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Abstract

Human land use in catchment areas has become a global concern due to its profound effects
on water quality degradation. Associated eutrophication and algal bloom outbreaks in
aquatic ecosystems pose an increasing threat to species that rely exclusively on water for
foraging and breeding. In soda lakes, harmful algal blooms have caused fatal effects on
lesser flamingos (Phoeniconaias minor), which are obligatory filter feeders and vital bio-
indicators. However, little is known about how human land use affects nitrogen (N) and
phosphorus (P) levels in soil and surface runoff at a watershed scale, particularly in human-
dominated areas bordering the eastern African soda lakes. We aimed to understand how
these levels differ between protected and unprotected land and how they might affect lesser
flamingo foraging sources. We analyzed 72 surface soil and 13 surface runoff samples for
N and P concentrations along valleys that potentially drain water into the Momella lakes,
northern Tanzania. We found a higher soil P concentration in unprotected than in protected
land, and at both sites, soil N and P concentrations were negatively related to slope. Water
P concentrations in surface runoff from the unprotected land exceeded the United States
Environmental Protection Agency recommended threshold (<0.1 mg/L), suggesting that
human land use might negatively impact water quality and, thus, the foraging resources
of flamingos in the Momella lakes. We recommend optimizing nutrient management
strategies in the watershed to reduce nutrient enrichment from human-dominated areas in
these unique soda lakes in Tanzania.

Keywords: eutrophication; human land use; soda lakes; lesser flamingos; watershed
nutrient dynamics

1. Introduction

Over the past six decades, human land use has drastically increased and its associated
effects on terrestrial and aquatic ecosystems are of concern [1,2]. Human land use refers
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to agricultural and residential activities [3,4], which can result in soil and water quality
degradation. In the past 60 years, humans have changed about three-quarters of the global
land surface through various activities [5]. In addition, the expanding human population
and rising socio-economic needs drive the increased demand for land, leading to vegetation
cover destruction and unexpected land use changes [6,7], as well as soil and water quality
deterioration in terrestrial and aquatic ecosystems [6,8]. Furthermore, human land use has
significantly changed soil nutrients such as nitrogen (N) and phosphorus (P), as well as the
soil’s physico-chemical characteristics [6,9].

Most soil nitrogen is stored in organic matter and must be released into the soil by
microbes before plant uptake [10]. Plants absorb N mainly as nitrate (NO3; ™), which is
highly mobile, and as ammonium (NH,4 "), which is less mobile [10]. In contrast, phosphorus
is much less mobile, often fixed to iron or aluminum in acidic soils, and is absorbed as
phosphate ions (H,PO4~ and HPO,%7) [11]. In addition, factors such as soil pH, texture,
organic matter, and microbial activity can strongly influence P availability. In the soil,
nitrogen and phosphorus interact closely, and deficiency of one reduces the efficiency of
the other [11]. Thus, because of the N-P interaction, nitrogen and phosphorus are primary
nutrients whose availability can significantly limit the growth of primary producers in
terrestrial and aquatic ecosystems [12,13].

To compensate for N and P nutrient constraints and to increase crop yields, applying
chemical fertilizers in agricultural soils has become central to the “green revolution” [14].
However, excessive use of fertilizers can pollute water bodies, resulting in water quality
degradation [12,15]. This eutrophication due to N and P has become a challenge in aquatic
ecosystems worldwide because of its related effects on biodiversity, ecosystem services, and
functioning [12,16]. Excess N and P in the system promote rapid growth of algae, which
can result in large surface blooms [15,17], posing health risks to species like fish, birds, and
mammals that depend exclusively on the water for feeding and breeding [18,19]. In addi-
tion, harmful algal blooms can produce poisonous substances, induce anoxic conditions,
release unpleasant scents, and block light from reaching other creatures below in the water
column, all of which can be stressful [20,21].

