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Introduction

There is a vast data gap for the national and regional greenhouse gas (GHG) budget from different smallholder land utilization types in Kenya and sub-Saharan Africa (SSA) at large. Quantifying soil GHG, i.e., methane (CH4), carbon dioxide (CO2), and nitrous oxide (N2O) emissions from smallholder land utilization types, is essential in filling the data gap.



Methods

We quantified soil GHG emissions from different land utilization types in Western Kenya. We conducted a 26-soil GHG sampling campaign from the different land utilization types. The five land utilization types include 1) agroforestry M (agroforestry Markhamia lutea and sorghum), 2) sole sorghum (sorghum monocrop), 3) agroforestry L (Sorghum and Leucaena leucocephala), 4) sole maize (maize monocrop), and 5) grazing land.



Results and discussion

The soil GHG fluxes varied across the land utilization types for all three GHGs (p ≤ 0.0001). We observed the lowest CH4 uptake under grazing land (−0.35 kg CH4–C ha−1) and the highest under sole maize (−1.05 kg CH4–C ha−1). We recorded the lowest soil CO2 emissions under sole maize at 6,509.86 kg CO2–Cha−1 and the highest under grazing land at 14,400.75 kg CO2–Cha−1. The results showed the lowest soil N2O fluxes under grazing land at 0.69 kg N2O–N ha−1 and the highest under agroforestry L at 2.48 kg N2O–N ha−1. The main drivers of soil GHG fluxes were soil bulk density, soil organic carbon, soil moisture, clay content, and root production. The yield-scale N2O fluxes ranged from 0.35 g N2O–N kg−1 under sole maize to 4.90 g N2O–N kg−1 grain yields under agroforestry L. Nevertheless, our findings on the influence of land utilization types on soil GHG fluxes and yield-scaled N2O emissions are within previous studies in SSA, including Kenya, thus fundamental in filling the national and regional data of emissions budget. The findings are pivotal to policymakers in developing low-carbon development across land utilization types for smallholders farming systems.
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Introduction

Since industrialization, the global concentration of soil greenhouse gas (GHG) fluxes has risen (1). The upsurging population and the need for more food have led to land utilization intensification for improved crop production and heightened soil GHG emissions (1). Different land utilization types (LUTs) have varying soil GHG (CH4, CO2, and N2O) fluxes potential (2–7). Through fertilizer, manure, and crop residues application, land utilization intensification could surge soil GHG fluxes in the quest for increased food production (8–11). Despite the GHG fluxes potential of different land utilization types on soil GHG fluxes, there is a lack of experimentally determined, smallholder-based data that can inform nationally determined contributions (NDCs) in most sub-Saharan Africa (SSA), including Kenya. Therefore, soil GHG fluxes measurements from common land utilization types among smallholder farmers in Kenya are essential to inform policy decisions and improve the National GHG reporting accuracy to United Nations Framework Convention on Climate Change (UNFCCC).

Soil is a sink and source of soil GHG fluxes (12, 13). The overall soil–atmosphere exchange (CH4, CO2, and N2O) results from oxidative and reductive reactions of soil C and N through complex biogeochemical processes, such as nitrification and denitrification (14). The soil–atmosphere exchange across smallholder land utilization types is controlled by various soil physiochemical properties, including bulk density, soil organic carbon, nitrogen, pH, soil moisture, and soil temperature (12, 15, 16). For improved productivity, different land management practices, such as tillage and soil amendments, could trigger soil GHG fluxes (9). Climate factors, vegetation cover, and crop types across different utilization types significantly influence soil GHG fluxes (12, 13). The diversified LUTs, such as grazed lands, agroforestry systems, and intensively managed croplands (17, 18), increase the soil GHG gas uncertainty (19). The presence of leguminous trees increases GHG uncertainty (6). Despite the potential contribution of different land utilization types in the National GHG budget and in informing the NDCs in Kenya (18), there is limited availability of farm-level data.

Markhamia lutea is a non-leguminous and evergreen tree belonging to the Bignoniaceae family. It is the most widespread tree species in Western Kenya and sequesters up to 65,000 kg C ha−1 into the soil (20). Due to its economic viability, smallholder farmers use Markhamia in agroforestry systems. The amount of carbon input fixed by Markhamia could increase the substrate availability for microorganisms, thus increasing soil microbial activities. Additionally, the amount of C in the soil could increase bioturbation and exudation of soil organic matter triggering CO2 emissions (21). Leucaena leucocephala is an evergreen and thornless tree belonging to the Fabaceae and Mimosoideae subfamily (22). Leucaena sp. accelerates nitrogen cycling, such as nitrification and denitrification (23). Leguminous trees could trigger emissions of N2O due to the high availability of N in the soil (24). Rosenstock et al. (25) reported that leguminous trees input between 46 and 140 kg N ha−1 year−1. The amount of N is a function of C, thus the risk of accelerating GHG emissions. Therefore, soil GHG fluxes measurements from land utilization types managed by smallholders are essential

This study quantifies spatial and temporal GHG fluxes and yield-scaled N2O emissions from five land utilization types (LUTs) under smallholder farming conditions. The five LUTs were grazing field, sorghum monocrop, maize monocrop, and sorghum intercropped with agroforestry trees, i.e., M. lutea and L. leucocephala. We hypothesized that soil GHG fluxes in grazing land would be the highest due to continuous active root availability, animal droppings, and urine. In addition, integrating agroforestry trees into sorghum could increase crop yields and reduce yield-scaled N2O emissions.



