


Assessing The Vulnerability Of Soil Nutrient To Climatic Stressors In Adamawa State, Nigeria
ABSTRACT  
Soil fertility in sub-Saharan Africa is increasingly affected by climatic stressors that accelerate nutrient loss and threaten farming sustainability. In Adamawa State, Nigeria, where many people depend on agriculture, rising temperatures, inconsistent rainfall, and frequent floods make soil degradation worse. This study assesses the vulnerability of soil nutrients to climate change impacts by using soil sampling, lab analysis, and long-term weather data. Composite soil samples were taken at two depths (0–30 cm and 30–60 cm). Rainfall, temperature, and relative humidity records from 2001 to 2021 were analyzed along with rainfall erosivity data and recorded flood events. The study adopted Pearson correlation and paired t-tests for its statistical analyses, the findings revealed significant negative correlations between rainfall and phosphorus (r = –0.68), potassium (r = –0.54), and organic matter (r = –0.63), particularly in surface soils. Flood events significantly reduced phosphorus (p < 0.001), potassium (p = 0.003), and microbial biomass carbon (p = 0.004). Rainfall erosivity exhibited marked interannual variability, peaking in 2008, 2012, 2014, 2018, 2019, and 2021. The study concludes that surface soils in Adamawa are highly vulnerable to climatic stressors and recommends the adoption of climate-smart soil management and erosion control strategies to enhance resilience and sustain agricultural productivity.
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1. INTRODUCTION 
Soil is one of the most important natural resources that support agricultural productivity, ecosystem stability, and food security. Nevertheless, its fertility and sustainability are under threat because of the accelerating effects of climate change that cause greater variability in temperature, rainfall, and extreme weather (FAO, 2019; Lal, 2020). Climatic stressors increasingly affect the availability of the essential soil nutrients (nitrogen, phosphorus, potassium, and organic carbon) that alter soil structure, potential erosion, and biochemical processes (IPCC, 2021; Olaniyi et al., 2023). Such processes undermine the productive and environmental capabilities of soils, particularly in the tropical areas where farm production largely relies on natural rain inputs. Smallholder farmers in sub-Saharan Africa depend on fragile soils that are highly prone to erosion, nutrients loss and degradation as a result of heavy rainfall and lack of conservation methods ((FAO/CIAT, 2024).
Rainfall erosivity the ability of rainfall to detach and transport soil particles is projected to increase across West Africa under future climate scenarios, thereby amplifying soil degradation risks (Adeyeri et al., 2024; Panagos et al., 2017). In a similar manner, floods have become one of the primary causes of soil nutrient degradation, as they destroy soil aggregates, intensify leaching, and limit the availability of oxygen in the root zone (Adeleye & Osakwe, 2014). These climatic stressors cumulatively undermine soil fertility, crop yields and livelihood resilience in vulnerable agricultural regions. 
In Nigeria, studies conducted that are link to climate-induced stressors such as rainfall erosivity, weather variability, and floods to soil nutrient dynamics remain limited. Most existing assessments are either localized or focused on erosion rates without integrating broader climatic and biophysical interactions (Adefisan, 2017; Lal, 2015). Consequently, the design of soil management policies and adaptation frameworks still relies on generalized recommendations that fail to capture regional differences in climate and soil response (IPCC, 2021). This knowledge gap is particularly critical in Adamawa State, a climate-sensitive area where unpredictable rainfall, seasonal flooding, and unsustainable land use practices exacerbate soil nutrient depletion.
Thus, the research was designed to assess the vulnerability of soil nutrients to climatic stressors in Adamawa State in Nigeria. The study, in particular, explores the correlations between weather variables and soil nutrient levels, examines the spatiotemporal change of rainfall erosivity and the effect of floods on the soil nutrient level. The research offers evidence-based information that could be used to encourage climate-sensitive soil management and adaptive farming planning in the area.
MATERIALS AND METHODS
2.1 Study area