Because of their predominant role in causing eutrophication in water bodies, under-
standing N and P concentrations in soil and surface runoff has become crucial [22,23],
particularly as chemical fertilizers containing N and P are used worldwide [24]. In the
year 2017, the annual consumption of chemical N and P fertilizers in China accounted
for about 27% of the global consumption [24]. Similar trends are observed in East Africa,
including Tanzania, where fertilizer imports have increased, with nitrogenous fertilizers
and Di-ammonium Phosphate (DAP) accounting for roughly 61% and 9% of the bulk
imports, respectively [25]. Additionally, the Tanzanian government’s fertilizer subsidy
programs for farmers have promoted fertilizer application across the region [26], often
with little control in application, which can put aquatic ecosystems at risk. Despite the
suspected effects of human land use on the declining water quality in eastern African soda
lakes [27,28], there is limited information about the effect of human land use on the status
of N and P in soil and surface runoff at a watershed scale.

We focused on the Momella lakes watershed of northern Tanzania, since it forms a wa-
ter catchment crucial for thousands of foraging East African lesser flamingos (Phoeniconais
minor), a species categorized by the IUCN as Near Threatened due to increased degrada-
tion of their habitats [27,29]. Lesser flamingos are ecologically vital bio-indicators, and
water-dependent, obligate algae filters that feed on Arthrospira fusiformis, a blue-green algae
species abundant in shallow soda lakes and wetlands [30,31]. Thus, the presence of lesser
flamingos in the Momella lakes is vital for the Tanzanian economy [32], especially through
tourism. Since the lakes are located at the border of Arusha National Park, the risk of
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pollution due to human land use is high [7,33]. In addition, an analysis of the Momella lakes
watershed’s land use changes over the last three decades (1989-2019) showed a notable
38% increase in land used for settlement and agriculture, as well as the use of synthetic fer-
tilizers [7]. In addition, previous reports and studies that dealt with spatio-temporal water
quality [34] and the effects of cyanobacteria blooms on lesser flamingos [27,29] pinpointed
a lack of information on soil N and P levels in the lakes” watershed, particularly relating
to human land use and how that might contribute to eutrophication. Understanding how
human land use alters nutrient transfer in soil and surface runoff at a watershed scale
is essential for protecting water quality and conserving lesser flamingos in these unique
soda lakes.

In view of the above, we aimed to (i) quantify the amount of nutrients (N, P) in surface
soil and surface runoff and (ii) establish whether human land use has affected the soil N
and P concentrations of the soil and surface runoff in the Momella lakes watershed. We
hypothesized that human land use in the watershed has resulted in significantly higher
N and P content in soil and surface runoff compared to protected areas. The findings of
our study will provide baseline information on the soil nitrogen (N) and phosphorus (P)
status in the Momella lakes watershed. In addition, our results will be useful in optimizing
nutrient management strategies and possibly reducing nutrient runoff that negatively
affects water quality in these unique Momella lakes and species that depend on them for
foraging, especially the lesser flamingos.

2. Materials and Methods
2.1. Study Site

This study was conducted in the Momella lakes watershed, which covers 3.45 km?,
located in the north-eastern part of Arusha National Park (ANAPA). We focused on Big
Momella (3°13’ S 36°54’ E) and Rishateni (3°13' S 36°53’ E) lakes, which form the principal
foraging grounds for lesser flamingos (Figure 1). According to Krienitz [35], lesser flamin-
gos often appear in large flocks along these lakes and are a flagship species of the East
African avifauna due to their spectacular appearance. Since there are no permanent rivers
or streams, the lakes are fed by rainfall and runoff from the surrounding valleys [33,36].
The two lakes are <1 km apart and are located on the periphery of ANAPA, making them
susceptible to pollutants from human land use.