Materials and methods


Study area

We conducted the soil GHG experimentation in a smallholder farm, with selected farm utilization types of interest, in Nyajuok sub-location, Siaya County, Western Kenya. The farm is at approximately 1,236 m above sea level and lies within the lower midland (LM1)—”sugarcane belt” agroecological zone. It receives bimodal rainfall with long rain (LR) seasons from March to July and short rain (SR) from August to December. The annual rainfall ranges between 1,500 and 1,900 mm, and average annual temperatures of 21.80°C–20.9°C. The LR and SR season rainfall amounts range between 750 and 950 mm, and 600 and 800 mm, respectively (26). The highest temperatures are experienced from January to March. The area is suitable for maize (Zea mays), sorghum (Sorghum bicolar), common beans (Phaseolus vulgaris), cowpeas (Vigna unguiculata), sweet potatoes (Ipomoea batatas), soya beans (Glycine max), sunflower (Heliuthus annuus), spinach (Spinacia oleracea), and onions (Allium cepa) (26). The soil type is Ferralsols, with inherent low soil fertility. The low soil fertility constrains the implementation of cropping practices without amendments. The predominant primary land utilization types include grazing, agroforestry, maize, and sorghum (26).



Experimental setup and management

The study design was farmer designed and managed (Type III) (27). The selection of the smallholder farm for field experimentation was informed by the existence of the five LUTs of interest (Figure 1). The treatments (LUTs) had different dimensions: sole maize treatment measured 0.4 ha, grazing land measured 0.5 ha, while agroforestry M, sole sorghum, and agroforestry L measured 0.3 ha. The LUTs were (i) sorghum monocrop, (ii) sorghum-agroforestry—M. lutea (agroforestry M), (iii) sorghum-agroforestry L. leucocephala (agroforestry L), (iv) maize monocrop, and (v) grazing land. Under each LUT, we installed three PVCs circular static chambers to a 5-cm depth following Pelster et al. (12). The three static chambers were the replicates.




Figure 1 | A sketch representation of the smallholder farm, the five land utilization types, and chamber placement for gas sampling. The small red circles represent the static chambers (three replicates per LUT). The red circles are 3 m apart.



All field management practices during the experimental period were observed and recorded under all LUTs except grazing land (Table 1). They included plowing, manure application, fertilization, planting, weeding, and harvesting. During the SR 20, land preparation was done using a tractor, followed by ox plowing. However, primary and secondary tillage was implemented using ox plow during the LR 21. Additionally, plant residue was retained in sole sorghum, agroforestry M, and agroforestry L during SR 21. Animal manure was incorporated 2 weeks before planting in each cropping season. Farmer applied manure (nitrogen content of 1.09% and carbon content of 26.2%) at 2 t (Table 1), while inorganic fertilizer application was done during planting. The average amount of organic matter (OM) was 9.03%. For sorghum planting and fertilizer, diammonium phosphate (DAP, nitrogen content of 18%) applications were done on 14 August 2020 and 2 April 2021. The rate of DAP applied varied; during SR, the rate was 112 kg ha−1 (20.16 kg N ha−1), while during LR, the rate was 125 kg ha−1 (22.5 kg N ha−1), in the sole sorghum, agroforestry M, and agroforestry L. The sorghum spacing was 75 cm × 20 cm inter- and intra-rows, respectively. For maize planting and fertilizer, diammonium phosphate (DAP) application under the sole maize LUT was done on 7 September 2020 and 29 March 2021 at a rate of 125 kg ha−1 DAP (22.5 kg N ha−1), during SR 20 and LR 21. The maize spacing was 75 cm (inter-rows) and 50 cm (intra-rows). Weed management was implemented twice during each cropping season using a hand hoe. Flooding in the sole sorghum, agroforestry M, and agroforestry L between March and May 2021, coupled with Striga weed (Striga hermonthica) infestation, suppressed sorghum yields. The SR 20 was from July 2020 (harvest of the previous crop) to December 2020 (harvesting), while the LR 2020 ran from January 2021 (the following harvesting) to June 2021.


Table 1 | Farm management practices in different land utilization types in Siaya County, Kenya.





Soil GHG fluxes measurements and analysis

Three PVC circular vented static chambers for soil GHG fluxes (CO2, CH4, and N2O) sampling were in each LUT (Figure 1) at the onset of the experiment (25, 28). Each chamber was composed of a lid (diameter, 10 cm; height, 8cm) and a base (diameter, 10; height, 10 cm). We limited the volume of the chamber headspace (by having a height of<5cm above the ground) to increase the fluxes detection sensitivity (29). The lid was fitted with a sampling rubber septum and a vent for maintaining pressure equilibrium between the chamber space and atmospheric pressure. The top is equipped with rubber to ensure airtight sealing during sampling headspace. The chambers remained undisturbed during the study period, except during major land management operations such as land preparation, manure application, fertilization, and planting. During such events, the chambers were removed and re-installed immediately after. Chambers at the grazing land were not removed during the entire study period.

The soil GHG fluxes measurements were conducted weekly during rainy periods and biweekly during dry periods. Additionally, soil GHG fluxes measurements were done following key field management activities such as plowing, manure or fertilizer application, planting, and rainfall (30, 31). The chamber base and lid were held airtight using the circular rubber band during each sampling event. During sampling, a digital thermometer (TFA thermometer, Zum Ottersberg, Wertheim, Germany) was placed inside the chamber space to monitor temperature changes. Soil GHG samples were collected between 0800 and 1200 hours; the time was considered representative of the diurnal temperature, thus limiting variation in fluxes patterns (32). During each sampling event, 60 ml of gas was sampled from each chamber using a 60-ml capacity syringe fitted with a Luer-lock, the first 20 ml of the gas sample was used to flush 20-ml glass vials, and 40 ml was injected into 20-ml glass vials to achieve overpressure and minimize chances of contamination due to ambient air diffusion before analysis. The soil GHG samples were collected at 0-, 10-, 20-, and 30-min intervals (29). The gas samples were transported to Mazingira Laboratories (the International Livestock Research Institute) for analysis.

