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Abstract

:

Declining land productivity is a major problem constraining banana (Musa spp.) production in Tanzania. Banana fruit yield consequently reaches only 15% of the potential, primarily due to inadequate soil nutrient replenishment. Improving farmers’ soil nutrient replenishment strategy in banana home gardens, which relies on applications of cattle manure only, by mixing with inorganic fertilizer resources can increase land productivity and can improve the overall profitability of banana production in the country. Experiments were conducted at Tarakea, Lyamungo, and Tengeru to determine the effects of organic fertilizer resources (animal manure and crop residue) and their combination with inorganic fertilizer resources on the productivity and profitability of Mchare banana production. Banana fruit yield differed significantly among the experimental sites, with drier areas of Tengeru recording, on average, 19.6 t ha−1 year−1, while the more humid areas of Lyamungo recorded, on average, 39.3 ha−1 year−1. Mchare banana plants grown under sole inorganic fertilizer produced significantly low yields (33.0 t ha−1 year−1) compared with those fertilized with cattle manure only, which lifted the yields to 38.8 t ha−1 year−1, but the latter required more labor input. Soil nitrogen (N) fertilization via cattle manure + mineral fertilizer gave the highest average banana fruit yield (43.0 t ha−1 year−1) across the sites, and reduced fertilization costs by 32%. Subsequently, this integrated fertilization technique generated the highest average net benefits in all sites and both cropping cycles. Thus, the findings of this study form a basis to improve land productivity and profitability in banana-based home gardens in the study area by directing more labor input to good soil N management.
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1. Introduction


Banana-based farming, most specifically the banana/coffee/common bean/smallholder dairy cattle system, has played a significant role in sustaining smallholder farmers’ livelihoods in the humid highlands of Tanzania [1,2,3]. For a long period, bananas have served as a staple food, whereas coffee was a major cash earner [2,3]. Apart from serving as a source of animal protein for subsistence, dairy cattle in the system provided organic fertilizer for banana-based agroforestry home gardens [1,4,5]. Conversely, the increasing demand for bananas in the local market forces smallholder farmers to plant more bananas in their home gardens to replace coffee to generate additional income to support their livelihood [2,3,6].



Bananas can feed up to 30% of the entire human population in Tanzania [7]. In the principle banana growing areas (e.g., Arusha, Kagera, Kilimanjaro, and Mbeya regions), the traditional highlands East African cooking banana (Mchare and Matooke) feeds up to 95% of the population [8] and contributes to around 70% of the household income through the sales of surplus banana bunches [2,3]. Regrettably, farmland fragmentation resulting from the large population pressure in the humid highlands has caused most of the farmers to derive their livelihoods on farmsteads that hardly reach 0.5 ha [1,2,3]. As a result, marginal lands that were allocated for fodder production have been converted to croplands [4,5] to produce food to feed more people. This, in turn, reduced the amounts of animal fodder [2,3,4] and, hence, the number of dairy cattle that can be kept in a farmstead [1,5,9,10,11]. Logically, quantities of animal manure dwindled down to only 25% of the total requirement [12], precluding acceptable productivity figures due to the declining land productivity, a result of inadequate soil nutrient replenishment [1,10,11,13].



The acquisition of additional animal manure is hardly possible for resource-less endowed smallholder farmers [2,3,5]. In this view, supplementation with mineral fertilizers is crucial to enhance banana productivity output [12]. Combined use of organic and inorganic fertilizer resources significantly improved land productivity in comparison to using animal manure or inorganic fertilizers alone [14,15,16]. However, the economic profitability of such an approach will finally determine its adoption. Therefore, this study aimed to demonstrate the agronomic and economic benefits of N fertilization in Mchare banana production by analyzing data from two crop cycles for three experimental sites. The objectives of the study were to (i) evaluate the productivity, and (ii) assess the profitability of soil N replenishment techniques in Mchare banana production in the study area.




2. Materials and Methods


2.1. Site Characteristics


The study was conducted in newly established fields at three sites from November 2015 to December 2019 on the volcanic slopes of Mount Kilimanjaro and Mount Meru in the central–northern highlands of Tanzania. The experimental sites included (i) Tarakea, at the farm of Tarakea secondary school (latitude 03°02′17.0″ S, longitude 037°35′24.9″ E; 1608 meters (m) above sea level (a.s.l) in the Rombo district, Kilimanjaro region, (ii) Lyamungo, at the farm of Tanzania Coffee Research Institute (latitude 03°13′49.6″ S, longitude 037°14′55.9″ E; 1346 m a.s.l in the Hai district, Kilimanjaro region, and (iii) Tengeru, in the land of the Nelson Mandela African Institution of Science and Technology (latitude 03°23′58″ S, longitude 037°35′24.9″ E; 1106 m a.s.l in the Arumeru district, Arusha region. The first field was established in the Upper zone, the second field in the Mid zone, and the third in the interflow zone between the Mid and Lower zones. This arbitrary zoning led to three different climatic conditions. Lyamungo was the more humid site (Figure S1), with annual precipitation exceeding 1300 mm year−1, which is considered optimal for banana production [17]. Likewise, Tarakea and Tengeru were drier sites (Figures S2 and S3, respectively), and rains were less than optimal with annual precipitation below 1000 mm. Soil types are classified as Cambic Chermic Phaeozem (Gravelly Clayic, Colluvic, Novic, Vitric) at Tarakea; Eutric Luvic Mollic Nitisol (Humic) at Lyamungo; and Chermic Phaeozem (Geo-abruptic, Clayic, Pachic) over Eutric Cambisol (Clayic, Humic, Protovertic) at Tengeru [18]. Except for total N and C levels that were below the established critical limits for crop production in all experimental fields, other soil properties were generally acceptable for the production of bananas [19].




2.2. Experimental Fields’ Establishment, Experimental Design, and N Fertilization Treatments


Hole measurements for planting bananas were 0.9 m in length, 0.9 m wide, and 0.7 m deep. Each treatment plot measured 150 m2 (15 m long by 10 m wide) and had five rows spaced 3 m apart and five plants within a row spaced 2 m apart. The Crop Bio-Science tissue culture laboratory in Arusha provided the banana plant materials (Mchare-Huti Green Bell AA) for the experiment, which were about 0.3 m tall. Banana planting was carried out during the long rainy season and the corresponding planting density was 1666 plants ha−1. In the respective treatment plots, common bean (variety Lyamungo 90, bush type) inoculated with Rhizobium leguminosarum (manufactured by Legume Technology Ltd. Batch: CIAT 300813-1, Nairobi, Kenya) was grown in association with banana in four rows spaced 0.2 m by 0.5 m, with a corresponding planting density of 100,000 plants ha−1. Legume intercrop was grown in two cropping seasons each year. Common bean seeds were outsourced from the Tanzania Agriculture Research Institute (TARI), Selian station located in Arusha region, northern Tanzania.