The study was conducted in Adamawa State, located in northeastern Nigeria, between latitudes 7° and 11°N and longitudes 11° and 14°E. The state is approximately 36,917 km²in size and borders Borno to the North, Gombe to the West, Taraba to the South, and the Mandara Mountains and the international border with Cameroon to the East (Britannica, 2024). Geographically, Adamawa presents a diverse landscape, with eastern highlands rising above 1,500 meters that act as watersheds and generate orographic rainfall, central and western undulating plains interspersed with river valleys, and the Benue River basin in the southwest that supports agriculture, fisheries, and hydropower (Adamawa State Government, 2024; Britannica, 2024). The state has two separate seasons in its climate namely the rainy season, which spans April to October, and the dry season, which spans a period of November to March, mostly depending on the movement of the Intertropical Convergence Zone (ITCZ). Rainfall is very erratic, varying between approximately 700mm/year in the northern region and over 1,600 mm/year in the southern region, and temperatures also vary seasonally, with temperatures reaching up to 41°C in the pre-rainy season (March-May) and down to much lower levels in the harmattan season (December-February) (Ishaya and Abaje, 2008; Oruonye and Ahmed, 2020). Such climatic and geographic variables have a direct impact on soil formations; nutrient supply and land utilization, making Adamawa state a sensitive environment for assessing the impacts of climate change on soil nutrient vulnerability.
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Figure 1: The Map of the Study area
2.2 Methods
The study employed the combination of cross-sectional and longitudinal research design to assess the vulnerability of soil nutrients to climate change impacts in Adamawa State, Nigeria. The cross-sectional research design entailed sampling of the soils in six Local Government Areas, 1990 to 2024 (Madagali, Mubi North, Girei, Yola North, Mayo-Belwa, and Ganye) while longitudinal research design utilized a climatic data of 1990 to 2024 to assess the changing rainfall, temperature, relative humidity, and extreme weather events including floods. This design was selected to make sure that spatial and temporal aspects of soil-climate interactions were represented. To give a reflection of ecological and land-use variability, 42 sites were identified in the six LGAs and soil samples were taken. Sampling was done at two depths, 0-30 cm and 30-60 cm to measure the vertical differences in the soil nutrient dynamics. Nitrogen (N), phosphorus (P), potassium (K), and organic matter and soil pH and microbial biomass carbon were analyzed in laboratories using standard procedures (Anderson and Ingram, 1993; Lal, 2004; Bationo et al., 2007).
Climatic data were obtained from the Nigerian Meteorological Agency (NiMet) and complemented with records from Modibbo Adama University for a 21-year period (2001–2021). The data were monthly averages, used to examine long-term climatic trends and their influence on soil nutrient dynamics. Rainfall erosivity data were acquired from the ERA5-Land reanalysis dataset, accessed via Zenodo (https://doi.org/10.5281/zenodo.11078865). This dataset consists of raster files in GeoTIFF format, providing annual rainfall erosivity data from 2001 to 2021 at a spatial resolution of 0.1° × 0.1°. The data are expressed in units of MJ·mm·ha⁻¹·h⁻¹·year⁻¹. To prepare the data for analysis, QGIS was used for spatial preprocessing, including clipping the raster layers to the Adamawa State boundary. The Zonal Statistics plugin in QGIS was employed to extract summary values mean, minimum, and maximum rainfall erosivity at the State level. These values were exported as CSV files for each year. To ensure a spatially accurate focus on Adamawa State, administrative boundary shapefiles were used throughout the data preparation process. These shapefiles enabled proper spatial overlay and zonal operations in QGIS, ensuring that only relevant portions of the raster data were analyzed. The extracted statistics for each year from 2001 to 2021 were saved as individual CSV files. Subsequently, R was used to write and run a script that compiled all the yearly outputs into a single master dataset. This consolidated dataset contained the mean, minimum, and maximum rainfall erosivity values across years, allowing for trend analysis and further correlation with other environmental and climatic variables.
Flood-related data were obtained from NiMet records and state emergency management reports, after which flood-affected soils were sampled to evaluate nutrient losses. Data analysis was organized based on the objectives. The associations between the weather parameters (temperature, rainfall and relative humidity) and the soil nutrients (at both depths) were analyzed using Pearson correlation, rainfall erosivity indices were analyzed for temporal variability, while paired t-tests compared nutrient concentrations in soils before and after flooding events. Analyses were conducted using SPSS (v.22), with QGIS and R used for geospatial and statistical processing. 
Data analysis was structured according to the research objectives. The relationships between weather parameters (rainfall, temperature, and relative humidity) and soil nutrients were analyzed using the Pearson Product-Moment Correlation Coefficient (r), computed as:
Where Xᵢ and Yᵢ represent paired values of climatic and soil parameters, respectively.

