting pressure on the existing swidden system. Our research shows that locally available fertilisers can improve soil quality and enhance the yields of swidden farmers: Chicken manure increased sweet potato tuber yields in fallowed gardens, as did banana peel compost although this result was not statistically significant. NPK fertiliser increased yields in both new and fallowed gardens, produced tubers of similar quality and taste to control plots and was financially profitable, and hence came out as the best option. Treatments affected yield through increasing available nitrogen and reducing soil moisture. Farmers were keen to consider modifying their current soil management practices, provided they had more information on how to use these fertilisers. Thus, there is both feasibility and scope for swidden farming to be adapted in the Lowlands of PNG, so that it can continue to be a viable and sustainable way of farming and living. 
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Appendix

Table 1: Amount of nitrogen, phosphorus, potassium and water in banana peels, chicken manure and NPK fertiliser.
	
	N (%)
	P (%)
	K (%)
	H2O (%)

	Banana peels
	0.81
	0.10 
	17
	84 

	Chicken manure
	2.9
	1.2
	8.6
	79

	NPK fertiliser
	12
	12
	17
	-
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	Table 2: Overview of the models run on the split data set for new and fallowed gardens.

	Response
	Type of data
	Distribution
	Model

	
	
	
	Fixed effects
	Random effect

	
	
	
	Treatment
	Mound type
	Harvest
	Garden
	Plot

	Soil moisture
	Percentage per mound / 100
Semi-continuous
	Beta
	X

	-

	X

	X
	X

	Soil nutrients
	pH, available N, P and K, and total N, P and K
Semi-continuous
	Normal
	X
	-
	X
	X
	-

	Leaf yield
	Weight in grams per mound
Semi-continuous
	ZA gamma
	X
	X
	X
	X
	X

	Vine yield
	Weight in grams per mound
Semi-continuous
	ZA gamma
	X
	X
	X
	X
	X

	Tuber yield
	Weight in grams per mound
Semi-continuous
	ZA gamma
	X
	X
	X
	X
	X

	Tuber number
	Number of tubers per mound
Count
	ZA poisson
	X
	X
	X
	X
	X




	Table 3: Overview of the models run on the full data set with an interaction effect between treatment and garden type where applicable.

	Response
	Type of data
	Distribution
	Model

	
	
	
	Fixed effects
	Interaction effect
	Random effect

	
	
	
	Treatment
	Garden type
	Mound type
	Harvest
	Treatment * Garden type
	Garden
	Plot
	Mound

	Soil moisture
Time 0
	Percentage per mound / 100
Semi-continuous
	Beta
	X
	X
	-
	-
	-
	X
	X
	-

	Soil moisture
	Percentage per mound / 100
Semi-continuous
	Beta
	X
	X
	-
	X
	X
	X
	X
	-

	Soil nutrients
Time 0
	pH, available N, P and K, and total N, P and K
Semi-continuous
	Gamma
	X
	X
	-
	-
	-
	X
	-
	-

	Soil nutrients
	pH, available N, P and K, and total N, P and K
Semi-continuous
	Normal
	X
	X
	-
	X
	X
	X
	-
	-

	Plant nutrients
	Total N, P, K and C
Semi-continuous
	Normal
	X
	X
	-
	X
	X
	X
	-
	-

	Tuber nutrients
	Total N, P, K and C
Semi-continuous

	Normal
	X
	-
	-
	X
	-
	-
	-
	-

	Tuber quality
	Rank on a 0-1 scale per tuber
Factorial
	Binomial logistic
	X
	X
	X
	X
	X
	X
	X
	X

	Leaf yield
	Weight in grams per mound
Semi-continuous
	ZA gamma
	X
	X
	X
	X
	X
	X
	X
	-

	Vine yield
	Weight in grams per mound
Semi-continuous
	ZA gamma
	X
	X
	X
	X
	X
	X
	X
	-

	Tuber yield
	Weight in grams per mound
Semi-continuous
	ZA gamma
	X
	X
	X
	X
	X
	X
	X
	-

	Weight per tuber
	Weight in grams per tuber
Semi-continuous
	ZA gamma
	X
	X
	X
	X
	X
	X
	X
	X

	Tuber number
	Number of tubers per mound
Count
	ZA poisson
	X
	X
	X
	X
	X
	X
	X
	-

	Taste
	Rank 
Ordinal
	Ordinal
	X
	-
	-
	X
	-
	-
	-
	-





Table 4: Hypothesized mechanisms based on a-priori knowledge with            indicating a positive correlation,   no effect, and a negative correlation.
	Path
	Hypothesized mechanisms

	Treatments
	
	Soil nutrients
	We expected compost to mainly increase the amount of available potassium, chicken manure the amount of available nitrogen and NPK fertilizer the amount of available nitrogen and phosphorus.

	Treatments
	
	Soil moisture
	Compost and chicken manure increase soil moisture (Amanullah et al., 2010; Gay-des-Combes et al., 2017), while NPK fertilizer does not affect soil moisture (Bassouny and Chen, 2015; Tadesse et al., 2013). 