The field experiment consisted of eight N fertilization treatments arranged in a randomized complete block design and was repeated three times. All N fertilization treatments were applied each year in all three experimental sites. Treatments 3, 5, and 6 were designed to equalize the total N contents derived from different amounts of urea and cattle manure. This was calculated based on equal N amounts (153.4 kg N ha−1 year−1 equivalent to 92 g N mat−1 year−1 determined according to the amount of organic N traditionally applied by resource-endowed farmers). Fertilization treatments included (N rates expressed in kg ha−1 year−1): T1 = 0 N (control); T2 = 76.7 kg N (derived from urea, 50% below the N dose applied by resource-endowed farmers); T3 = 153.4 kg N (derived from urea, corresponding to the traditional N rate derived from cattle manure applied by resource-endowed farmers); T4 = 230 kg N (derived from urea, 50% above the traditional N rate); T5 = 50% urea (providing 76.7 kg mineral N) + 50% cattle manure (providing 76.7 kg organic N); T6 = 100% cattle manure (providing 153.4 kg organic N); T7 = 50% urea (providing 76.7 kg mineral N) + common bean haulms (providing, on average, 52 kg organic N); and T8 = 100% common bean haulms (providing, on average, 52 kg organic N) (Table S1) [18]. As a first step toward improving the traditional soil fertility management practices in the banana-based farming systems of northern Tanzania, we aimed to estimate the ideal N fertilization rate in T1 through T4. In this study, we tested the concept while we chose the cattle manure dose (T6) applied by the resource-endowed farmers as a reference, well aware that such is beyond the doses used by the average smallholder farmers.



Dry cattle manure about six months old was locally sourced from the Kilari sisters’ dairy farm each year and contained, on average, 2–3–12 g kg−1 N–P–K (Table 1) [12]. It was not possible to perform a full chemical analysis of the manure because of financial constraints. Although the manure’s moisture content was not measured, it was estimated to be between 87 and 90%. The moisture content of the cattle manure given to the crop was, hence, not considered when calculating the required manure dose. Even yet, it is likely that the levels of N delivered by cattle manure did not depart greatly from the planned annual rate. Each banana mat in T5 received 23 kg of dry cattle manure (equivalent to 38 t ha−1) + 100 g of urea (46% N) (equivalent to 167 kg ha−1) year−1 [18]. As for 100% cattle manure treatment (T6), each mat was amended with 46 kg dry manure (equivalent to 76 t ha−1) year−1 [18]. Common bean haulms were produced in situ in T7–T8 during the course of two seasons each year and contained, on average, 31–3–24 g kg−1 N–P–K (Table 1) [12]. Each banana mat in T8 received between 0.9 and 1.1 kg of dry common bean haulms (equivalent to 1.6 t ha−1 on average) year−1, while in T7, each banana mat received this amount in combination with the lowest dose of urea (Tables S1 and S2). Each banana mat in T1–T4 received 20.1 g P (46 g P2O5) and 276 g K (334 g K2O) year–1, which is equivalent to 33.5 kg P (76.6 kg P2O5) and 459.8 kg K (556.4 kg K2O) ha–1 year–1, respectively, from triple superphosphate (TSP, 46% P2O5) and muriate of potash (MOP, 60% K2O). Likewise, each banana mat in T7 and T8 received the same amounts as in T1–T4 plus, on average, 3 g P and 24 g K mat−1 year−1, equivalent to 5 kg P and 40 kg K ha−1 year−1 derived from common bean haulms (Table S2). Each banana mat in T5 received 69 g P and 276 g K year−1, which is equal to 115 kg P and 459.8 kg K ha−1 year−1, whereas those in T6 received 138 g P and 552 g K mat−1 year−1, which is equal to 230 kg P and 916.9 kg K ha−1 year−1, both from cattle manure (Table S2).



While T3, T5, and T6 were designed to receive equal quantities of the total N derived from various amounts of urea and cattle manure, this was not the case for P and K in T5 and T6. Mchare banana plants in T6 always received double amounts of P and K compared with T5 and six times more than T1–T4 caused by the larger quantities of cattle manure applied in this treatment. Cattle manure and TSP were applied once each year at the onset of the short rainy season. Common bean haulms were retained in the respective N fertilization treatment plots to recycle nutrients. To reduce leaching losses, urea and MOP, on the other hand, were administered in three splits each year: the first split at the beginning of the short wet season, the second split at the beginning of the long rainy season, and the third split near the end of the long rainy season (Table S3).




2.3. Agronomic Assessment of N Fertilization


Yield data were collected from two consecutive cycles between April 2017 and December 2019 on nine central banana plants in each treatment plot. Yield-related parameters included (i) harvested bunches and (ii) bunch size. Using the formula shown in Equation (1) below, yield (t ha−1 year−1) was then computed based on the bunch weight and collected bunches ha−1 in a year related to crop duration. Crop duration refers to the number of days between planting and harvesting for each cropping cycle.


  Y i e l d    [  t    ha  − 1      year  − 1    ]  =  [    B W   1000    ]  × n °   h  a  − 1   ×  [    365   C D    ]   



(1)




with BW bunch weight in kg, n° number of harvested bunches ha−1, and CD crop duration.




2.4. Economic Assessment of N Fertilization


A partial budget analysis of the costs and benefits related to each treatment on the yield data was carried out as described in [20] in order to evaluate the profitability of N fertilizer utilization. The analysis was carried out using the farm gate price of banana bunches, common bean grains harvested from intercropped treatment plots, opportunity costs of common bean haulms, prevailing retail prices of mineral fertilizers, transport cost of cattle manure, and labor costs associated with each fertilization treatment. Calculations were made on a hectare basis per year in Tanzania shilling (TZS). Then, monetary values were translated from TZS at the average exchange rate near the end of the experimental period, which was 2309 TZS to 1 USD. The closest agro-dealers were contacted for prices on mineral fertilizers, common bean seeds, and Rhizobium inoculants. Costs related to cattle manure utilization were obtained from banana growers and were checked against those provided by extension staff in each site. Labor costs for fertilizer application, planting, weeding, and harvesting of the bean intercrop were collected from the neighboring farmers (Tables S3–S6). Conversely, labor costs related to banana harvesting and local transport were not included in the analysis because bunches for family consumption are harvested piecemeal and those for sale are often harvested by the merchants.