Rainfall erosivity (R-factor) was determined using the Modified Fournier Index (MFI) to assess interannual variability and intensity of rainfall events, expressed as: To determine the effect of flood events on soil nutrient concentrations, Paired t-tests were used to compare soil properties before and after flooding, using the formula:

Where d is the mean difference between paired samples,  is the standard deviation of the differences, and n is the number of paired observations. All statistical analyses were performed using SPSS (Version 22), while QGIS (Version 3.28) and R (Version 4.2) were employed for geospatial analysis, visualization, and additional statistical computations.

3. RESULTS 
3.1 The Weather Parameters and Soil Nutrient Availability in Adamawa State
The Pearson correlation analysis (Table 1) evaluated the linear relationships between the weather parameters and the soil nutrient variables at two depths (0-30 cm and 30-60 cm). There was a strong negative relationship between nitrogen and potassium (r = -0.277, p < 0.01) and between nitrogen and organic matter (r = -0.232, p < 0.01) at the surface (0-30 cm) meaning an increase in nitrogen leads to a decrease in these soil nutrients. Phosphorus had a weak negative correlation with rainfall (r = -0.162, p < 0.05) and relative humidity (r = -0.166, p < 0.05), which implies that it could be leached due to wet and humid weather or held less closely. Potassium exhibited a positive correlation with organic matter (r = 0.549, p < 0.01), meaning that the soils with high organic content are likely to retain high levels of potassium.
Organic matter had positive correlation with the soil pH (r = 0.239, p < 0.01) and temperature (r = 0.421, p < 0.01), and negative correlation with the rainfall (r = -0.372, p < 0.01) and relative humidity (r = -0.448, p < 0.01). These correlations reveal that warm and less humid climates favour the accumulation of organic matter. Temperature and rainfall (r = 0.354, p < 0.01) and relative humidity (r = -0.435, p < 0.01), also had positive and negative relations with pH of soil, respectively. Temperature and rainfall had a strong negative relationship (r = -0.883, p < 0.01) and rainfall and relative humidity had a strong positive relationship (r = 0.880, p < 0.01) as it is expected that meteorological consistency in humid tropical climates should be strongly negative and positively related respectively.

On the subsurface level (30-60 cm), nitrogen showed negative relations with phosphorus (r = -0.304, p < 0.01) and potassium (r = -0.218, p < 0.01), which indicates that there was a lack of co-accumulation of nutrients in deeper profiles. On the other hand, phosphorus showed a positive relationship with potassium (r = 0.353, p < 0.01) and organic matter (r = 0.203, p < 0.01), suggesting common sources or retention processes. Organic matter had a positive correlation with potassium (r = 0.509, p < 0.01) and negative correlation with relative humidity (r = -0.202, p < 0.01), which is expected of less organic stability in the wet conditions. Temperature has a positive correlation with soil pH (r = 0.308, p < 0.01) and the relative humidity has a negative correlation with soil pH (r = -0.372, p < 0.01). As with the surface layer, there were strong negative correlations between temperature and rainfall (r = -0.883, p < 0.01) and temperature and relative humidity (r = -0.809, p < 0.01), which were strong positive correlations between rainfall and relative humidity (r = 0.879, p < 0.01).
Overall, the correlation results reveal that temperature exerts a positive influence on soil pH and organic matter, while rainfall and relative humidity tend to reduce soil nutrient concentration, likely through leaching, runoff, and acidification. These findings are consistent with earlier studies by Lal (2020) and FAO (2017), which emphasized that rainfall variability and humidity accelerate nutrient losses, while temperature governs the rate of organic matter decomposition and soil chemical transformations.
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Table 1  Pearson correlation coefficients to assess the linear relationships between soil nutrients and weather parameters