	Soil moisture
	
	Tuber yield
	Too dry or to wet conditions inhibit tuber development. Soil moisture of 17-20% is ideal for sweet potato tuber development (Gajanayake et al., 2013).

	Soil nutrients
	
	Tuber yield
	Tuber formation is mainly depended upon nitrogen (Bourke, 1985). 

	Total plant biomass
	
	Soil moisture
	Increased plant biomass stores more water and increases evapotranspiration causing soil moisture to decrease (Bhatt and Hossain, 2019).





Table 5: Regressions included in the structural equation model. Treatment and garden type were coded as dummy variables with “Control” and “New gardens” as the reference levels. A linear distribution had to be fitted to the soil moisture data, as it is currently not possible to fit a beta distribution in the piecewiseSEM package (Lefcheck et al., 2019).
	Response
	Distri-bution
	Fixed effects
	Random effect

	
	
	Compost
	Manure
	NPK fertiliser
	Fallowed garden
	Harvest 2
	Harvest 3
	Total plant biomass
	Soil available N
	Soil available P
	Soil available K
	Soil moisture
	Garden

	Soil available N
	Normal
	X
	X
	X
	X
	X
	X
	
	
	
	
	
	X

	Soil available K
	Normal
	X
	X
	X
	X
	X
	X
	
	
	
	
	
	X

	Soil available P
	Normal
	X
	X
	X
	X
	X
	X
	
	
	
	
	
	X

	Soil moisture
	Normal
	X
	X
	X
	X
	X
	X
	X
	
	
	
	
	X

	Tuber yield
	Gamma
	X
	X
	X
	X
	X
	X
	Correlated
	X
	X
	X
	X
	X




Table 6: Model results from the models on soil nutrients and soil moisture at the start of the experiment, before fertilisers were applied or sweet potato plants planted. Reference levels are given in grey shading for each variable.
	
	
	Available N
	Total N
	Available P
	Total P
	Available K
	Total K
	Soil moisture

	Treatment
	Control
	
	
	
	
	
	
	

	
	Compost
	ß = -0.19
t(35) = -1.3
p = 0.20
	ß = -0.014 
t(27) = -0.26
p = 0.80
	ß = 0.0075
t(26) = 0.034
p =0.97
	ß = 0.21
t(31) = 1.9
p = 0.071
	ß = -0.065
t(26) = -0.91
p = 0.37
	ß = -0.0086
t(26) = -0.12
p = 0.90
	ß = -0.058
t(176) = -1.6
p = 0.10

	
	Chicken manure
	ß = -0.052
t(35) = -0.36
p = 0.72
	ß = -0.013
t(27) = -0.24
p = 0.81
	ß = 0.31
t(26) = 1.4
p = 0.17
	ß = 0.22
t(31) = 1.9
p = 0.061
	ß = -0.021
t(26) = -0.30
p = 0.77
	ß = 0.12
t(26) = 1.7
p = 0.10
	ß = -0.0023
t(176) = -0.064
p = 0.95

	
	NPK fertiliser
	ß = -0.12
t(35) = -0.82
p = 0.42
	ß = 0.018
t(27) = 0.34
p = 0.74
	ß = 0.38 
t(26) = 1.7
p = 0.094
	ß = 0.21
t(31) = 1.9
p = 0.073
	ß = 0.055
t(26) = 0.77
p = 0.45
	ß = 0.18
t(26) = 2.6
p = 0.015
	ß = -0.045
t(176) = -1.3
p = 0.21

	Garden type
	New
	
	
	
	
	
	
	

	
	Fallowed
	ß = -0.30
t(35) = -2.9
p = 0.0059
	ß = 0.086
t(27) = 2.3
p = 0.028
	ß = -1.1
t(26) = -6.5
p < 0.001
	ß = -0.17
t(31) = -2.1
p = 0.043
	ß = -0.54 
t(26) = -11
p < 0.001
	ß = -0.12
t(26) = -2.4
p = 0.026
	ß = 0.095
t(176) = 3.8
p < 0.001





Table 7: Model results from the model which tests the effect of location of measurement on soil nutrients and soil moisture. The reference level is given in grey shading.
	
	
	Available N
	Total N
	Available P
	Total P
	Available K
	Total K
	Soil moisture

	Location
	In between mounds
	
	
	
	
	
	
	

	
	Mounds
	ß = 4.2
t(226) = 9.5 
p < 0.001
	ß = 499
t(226) = 6.2 
p < 0.001
	ß = 14
t(226) = 7.2 
p < 0.001
	ß = 175
t(226) = 8.9 
p < 0.001
	ß = 51
t(226) = 5.9 
p < 0.001
	ß = 785
t(226) = 5.1 
p < 0.001
	ß = -0.78
t(1135) = -41
p < 0.001




Table 8: Model results from the models on soil nutrients and soil moisture in new gardens and fallowed gardens separately at harvests 1, 2 and 3. Reference levels are given in grey shading for each variable.
	