The Momella lakes border human-dominated areas on the eastern side, and the
watershed around these lakes is partly protected and partly accessible by humans (Figure 1).
Thus, binary separation of the land use types in this study (protected vs. unprotected) was
important to understand the effect of land use on nutrient contents and leaching [7]. The
protected area, which is managed by ANAPA, has Vachellia xanthophloea (yellow-barked
acacia) trees scattered throughout, bushes composed primarily of Cordia ovalis and herbs
dominated by Ocinum suave and Solanum incanum [33]. The unprotected area encompasses
the region outside the park, where human activities such as crop cultivation, livestock
rearing, and settlements are prevalent [7,37]. These land use characteristics and levels of
human disturbance allowed us to conveniently isolate the effects of human activities on soil
and surface runoff nutrients within the watershed. The average annual air temperatures
in the study site range from 12 to 28 °C, and annual average rainfall varies between
500 mm and 1200 mm, exhibiting a bimodal pattern, with long rains from February to May
and short rains from November to January [33,38].
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Figure 1. Location of lakes Big Momella and Rishateni in northern Tanzania, along with soil and
runoff sampling points within the watershed, in which we determined the concentrations of nitrogen
(N) and phosphorus (P) in soil between December 2020 and January 2021, and in surface runoff
between March and April 2021 (Source: author).

Although a larger portion is protected by ANAPA, the eastern part of the watershed,
which falls under the Meru District Council in the Arusha region, Tanzania, is inhabited by
people [38]. The local human population of Meru District is approximately 268,000 people,
with an annual growth rate of 2.7%. About 18,000 people reside near the lakes in Miririny
Village, Leguruki Ward, where crop farming is their primary source of income, followed by
livestock keeping [38,39]. In addition, the landscape of the watershed can strongly influence
nutrient transport because soils range from sandy to loamy, with unprotected areas more
disturbed by human activities [7]. Valleys in unprotected land show high hydrological
connectivity, enhancing runoff and nutrient transfer, while protected areas retain nutrients
due to higher vegetation cover and soil stability [33,40], with slope gradients ranging from
gentle to steep further influencing nutrient movement [7]. Thus, due to their location, the
lakes are susceptible to contamination from nearby farmlands and human settlements [7,38],
which are likely to change the soil’s physico-chemical properties and, consequently, water
nutrients and quality [33,41].
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2.2. Data Collection
2.2.1. Soil Sampling

We sampled both within the protected and unprotected lands along 8 line transects [42,43]
in human-impacted and 10 line transects in protected lands along valleys that potentially
drain water into the lakes (Figure 1). Each transect was 150 m long and was designed to
cope with the rugged, undulating terrain and surface drainage direction, which precluded
line transects longer than 150 m. We collected soil samples from the predefined locations
along the line transects established within the valleys that drain water into the lakes
systematically [42]. We used a soil auger to collect soil samples for total N and total P
nutrient analyses from sample plots spaced every 50 m along the transects [42,44,45]. We
measured total N and total P to capture all forms of N and P, which is critical for monitoring
water quality and ecosystems, as excess levels trigger eutrophication, harmful algal blooms,
and oxygen depletion [46,47]. In addition, soil pH was measured because it influenced
soil nutrient availability [48]. We also took into account slope and soil texture, because
they might accelerate the movement of soil nutrients to lower slopes [49,50]. Elevation was
recorded at each sampling site using a GPS (Garmin GPS Map 64s, KS, USA), and the slope
percentage for each sample plot in the transects was determined by dividing the change in
elevation by the amount of horizontal distance covered and then multiplying the result by
100 [51].

In total, we collected 72 soil samples for total N and total P analyses between December
2020 and January 2021, 40 in the protected area and 32 in the unprotected area. Soil
samples were collected early in the growing season before the application of fertilizers to
understand the potential impact of the past land use type on nutrient status and amount
of fertilizer [44,52]. Each soil sample weighed 500 g and was obtained by mixing three
randomly selected soil samples from the center of each point within the sampling plot, at a
depth of 0 to 20 cm [13,53].