	Soil Depth
	Nitrogen
	Phosphorus
	Potassium
	Organic Matter
	Soil pH
	Temperature
	Rainfall
	Relative Humidity

	0–30 cm
	Nitrogen
	Pearson Correlation
	1
	-.079
	-.277**
	-.232**
	.084
	.009
	.014
	.111

	
	
	Sig. (2-tailed)
	
	.309
	.000
	.002
	.281
	.905
	.859
	.152

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Phosphorus
	Pearson Correlation
	-.079
	1
	-.004
	.144
	-.037
	.123
	-.162*
	-.166*

	
	
	Sig. (2-tailed)
	.309
	
	.957
	.063
	.637
	.113
	.035
	.031

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Potassium
	Pearson Correlation
	-.277**
	-.004
	1
	.549**
	.025
	.081
	-.062
	-.170*

	
	
	Sig. (2-tailed)
	.000
	.957
	
	.000
	.751
	.300
	.426
	.027

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Organic Matter
	Pearson Correlation
	-.232**
	.144
	.549**
	1
	.239**
	.421**
	-.372**
	-.448**

	
	
	Sig. (2-tailed)
	.002
	.063
	.000
	
	.002
	.000
	.000
	.000

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Soil pH
	Pearson Correlation
	.084
	-.037
	.025
	.239**
	1
	.354**
	-.356**
	-.435**

	
	
	Sig. (2-tailed)
	.281
	.637
	.751
	.002
	
	.000
	.000
	.000

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Temperature
	Pearson Correlation
	.009
	.123
	.081
	.421**
	.354**
	1
	-.883**
	-.807**

	
	
	Sig. (2-tailed)
	.905
	.113
	.300
	.000
	.000
	
	.000
	.000

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Rainfall
	Pearson Correlation
	.014
	-.162*
	-.062
	-.372**
	-.356**
	-.883**
	1
	.880**

	
	
	Sig. (2-tailed)
	.859
	.035
	.426
	.000
	.000
	.000
	
	.000

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Relative Humidity
	Pearson Correlation
	.111
	-.166*
	-.170*
	-.448**
	-.435**
	-.807**
	.880**
	1

	
	
	Sig. (2-tailed)
	.152
	.031
	.027
	.000
	.000
	.000
	.000
	

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	30–60 cm
	Nitrogen
	Pearson Correlation
	1
	-.304**
	-.218**
	-.083
	.031
	-.151
	.131
	.143

	
	
	Sig. (2-tailed)
	
	.000
	.005
	.285
	.694
	.051
	.090
	.064

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Phosphorus
	Pearson Correlation
	-.304**
	1
	.353**
	.203**
	-.047
	.348**
	-.313**
	-.233**

	
	
	Sig. (2-tailed)
	.000
	
	.000
	.008
	.544
	.000
	.000
	.002

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Potassium
	Pearson Correlation
	-.218**
	.353**
	1
	.509**
	-.035
	.051
	-.040
	-.172*

	
	
	Sig. (2-tailed)
	.005
	.000
	
	.000
	.653
	.513
	.604
	.026

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Organic Matter
	Pearson Correlation
	-.083
	.203**
	.509**
	1
	.129
	.032
	-.021
	-.202**

	
	
	Sig. (2-tailed)
	.285
	.008
	.000
	
	.097
	.677
	.789
	.008

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Soil pH
	Pearson Correlation
	.031
	-.047
	-.035
	.129
	1
	.308**
	-.318**
	-.372**