The average farm gate price of banana bunches was obtained from the merchants at the nearest market centers during peak season when prices are customarily low. The same was carried out for common bean grains harvested from the intercropped N fertilization treatment plots. The opportunity cost of common bean haulms was obtained from the nearest smallholder dairy cattle keepers, who normally use them as fodder. Because banana bunches were harvested after fingers have reached full horticultural maturity, which is not a normal practice by most smallholder farmers, the average yield (t ha−1 year−1) was reduced by 10%. The average farm gate prices of Mchare banana (USD 0.23 kg−1), common bean grains (USD 1.3 kg−1), and common bean haulms (USD 86 ha−1) were used to determine the harvest value referred to herein as gross benefits (GB) from the respective N fertilization treatment plots.



Total variable costs (TVC) were the sum of costs of fertilizers, common bean seed, and labor for fertilizers application, planting, weeding, and harvesting of the intercropped common bean. Net benefits (NB) were calculated by subtracting the TVC from GB. Then, prospective profitable N fertilization treatments were chosen using a dominance analysis. Treatments were deemed to be dominated and, as a result, were excluded from the marginal analysis if they provided NB that was lower or equal to that of a treatment with lower TVC. The non-dominated N fertilization treatments were sorted in ascending order of their costs, and a marginal (extra) cost (MC) and benefit (MB) were computed for each adjacent pair of treatments. The MC was then the difference in TVC between the lower costly treatment and the subsequent higher costly treatment. The MB was calculated in the same way, but using the NB values. Then, using the formula shown in Equation (2) below, the marginal rate of return (MRR), which measures the level of returns to the investment costs, was computed. The MRR for the respective sites was computed from the average values of the non-dominated N fertilization treatments (T2, T3, T4, and T5). Sensitivity analysis was performed by recalculating the MRR based on the projected future price (50% price inflation) of mineral fertilizers and Rhizobium inoculants to understand the degree of risk involved in making the proposed change as described by [21].


  M R R =  (  c h a n g e   i n   N B ÷ c h a n g e   i n   T V C  )   



(2)




with change in NB calculated relative to treatment with smaller net benefits and the subsequent treatment with larger net benefits: (for mineral N fertilization treatments: T1–T4) and T2 for the integrated N fertilization treatment (T5). The TVC was calculated relative to the treatment with lower N fertilization costs and the subsequent treatment with higher costs (for mineral N fertilization treatments: T1–T4) and T2 for the integrated N fertilization treatment (T5).




2.5. Statistical Analysis


We performed a one-way analysis of variance (ANOVA) using Equation (3) to assess the effects of N fertilization treatments on yield and economic-related parameters for each site separately but using cycle as a repeated measure in light of the strong interaction between sites and fertilization treatments in both cropping cycles. In every instance, a p-value of 0.05 or less was regarded as significant, and a 95% probability Tukey HSD test was used for multiple mean comparisons. Treatments with MRR above USD 1.18 $−1 were deemed profitable [20,22] in terms of the viability of the evaluated N fertilization strategies [22]. All statistical analyses were performed using the STATISTICA statistical package version 8.0 [23].


  Y i j = μ + T i + β j + Ɛ i j    



(3)




with Yij banana yield, µ overall mean, Ti the ith N fertilization treatment effect, βj the jth blocking effect, and Ɛij the ijth random error.





3. Results


3.1. Agronomic Assessment of N Fertilization


In general, the results indicate that the Mchare banana grown in the most humid site of Lyamungo had more heavy bunches (Figure 1), and, thus, higher banana fruit yields than in the drier sites of Tarakea and Tengeru in both cropping cycles (Table 2). The Mchare banana bunch weight and total fruit yield varied from 12.0 to 35.0 kg (Figure 1) and 11.5 to 42.9 t ha−1 year−1 in cycle one (Table 2), respectively. In cycle two, bunch weight varied from 11.0 to 40.0 kg (Figure 1) and total yield from 10.9 to 82.5 t ha−1 year−1 (Table 2), with an average output of 45 t ha−1 year−1. The Mchare banana’s yields were significantly (p < 0.001) and favorably increased in response to both organic and mineral N fertilization treatments (Table 2). Nevertheless, cattle manure only (T6) or in combination with urea at 50% each (T5) resulted in the highest yield, and were similar to each other in cycle one in Lyamungo and Tengeru, while T5 was higher than T6 in Tarakea (Table 2). On the other hand, cattle manure only (T6) in cycle two produced smaller yield than the integrated approach (T5), except in Tengeru (Table 2). The results further indicate that yields in the control (T1) and common bean haulms only (T8) were quite similar within respective cropping cycles, except in cycle two where T8 demonstrated superior performance compared with T1 in Lyamungo (Table 2).



Furthermore, the results reveal that Mchare banana finger yield was higher in cycle two than in cycle one, except for the control (T1) (Table 2). Mchare banana finger yield in the control decreased by 2.6 t ha−1 year−1 between cycle one and cycle two. When N fertilization treatments were compared within the respective cropping cycle, sole urea (T2–T4) resulted in substantial and significant yield responses up to T3 (Figure 2, Figure 3 and Figure 4). It is interesting to note that after one cycle, sole urea (T2–T4) and cattle manure only (T6) fertilization treatments became more clearly distinct from one another (Figure 2, Figure 3 and Figure 4). However, common bean haulms alone (T8) as an alternative organic treatment did not result in a similar yield increase, with the yield only slightly above the control treatment (T1) (Figure 2, Figure 3 and Figure 4). Similarly, the combination of urea and common bean haulms (T7) did not lift the yield much above that obtained with the smallest N dose derived from urea only (T2) (Figure 2, Figure 3 and Figure 4).