The collected soil samples were air-dried, crushed using a mortar and pestle to pass
through a 2 mm mesh sieve [13,45], and transported to Sokoine University of Agriculture
(SUA) for laboratory nutrient analyses. Soil pH was determined in a 1:2.5 soil: water
mixture using a portable HI9829 Multi-parameter (Hanna Instruments, Woonsocket, Rhode
Island, USA), and soil texture was measured by a hydrometer [13,54]. We determined the
total soil N using semi-micro Kjeldahl digestion, which involves digesting the sample with
concentrated sulfuric acid and a catalyst, converting organic N to ammonium. After making
the solution alkaline, ammonia is distilled into boric acid and quantified by titration to
calculate total N [55,56]. Total soil P was determined by Bray-P1 (determines available P in
acidic-to-neutral soils) and Olsen (estimates available P in neutral-to-alkaline and calcareous
soils) methods, which have a strong correlation with other standard methods [57,58].

2.2.2. Surface Runoff Sampling

Runoff water samples were collected by scooping from ditches [59] immediately
after rainfall events, during the fertilizer application period, in the rainy season between
March and April 2021 (Figure 1). We used a Digital Elevation Model and Ground Survey
techniques to model the terrain of the catchment area and to identify the valleys that
potentially drain water into the lakes [60]. The ditches, from which runoff samples were
collected for N and P analyses, were positioned in the identified valleys 2-3 m from the
lakes’ shorelines [61,62]. In total, we collected 13 runoff water samples, of which 6 were in
the protected area and 7 in the unprotected area.

The polythene plastic bottles (1 L) used to collect the water samples were first washed
with detergents, acidified with 5% HNOs, then rinsed with distilled water, and finally
rinsed three times with the water before filling [59,63]. We sieved the collected water
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samples through a <1 mm plastic sieve to filter out large particulate matter [64]. We
labeled the water sample bottles, preserved them in an icebox, and transported them to the
Nelson Mandela African Institution of Science and Technology (NM-AIST) for immediate
analysis of N and P within 48 h [63]. The runoff water N was quantified using the Persulfate
Digestion Method 10071, an alkaline oxidation method that turns all types of nitrogen in the
sample into nitrate), and then quantified with a DR 2800 spectrophotometer. Runoff water
P was quantified by PhosVer 3, using the Acid Digestion Method 8190, a technique that
uses acid/persulfate digestion to convert organic phosphorus in the sample into reactive
orthophosphate, and then quantified using a DR 2800 spectrophotometer after the sample
had been neutralized and reacted with PhosVer 3 [65].

2.3. Data Analysis

We compared the mean soil physico-chemical parameters between the two land
use types using an independent-sample f-test [66,67]. We performed a Shapiro-Wilk
test to ensure normal data distribution, with transformation for those data not normally
distributed. Using Pearson correlation, we tested the strength of the relationship between
slope and the concentration of soil N, P, and other physical properties in the watershed. We
further compared the mean values for water N and P concentrations in runoff samples from
the protected and unprotected land against the allowable thresholds as recommended by
the United States Environmental Protection Agency to evaluate the magnitude of nutrients
draining into the lakes from the watershed [68]. Analyses were undertaken using Jamovi
(version 2.2.2), with a statistical significance level of p < 0.05.

3. Results
3.1. Soil N and P Concentrations

We found that the average + Standard Error (SE) soil N values did not differ signif-
icantly between protected and unprotected sites (¢ (70) = 1.59, p = 0.115; Figure 2a). The
average (£SE) soil P differed significantly between the two land use categories, with the
P concentration in the unprotected land use being 1.5 times higher than in the protected
land (t (70) = 3.95, p < 0.001; Figure 2b). Soil pH was not significantly correlated with
soil N in protected and unprotected lands (r = 0.12, p = 0.452, and r = 0.10, p = 0.582; see
Appendices A and B), but was slightly and significantly higher in the unprotected land
than in the protected land (¢ (70) = 4.89, p < 0.001). Similarly, soil P was not significantly
correlated with soil pH in protected and unprotected land (r = 0.04, p < 0.804; r = 0.21,
p < 0.252; see Appendices A and B). We further observed that most (78%) of the 56 samples
had a pH above 7 and were of sandy loam texture. The average (+SE) values of the particle
size distribution (PSD), namely clay, silt, and sand, did not differ significantly between the
two land types (p > 0.05; Table 1).