The soil CO2, CH4, and N2O concentrations were analyzed using SRI 8610C gas chromatography (GC). The GC was equipped with methanizer for the conversion of CO2 to CH4. The GC was tailored with a flame ionization detector (FID) for CH4 and CO2 emissions and a 63Ni-electron capture detector (ECD) for N2O. We used 20 ml of nitrogen as a carrier gas during the soil GHG concentration analysis. We calibrated the GC after every four samples using a known concentration of [CO2 (403, 810, 1,458, and 2,420 ppm), CH4 (2, 8, 20, and 49 ppm), and N2O (329, 761, 1,190, and 2,530 ppb)]. We used the relationship between peak area and concentration over the 30-min headspace to determine the soil GHG fluxes. Since FID assumes a linear function upon chamber closure, the CO2 and CH4 concentrations were calculated using linear regression (10). We used nonlinear and power functions between N2O mass and time to calculate soil N2O concentration, since the ECD assumes a nonlinear power function between time and N2O masses (9). The three chambers represented replicates in each LUTs, given that the experiment was mounted on real smallholder fields, hence not a typical experimental design.



Soil GHG fluxes calculation

The soil GHG fluxes were calculated by accounting for environmental factors, including air pressure and temperature, following the ideal gas law (10) following Equation 1.

 

where Fghg is the flux rate, b is the slope of increase/decrease in concentration, Mw is the molecular weight of component (g mol−1), Vch is chamber volume (m3), Ach is chamber area (m2), and Vm is the corrected standard gaseous molar volume (m3 mol−1) given by Equation 2.

 

The quality of gas concentration was checked using R2 of CO2 concentration. For validation and reliability of the GHG concentration, we discarded the fourth sampling interval data in the event of R2<0.90 for CO2, as fluxes were assumed to have experienced leakage. However, upon discarding the fourth sampling interval and the R2 was still<90%, we assumed contamination, and that dataset was discarded for analysis. We computed the minimum detection limits for both linear and nonlinear models following Parkin et al. (32) for CH4, CO2, and N2O emissions at ±0.03 and ±0.08 CH4–C mg m−2 h−1, 2.87 and 9.52 mg CO2–C m−2 h−1, and ±3.16 and ±9.90 μgN2O–N m−2 h−1. We observed both negative and positive soil–atmosphere CH4 and N2O exchange, indicating that the soils acted as both sources and sinks of CH4 and N2O. The soil–atmosphere CO2 balances were always positive, indicating that the ground was the net source of CO2. We computed cumulative CH4, CO2, and N2O emissions for each LUT replicate using linear interpolation between sampling days based on the trapezoidal rule, following Barton et al. (33). We also calculated the net global warming potential (GWP) following Mu et al. (34), where every gas unit was converted to CO2 equivalent by using a factor of 298=N2O and 25=CH4.



Soil and weather monitoring

We collected soil samples at 0–20 cm depth for soil organic carbon, bulk density, and soil texture analysis using a 5-cm diameter and 5-cm height core ring (Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands). We collected four samples from every LUT totaling 60 samples. We mixed the samples for soil texture analysis to form one composite sample in every LUT, totaling five samples. The soil samples were analyzed following Okalebo et al. (35). For soil organic carbon determination, we used the Walkley–Black method. We oven-dried the soil samples at 105°C for 24 h for soil bulk density determination. The soil bulk density was determined gravimetrically following Okalebo et al. (35). We determined the soil texture using the hydrometer method (35). We used the remaining samples to determine soil pH using distilled water. We collected rainfall data using a manual rain gauge installed in the study area. We collected 0–5 cm depth samples for soil moisture content determination during the soil GHG sampling events. Soil moisture was determined by oven drying at 105°C for 24 h, and moisture was determined gravimetrically. We also measured the chamber temperature and soil temperature using a thermometer (TFA thermometer, Zum Ottersberg, Wertheim, Germany).



Crop yields and yield-scaled N2O emissions

We sampled 3 m × 3 m plot dimensions across the LUTs except for the grazing land to estimate crop grain yields. Three subplots were selected to estimate crop yields in each land utilization type. We sampled four planting holes (eight plants) to determine crop biomass. We determined the wet weight of the crop harvest using an electronic balance. We air-dried the soil roots, leaves, stems, and grains sub-samples for 3 weeks and oven-dried the subsamples at 60°C for 48 h. We weighed subsamples after drying and converted the yields to kg ha−1. We reported the grain yields for maize and sorghum at 12.5% moisture content following Ngetich et al. (36). We divided the soil N2O fluxes (gN2O–N ha−1) with the grain yields (kg ha−1) to determine the yield-scaled N2O emissions following Musafiri et al. (10).



Statistical analysis

The GHG data were subjected to analysis of variance (ANOVA) using SAS 9.4 software. Before analysis, we tested the normality of soil GHG fluxes using the Shapiro–Wilk test. The soil N2O fluxes were not normally distributed; thus, they were log-transformed. We tested the influence of the land utilization types, seasons, and replicates on soil GHG fluxes using a mixed linear model. We used land utilization types as fixed effects and replicates and seasons as random factors. We performed Pearson correlation to test the relationship between soil GHG fluxes and soil bulk density, soil organic carbon, clay content, soil temperature, soil moisture, and roots.