3.2. Economic Analysis of N Fertilization


Nitrogen fertilization costs were higher at Tarakea than Lyamungo and Tengeru sites (Table 3, Table 4 and Table 5). This was due to higher retail prices of mineral fertilizer because Tarakea is far (80 km) from Moshi, a regional business center. Since Lyamungo and Tengeru locations are just 25 km from Moshi town and Arusha city, respectively, the retail price of a 50 kg bag of mineral fertilizer sold at Tarakea includes substantial transport costs in comparison with those two sites. The farm gate price of Mchare banana was similar in all three sites, with a mean of USD 0.23 kg−1. Therefore, large values of NB recorded in the moist areas of Lyamungo were, to a large extent, due to the large production quantity of the tested Mchare banana cultivar. The MRR appeared to increase in cycle two (Table 3, Table 4 and Table 5). The use of urea alone (T2–T4) or in combination with cattle manure at 50% each (T5) was less costly than cattle manure only (T6) and common bean haulms (T7–T8) (Table 3, Table 4 and Table 5). Combined use of urea and cattle manure (T5) reduced N fertilization costs by 41% at Tarakea and Tengeru (Table 3 and Table 5) and 23% at Lyamungo (Table 4) compared with that of cattle manure only (T6). The NB did not differ significantly (except for Tarakea, p < 0.001) between N fertilization treatments, but the values were relatively larger in cycle two than in cycle one at each site. With the exception of Tengeru, sole urea applications at 153.4 kg N ha−1 year−1 (T3) produced greater NB than the other mineral N fertilization treatments (T2 and T4). However, the largest NB value was obtained when using urea in combination with cattle manure, each contributing 50% of the annual N rate (T5) (Table 3, Table 4 and Table 5). Common bean haulms alone (T8) produced the smallest NB relative to the other N fertilization treatments (Table 3, Table 4 and Table 5). The results further reveal that T4 (except for Tengeru), T6, T7, and T8 were dominated (Table 3, Table 4 and Table 5) and, thus were excluded from the marginal analysis. In general, the MRR of the mineral N fertilization treatments (T2, T3, and T4) decreased with utilization costs reflected in N dose and was lowest in T4 (Table 3, Table 4 and Table 5). Inflating prices of mineral fertilizer and the labor costs for application resulted in further reduction of the MRR to the investment capital (Table 3, Table 4 and Table 5). The obtained values, however, exceeded the estimated minimum acceptable MRR in our analysis, which was USD 1.18 $−1.





4. Discussion


4.1. Agronomic Assessment of N Fertilization


The yield at Lyamungo increased to 35.1 t ha−1 year−1 in cycle one and 53.4 t ha−1 year−1 in cycle two under 153.4 kg mineral N ha−1 year−1 (T3), which is higher than that achieved under 230 kg mineral N ha−1 year−1 (T4), according to fertilization response curves (Figure 2, Figure 3 and Figure 4). Nevertheless, when the same quantity of N is derived from a 50% mixture of urea and cattle manure (T5), yield increases of up to 28.0 t ha−1 year−1 or 34.4% can be reached. Our findings further revealed that the integrated approach (T5) in cycle one improved Mchare banana productivity equally well as cattle manure only (T6), which mimics the standard farmers’ practice in the country. Then, yields in the integrated approach (T5) were significantly higher than that attained in the conventional mode of production (T6) in cycle two (except for Tengeru, where these two treatments performed the same). This is in line with earlier studies, e.g., by [12,14,15,16,24,25,26,27,28], where the usage of both organic and inorganic fertilizers produced higher yields than using either organic or inorganic fertilizers alone. Therefore, this shows that the integrated approach (T5) can be used to replenish nutrients and manage soil N in farmsteads with inadequate quantities of cattle manure while improving banana productivity and maintaining environmental sustainability.



In comparison to the control (T1), retaining common bean haulms as the only source of organic N fertilizer (T8) increased production significantly (Figure 2, Figure 3 and Figure 4), but compared to the control treatment (T1), this increment was only 1.4 t ha−1 year−1 in cycle one and 12.5 t ha−1 year−1 in cycle two, or 6.8 and 43.8%, respectively. A slowly building residual effect of the inoculated common bean intercrop, which adds organic N to the soil through the decomposing roots and haulms, may be responsible for the significant yield increase shown in cycle two. Legume intercropping has been reported to increase yield in earlier studies, e.g., [29] in plantain, [30] in robusta coffee (Coffea robusta), and [31] in banana cv. ‘Prata Anã’. Therefore, for the peasant farmer who has limited access to animal manure and/or mineral fertilizers, an inoculated legume intercrop can be utilized as an alternate package to improve soil N. In the intercrop treatment plots, the amount of N derived from common bean haulms only hardly reached 52 kg ha−1 year−1 (Tables S1 and S2), which was insufficient to meet the N needs of the tested Mchare banana cultivar. This could be explained by the small quantity of common bean haulms produced in situ in the corresponding intercrop treatment plots, probably as a result of the study’s high banana planting density, which prevented each mat from receiving enough haulms. Still, an inoculated common bean intercrop can be a viable option in households with inadequate amounts of animal manure, especially when banana mats are more widely spaced. This is in agreement with earlier recommendations published in [32,33].



The response curves (Figure 2, Figure 3 and Figure 4) further indicate a higher yield variability in cycle one than in cycle two. As a rule, crop plants established with in vitro plants should have a lower yield variability, and yield and yield variability increase gradually in the subsequent cycles. Higher yield variations observed in cycle one can be ascribed to two events that occurred in the course of our research. First, mole rat infestation in the first 4 months after planting at Lyamungo and Tarakea trial sites destroyed almost 2/3 of the plants. As such, there were several rounds of replanting depending on the time of destruction. Second, heavy loss of the banana plants occurred due to a strong windstorm at the Tengeru trial site almost 10 months after planting. Toppled plants were cut just above the soil level to allow regrowth. Unusual lower yield variations observed in cycle two at Lyamungo and Tarakea trial sites could be attributed to the challenges in estimating harvesting dates of the individual plants because they were 80 and 150 km from Arusha where the researcher was based. As a result, some bunches were harvested a little earlier to reduce field visit frequencies and minimize travel costs. This seemed to have caused some inaccuracies in estimating the cycle duration of individual plants, an important component when calculating yield per year.