	
	Available N
	Total N
	Available P
	Total P
	Available K
	Total K
	Soil moisture

	New gardens

	Treatment
	Control
	
	
	
	
	
	
	

	
	Compost
	ß = 0.60
t(47) = 0.46
p = 0.65
	ß = 205
t(47) = 1.4
p = 0.18
	ß = 2.6
t(47) = 0.44 
p = 0.66
	ß = -37
t(47) = -0.64
p = 0.52
	ß = 60
t(47) = 2.1
p = 0.043
	ß = 633
t(47) = 2.0
p = 0.056
	ß = -0.086
t(281) = -1.7
p = 0.089

	
	Chicken manure
	ß = 4.3
t(47) = 3.2 
p = 0.0023
	ß = 409
t(47) = 2.7
p = 0.010
	ß = 22
t(47) = 3.6 
p < 0.001
	ß = 154
t(47) = 2.7
p = 0.011
	ß = -16
t(47) = -0.55
p = 0.59
	ß = 507
t(47) = 1.5
p = 0.13
	ß = -0.16
t(281) = -3.3
p = 0.0011

	
	NPK fertiliser
	ß = 0.84
t(47) = 0.61
p = 0.55
	ß = 309
t(47) = 2.0
p = 0.054
	ß = 37
t(47) = 5.9 
p < 0.001
	ß = 194
t(47) = 3.3
p = 0.0020
	ß = 17
t(47) = 0.57
p = 0.57
	ß = 733
t(47) = 2.2
p = 0.035
	ß = -0.24
t(281) = -4.8
p < 0.001

	Harvest
	Harvest 1
	
	
	
	
	
	
	

	
	Harvest 2
	ß = 1.2
t(47) = 1.1 
p = 0.28
	ß = -278
t(47) = -2.1
p = 0.037
	ß = 5.5
t(47) = 1.0 
p = 0.30
	ß = -21
t(47) = -0.42
p = 0.67
	ß = 38
t(47) = 1.5
p = 0.13
	ß = 461
t(47) = 1.6
p = 0.11
	ß = 0.18
t(281) = 4.1 
p < 0.001

	
	Harvest 3
	ß = -1.7
t(47) = -1.4
p = 0.15
	ß = -129
t(47) = -0.94
p = 0.35
	ß = 6.9
t(47) = 1.3 
p = 0.21
	ß = 88 
t(47) = 1.7 
p = 0.094
	ß = -12
t(47) = -0.48
p = 0.64
	ß = 262
t(47) = 0.89
p = 0.38

	ß = -0.30
t(281) = -6.6
p < 0.001

	Fallowed gardens

	Treatment
	Control
	
	
	
	
	
	
	

	
	Compost
	ß = -0.094
t(50) = -0.066
p = 0.95
	ß = 85
t(50) = 0.48 
p = 0.64
	ß = -3.2
t(50) = -0.52
p = 0.61
	ß = 77
t(50) = 1.8 
p = 0.077
	ß = 97
t(50) = 3.8 
p < 0.001
	ß = -146
t(50) = -0.32
p = 0.75
	ß = -0.18
t(271) = -3.0
p = 0.0026

	
	Chicken manure
	ß = 2.3
t(50) = 1.6 
p = 0.12
	ß = -69
t(50) = -0.39 
p = 0.70
	ß = 14
t(50) = 2.2 
p = 0.034
	ß = 71
t(50) = 1.7 
p = 0.10
	ß = -23 
t(50) = -0.88 
p = 0.39
	ß = 369 
t(50) = 0.80
p = 0.43
	ß = -0.065
t(271) = -1.2
p = 0.25

	
	NPK fertiliser
	ß = 0.15
t(50) = 0.10
p = 0.92
	ß = -81
t(50) = -0.45 
p = 0.65
	ß = 11
t(50) = 1.7 
p = 0.092
	ß = 144
t(50) = 3.4
p = 0.0015
	ß = 31 
t(50) = 1.2 
p = 0.24
	ß = 122
t(50) = 0.26
p = 0.79
	ß = -0.22
t(271) = -3.8
p < 0.001

	Harvest
	Harvest 1
	
	
	
	
	
	
	

	
	Harvest 2
	ß = 3.3
t(50) = 2.7 
p = 0.0097
	ß = -277
t(50) = -1.8
p = 0.078
	ß = 10
t(50) = 1.9 
p = 0.064
	ß = -28
t(50) = -0.74 
p = 0.46
	ß = 44 
t(50) = 2.0 
p = 0.056
	ß = -733
t(50) = -1.8
p = 0.073
	ß = 0.15
t(271) = 3.1 
p = 0.0023

	
	Harvest 3
	ß = 0.71
t(50) = 0.57
p = 0.57
	ß = -243
t(50) = -1.6
p = 0.12
	ß = 8.9
t(50) = 1.6 
p = 0.11
	ß = 1.6
t(50) = 0.042 
p = 0.97
	ß = 14
t(50) = 0.65 
p = 0.52
	ß = 78
t(50) = 0.20 
p = 0.85
	ß = -0.22
t(271) = -4.2
p < 0.001




Table 9: Model results from the models with an interaction between treatment and garden type on soil nutrients and soil moisture at harvests 1, 2 and 3. Reference levels are given in grey shading for each variable.
	