Pearson correlation analysis revealed that the soil N concentration significantly de-
clined with increasing slope in both protected (r = —0.59, p < 0.001; Figure 3a) and unpro-
tected land (r = —0.64, p < 0.001; Figure 3b). Similarly, a statistically significant negative
correlation in the soil P concentration with increasing slope was observed in the protected
(r = —0.61, p < 0.001; Figure 3a) and unprotected land (r = —0.65, p < 0.001; Figure 3b).
We found no statistically significant correlation in soil N and P concentrations and the
soil particle size distribution (PSD), namely sand, clay, and silt, in either protected or
unprotected land (p > 0.05; see Appendices A and B).
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Figure 2. Box plots showing the amount of (a) soil N and (b) soil P in the protected land and
unprotected land use types in lakes Big Momella and Rishateni watershed, Tanzania, in soil samples
collected between December 2020 and January 2021. The bottom and top of each box represent the
25th and 75th percentiles, respectively. The thin band within the box represents the median, the small
square within the box represents the mean, and the whiskers indicate the lowest and highest values.

Table 1. Independent-sample t-test results comparing the studied soil physico-chemical properties
between protected and unprotected land use types, as determined between December 2020 and
January 2021 in the lakes Big Momella and Rishateni watershed, Tanzania. Values are presented as
Mean =+ SE. Negative t-values indicate higher means in unprotected land.

Variable = Land Use Type n t Mean SE p
Clay (%)  Protected 40 —-1.35 16 0.4 0.180
Unprotected 32 17 0.5
Silt (%) Protected 40 —0.56 6 0.6 0.576
Unprotected 32 7 0.8
Sand (%)  Protected 40 1.02 78 0.9 0.310
Unprotected 32 76 1.2
pH Protected 40 —4.69 8 0.1 <0.001
Unprotected 32 9 0.2
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Figure 3. Scatter diagrams with regression lines showing the relationship between soil N and P
concentrations and slope along line transects in valleys draining water into the lakes Big Momella
and Rishateni, northern Tanzania, as measured between December 2020 and January 2021 in the
(a) protected and (b) unprotected land use categories.
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(a)

3.2. N and P Concentrations in Surface Runoff

The average £ Standard Error (SE) water runoff N concentration from the protected
area was slightly but significantly lower than in the unprotected area ((f (11) = 2.45,
p < 0.033; Figure 4a), while the water runoff P concentration was almost 10 times lower
in the protected compared to the unprotected area (f (11) = 3.46, p < 0.005; Figure 4b).
Additionally, we observed that the concentration of N in surface runoff was below the
recommended threshold for water N in surface runoff, i.e., N < 6 mg/L (Figure 4a). In
contrast, the average P concentration in the unprotected land exceeded the threshold for
water, i.e., p < 0.1 mg/L (Figure 4b), in surface runoff recommended by the United States
Environmental Protection Agency [68]. These results suggest substantial P losses, but
minimal N losses through the surface water runoff into lakes.

(b)
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Figure 4. Plots showing average concentrations (+SE) of (a) water N and (b) water P in surface
runoff in protected and unprotected land between March and April 2021, in the Momella lakes
watershed, Tanzania. The dashed lines in the plots indicate recommended thresholds by the United
States Environmental Protection Agency for water N (<6 mg/L) and water P (<0.1 mg/L) in surface
runoff [68,69].