Results and discussion


Soil and weather data

Soil bulk density significantly (p<0.0001) differed across land utilization types (Table 1). We observed the highest soil bulk density of 1.53 g cm−1 under grazing land and the lowest at 1.20 g cm−1 under agroforestry L. The soil organic carbon varied significantly (p<0.0001) among the land utilization types (Table 1). We found the highest soil organic carbon, 2.23%, under agroforestry M and the lowest, 0.60%, under sole maize. The soil texture was loam across different land utilization types (Table 2).


Table 2 | Baseline soil properties under different land utilization types at 0–20 cm depth in Siaya County, Kenya.



Soil CO2 emissions were positively correlated to soil organic carbon (p=0.0001), soil moisture (p=0.04), and clay content (p=0.03) (Table 3). The soil N2O fluxes were negatively correlated with soil bulk density (p=0.01), clay content (p=0.04), and roots (p=0.03) (Table 3).


Table 3 | Correlations between soil/root data and soil GHG emission in kg ha−1.



The average soil water content at 0–5 cm depth across the land utilization types during the study period was 0.24 g g−1 soil (agroforestry M), 0.22 g g−1 soil (sole sorghum), 0.22 g g−1 soil (agroforestry L), 0.15 g g−1 soil (sole maize), and 0.19g g−1 soil (grazing land) (Figure 2B). We observed the highest average soil moisture under agroforestry M and the lowest under sole maize. The cumulative seasonal rainfall was 728 and 737 mm during the SR20 and LR21 (Figure 2A). The overall rainfall amount was consistent with the long-term average rainfall amount in the study area, ranging between 800 and 1,900 mm (26).




Figure 2 | (A) Rainfall (mm) and (B) soil moisture (%) in different land utilization types in Siaya County.





Soil GHG fluxes

We observed both negative and positive soil N2O fluxes across land utilization types throughout the study periods. The soil N2O fluxes ranged from −19.08 to 158.18 μg N2O–C m−2 h−1 (Figure 3A). We observed high N2O fluxes following precipitation events. The soil N2O fluxes were mainly positive, but we observed few soil N2O uptakes, especially during the off-season.




Figure 3 | (A) Soil nitrous oxide (μg N2O–N m−2 h−1), (B) methane (CH4–C mg m−2 h−1), and (C) carbon dioxide (CO2–C m−2 h−1). The vertical lines correspond to flooding days in different land utilization types in Siaya County, Kenya.



The soil CH4 fluxes were generally negative across the land utilization types, with the highest uptake of −200.00 μg CH4–C m−2 h−1 (Figure 3B). More than 90% of the CH4 fluxes fell below the detection limit between −0.01 and +0.01 μgCH4–C m−2 h−1 across land utilization types. However, we sporadically observed positive soil CH4 fluxes with the highest of 60 μg CH4–C m−2 h−1. The soil CO2 emissions ranged from 38.98 to 423.92 mgCO2–C m−2 h−1 across the LUTs (Figure 3C). We observed low CO2 emissions on July 20 and January 21 across the LUTs. CO2 emissions were lower under sole maize and sorghum than in grazing land. We also observed high CO2 emissions following precipitation events throughout the study periods. Compared to all the LUTs, agroforestry M had the highest peaks following precipitation events.

The soil N2O results from this study are consistent with other studies conducted in the range of previous studies in East Africa (10, 12, 13, 15, 37) that found a range of N2O fluxes from −20.00 to 200 μg N2O–C m−2 h−1 in maize crop under similar conditions. Grazing land also resulted in N2O emissions of up to 150 μg N2O–C m−2 h−1, which was similar to the findings of Ortiz-Gonzalo et al. (15), who found a range of emissions from 20 to 500 μg N2O–C m−2 h−1 in the pasture land due to application of dung (mixture of dung and urine). The daily N2O reached peaks during high rainfall events that could be explained by the difference in soil moisture that led to the reduction in oxygen, hence denitrification. The onset of rains that coincided with planting and fertilization offered ideal conditions for nitrification and denitrification processes due to reduced oxygen availability limiting microbial activity (14). The four LUTs were applied with animal manure (Table 1), which is the controlling factor in N2O emissions by increasing the availability of labile carbon. Hickman et al. (37) found an increase in N2O fluxes by 58% from the fertilized chambers upon application of manure compared to unfertilized plots under Zea mays in western Kenya. The availability of water in soil micropores coupled with the availability of carbon from manure increases the N2O emissions unless saturation is reached. Even though we had no data on different levels of soil saturation, Wanyama et al. (16) reported that the production of N2O is produced until soil saturation is reached, where N2O is consumed due to the limitation of oxygen in the soil. In addition, the availability of dung and urine deposition under grazing land could have increased N2O emissions upon soil rewetting. Mineralization in the soil leads to the production of N2O (4). Therefore, the peaks under grazing land could be explained by dung presence on grasses. Generally, the key events that elaborate N2O peak are high precipitation, increasing soil moisture content, and fertilizer application. Macharia et al. (9) and Musafiri et al. (38) found that N2O impulse is due to major events, as listed earlier. Under grazing land, the peaks can be explained by animal dung and urine deposition (15).

Soils acted as CH4 sinks and sources during the study period. These results were similar to the findings conducted in East Africa (10, 12, 13, 39) that found a range of 0.02 to −60 CH4–C m−2 h−1 in smallholder croplands under similar condition. There was low CH4 production during the dry period due to the high rate of gas diffusivity and favorable aerobic conditions for CH4 uptake (40). However, during the onset of rainfall, which led to an increase in moisture content, the CH4 uptake became low, reflecting the effects of moisture on CH4 fluxes.