	
	Available N
	Total N
	Available P
	Total P
	Available K
	Total K
	Soil moisture

	Treatment
	Control
	
	
	
	
	
	
	

	
	Compost
	ß = 0.60
t(99) = 0.44
p = 0.66
	ß = 205
t(99) = 1.3
p = 0.21
	ß = 2.6
t(99) = 0.43 
p = 0.67
	ß = -37
t(99) = -0.73 
p = 0.47
	ß = 60
t(99) = 2.2
p = 0.029
	ß = 633
t(99) = 1.5
p = 0.13
	ß = -0.088
t(550) = -1.6
p = 0.10

	
	Chicken manure
	ß = 4.3
t(99) = 3.1
p = 0.0029
	ß = 405
t(99) = 2.4
p = 0.017
	ß = 22
t(99) = 3.5 
p < 0.001
	ß = 152
t(99) = 3.0
p = 0.0038
	ß = -15
t(99) = -0.56 
p = 0.58
	ß = 519
t(99) = 1.2
p = 0.22
	ß = -0.16
t(550) = -3.1
p = 0.0023

	
	NPK fertiliser
	ß = 0.82
t(99) = 0.57 
p = 0.57
	ß = 302
t(99) = 1.8
p = 0.080
	ß = 37
t(99) = 5.9 
p < 0.001
	ß = 189
t(99) = 3.6
p < 0.001
	ß = 18
t(99) = 0.65 
p = 0.52
	ß = 756
t(99) = 1.8
p = 0.080
	ß = -0.24
t(550) = -4.5
p < 0.001

	Garden type
	New
	
	
	
	
	
	
	

	
	Fallowed
	ß = 2.1
t(27) = 1.2 
p = 0.24
	ß = 605
t(13) = 2.1
p = 0.058
	ß = 1.3
t(20) = 0.15 
p = 0.88
	ß = -172
t(11) = -1.5
p = 0.16
	ß = -139
t(11) = -2.4
p = 0.034
	ß = -48
t(11) = -0.051
p = 0.96
	ß = -0.12
t(550) = -2.3
p = 0.023

	Harvest
	Harvest 1
	
	
	
	
	
	
	

	
	Harvest 2
	ß = 2.3
t(99) = 2.7
p = 0.0080

	ß = -278
t(99) = -2.8
p = 0.0067
	ß = 7.9
t(99) = 2.1 
p = 0.037
	ß = -24
t(99) = -0.79 
p = 0.43
	ß = 41
t(99) = 2.5 
p = 0.015
	ß = -136
t(99) = -0.54
p = 0.59
	ß = 0.17
t(550) = 5.0
p < 0.001

	
	Harvest 3
	ß = -0.53
t(99) = -0.61 
p = 0.54
	ß = -190
t(99) = -1.9
p = 0.067
	ß = 7.9
t(99) = 2.1 
p = 0.042
	ß = 42
t(99) = 1.3 
p = 0.18
	ß = 1.7
t(99) = 0.098 
p = 0.92
	ß = 183
t(99) = 0.71
p = 0.48
	ß = -0.26
t(550) = -7.5
p < 0.001

	Treatment * Garden type
	Control: New
	
	
	
	
	
	
	

	
	Compost : Fallowed
	ß = -0.70
t(99) = -0.36 
p = 0.72
	ß = -120
t(99) = -0.52
p = 0.60
	ß = -5.9
t(99) = -0.68
p = 0.50
	ß = 114
t(99) = 1.6
p = 0.11
	ß = 38
t(99) = 0.98 
p = 0.33
	ß = -779
t(99) = -1.3
p = 0.18
	ß = -0.094
t(550) = -1.2
p = 0.23

	
	Chicken manure : Fallowed
	ß = -2.0
t(99) = -1.0 
p = 0.30
	ß = -474
t(99) = -2.0
p = 0.045
	ß = -8.3
t(99) = -0.95
p = 0.34
	ß = -81
t(99) = -1.1 
p = 0.26
	ß = -7.2
t(99) = -0.19
p = 0.85
	ß = -150
t(99) = -0.26
p = 0.80
	ß = 0.096
t(550) = 1.3
p = 0.20

	
	NPK fertiliser : Fallowed
	ß = -0.67
t(99) = -0.34 
p = 0.74
	ß = -383
t(99) = -1.6
p = 0.11
	ß = -27
t(99) = -3.0 
p = 0.0033
	ß = -45
t(99) = -0.63 
p = 0.53
	ß = 12
t(99) = 0.31 
p = 0.75
	ß = -634
t(99) = -1.1
p = 0.29
	ß = 0.020
t(550) = 0.27
p = 0.79





Table 10: Model results from the models with an interaction between treatment and garden type on plant nutrients at harvests 1, 2 and 3. Reference levels are given in grey shading for each variable. 
	