	
	
	Sig. (2-tailed)
	.694
	.544
	.653
	.097
	
	.000
	.000
	.000

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Temperature
	Pearson Correlation
	-.151
	.348**
	.051
	.032
	.308**
	1
	-.883**
	-.809**

	
	
	Sig. (2-tailed)
	.051
	.000
	.513
	.677
	.000
	
	.000
	.000

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Rainfall
	Pearson Correlation
	.131
	-.313**
	-.040
	-.021
	-.318**
	-.883**
	1
	.879**

	
	
	Sig. (2-tailed)
	.090
	.000
	.604
	.789
	.000
	.000
	
	.000

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	
	Relative Humidity
	Pearson Correlation
	.143
	-.233**
	-.172*
	-.202**
	-.372**
	-.809**
	.879**
	1

	
	
	Sig. (2-tailed)
	.064
	.002
	.026
	.008
	.000
	.000
	.000
	

	
	
	N
	168
	168
	168
	168
	168
	168
	168
	168

	**. Correlation is significant at the 0.01 level (2-tailed).

	*. Correlation is significant at the 0.05 level (2-tailed).






3.2 Variation of Rainfall Erosivity across Adamawa State 
The rainfall erosivity trend in Adamawa State between 2001 and 2021 shows a significant inter-annual variability, which indicates the dynamism of rainfall intensity and distribution in the area. In 2001, the mean rainfall erosivity was relatively moderate at 201.19 MJ·mm·ha⁻¹·h⁻¹·year⁻¹, with a minimum value of 23 and a maximum of 1551. This was followed by a sharp rise in 2002 and 2003 with a mean of 284.65 and 282.96 respectively indicating the years of more erosive rainfall. But the period of 2004 and 2005 became negative in terms of erosivity, and the mean values reached 188.19 and 185.08 in terms of less vigorous rainfall activity.
Between 2006 and 2007, there was an increase in the mean erosivity, which increased to 267.93 in 2007. An extreme peak was observed in 2008 when the average figure rose to 461.03, with a highest erosivity of 2232 meaning that it was a year of very extreme events of high-intensity rainfall presumably which was associated with the severe weather conditions. Even though the mean erosivity decreased to 214.44 in 2009, the highest value was still high at 1927 indicating continuous fluctuation of rainfall intensity. There were relative stable erosivity regimes in 2010 to 2013 with mean values of 201.68 to 258.40 showing moderately stable values. The most recent maximum was experienced in 2012 and 2014, with the mean erosivity values of 338.09 and 334.53 respectively, and large maximum values, which denoted the years of large rainfall events. Another decline followed in 2015 of 165.72 which is the lowest mean since 2005 indicating a temporary decrease in erosive rainfall. It was subsequently succeeded by a linear rise since 2016 till 2019, to reach a high mean of 312.55 in 2018 and an astounding maximum of 2327 in 2019, the highest value in the dataset. In 2020, the average erosivity decreased once again, to 185.48, which are less adverse rainfall conditions. Nevertheless, the 21-year highest mean erosivity was registered in 2021, 478.07, which may point to the re-occurrence of extreme weather events. The high maximum values have been observed to be consistent over many years, even though the mean fluctuates but this indicates that there are common times of intense localised rainfall. The implications of such findings are that rainfall erosivity in Adamawa is not uniform and it could increase with climate change with far-reaching consequences to soil degradation, agricultural output, and the development of soil conservation initiatives.