4. Discussion
4.1. Soil N and P Concentrations Elevated in Unprotected Land

Our finding that soil P was higher on cultivated compared to uncultivated or protected
land within the Momella lakes” watershed was consistent with the findings by Wang [56] in
the Loess Plateau, China, and by Habtamu [70] in the Wujiraba watershed, North-Western
Highlands of Ethiopia. The high soil P concentration we found in unprotected land could
be a result of fertilizer application practices during crop cultivation in the catchment
area [7,71]. High fertilizer leakage from land into water can occur easily at the onset of
the rainy season, following plowing and planting, when soil erodibility is high [72]. In
contrast to the findings by Chen [9] and Pingali [14], we found no difference in soil N in
the Momella lakes watershed across the two land use types. Possibly, the sandy loam soils
of the study area promoted soil N leaching [50] and the nitrogenous fertilizers frequently
used by the local farmers in this area [7] often show a volatile nature [73]. Since our study
duration was short, however, we highlight the need for further monitoring of soil N in the
watershed because farming and pasture areas usually transfer nitrogen diffusely [9].

Additionally, our finding that soil N and P concentrations were negatively correlated
with slope may indicate that soil particles can easily be carried from higher to lower sloping
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areas through runoff [51,74], particularly in unprotected land, which highly threatens the
water quality of the Momella lakes. Our findings are similar to those by Zhang, [75], which
revealed that as slope gradient increases, nutrient losses through surface runoff also in-
crease, which can be intensive in areas with no vegetation, especially during rainfall events,
resulting in intensified nutrient pollution in water bodies. Nitrogen carried by surface
runoff contributes to significant environmental issues, including ecological deterioration,
land degradation, and eutrophication in water bodies [76], which are often marked by
outbreaks of algal blooms [34,77]. When dense algal blooms eventually die, microbial
decomposition severely depletes dissolved oxygen, creating a hypoxic or anoxic ‘dead zone’
lacking sufficient oxygen to support most organisms [77].

In addition, the observed changes in soil and runoff N and P contents in the Momella
lakes watershed might contribute to a deeper understanding of nutrient transport and loss
mechanisms, driven by factors such as surface runoff and anthropogenic inputs, which
jointly affect nutrient redistribution in soil and lakes. Given the above, we emphasize the
need for regular monitoring of N levels in runoff water, particularly in the unprotected
watershed areas and within the waters of the Momella lakes. We promote the maintenance
of riparian vegetation to control surface runoff to reduce excess nutrient inputs into the lakes
through surface runoff [78]. We also recommend that future research should determine the
soil infiltration rate and soil moisture content in the Momella lakes catchment area, as this
can further influence nutrient losses, especially during high rainfall events [79].

4.2. Runoff Water N and P Concentration

As expected, and similar to the trends observed in soil N and P, runoff water N
and P concentrations were significantly higher in unprotected than in protected land.
Our observed P concentrations in runoff water were even above the reference level of
p < 0.1 mg/L, which is critical according to the USEPA, as eutrophication can be triggered
if values rise beyond this threshold [64,68]. Our finding is consistent with studies in the
Usangu Basin [64], Lake Rukwa [80] and Lake Victoria [81,82], which have shown high N
and P concentrations in surface waters, likely due to long-term agricultural intensification.
According to Hua [83], N and P concentrations in runoff water from agricultural areas can
reach as high as 22.4 mg/L and 4.8 mg/L, respectively, during storm events.

Furthermore, the observation that water N in surface runoff was slightly higher, but
within the recommended threshold by the USEPA in the unprotected land, could be due
to N losses through ammonia volatilization and leaching processes [84]. Surface runoff
and deep percolation findings by Pradhan [85] revealed that chemical fertilizers and other
hazardous materials can be transferred from agricultural fields to deep aquifers, which has
an impact on the quality of the water. Since runoff and leaching processes are two major
routes for agricultural P losses [83,86], we support studies that emphasize the need for
riparian buffer zone conservation as part of land use management in catchment areas [78,87].
In addition, since our study provides more of the mechanisms on how human land use
can affect nitrogen and phosphorus levels, we advise monitoring studies that will reflect
a real-time assessment, including soil erosion, and consider more land use categories to
understand their different contributions in environmental nutrients shifts.