	
	Total N
	Total P
	Total K
	Total C

	Treatment
	Control
	
	
	
	

	
	Compost
	ß = 240
t(102) = 0.17
p = 0.86
	ß = 371
t(102) = 1.1
p = 0.26
	ß = 2904
t(102) = 1.9
p = 0.055
	ß = -2741
t(102) = -0.67
p = 0.51

	
	Chicken manure
	ß = 820
t(102) = 0.58
p = 0.56
	ß = 578
t(102) = 1.8
p = 0.079
	ß = 2333
t(102) = 1.6
p = 0.12
	ß = -1639
t(102) = -0.40
p = 0.69

	
	NPK fertiliser
	ß = -1040
t(102) = -0.74
p = 0.46
	ß = 303
t(102) = 0.93
p = 0.35
	ß = 2089
t(102) = 1.4
p = 0.17
	ß = 821
t(102) = 0.20
p = 0.84

	Garden type
	New
	
	
	
	

	
	Fallowed
	ß = -5144
t(23) = -2.7
p = 0.012
	ß = -1128
t(15) = -2.1
p = 0.057
	ß = -1363 
t(17) = -0.60
p = 0.56
	ß = 5992
t(16) = 0.92
p = 0.37

	Harvest
	Harvest 1
	
	
	
	

	
	Harvest 2
	ß = -1338
t(102) = -1.6
p = 0.12

	ß = 1.8
t(102) = 0.009
p = 0.99
	ß = 7003
t(102) = 7.6
p < 0.001
	ß = 11358
t(102) = 4.5
p < 0.001

	
	Harvest 3
	ß = -4314
t(102) = -5.0
p < 0.001
	ß = -1946
t(102) = -9.8
p < 0.001
	ß = -6950
t(102) = -7.6
p < 0.001
	ß = 17407
t(102) = 6.9
p < 0.001

	Treatment * Garden type
	Control: New
	
	
	
	

	
	Compost : Fallowed
	ß = 952
t(102) = 0.48
p = 0.63
	ß = -269
t(102) = -0.58
p = 0.56
	ß = -2858
t(102) = -1.4
p = 0.18
	ß = 4853
t(102) = 0.84
p = 0.41

	
	Chicken manure : Fallowed
	ß = 525
t(102) = 0.26
p = 0.79
	ß = 325
t(102) = 0.71
p = 0.48
	ß = -2829
t(102) = -1.3
p = 0.18
	ß = 4101
t(102) = 0.71
p = 0.48

	
	NPK fertiliser : Fallowed
	ß = 1700
t(102) = 0.85
p = 0.40
	ß = -260
t(102) = -0.57
p = 0.57
	ß = -3128
t(102) = -1.5
p = 0.14
	ß = -268
t(102) = -0.046
p = 0.96





Table 11: Model results from the models on tuber nutrients at harvests 1, 2 and 3. Reference levels are given in grey shading for each variable.
	
	
	Total N
	Total P
	Total K
	Total C

	Treatment
	Control
	
	
	
	

	
	Compost
	ß = 128
t(6) = 0.16
p = 0.88
	ß = 93
t(6) = 0.40
p = 0.70
	ß = 322
t(6) = 0.18
p = 0.87
	ß = -1543
t(6) = -0.79
p = 0.46

	
	Chicken manure
	ß = 163
t(6) = 0.20
p = 0.85
	ß = 346
t(6) = 1.5
p = 0.19
	ß = 414
t(6) = 0.23
p = 0.83
	ß = -4375
t(6) = -2.2
p = 0.067

	
	NPK fertiliser
	ß = -524
t(6) = -0.64
p = 0.55
	ß = -227
t(6) = -0.97
p = 0.37
	ß = -3021
t(6) = -1.7
p = 0.15
	ß = -1359
t(6) = -0.69
p = 0.51

	Harvest
	Harvest 1
	
	
	
	

	
	Harvest 2
	ß = -3042
t(6) = -4.3
p = 0.0053
	ß = -870
t(6) = -4.3
p = 0.0050
	ß = -817
t(6) = -0.52
p = 0.62
	ß = 11246
t(6) = 6.6
p < 0.001

	
	Harvest 3
	ß = -1010
t(6) = -1.4
p = 0.21
	ß = -959
t(6) = -4.8
p = 0.0031
	ß = -4877
t(6) = -3.1
p = 0.021
	ß = 25092
t(6) = 15
p < 0.001





Table 12: Model results from the models on leaf yield, vine yield, tuber yield and tuber quality in new gardens and fallowed gardens separately at harvests 1, 2 and 3. Reference levels are given in grey shading for each variable.
	