We observed an increase in soil CO2 emission at the onset of the rainfall across the LUTs. These observations are similar to the findings from SSA (13, 18, 21) that found a range of 30–400 mgCO2–C m−2 h−1 under different land use types under similar conditions. In addition, Pelster et al. (12) and Musafiri et al. (38) reported similar findings to our results following major events such plowing, planting, and fertilization on smallholder farms. Generally, farm management practices (9, 12) and soil humidity perturbation affect both soils biotic and abiotic factors. An influence on soil microclimate affects bio-faunal activities that drive carbon in the soil, thus soil CO2 emissions. Therefore, farm activities such as fertilization (15), which coincided with precipitation across different LUT explain the high pulse of CO2 emission. For the case of grazing, we observed high pulse CO2 emissions during the first rainfall events, which can be elaborated by the rewetting of animal droppings, thus causing the Birch effect. However, there were instances of low CO2 emissions due to low moisture content, which is the function of precipitation (Table 3). In addition, there were periods with no plants in the field except grazing land during the study period. Therefore, it is imperative to note the contribution of plants in respiratory processes, such as root respiration, that is likely to increase soil CO2 emissions (13).



Cumulative GHG fluxes

The cumulative seasonal soil GHG emissions (CH4, CO2, and N2O) significantly varied across the land utilization types (Table 4). We observed the highest CH4 uptakes under sole maize (38% more compared to all LUTs during SR 20 and LR 21. We observed the lowest CH4 uptakes under agroforestry L and sole sorghum M during SR 20. During LR 21, there was 40% more CH4 uptake under agroforestry L. We observed 30% and 36% more N2O emissions under agroforestry L than all the LUTs during SR 20 and LR 21, respectively. However, we observed 13% less N2O emissions under agroforestry M than all the LUTs during SR 21. Grazing land emitted high CO2 (29% and 25% during SR 20 and LR 21, respectively) compared to other LUTs. We observed significant seasonal differences (p<0.0001) and seasonal interactions (p<0.0001) during the study.


Table 4 | Soil GHG emissions (mean ± SEM) as influenced by land utilization types between July 2020 and May 2021 in Siaya County, Kenya.



Annual cumulative soil GHG emissions varied across the land utilization types (Table 4). The CH4 uptake under sole maize was 75% more than on grazing land. Soil CO2 emissions were 69% higher in grazing land than in sole maize. Conversely, grazing land emitted 22% less N2O than agroforestry L. The global warming potential was positive across the LUTs and seasons. Compared to sole maize, grazing had 10 times net contribution of GWP. Agroforestry L had a high net GWP compared to Agroforestry M across the seasons.

The soil acted as a net sink of CH4 fluxes. The cumulative soil CH4 uptake ranged from −0.21 to −0.68 kg CH4–C ha−1 consistent with previous studies in East Africa (9, 10) under similar conditions on smallholder farms. The difference in soil CH4 due to management practices across the LUTs explains the difference in CH4 uptake. Management practices such as manure application and tillage greatly impact the soil organic carbon that acts as substrates for methanogenic archaea. Sole maize had high CH4 uptake due to low SOC (Table 2). Soil bulk density is among the factors that control CH4 fluxes. Generally, soil bulk density is a function of soil porosity, thus predicting diffusivity rate. Agroforestry M had a high CH4 uptake. This could be explained by low soil bulk density (Table 2), which increases the gas diffusivity rate (41). The high CH4 uptake in the agroforestry M could be attributed to the high diffusivity rate due to low soil bulk density coupled with high porosity. On the contrary, during SR 2020, there was low CH4 uptake under agroforestry M due to flooding that could have created anaerobic conditions suitable for CH4 production.

The low soil bulk density could account for soil CH4 uptake under agroforestry L. In addition, even though we did not measure mineral N, leucacena leucocephala could have fixed nitrogen in the soil. Thus, increasing NH4+–N competes for the mono-oxygenase enzyme, accelerating CH4 oxidation. According to a review by Kim et al. (6), the agroforestry systems increase N in the soil. In addition, the application of manure (Table 1) coupled with varied management practices leads to an N gradient across the LUTs, hence different CH4 uptake levels. We observed low CH4 uptake cumulatively and during SR 2020 season. This could be due to high soil organic carbon that functions as substrates for methanogenesis processes. In addition, animal trampling causes soil structure disturbances, thus high soil bulk density, leading to the establishment of methanogenic archaea (42).

We also observed seasonal treatment interactions, which could be attributed to the differences in crop performance and precipitation during the two cropping seasons. The low CH4 uptakes during the LR 21 could be due to increased CH4 production. The applied manure not used by crops necessitated CH4 production. The applied organic amendments in the different land utilization types could increase anaerobic microsites (40), resulting in CH4 production.

The cumulative annual soil CO2 emissions ranged from 6,509.86 to 14,400.75 kg CO2–C ha−1, which was slightly higher compared to the previous studies in Kenya (9, 18, 31) that found a range of 1,391–6,000 kg CO2–C ha−1 emissions under similar conditions. Soil CO2 emissions were seasonal, and they followed major events such as precipitation, plowing, and fertilization similar to observations by Pelster et al. (12). We observed a significant difference in CO2 fluxes across LUTs and seasons, with grazing having high CO2 emissions across the season. The highest soil CO2 fluxes in grazing land could be attributed to high soil organic carbon available due to continuous root availability from Solanum incanum that could have favored nutrient pumping and consequently increased emissions. Additionally, the high amount of carbon concentration under grazing land (Table 2) could have provided the substrate and energy for microorganisms, thus high decomposition rates. Rosenstock et al. (13) and Wachiye et al. (7) found an increasing CO2 emission with increasing carbon in soil compartments. This can explain the high CO2 emissions under grazing land. The continuous availability of animal droppings for the entire study period explains the high amounts of carbon compared to other LUTs. In addition, CO2 emissions can be elaborated by the positive correlation of SOC with CO2 emissions (Table 3). Therefore, with an increase in carbon, there is a likelihood of an increase in CO2 emissions.