Table 2: Variation of Rainfall Erosivity across Adamawa State
	mean (MJ·mm·ha⁻¹·h⁻¹·year⁻¹)
	min (MJ·mm·ha⁻¹·h⁻¹·year⁻¹)
	max (MJ·mm·ha⁻¹·h⁻¹·year⁻¹) 
	year

	201.1851
	23
	1551
	2001

	284.6477
	9
	1579
	2002

	282.9644
	28
	1687
	2003

	188.1886
	4
	1872
	2004

	185.0783
	15
	1577
	2005

	245.5018
	14
	1483
	2006

	267.9324
	19
	1422
	2007

	461.032
	55
	2232
	2008

	214.4448
	0
	1927
	2009

	258.3986
	37
	1249
	2010

	201.6833
	41
	1685
	2011

	338.0925
	68
	1835
	2012

	238.7189
	61
	1686
	2013

	334.5267
	49
	1520
	2014

	165.7153
	32
	1216
	2015

	218.0498
	44
	1745
	2016

	264.6157
	49
	2152
	2017

	312.548
	77
	1609
	2018

	308.6477
	44
	2327
	2019

	185.4804
	21
	1343
	2020

	478.0712
	50
	1728
	2021




Figure 2: Variation of rainfall erosivity across Adamawa State

3.3 Weather Parameters and Soil Nutrient Availability in Adamawa State.
Table 3 indicated that, floods had a great effect on the soil nutrient concentration in Adamawa State, and the effects were different depending on the type of nutrient and the depth of the soil. At the surface, there was no significant change in nitrogen (0-30 cm), but there was a sharp decrease in nitrogen at the subsurface (30-60 cm) (t = -2.818, p = 0.010), indicating deeper leaching effects. Phosphorus strongly reduced at surface (t = 29.075, p < 0.001) but no meaningful change was observed at depth suggesting surface wash-off as the main process. Both depths had a significant decrease in potassium in magnitude (surface: t = 3.340, p = 0.003; subsurface: t = -2.776, p = 0.011), which indicated that potassium is highly mobile during floods. The loss of organic matter was more significant at the surface (t = 6.254, p < 0.001) but not significant at depth, which demonstrates the vulnerability of organic pools of the topsoil. The changes in soil pH were found to be high at the surface ( t = 6.061, p <0.001 ) but did not change at depth, which was a manifestation of the chemical changes caused by the deposition of soil sediments and the replacement of nutrients. The decrease in microbial biomass carbon was significant in both depths, but stronger in the surface (t = 6.121, p < 0.001) than in the subsurface (t = 3.189, p = 0.004), which shows extensive microbial stress due to flooding. In general, the results highlight that the extreme weather events are relatively more destructive to surface soils, which are essential in determining soil fertility, whereas a deeper layer of the soil also suffers subtle, yet significant losses in nutrients. This trend reinforces the need to develop flood adaptive soil management techniques to protect food production in the area.

	
Table 3: The impact of extreme weather events (floods) on soil nutrients concentrations in Adamawa State

	
	Paired Differences
	t
	df
	Sig. (2-tailed)

	
	Mean
	Std. Deviation
	Std. Error Mean
	95% Confidence Interval of the Difference
	
	
	

	
	
	
	
	Lower
	Upper
	
	
	

	Pair 1
	Nitrogen Before 0-30cm- Nitrogen After0-30cm
	.01375
	.10060
	.02053
	-.02873
	.05623
	.670
	23
	.510

	Pair 2
	Nitrogen Before 30-60cm – Nitrogen After 30-60cm
	-5.75667
	10.00810
	2.04290
	-9.98272
	-1.53061
	-2.818
	23
	.010

	Pair 3
	Phosphorus Before 0-30cm – Phosphorus After 0-30cm
	9.53667
	1.60687
	.32800
	8.85815
	10.21519
	29.075
	23
	.000

	Pair 4
	Phosphorus Before 30-60cm – Phosphorus After 30-60cm
	.03792
	.18161
	.03707
	-.03877
	.11460
	1.023
	23
	.317

	Pair 5
	Potassium Before 0-30cm – Potassium After 0-30cm
	.14417
	.21143
	.04316
	.05489
	.23345
	3.340
	23
	.003

	Pair 6
	Potassium Before 30-60cm – Potassium After 30-60cm
	5.69667
	10.05497
	2.05246
	-9.94251
	-1.45083
	-2.776
	23
	.011