5. Significance of the Findings to Wildlife Conservation

Our findings contribute significantly to wildlife conservation, particularly for water-
dependent species like the lesser flamingo (Phoeniconaias minor) and its habitats. We
highlight the impact of human land use on the lakes” watershed nutrient levels. We claim
that understanding the status of N and P at a watershed scale is crucial for conserving
water-dependent wildlife species. We claim that human land use near protected areas will
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strongly impact the particularly fragile aquatic ecosystems. We propose that conservation
strategies near protected areas must incorporate sustainable land use practice programs
in immediately adjacent areas to reduce N and P influx. In addition, we recommend the
use of buffer zones, which have been proven to be efficient in reducing nutrient influxes
through runoffs from human-dominated areas [88]. Buffer zones have been widely used
in protected area management to balance conservation objectives with the needs of local
communities [89,90]. Thus, coordinated and integrated conservation efforts are essential
for balancing human land use and wildlife conservation and protecting biodiversity while
supporting local livelihoods.

6. Conclusions

Our findings highlight the impact of human land use on soil and water runoff N and P
concentrations at a watershed scale. We propose that this knowledge is crucial for conserv-
ing water-dependent wildlife species and for mitigating human land use near protected
areas and fragile aquatic ecosystems. We emphasize that the conservation strategies of soda
lakes should incorporate sustainable land use practice programs in immediately adjacent
areas to reduce N and P influx into these highly fragile lake ecosystems, thereby promoting
and maintaining the existence of lesser flamingos in these waters. Since a previous study
found that the use of fertilizers in the region is barely regulated [7], we propose conduct-
ing training programs on nutrient management and best soil management practices, like
maintaining crop residues and using cover crops. In addition, we recommend the use of
buffer zones, which have been proven to be efficient in reducing nutrient influxes through
runoffs from human-dominated areas [88] and for balancing conservation objectives with
the needs of local communities bordering protected lakes [89].
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Appendix A

Table A1l. Correlation matrix for the studied variables in the protected land as measured between
December 2020 and January 2021 in the Momella Lakes watershed, northern Tanzania. N = Nitrogen
and P = Phosphorus.

N (mg/kg) P (mg/kg) Slope (%) Clay (%) Silt (%) Sand (%) pH
N (mg/kg) —
P (mg/kg) 0.42 ** —
Slope (%) —(0.59 *** —0.61 *** —
Clay (%) —0.03 —0.05 —0.17 —
Silt (%) 0.05 —0.09 0.04 0.4 ** —
Sand (%) —0.02 0.08 0.06 —0.77 *** —0.89 *** —
pH 0.25 0 —0.22 0.09 0.09 —0.11 —
Note: Mean difference values with an asterisk (*) are statistically significantly different at ** p < 0.01, *** p < 0.001.
Appendix B
Table A2. Correlation matrix for the studied variables in the unprotected land as measured between
December 2020 and January 2021 in the Momella Lakes watershed, northern Tanzania. N = Nitrogen
and P = Phosphorus.
N (mg/kg) P (mg/kg) Slope (%) Clay (%) Silt (%) Sand (%) pH
N (mg/Kg) —
P (mg/Kg)  0.62*** —
Slope (%) —0.64 *** —0.65 *** —
Clay (%) -0.03 —0.12 0.08 —
Silt (%) —0.12 0.03 0.05 0.46 ** —
Sand (%) 0.1 0.03 —0.07 —0.77 *** —0.92 *** —
pH 0.06 0.11 0.11 —-0.27 —0.14 0.22 —
Note: Mean difference values with an asterisk (*) are statistically significantly different at ** p < 0.01, *** p < 0.001.
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