We also observed high CO2 emissions under agroforestry systems (agroforestry L and agroforestry M) across the seasons than the monocrops (sole maize and sorghum) LUTs, which can be elaborated by the availability of roots that increases carbon in the soil compartment (Table 2) through root degradation. Additionally, the decomposition of leaf litter fall could increase the amounts of carbon, thus high CO2 emissions. On the contrary, the monocrops had low CO2 emissions due to low carbon in soil compartments (Table 2). Generally, nutrient mining due to harvesting with limited nutrient replenishment could have resulted in low CO2 emissions (43). In addition, high soil bulk density (Table 2) results in low soil atmosphere exchange due to low gas diffusivity hence low CO2 fluxes.

The variability of CO2 across the land utilization types can be attributed to the difference in vegetation; this immensely affects the rate of emissions at plants’ roots. The photosynthesis rate differs, affecting respiration and photosynthesis, respectively (43). The effect of textural characteristics in the LUTs could have majorly contributed to varied CO2 emissions. Additionally, seasonal interactions reflect the effect of moisture on CO2 (44). However, we only reported the soil CO2 emissions (decomposition and root respiration). Therefore, the entire CO2 budget from the soil and photosynthesis is essential.

The cumulative annual soil N2O fluxes across the land utilization types were consistent with previous studies in East Africa (10, 12, 45) that found a range of 0.07–4.3 kg N2O–N ha−1 under similar conditions. The difference between soil N2O fluxes across LUTs could be due to changes in soil moisture. Although the amount of N was not determined, L. leucocephala under agroforestry L that fixes N into soils could have led to high N2O fluxes. Cubillos-Hinojosa et al. (46) found that L. leucocephala has a high C:N ratio because it fixes atmospheric nitrogen to the soils. These phenomena could explain the difference in N2O emissions under the two agroforestry systems (agroforestry M and agroforestry L). We also observed lower N2O emissions cumulatively under agroforestry M than agroforestry L due to the difference in species. Generally, the amount of soil N in the agroforestry systems is species dependent (47), which could explain the difference in N2O emissions among the two LUTs. Furthermore, soil organic carbon acts as substrates for the soil microbes, consequently influencing denitrification and nitrification (14). The high amounts of soil organic carbon under the agroforestry systems (Table 2) could have led to high N2O emissions. In addition, the amount of leaf litterfall could have necessitated anaerobic conditions under the agroforestry systems, thus high N2O emissions. Zheng et al. (48) reported high N2O emissions under croplands applied with stovers.

There was low production of N2O under grazing cumulatively than other LUTs. We expected high N2O emissions due to the availability of animal droppings throughout the study period. Zhu et al. (49) reported that nitrous emissions correlate linearly with the amount of dung deposited on grasses. In addition, Pelster et al. (12) reported high N2O in grassland. We found a negative correlation between BD and N2O emissions. Similar to this finding, Wanyama et al. (44) found a negative correlation between N2O fluxes and soil bulk density. Thus, high bulk density under grazing land explains low N2O emissions, although in the denitrification process, it is expected that bulk soils favor denitrification due to the consumption of O2, thus avoiding diffusion. Other factors, such as soil texture and temperature (14), could have played a major role in the nitrification and denitrification processes. Sole maize and sole sorghum showed low denitrification across the season (Table 4) compared to other LUTs. This could be explained by the low amount of carbon (which explains the low availability of labile carbon) that is necessary for denitrification processes (14) by acting as electron donors for microbial activities. However, our study contradicted the findings of Wanyama et al. (44), which found that high soil organic carbon correlates linearly with N2O emissions. We found a negative correlation between soil organic carbon with N2O emissions. Low soil pH under sole maize and sole sorghum could have limited denitrification processes.

Generally, soil pH influences soil microbial activities. Low soil pH favors N2O uptake. Rosenstock et al. (25) found an increase in N2O emissions with increasing soil pH. We can also attribute low N2O emissions under sole maize and sole sorghum to clay content. The low amount of clay content necessitated the nitrification process at the expense of denitrification.

Crop residue retention is essential in improving fertility and yields (50). The novelty of crop residue retention on the field due to its ability to incorporate nutrients could have mixed effects on the soil N2O fluxes (51; 5). Crop residue retention increases the induction of labile carbon that plays a fundamental role during the denitrification process by acting as electron donors (14) to soil microbes. The study was conducted on flood-prone soils that provided favorable conditions for N2O emissions. The crop residue retention could increase N2O fluxes. However, crop residue retention is limited in most Kenyan smallholder cropping practices due to livestock competition and fuel (9, 38), which partly explains low N2O emissions under sole sorghum.



Maize and sorghum production

The grain yield ranged from 5,221.5 kg ha−1 (sole maize, n=3) to 505.3 kg ha−1 (sole sorghum, n=3) (Table 5). We observed low roots, leaves, and stem production during the season (Table 5). The maize and sorghum crops planted by the smallholder farmer during the LR 21 failed due to poor rainfall timing. During the SR 20 seasons, the yield scaled N2O emissions ranged from 0.35 g N2O–N kg−1 grain yields under sole maize to 4.90 g N2O–N kg−1 grain yields under agroforestry L. We observed a yield-scaled N2O emissions of 1.98 and 3.07 g N2O–N kg−1 grain yields under sole sorghum and agroforestry M.


Table 5 | Maize and sorghum production under different land utilization types during the SR 20 in Siaya County, Kenya.