4.2. Economic Evaluation of N Fertilization


The large MRR of the non-dominated N fertilization treatments (T2–T5) recorded at all three sites indicates that these treatments were profitable in the study area. Sensitivity analysis revealed that MRR decreased with price inflation (projected future price) of mineral fertilizers, Rhizobium inoculants, and the associated labor costs for the application. Nonetheless, the MRR of investment continued to exceed USD 1.18 $−1, which was estimated as the minimum acceptable level in our study. This suggests that non-dominated N fertilization treatments can still be acceptable to farmers in the study area even if mineral N fertilizer utilization cost would inflate by 50%. The combined use of urea and cattle manure at 50% each of the annual N budget (T5) appears to lower the requirements for animal manure and fertilization costs, on average, by 50 and 32% respectively, compared with the use of cattle manure exclusively (T6), while it is possible that this difference depends on the site. This was due to reduced transportation costs of additional manure from the nomadic cattle herds roaming in the drier lowlands, and the labor to apply.



In terms of economic performance, fertilization at a rate of 153.4 kg N ha−1 year−1 using a mixture of urea and cattle manure at 50% each (T5) increased NB up to USD 1640 (21%) in cycle one and USD 2983 (30%) in cycle two in comparison with the same rate derived from mineral N alone (T3). Likewise, the integrated approach (T5) gave NB increments of up to USD 1130 (18%) in cycle one and USD 1808 (18%) in cycle two relative to that obtained in cattle manure only (T6). This difference was mainly due to (i) lower production costs of the integrated application (T5) than the use of cattle manure alone (T6), of which the latter had higher transportation and application costs, and (ii) higher yields than in the traditional mode of production (T6). Compared with the control (T1), NB increment in common bean haulms (T8) was smaller than those attained with other N fertilization techniques. This could be explained by the low productivity of the system, which corroborates previous findings e.g., by [12,32,33] when bush and climbing beans were grown in association with bananas.



The MRR in non-dominated N fertilization treatments was greater in cycle two than in cycle one and appeared to decrease with the N fertilization rate. The MRR in treatments involving mineral N alone (T2–T4) recorded significant MRRs in comparison to the treatment comprising cattle manure plus urea at 50% each (T5). A similar decreasing trend in the MRR was published in [16] for P fertilization in maize, with a mean of USD 8.4, 6.1, and 3.5 $−1 under 13, 26, and 52 kg mineral P ha−1, respectively. In addition, [26] recorded higher returns of up to USD 9.4 $−1 in highland bananas grown under pure mineral fertilization. Even though the integrated N fertilization treatment (T5) had the lowest value of MRR among the non-dominated treatments, the value still exceeded the projected minimum acceptable rate of USD 1.18 $−1 in our study, demonstrating the profitability of this novel strategy in addressing Mchare banana nutrient requirements in the study area. Due to this, the integrated approach (T5) is the best alternative N fertilization option for farmsteads in the research area that do not have enough animal manure. The integrated strategy increases nutrient uptake and, thus, the utilization efficiency of the applied mineral N fertilizer [12,16], which in turn increases the cropping system’s sustainability.



These findings further revealed that the tested Mchare banana cultivar in the integrated approach (T5) provided the best yields, approximately 29.8% of the yield reached in the control (T1), the latter mimicking smallholder farmer conditions. Earlier, the studies by [3,6,8] estimated that 60-70% of the harvested banana bunches in the study area are used for family consumption, and the remaining 30-40% of the banana bunches are sold mainly in the fresh local market. This means that the integrated approach (T5) can produce surpluses of up to 13.5 t ha−1 year−1 (with a planting density of 1666 plants ha-1), which can generate about USD 3105 ha−1 year−1 from surplus sales of banana bunches. Translating these figures to a 0.5 ha well-fertilized plot in the uplands [3], with 417 plants and an average bunch weight of 31.5 kg, one would conclude that a banana-based home garden in the central–northern highlands of Tanzania can generate up to USD 905 year−1 by surplus sales of banana bunches only. Annual household income of a smallholder farmer is around USD 321, generated by surplus sales of all crops cultivated in a 0.5 ha banana-based home garden in the uplands and 0.4 ha maize-based fields in the drier lowlands of the northern highlands, Tanzania. Hence, it could be argued that better N fertilization could significantly improve banana-based home gardens’ productivity and boost household income from banana sales alone by 36% compared with the current figures obtained under the existing smallholder conditions.





5. Conclusions


Banana fruit yields increased substantially and significantly as the crop stayed for a longer time in the field, with the N fertilization treatments producing more in cycle two than in cycle one. Banana plants grown in the integrated approach (T5) produced the same yield as those in cattle manure only (T6) in cycle one, while land productivity became significantly higher in cycle two in all three sites. This infers that it is critical to draw conclusions regarding the best-performing N fertilization technique based on crop productivity of two cropping cycles. The decrease in land productivity observed in low-nutrient-input treatment plots (T1) in the subsequent cropping cycle depicts the actual scenario in the majority of farmsteads that are unable to produce enough animal manure.