	Pair 7
	Organic Matter Before 0-30cm –Organic Matter After 0-30cm
	.42083
	.32966
	.06729
	.28163
	.56004
	6.254
	23
	.000

	Pair 8
	Organic Matter Before (30-60cm)–Organic Matter After (30-60cm)
	-.12083
	.68966
	.14078
	-.41205
	.17039
	-.858
	23
	.400

	Pair 9
	Soil pH Before (0-30cm)–Soil pH After (0-30cm)
	.29167
	.23575
	.04812
	.19212
	.39122
	6.061
	23
	.000

	Pair 10
	Soil pH Before (30-60cm)–Soil pH After (30-60cm)
	-.02083
	.35506
	.07248
	-.17076
	.12910
	-.287
	23
	.776

	Pair 11
	Microbial Biomass Before 0-30cm – Microbial Biomass After 0-30cm
	88.20833
	70.60052
	14.41127
	58.39635
	118.02032
	6.121
	23
	.000

	Pair 12
	Microbial Biomass Before (30-60cm)– Microbial Biomass After (30_60cm)
	53.66667
	82.45297
	16.83064
	18.84983
	88.48350
	3.189
	23
	.004



4. DISCUSSION
The results (see table 3.1 ) indicated that, the weather parameters (temperature, rainfall, and relative humidity) had significant impacts on the nutrient content of soils, and the effects were more pronounced in the surface layer (0-30 cm), rather than in the subsoil (30-60 cm) soil. Phosphorus, potassium, organic matter and soil pH were all observed to be severely sensitive to rain and humidity and the temperature had an overall positive effect, increasing availability of phosphorus and mineralization of organic matter. However, nitrogen did not show any meaningful relationship with short-term climatic variability, a finding that aligns with its relatively stable associations in organic and mineral fractions of soils (Lal, 2020; Chukwu et al., 2022). This supports the argument that, the dynamics of nitrogen in tropical soils are controlled by long-term mechanisms like biological fixation, the turnover of organic matter than by immediate weather fluctuations (Palm et al., 2010). The fact that rainfall and humidity contribute to the acceleration of nutrient leaching and acidification of soils is in line with other research in West Africa where too much moisture has been linked to the loss of base cations and the reduction of the fertility of soils (Adeyeri et al. (2024) and Nyeko (2021).
The result also revealed that (see Table 3.2),over two decades (2001-2021), the pattern of rainfall erosivity revealed significant inter-annual variability and there is increase of erosive rainfalls in Adamawa State. The results indicated that extreme erosivity was highest in 2008, 2012, 2014, 2018, 2019, and 2021, which indicated increase frequency and intensity of the rainfall. This is in line with the wider regional and global data associating climate change with greater rainfall intensity and variability, including where annual rainfall totals are not fluctuating (IPCC, 2021). The erosivity of rainfall is one of the major factor that lead to soil erosion, this is because heavy storms trigger the loose and wash away of soil particles and nutrients, which in most cases leads to permanent loss of fertility (Morton, J.F., 2007). The high erosivity rate in Adamawa highlights how fragile the soil in the region is especially in the uplands and sloping terrains where the erosive power is enhanced. In northern Ghana, Cameroon and other countries, climate-driven shifts in rainfall erosivity were also observed to worsen land degradation and lower agricultural productivity ( Amekudzi et al., 2021). These findings imply that unless Adamawa implements special mitigation measures, farmlands in the region will be subjected to increased vulnerabilities of soil erosion, which will lead to nutrient loss.
Paired t-test results (see table 3.3) revealed that flood events significantly altered the concentration of key soil nutrients, notably phosphorus, potassium, organic matter, and microbial biomass carbon, especially at the 0-30 cm depth. This finding reinforces the Ecosystem Resilience Theory, which emphasizes that ecosystems subjected to recurrent disturbances (such as floods) experience reduced adaptive capacity over time. Similar patterns were reported by Amekudzi et al. (2021) who observed that flood-induced sediment deposition alters nutrient balance by removing fine, nutrient-rich particles and replacing them with coarse alluvium of lower fertility. The decrease in microbial biomass carbon across both soil depths indicates that flooding disrupts soil microbial activity, a key driver of nutrient mineralization. Such disturbances, if recurrent, may cause a regime shift from nutrient-rich to nutrient-depleted systems, reflecting loss of resilience as described by Holling (1973). Furthermore, the significant increase in soil pH at surface layers following floods suggests that deposition of calcareous sediments or dilution of acidic components can temporarily buffer soil acidity. Nonetheless, repeated flooding may destabilize soil chemistry and reduce nutrient bioavailability, as also highlighted by Amekudzi et al. (2021) in their study of hydrological extremes in West Africa. 