The sorghum grain yields (505–508 kg ha−1 for one cropping season) were close to 464–540 kg ha−1 reported by Njagi et al. (52) and Musafiri et al. (53). However, the sorghum yields were lower than the potential sorghum productivity of 4,000 kg ha−1 (54). The maize grain yields of 5,222 kg ha−1 were consistent with those reported by previous studies in Western Kenya, ranging between 500 and 5,600 kg ha−1 (55, 56). The low sorghum productivity in the study area could be attributed to poor rain timing and agronomic management coupled with S. hermonthica infestation. The S. hermonthica is a significant threat to sorghum production in Western Kenya, resulting in reduced grain productivity (57). The calculated N2O yield scaled emissions ranged between 0.35 and 4.90 g N2O–N kg−1 and was consistent with 0.024–67 g N2O–N kg−1 (10, 12, 58). The low yield-scaled emission could be attributed to the low soil GHG emissions across the land utilization types. It is noteworthy that sole sorghum had higher yield-scaled N2O emissions than sole maize. This could be attributed to the low sorghum productivity due to poor management and S. hermonthica infestation, lowering the yields. Notably, the improved land utilization management, such as agroforestry L and agroforestry M, led to increased yield-scaled N2O emissions. However, the yield scaled N2O emissions were based on cereal crop grain yields.

Despite the importance of agroforestry systems (agroforestry L and agroforestry M) in terms of carbon input and YSE, their potential to contribute to global warming is high. The agroforestry systems exhibited high net GWP compared to monocrops (sole sorghum and sole maize). Therefore, in terms of YSE, there is a tradeoff between food production and GHG. It is imperative to note the importance of agroforestry systems in food production and the ability to input carbon, a function of N in soil compartments. The viability of integrating plants and crops is under disputation. It can increase yields and GHG emissions, and it can also increase yields. In addition, the monocrops have varied implications on edaphic factors and consequently climate change. Despite low GWP, sole sorghum and sole maize contributed to the deterioration of soil health. Therefore, the balance between crop productivity in smallholder farms can be achieved through agroforestry systems because it improves soil health. We advocate for agroforestry systems due to their ability to improve soil health, climate regulation, and food production.




Conclusions

There is a vast data gap on the quantity of soil GHG fluxes across different land utilization types in Kenya. We quantified the soil GHG fluxes from five common land utilization types. In line with our hypothesis, grazing land had the highest CO2 emissions, while sole maize had the lowest. We also hypothesized that agroforestry L could increase crop yields and reduce yield-scaled N2O emissions. There was high CH4 uptake under monocrops. The soil GHG fluxes were CO2 emissions, and the CH4 uptake and N2O fluxes were of low magnitude although consistent with other studies in Kenya. The most critical drivers influencing GHG in this experiment were soil bulk density, soil organic carbon, soil moisture, clay content, and root production. Improved land utilization types (agroforestry M and agroforestry L) did not increase grain yields but increased yield-scaled N2O emissions. Due to the soil’s high moisture levels occasioned by frequent waterlogging under agroforestry systems, the yields were low, while the YSE was high. The high YSE can be reduced by enhancing the yields through improving fertilization and managing Striga weeds infestations. However, the study did not consider the importance of the agroforestry trees to smallholder farmers, such as fodder crops for feeding livestock (L. leucocephala) and timber from M. lutea. Following our findings, there is a need for further studies to consider the benefits of agroforestry integration on the income among smallholder farmers. This shades more light on the tradeoffs expressed as income-scaled N2O fluxes of agroforestry land utilization compared to monocropping. Our findings are essential, as they established the contribution of different land utilization types, thus filling the data gap on the National GHG budget.
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LUTs1

Agroforestry M
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Agroforestry L
Sole maize
Grazing land

P value

Bulk density (g cm-?)

1.23°+0.01
1.40° £ 0.01
1.20° £ 0.01
1.50* + 0.02
1.53% £ 0.02
<0.0001

Nmin

6.0
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SOC(%)

223" +0.08
1.50° £ 0.03
207" +0.06
0.61€ + 0.05
201" +0.04
<0.0001
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Soil texture(%)
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18
18
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'LUTS s the land utilization types i) agroforestry M (agroforestry Markhamia lutea and sorghum), ii) sole sorghum (sorghum monocrop), iii) agroforestry L (sorghum and Leucaena

leucocephala), iv) sole maize (maize monocrop), and iv) grazing land.

Mean bulk density and soil organic carbon with the same superscript in the same column during the season are not significantly different between land utilization types at p <0.05.
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Seasonl ~ LUTs2  CH, (kg CHy~C ha™') CO, (kg CO,-C ha™") N,O (kg N,O-Nha™') Net GWP kg CO,-eq ha™ year™

SR2020  Agroforestry M ~0.43* + 0.01 6347.52"" + 168.25 0265 + 0.02 67.92
Sole sorghum ~0.42* £ 0.01 6,208.58" + 344.15 040 + 0.02 108.89
Agroforestry L ~0.23" + 0.05 5,108.25° + 551.70 058" +0.01 166.03
Sole maize ~0.87° £ 0.03 3,967.88" + 620.55 043% £ 0.03 106.02
Grazing land ~0.34" £ 0.09 8,949.50" + 515.86 0.29°0.05 77.28
p-value 0.001 0.0001 0.002

LR2021  Agroforestry M ~0.20° £ 0.01 5,367.04" + 129.41 1.28" + 0.06 377.18
Sole sorghum ~0.004° + 0.01 4,110.33° + 209.15 0.69% + 0.05 205.01
Agroforestry L -0.26" £ 0.01 4,423.09™ + 419.20 1.90° £ 0.11 558.87
Sole maize ~0.18" £ 0.01 2,541.98252.01 1.00% + 0.06 303.35
Grazing land ~0.005°0.01 545125 + 382.33 040 £ 0.06 120.55
p-value <0.0001 0.0001 <0.0001