According to a partial budget of the costs and benefits, using cattle manure alone (T6) was the most expensive N fertilization technique. In contrast, the integrated approach (T5) reduced N fertilization costs, on average, by 32% related to 50% less cattle manure requirements and, thus, transportation costs of additional manure and labor to apply. Furthermore, this approach generated a household income of about USD 905 year−1 by surplus sales of banana bunches, which is substantial for a smallholder farmer. This income allows for covering annual health insurance for all household’s family members, education expenses for the children, and electricity and water bills. Therefore, a potential and cost-effective alternative strategy for replenishing soil nutrients in farmsteads with insufficient amounts of animal manure appears to be the combined use of cattle manure and mineral N, each supplying 50% of the annual N budget.
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Figure 1. Effects of N fertilization on Mchare banana bunch weight in cycles one and two at three sites located on the slopes of the volcanic mountains Mount Meru and Mount Kilimanjaro in northern highlands, Tanzania. T1—no N (control); T2—76.7 kg N (urea); T3—153.4 kg N (urea); T4—230 kg N (urea); T5—76.7 kg N (urea) + 76.7 kg N (cattle manure); T6—153.4 kg N (cattle manure only); T7—76.7 kg N (urea) + 52 kg N (common bean haulms); T8—52 kg N (common bean haulms only) [18]. Fertilization treatments resulted in a significant (p = 0.001) and positive increase in the bunch weight of the tested Mchare banana variety. The difference between cattle manure (T6) or in combination with urea (T5) and other N fertilization treatments (T2–T8) was definite, and increased in cycle two at each experimental site. 
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Figure 2. Nitrogen fertilization response curve in cycles one and two of Mchare banana grown in volcanic soils of Tarakea located on the northeast slopes of Mount Kilimanjaro in northern highlands, Tanzania. Nitrogen response is fitted with a quadratic polynomial, and the grey areas give the 95% confidence interval. T1—no N (control); T2—76.7 kg N (urea); T3—153.4 kg N (urea); T4—230 kg N (urea); T5—76.7 kg N (urea) + 76.7 kg N (cattle manure); T6—153.4 kg N (cattle manure only); T7—76.7 kg N (urea) + 52 kg N (common bean haulms); T8—52 kg N (common bean haulms only). The relationship between the predictor (N fertilization rate) and the response variable (banana yield) was significant (p = 0.001). The difference between cattle manure (T6) or in combination with urea (T5) and other N fertilization treatments (T2–T8) was distinct and increased in cycle two. Source: [18]. 
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Figure 3. Nitrogen fertilization response curve in cycles one and two of Mchare banana grown in volcanic soils of Lyamungo located on the southeast slopes of Mount Kilimanjaro in northern highlands, Tanzania. Nitrogen response is fitted with a quadratic polynomial, and the grey areas give the 95% confidence interval. T1—no N (control); T2—76.7 kg N (urea); T3—153.4 kg N (urea); T4—230 kg N (urea); T5—76.7 kg N (urea) + 76.7 kg N (cattle manure); T6—153.4 kg N (cattle manure only); T7—76.7 kg N (urea) + 52 kg N (common bean haulms); T8—52 kg N (common bean haulms only). The relationship between the predictor (N fertilization rate) and the response variable (banana yield) was significant (p = 0.001). The difference between cattle manure (T6) or in combination with urea (T5) and other N fertilization treatments (T2–T8) was distinct and increased in cycle two. Source: [18]. 
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Figure 4. Nitrogen fertilization response curve in cycles one and two of Mchare banana grown in volcanic soils of Tengeru located on the southeast slopes of Mount Meru in northern highlands, Tanzania. Nitrogen response is fitted with a quadratic polynomial, and the grey areas give the 95% confidence interval. T1—no N (control); T2—76.7 kg N (urea); T3—153.4 kg N (urea); T4—230 kg N (urea); T5—76.7 kg N (urea) + 76.7 kg N (cattle manure); T6—153.4 kg N (cattle manure only); T7—76.7 kg N (urea) + 52 kg N (common bean haulms); T8—52 kg N (common bean haulms only). The relationship between the predictor (N fertilization rate) and the response variable (banana yield) was significant (p = 0.001). The difference between cattle manure (T6) or in combination with urea (T5) and other N fertilization treatments (T2–T8) was distinct and increased in cycle two. Source: [18]. 
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Table 1. Nutrient concentrations of the cattle manure and common bean haulms used during the experimental period (2015–2019). Haulms were produced in situ in T7–T8 during the course of two seasons each year, while cattle manure was sourced at the Kilari sisters’ dairy farm each year.
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Organic Fertilizer Resource

	
Nutrient Concentrations (g kg−1 Dry Weight)




	
N

	
P

	
K






	
Cattle manure

	
2

	
3

	
12




	
Common bean haulms

	
31

	
3

	
24








Source: [12].
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Table 2. Effects of fertilization treatments on the yield of cycle one and two Mchare banana at three sites located on the slopes of Mount Kilimanjaro and Mount Meru in northern highlands, Tanzania.
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Crop Cycle

	
N Fertilization Treatments

	
Mchare Banana Fresh Fruit Yield (t ha−1 year−1)




	
Tarakea

	
Lyamungo

	
Tengeru






	
1

	
T1—no N (control)

	
13.79 ± 0.74 f

	
19.13 ± 0.12 h

	
11.50 ± 0.06 hi




	
1

	
T2—76.7 kg N (urea)

	
18.24 ± 0.82 e

	
26.49 ± 0.66 g

	
14.65 ± 0.61 f-i




	
1

	
T3—153.4 kg N (urea)

	
23.32 ± 0.63 d

	
35.14 ± 0.73 e

	
18.65 ± 1.20 def




	
1

	
T4—230 kg N (urea)

	
20.75 ± 1.33 de

	
30.60 ± 1.29 f

	
19.09 ± 1.68 def




	
1

	
T5—76.7 kg N (urea) + 76.7 kg N (cattle manure)

	
33.18 ± 0.64 b

	
42.94 ± 0.53 d

	
27.24 ± 1.45 bc




	
1

	
T6—153.4 kg N (cattle manure)

	
29.37 ± 0.79 c

	
41.49 ± 0.64 d

	
26.14 ± 0.73 c




	
1

	
T7—76.7 kg N (urea) + 52 kg (common bean haulms)

	
18.47 ± 0.42 e

	
26.42 ± 0.40 g

	
14.35 ± 0.32 f-i




	
1

	
T8—52 kg N (common bean haulms) z

	
13.73 ± 0.87 f

	
20.56 ± 0.13 h

	
12.50 ± 0.82 ghi




	
2

	
T1—no N (control)

	
10.95 ± 0.00 f

	
15.77 ± 0.65 i

	
10.34 ± 0.26 i




	
2

	
T2—76.7 kg N (urea)

	
20.30 ± 0.00 de

	
41.96 ± 0.25 d

	
16.82 ± 0.73 e-h




	
2

	
T3—153.4 kg N (urea)

	
30.89 ± 0.34 bc

	
51.62 ± 0.14 c

	
22.54 ± 1.45 cde




	
2

	
T4—230 kg N (urea)

	
30.65 ± 0.33 bc

	
51.27 ± 0.27 c

	
24.11 ± 2.13 cd




	
2

	
T5—76.7 kg N (urea) + 76.7 kg N (cattle manure)

	
38.15 ± 0.00 a

	
82.52 ± 0.94 a

	
34.09 ± 1.84 a




	
2

	
T6—153.4 kg N (cattle manure)

	
32.15 ± 0.00 bc

	
71.59 ± 0.66 b

	
31.95 ± 0.89 ab




	
2

	
T7—76.7 kg N (urea) + 52 kg (common bean haulms)