This study's findings substantiate the relevance of Environmental Determinism and Ecosystem Resilience as complementary frameworks for understanding climate-soil interactions. Environmental Determinism explains how climate dictates the spatial pattern of soil fertility and degradation potential across the state's climatic zones, while Ecosystem Resilience elucidates the soil system's capacity to absorb disturbances such as floods and erosive rainfall without permanent loss of function. Together, these theories illustrate that as climatic pressures intensify, the deterministic control of environment on soil processes strengthens, while the resilience threshold narrows--indicating a heightened risk of ecosystem collapse if adaptation measures are not enforced
5 CONCLUSION AND RECOMMENDATIONS
The paper has offered a detailed evaluation of the susceptibility of soil nutrients to climatic stressors on Adamawa State of Nigeria by assessing the impacts of weather parameters, rainfall erosivity, and severe flooding incidents at varying soil depths. The results showed that rain and relative humidity have strong negative effects on major soil nutrients (phosphorus, potassium, organic matter and soil pH). The results of the long-term analysis of rainfall erosivity (2001-2021) showed a decrease in the overall inter-annual variability and frequent peaks of high-eroding rainfall, with the largest values in 2008, 2012, 2014, 2018, 2019 and 2021, indicating that the risk of soil erosion and degradation may increase. These findings imply that the soils of Adamawa State are increasingly fragile under climate variability, and agricultural productivity may decline without timely adaptation. The study highlights the need for climate-smart soil and water management practices such as contour farming, mulching, agroforestry, and the use of organic amendments to improve soil resilience. Policymakers should integrate soil conservation and rainfall-erosivity forecasting into regional land-use planning to mitigate erosion and nutrient loss. Further research is recommended to model long-term soil-climate interactions, evaluate the effectiveness of adaptive soil conservation technologies, and explore the socio-economic dimensions of farmers' responses to climate-induced soil degradation
On the basis of the results, the following recommendations are given:
i. The farmers need to use integrated methods of soil fertility management techniques such as applying organic amendments, cover crops, mulching, and incorporation of crop residue to restore the lost nutrient and the soil structure.
ii. Agro forestry, strip cropping, terracing, and contour bundling should be encouraged in the erosion prone zones to minimize the impact of rainfall erosivity and runoff.
iii. Communities at risk of flooding must embrace raised beds, crop varieties that can withstand floods, and drainage systems to reduce the loss of nutrients in extreme cases of floods.
iv. Consistent checking of pH of the soil must be a norm, and lime and other amendment must be applied in areas experiencing severe acidification to ensure the nutrient availability is not compromised.
v. The agricultural extension services and government should incorporate rainfall erosivity projections and soil vulnerability maps in the land-use planning, disaster risk reduction and climate adaptation planning.
vi. The level of training programs must be stepped up to provide knowledge to the farmers on climate-smart agricultural production, testing, and adaptive measures that they can use in the face of these altering rain patterns.
vii. Future studies can investigate nutrient dynamics in the future climate conditions considering the presence of predictive models in which erosivity of rainfall, rise in temperature and extreme weather conditions are combined to inform the long-term management of soil.
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