	
	Leaf yield
	Vine yield
	Tuber yield
	Weight per tuber
	Number of tubers per mound

	New gardens

	Treatment
	Control
	
	
	
	
	

	
	Compost
	ß = -0.30
t(461) = -4.7
p < 0.001
	ß = -0.21
t(462) = -3.5
p < 0.001
	ß = -0.26
t(479) = -2.7
p = 0.0074
	ß = -0.19
t(2737) = -3.4 
p < 0.001
	ß = -0.011
t(485) = -0.17 
p = 0.86

	
	Chicken manure
	ß = 0.19 
t(461) = 3.1 
p = 0.0018
	ß = 0.26
t(462) = 4.6 
p < 0.001
	ß = -0.0079
t(479) = -0.088
p = 0.93
	ß = 0.020
t(2737) = 0.40 
p = 0.69
	ß = -0.054
t(485) = -0.91
p = 0.36

	
	NPK fertiliser
	ß = 0.19
t(461) = 3.2 
p = 0.0017
	ß = 0.34
t(462) = 6.0 
p < 0.001
	ß = 0.33
t(479) = 3.7 
p < 0.001
	ß = 0.066
t(2737) = 1.4 
p = 0.16
	ß = 0.29
t(485) = 5.4 
p < 0.001

	Tuber type
	Red
	
	
	
	
	

	
	Mix
	ß = -0.0023
t(461) = -0.025
p = 0.98

	ß = -0.15
t(462) = -1.7
p = 0.093
	ß = -0.16
t(479) = -1.2
p = 0.22
	ß = 0.045
t(2737) = 0.66 
p = 0.51
	ß = -0.15
t(485) = -1.9
p = 0.055

	Harvest
	Harvest 1
	
	
	
	
	

	
	Harvest 2
	ß = 0.16
t(461) = 2.7 
p = 0.0064
	ß = -0.16
t(462) = -3.0
p = 0.0027
	ß = 0.021
t(479) = 0.25
p = 0.80
	ß = 0.39
t(2737) = 8.7 
p < 0.001
	ß = -0.25
t(485) = -4.9
p < 0.001

	
	Harvest 3
	ß = -0.048
t(461) = -0.82
p = 0.41
	ß = -0.34
t(462) = -6.3
p < 0.001
	ß = -0.21
t(479) = -2.5
p = 0.013
	ß = 0.33
t(2737) = 7.0 
p < 0.001
	ß = -0.42
t(485) = -7.7
p < 0.001

	Fallowed gardens

	Treatment
	Control
	
	
	
	
	

	
	Compost
	ß = -0.056
t(465) = -0.89
p = 0.37
	ß = -0.044
t(463) = -0.81
p = 0.42
	ß = 0.13
t(471) = 1.6 
p = 0.12
	ß = -0.0018
t(3039) = -0.034
p = 0.97
	ß = 0.20
t(481) = 3.3 
p < 0.001

	
	Chicken manure
	ß = -0.014
t(465) = -0.25
p = 0.81
	ß = 0.19
t(463) = 3.9 
p < 0.001
	ß = 0.27
t(471) = 3.8 
p < 0.001
	ß = 0.056
t(3039) = 1.2 
p = 0.24
	ß = 0.22
t(481) = 4.1 
p < 0.001

	
	NPK fertiliser
	ß = 0.061
t(465) = 1.1
p = 0.28
	ß = 0.36
t(463) = 7.4 
p < 0.001
	ß = 0.44
t(471) = 6.1 
p < 0.001
	ß = 0.056
t(3039) = 1.2 
p = 0.22
	ß = 0.40
t(481) = 7.6 
p < 0.001

	Tuber type
	Red
	
	
	
	
	

	
	Mix
	ß = 0.34
t(465) = 3.2 
p = 0.0015
	ß = 0.19
t(463) = 2.1 
p = 0.039
	ß = -0.20
t(471) = -1.5
p = 0.14
	ß = -0.093
t(3039) = -1.1
p = 0.28
	ß = -0.14
t(481) = -1.4
p = 0.15

	Harvest
	Harvest 1
	
	
	
	
	

	
	Harvest 2
	ß = 0.014
t(465) = 0.25
p = 0.80
	ß = -0.055
t(463) = -1.2
p = 0.25
	ß = 0.15
t(471) = 2.2 
p = 0.031
	ß = 0.26
t(3039) = 6.3 
p < 0.001
	ß = -0.11
t(481) = -2.3
p = 0.021

	
	Harvest 3
	ß = -0.23
t(465) = -4.3
p < 0.001
	ß = -0.079
t(463) = -1.7
p = 0.090
	ß = -0.30
t(471) = -4.4
p < 0.001
	ß = 0.050
t(3039) = 1.2 
p = 0.24
	ß = -0.34
t(481) = -6.9
p < 0.001









Table 13: Model results from the models with an interaction between treatment and garden type on leaf yield, vine yield, tuber yield and tuber quality at harvests 1, 2 and 3. Reference levels are given in grey shading for each variable.
	