	
19.35 ± 0.10 e

	
43.16 ± 0.00 d

	
17.58 ± 0.39 efg




	
2

	
T8—52 kg N (common bean haulms) z

	
12.42 ± 0.06 f

	
28.29 ± 0.00 fg

	
11.43 ± 0.69 hi




	
Mean

	
22.9

	
39.3

	
19.6




	
CV%

	
4.4

	
2.5

	
9.7




	
p-value

	
0.001

	
0.001

	
0.001








Key: Values presented are means ± SE; SE = standard error; z = maximum common bean haulms produced in situ in banana–bean intercropping treatment plots. Means with similar letters in the same column are not significantly different at p = 0.05. Source: [18].
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Table 3. Economic analyses for the N fertilization in cycles one and two of Mchare banana grown in volcanic soils of Tarakea located on the northeast slopes of Mount Kilimanjaro in northern highlands, Tanzania.
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Nitrogen Fertilization Treatments

	
Cycle One

	
Cycle Two




	
Gross

	
Variable

	
Net

	
Marginal

	
Marginal

	
MRR 100% f

	
MRR 150% g

	
Gross

	
Variable

	
Net

	
Marginal

	
Marginal

	
MRR 100% f

	
MRR 150% g




	
Benefit a

	
Cost b

	
Benefit c

	
Cost d

	
Benefit e

	
Urea Price

	
Benefit a

	
Cost b

	
Benefit c

	
Cost d

	
Benefit e

	
Urea Price




	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD $−1

	
USD $−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD $−1

	
USD $−1






	
T1

	
3172

	
1013

	
2159

	

	

	

	

	
2517

	
1013

	
1504

	

	

	

	




	
T2

	
4195

	
1178

	
3017

	
164

	
858

	
5.23

	
3.13

	
4668

	
1178

	
3490

	
164

	
1986

	
12.11

	
7.02




	
T3

	
5364

	
1333

	
4031

	
156

	
1014

	
6.5

	
4.03

	
7104

	
1333

	
5771

	
156

	
2281

	
14.62

	
8.81




	
T4

	
4772

	
1489

	
3283

	
D

	

	

	

	
7049

	
1489

	
5560

	
D

	

	

	




	
T5

	
7631

	
2026

	
5605

	
848

	
2588

	
3.05

	
1.7

	
8774

	
2026

	
6748

	
849

	
3258

	
3.84

	
1.56




	
T6

	
6754

	
3437

	
3317

	
D

	

	

	

	
7394

	
3437

	
3957

	
D

	

	

	




	
T7

	
4247

	
1981

	
2266

	
D

	

	

	

	
4450

	
1981

	
2469

	
D

	

	

	




	
T8

	
3158

	
1825

	
1333

	
D

	

	

	

	
2855

	
1825

	
1030

	
D

	

	

	




	
Mean

	
4911

	
1462

	
3126

	

	

	

	

	
5601

	
1462

	
3816

	

	

	

	




	
LSD0.05

	
560

	

	
560

	

	

	

	

	
121

	

	
121

	

	

	

	




	
p-value

	
0.001

	

	
0.001

	

	

	

	

	
0.001

	

	
0.001

	

	

	

	








Key: T1—no N (control); T2—76.7 kg N (urea); T3—153.4 kg N (urea); T4—230 kg N (urea); T5—76.7 kg N (urea) + 76.7 kg N (cattle manure); T6—153.4 kg N (cattle manure); T7—76.7 kg N (urea) + 52 kg N (common bean haulms); T8—52 kg N (common bean haulms) [18]; D = dominated treatments, thus, were eliminated from marginal analysis; a = product of the average yield of the respective experimental treatment and farm gate price; b = sum of retail/farm gate cost to purchase mineral fertilizer, inoculant and bean seed, cattle manure, and labor for application of fertilizer, sowing, weeding and harvesting of the bean intercrop; c = difference between gross benefits and total variable costs; d = change in total variable costs calculated relative to treatment with lower fertilization costs and the subsequent treatment with higher costs (for mineral N fertilization treatments: T1—T4) and T2 for the integrated N fertilization treatment (T5); e = change in net benefits calculated relative to treatment with smaller net benefits and the subsequent treatment with larger net benefits (for mineral N fertilization treatments: T1—T4) and T2 for the integrated N fertilization treatment (T5); f and g = marginal benefit (change in net benefits) over marginal cost (change in total variable costs) calculated at actual and projected future fertilizer price relative to the smallest N dose (T2) for all non-dominated treatments; MRR = marginal rate of return; LSD = least significant difference.
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Table 4. Economic analyses for the N fertilization in cycles one and two of Mchare banana grown in volcanic soils of Lyamungo located on the southeast slopes of Mount Kilimanjaro in northern highlands, Tanzania.






Table 4. Economic analyses for the N fertilization in cycles one and two of Mchare banana grown in volcanic soils of Lyamungo located on the southeast slopes of Mount Kilimanjaro in northern highlands, Tanzania.





	
Nitrogen Fertilization Treatments

	
Cycle One

	
Cycle Two




	
Gross

	
Variable

	
Net

	
Marginal

	
Marginal

	
MRR 100% f

	
MRR 150% g

	
Gross

	
Variable

	
Net

	
Marginal

	
Marginal

	
MRR 100% f

	
MRR 150% g




	
Benefit a

	
Cost b

	
Benefit c

	
Cost d

	
Benefit e

	
Urea Price

	
Benefit a

	
Cost b

	
Benefit c

	
Cost d

	
Benefit e

	
Urea Price




	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD $−1

	
USD $−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD $−1

	
USD $−1






	
T1

	
3495

	
885

	
2610

	

	

	

	

	
2975

	
885

	
2090

	

	

	

	




	
T2

	
4386

	
1029

	
3357

	
144

	
747

	
5.19

	
3.13

	
5990

	
1030

	
4960

	
144

	
2870

	
19.93

	
12.86




	
T3

	
5948

	
1174

	
4774

	
144

	
1417

	
9.84

	
6.18

	
8055

	
1174

	
6881

	
144

	
1921

	
13.34

	
8.56




	
T4

	
5217

	
1318

	
3899

	
D

	

	

	

	
7903

	
1318

	
6585

	
D

	

	

	




	
T5

	
7854

	
1840

	
6014

	
811

	
2657

	
3.28

	
1.85

	
11,704

	
1840

	
9864

	
811

	
4904

	
6.04

	
3.7




	
T6

	
7674

	
2390

	
5284

	
D

	