Cumulative  Agroforestry M -0.63 £ 0.01 11,714.56® + 110.76 1.54° + 0.06 444.86
Sole sorghum ~0.42° £ 0.06 10,318.91° + 931.05 1.09° + 0.02 289.69
Agroforestry L —0.49° + 0.04 9,531.34° + 948.53 248" +0.11 73653
Sole maize ~1.05° £ 0.26 6,509.86" + 561.37 143° £ 05 53113
Grazing land ~0.35" + 0.09 14,400.75° + 1,210.88 0.69° + 0.07 22337
p-value <0.0001 0.001 <0.0001
Seasonal p vaue' <0.0001 <0.0001 <0.0001
Season*LUT® <0.0001 <0.0001 <0.0001

!Season SR 2020 is short rains 2020, LR2021 is long rains 2021, and cumulative is the summation of the two seasons.

2LUTSs s the land utilization types i) agroforestry M (agroforestry Markhamia lutea and sorghum), ii) sole sorghum (sorghum monocrop), iii) agroforestry L (sorghum and Leucaena
leucocephala), iv) sole maize (maize monocrop), and iv) grazing land.

*Average soil GHG emissions with the same superscript in the same column during the season are not significantly different between land utilization types at p <0.05.

“*Seasonal p-value indicates soil GHG emissions difference between the two seasons.

Season*LUT indicates fixed factor (land utilization types) interaction on soil GHG emissions with replicates and season as random factors.
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Parameter CH, fluxes CO, emissions N,O fluxes

Soil bulk density (g cm™) 0.08" -0.08 ~0.64*
Soil organic carbon (%) -0.23 0.83** -0.03
Soil temperature (°C) -0.23 —-0.48 -0.21
Soil moisture (g g™ of soil) -0.25 0.52* 0.05
Clay content (%) -007 0.52* -0.58*
Roots (kg ha™") -0.18 -0.11 -0.62*
*p< 0.05.

#p< 0.01.

!Correlation coefficients (rho values).
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LUTs' Land

preparation

Agroforestry M

Sole sorghum

Agroforestry L

Sole maize

Grazing land’

Fertilization

Disk plowing with moldboard
on 30 July 2020 ad ox plowing
on 23 February 2021

Disk plowing 30 July 2020 and
ox plowing 20 February 2021

Disk plowing on 30 July 2020
and ox plowing on 10 March
2021

Ox plowing on 8 August 2020
and on 16 February 2021

Weeding

Manure broadcasting across the two seasons, 6 August 2020; manure, 2 t ha™' (21.8 kg
N ha™' and 524 kg C ha™"), DAP 112 kg ha™' (20 kg N ha™") 14 April 2021; manure, 2 t
ha™' (21.8 kg Nha™') DAP 125 kg ha™' (22.5 kg N ha™")

Manure broadcasting across the two seasons. 6 August 2020; manure, 2 t ha™' (21.8 kg
N ha™' and 524 kg C ha™"), DAP 112 kg ha™' (20.16 kg N ha™"), 14 April 2021; manure,
2tha™ (21.8 kg N ha™') DAP 125 kg ha ' (225 kg N ha™)

Manure broadcasting across the two seasons. 6 August 2020; manure, 2 t ha™' (21.8 kg
N ha™' and 524 kg C ha™"), DAP 112 kg ha™' (20 kg N ha™"), 14 April 2021; manure,
2tha' (21.8 kg N ha™'), DAP 125 kg ha™' (225 kg N ha™")

14 September 2020; manure, 2 t ha™' (21.8 kg N ha™" and 524 kg C ha™"), DAP 112 kg
ha™" (20.16 kg N ha™"), 29 March 2021; manure

28 September
2020 and 30
April 2020
28 September
2020 and 30
April 2020
30 September
2020 and 30
April 2020

2 October
2020 and 18
April 2020

'LUT is the land utilization types i) agroforestry M (agroforestry Markhamia lutea and sorghum), ii) sole sorghum (sorghum monocrop), iii) agroforestry L (sorghum and Leucaena

leucocephala), iv) sole maize (maize monocrop), and v) grazing land.

®No crops planted in the grazing land.
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LUTs1 Roots
(kg ha-1)
Agroforestry M 198.8 + 42.58
Sole sorghum 306.3 + 80.48
Agroforestry L 141.4 + 14.36
Sole maize 203.0 + 8.95
Grazing land* -

Stems
(kg ha-1)

2,446.5 + 37.69
3,258.0 + 17.15
1036.5 + 7.26
34785 + 11.49

Leaves
(kg ha-1)

1,597.5 + 1.90
2,137.5 £ 4.74

934.5 +0.76
3,942.0 +8.97

Grains
(kg ha-1)

505.3 + 52.70

505.6 + 13.78

508.0 + 35.69
5,221.5 + 213.99

Total Biomass
(kg ha-1)

4,748.1 + 62.81
6,207.4 + 103.01
2,620.4 + 40.08
12,845.0 + 234.91

N,O YSE
(g N;O-Nkg™)

3.07
1.98
4.90
035

'LUTs is the land utilization types i) agroforestry M (agroforestry Markhamia lutea and sorghum), ii) sole sorghum (sorghum monocrop), i) agroforestry L (sorghum and Leucaena

leucocephala), iv) sole maize (maize monocrop), and iv) grazing land.

?No crops planted in the grazing land.