	
	Leaf yield
	Vine yield
	Tuber yield
	Weight per tuber
	Number of tubers per mound
	Tuber quality

	Treatment
	Control
	
	
	
	
	
	

	
	Compost
	ß = -0.29
t(929) = -4.6
p < 0.001
	ß = -0.22
t(928) = -3.9
p < 0.001
	ß = -0.27 
t(955) = -3.1
p = 0.0022
	ß = -0.18
t(5778) = -3.2 
p = 0.0014
	ß = -0.015
t(968) = -0.23
p = 0.82
	ß = -0.45
t(5340) = -2.6 
p = 0.011

	
	Chicken manure
	ß = 0.19
t(929) = 3.1 
p = 0.0018
	ß = 0.25
t(928) = 4.5 
p < 0.001
	ß = -0.011
t(955) = -0.13
p = 0.89
	ß = 0.024
t(5778) = 0.46 
p = 0.64
	ß = -0.056
t(968) = -0.95
p = 0.34
	ß = -0.073
t(5340) = -0.44
p = 0.66

	
	NPK fertiliser
	ß = 0.18
t(929) = 3.1 
p = 0.0020
	ß = 0.33
t(928) = 6.1 
p < 0.001
	ß = 0.32
t(955) = 4.0
p < 0.001
	ß = 0.059
t(5778) = 1.3 
p = 0.21
	ß = 0.28
t(968) = 5.4 
p < 0.001
	ß = -0.072
t(5340) = -0.46
p = 0.65

	Garden type
	New
	
	
	
	
	
	

	
	Fallowed
	ß = 0.095
t(929) = 1.6
p = 0.11


	ß = -0.058
t(928) = -1.1
p = 0.27
	ß = 0.11
t(955) = 1.3 
p = 0.18
	ß = 0.12
t(5778) = 2.4 
p = 0.017
	ß = -0.013
t(968) = -0.23
p = 0.82
	ß = 0.49
t(5340) = 1.9 
p = 0.054

	Tuber type
	Red
	
	
	
	
	
	

	
	Mix
	ß = 0.14
t(929) = 2.0 
p = 0.046
	ß = 0.0039
t(928) = 0.062
p = 0.95
	ß = -0.18
t(955) = -1.9
p = 0.053
	ß = -0.031
t(5778) = -0.59
p = 0.55
	ß = -0.13
t(968) = -2.1
p = 0.036
	ß = -0.26
t(5340) = -2.0 
p = 0.041

	Harvest
	Harvest 1
	
	
	
	
	
	

	
	Harvest 2
	ß = 0.079
t(929) = 2.0
p = 0.051
	ß = -0.11
t(928) = -3.0
p = 0.0025
	ß = 0.086
t(955) = 1.6
p = 0.11
	ß = 0.31
t(5778) = 10 
p < 0.001
	ß = -0.17
t(968) = -4.9
p < 0.001
	ß = 0.26
t(5340) = 3.7 
p < 0.001

	
	Harvest 3
	ß = -0.15
t(929) = -3.7
p < 0.001
	ß = -0.21
t(928) = -5.8
p < 0.001
	ß = -0.26
t(955) = -4.8
p < 0.001
	ß = 0.17
t(5778) = 5.3 
p < 0.001
	ß = -0.37
t(968) = -10
p < 0.001
	ß = -0.19
t(5340) = -2.5 
p = 0.012

	Treatment * Garden type
	Control: New
	
	
	
	
	
	

	
	Compost : Fallowed
	ß = 0.23
t(929) = 2.5 
p = 0.013
	ß = 0.19
t(928) = 2.4 
p = 0.019
	ß = 0.40
t(955) = 3.2 
p = 0.0016
	ß = 0.15
t(5778) = 1.9 
p = 0.056
	ß = 0.22
t(968) = 2.5 
p = 0.013
	ß = 0.12
t(5340) = 0.50 
p = 0.62

	
	Chicken manure : Fallowed
	ß = -0.20
t(929) = -2.3
p = 0.020
	ß = -0.050
t(928) = -0.66
p = 0.51
	ß = 0.28
t(955) = 2.5 
p = 0.014
	ß = 0.031
t(5778) = 0.44 
p = 0.66
	ß = 0.28
t(968) = 3.5 
p < 0.001
	ß = -0.29
t(5340) = -1.2 
p = 0.21

	
	NPK fertiliser : Fallowed
	ß = -0.13
t(929) = -1.5
p = 0.13
	ß = 0.034
t(928) = 0.45
p = 0.66
	ß = 0.12
t(955) = 1.0 
p = 0.31
	ß = 0.00041
t(5778) = 0.006
p = 1.0
	ß = 0.11
t(968) = 1.5 
p = 0.13
	ß = -0.29
t(5340) = -1.3 
p = 0.18




Table 14: Model results from the taste test. Reference levels are given in grey shading for each variable.
	 