	

	

	
10,446

	
2390

	
8056

	
D

	

	

	




	
T7

	
4500

	
1685

	
2815

	
D

	

	

	

	
6069

	
1685

	
4384

	
D

	

	

	




	
T8

	
3695

	
1540

	
2155

	
D

	

	

	

	
4106

	
1540

	
2566

	
D

	

	

	




	
Mean

	
5346

	

	
3731

	

	

	

	

	
7156

	
1482

	
5541

	

	

	

	




	
LSD0.05

	
2900

	

	
3061

	

	

	

	

	
6749

	

	
6955

	

	

	

	




	
p-value

	
0.031

	

	
0.187

	

	

	

	

	
0.167

	

	
0.323

	

	

	

	








Key: T1—no N (control); T2—76.7 kg N (urea); T3—153.4 kg N (urea); T4—230 kg N (urea); T5—76.7 kg N (urea) + 76.7 kg N (cattle manure); T6—153.4 kg N (cattle manure); T7—76.7 kg N (urea) + 52 kg N (common bean haulms); T8—52 kg N (common bean haulms) [18]; D = dominated treatments thus, were eliminated from marginal analysis; a = product of the average yield of the respective experimental treatment and farm gate price; b = sum of retail/farm gate cost to purchase mineral fertilizer, inoculant and bean seed, cattle manure, and labor for application of fertilizer, sowing, weeding and harvesting of the bean intercrop; c = difference between gross benefits and total variable costs; d = change in total variable costs calculated relative to treatment with lower fertilization costs and the subsequent treatment with higher costs (for mineral N fertilization treatments: T1—T4) and T2 for the integrated N fertilization treatment (T5); e = change in net benefits calculated relative to treatment with smaller net benefits and the subsequent treatment with larger net benefits (for mineral N fertilization treatments: T1—T4) and T2 for the integrated N fertilization treatment (T5); f and g = marginal benefit (change in net benefits) over marginal cost (change in total variable costs) calculated at actual and projected future fertilizer price relative to the smallest N dose (T2) for all non-dominated treatments; MRR = marginal rate of return; LSD = least significant difference.
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Table 5. Economic analyses for the N fertilization in cycles one and two of Mchare banana grown in volcanic soils of Tengeru located on the southeast slopes of Mount Meru in northern highlands, Tanzania.






Table 5. Economic analyses for the N fertilization in cycles one and two of Mchare banana grown in volcanic soils of Tengeru located on the southeast slopes of Mount Meru in northern highlands, Tanzania.





	
Nitrogen Fertilization Treatments

	
Cycle One

	
Cycle Two




	
Gross

	
Variable

	
Net

	
Marginal

	
Marginal

	
MRR 100% f

	
MRR 150% g

	
Gross

	
Variable

	
Net

	
Marginal

	
Marginal

	
MRR 100% f

	
MRR 150% g




	
Benefit a

	
Cost b

	
Benefit c

	
Cost d

	
Benefit e

	
Urea Price

	
Benefit a

	
Cost b

	
Benefit c

	
Cost d

	
Benefit e

	
Urea Price




	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD $−1

	
USD $−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD ha−1

	
USD $−1

	
USD $−1






	
T1

	
3369

	
885

	
2484

	

	

	

	

	
2771

	
885

	
1886

	

	

	

	




	
T2

	
4809

	
1030

	
3779

	
144

	
1,295

	
8.99

	
5.62

	
6116

	
1030

	
5086

	
144

	
3200

	
22.22

	
14.37




	
T3

	
5881

	
1174

	
4707

	
144

	
928

	
6.44

	
3.96

	
8036

	
1174

	
6862

	
144

	
1776

	
12.33

	
7.88




	
T4

	
5935

	
1318

	
4617

	
289

	
838

	
2.89

	
1.60

	
8387

	
1318

	
7069

	
288

	
1983

	
6.88

	
4.25




	
T5

	
7846

	
1840

	
6006

	
811

	
2227

	
2.74

	
1.49

	
11,942

	
1840

	
10,102

	
811

	
5016

	
6.18

	
3.79




	
T6

	
7253

	
3141

	
4112

	
D

	

	

	

	
10,382

	
3141

	
7241

	
D

	

	

	




	
T7

	
4609

	
1684

	
2925

	
D

	

	

	

	
6164

	
1684

	
4480

	
D

	

	

	




	
T8

	
3689

	
1540

	
2149

	
D

	

	

	

	
3961

	
1540

	
2421

	
D

	

	

	




	
Mean

	
5424

	
1621

	
3802

	

	

	

	

	
7220

	
1576

	
5605

	

	

	

	




	
LSD0.05

	
2534

	

	
2718

	

	

	

	

	
6439

	

	
6663

	

	

	

	




	
p-value

	
0.016

	

	
0.107

	

	

	

	

	
0.107

	

	
0.226

	

	

	

	








Key: T1—no N (control); T2—76.7 kg N (urea); T3—153.4 kg N (urea); T4—230 kg N (urea); T5—76.7 kg N (urea) + 76.7 kg N (cattle manure); T6—153.4 kg N (cattle manure); T7—76.7 kg N (urea) + 52 kg N (common bean haulms); T8—52 kg N (common bean haulms) [18]; D = dominated treatments thus, were eliminated from marginal analysis; a = product of the average yield of the respective experimental treatment and farm gate price; b = sum of retail/farm gate cost to purchase mineral fertilizer, inoculant and bean seed, cattle manure, and labor for application of fertilizer, sowing, weeding and harvesting of the bean intercrop; c = difference between gross benefits and total variable costs; d = change in total variable costs calculated relative to treatment with lower fertilization costs and the subsequent treatment with higher costs (for mineral N fertilization treatments: T1—T4) and T2 for the integrated N fertilization treatment (T5); e = change in net benefits calculated relative to treatment with smaller net benefits and the subsequent treatment with larger net benefits (for mineral N fertilization treatments: T1—T4) and T2 for the integrated N fertilization treatment (T5); f and g = marginal benefit (change in net benefits) over marginal cost (change in total variable costs) calculated at actual and projected future fertilizer price relative to the smallest N dose (T2) for all non-dominated treatments; MRR = marginal rate of return; LSD = least significant difference.
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