	Rank

	Control
	

	Compost
	ß = -0.30
z(196) = -0.82
p = 0.41

	Chicken manure
	ß = -0.97
z(196) = -2.7
p = 0.0074

	NPK fertiliser
	ß = -0.41
z(196) = -1.1
p = 0.26

	Harvest 1
	

	Harvest 2
	ß = -0.35
z(196) = -1.1
p = 0.27

	Harvest 3
	ß = -0.36
z(196) = -1.2
p = 0.23




Table 15: Model results from the SEM. Reference levels are given in grey shading for each variable.
	
	Soil available N
	Soil available P
	Soil available K
	Soil moisture
	Tuber yield

	Control
	
	
	
	
	

	Compost
	ß = 0.26
df = 101
p = 0.79
	ß = -0.30
df = 101
p = 0.95
	ß = 78
df = 101
p < 0.001
	ß = -2.9
df = 100
p = 0.010
	ß = -0.37
df = 97
p = 0.010

	Chicken manure
	ß = 3.3
df = 101
p = 0.0012
	ß = 18
df = 101
p < 0.001
	ß = -19
df = 101
p = 0.32
	ß = -1.5
df = 100
p = 0.19
	ß = -0.099
df = 97
p = 0.50

	NPK fertiliser
	ß = 0.64
df = 101
p = 0.52
	ß = 24
df = 101
p < 0.001
	ß = 25
df = 101
p = 0.20
	ß = -3.3
df = 100
p = 0.010
	ß = 0.11
df = 97
p = 0.47

	New garden
	
	
	
	
	

	Fallowed garden
	ß = 1.2
df = 8
p = 0.38
	ß = -8.7
df = 8
p = 0.22
	ß = -128
df = 8
p = 0.040
	ß = -2.0
df = 8
p = 0.59
	ß = 0.41
df = 8
p = 0.21

	Harvest 1
	
	
	
	
	

	Harvest 2
	ß = 2.4
df = 101
p = 0.0053
	ß = 8.2
df = 101
p = 0.039
	ß = 41
df = 101
p = 0.014
	ß = 3.7
df = 100
p < 0.001
	ß = 0.14
df = 97
p = 0.26

	Harvest 3
	ß = -0.54
df = 101
p = 0.53
	ß = 7.4
df = 101
p = 0.065
	ß = 1.4
df = 101
p = 0.93
	ß = -5.1
df = 100
p < 0.001
	ß = -0.59
df = 97
p < 0.001

	Total plant biomass
	
	
	
	ß = -0.0033
df = 100
p = 0.031
	Correlated
ß = 0.34
df = 116
p < 0.001

	Soil available N
	
	
	
	
	ß = 0.032
df = 97
p = 0.019



	Soil available P
	
	
	
	
	ß = -0.0020
df = 97
p = 0.49

	Soil available K
	
	
	
	
	ß = 0.0005
df = 97
p = 0.41

	Soil moisture
	
	
	
	
	ß = -0.053
df = 97
p < 0.001

















	Financial profitability when not using any type of fertiliser
· When not using any type of fertiliser farmers harvest, on average, 4.8 sweet potato tubers per mound (Fig. 5).
· There is a 62% chance that the tuber is fit for human consumption and can be marketed, so farmers can sell 2.9 tubers per mound.
· A farmer in Ohu tends on average 55 sweet potato mounds, from which he can harvest approximately three times a year, depending on the exact variety of sweet potato planted.
· The average price of a sweet potato on the Madang market is 0.20 per tuber.
· So, a farmer in Ohu can earn 0.59 PGK[footnoteRef:2] per sweet potato mound or 97 PGK[footnoteRef:3] per year. [2:  In January 2021, 1 PGK converted to 0.21 GBP. ]  [3:  To put this amount in its context, the price of one kilo of rice in PNG currently ranges between 3.50 – 5 PKG.] 


	Costs of NPK fertiliser
· The price of NPK fertiliser in Madang town is 26.50 PGK for 5 kg. 
· If you apply 16.3 grams of fertiliser per mound (as done in the experiment), the cost of NPK fertiliser comes to 0.086 PGK per mound

	Profit of NPK fertiliser
· On average you harvest an additional two tubers per mound when applying NPK fertiliser compared to the control condition (Fig. 5). 
· There is a 62% chance that the tuber is fit for human consumption and can be marketed, so when using NPK fertiliser you harvest, on average, 1.2 more tubers that can be sold on the market.
· The average price of a sweet potato on the Madang market is 0.20 per tuber.
· The maximum profit you can make when using NPK fertiliser comes to 0.25 PGK per mound. 

	Balance
· On balance, a farmer can earn a maximum of 0.16 PGK more per mound when using NPK fertiliser.
· A farmer in Ohu tends on average 55 sweet potato mounds, from which he can harvest approximately three times a year, depending on the exact variety of sweet potato planted.
· Thus, in a year a farmer could make a maximum additional profit of 26 PGK per year if he or she uses NPK fertiliser on sweet potato mounds. This is a 27% increase in income from not using any type of fertiliser.


Table 16: Financial feasibility of using NPK fertiliser.
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