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Abstract: Controlling organic and mineral fertilisation is a major concern in tropical environments.
An experiment was conducted on an arenosol in the Dakar region, the main market gardening area
of Senegal, to evaluate treatments commonly used by farmers. Seven treatments were repeated
three times: A mineral fertilisation (MF) treatment based on N-P2O5-K2O (10-10-20), and three
organic treatments at two doses (dried sewage sludge (SS), poultry litter (PL) and a digestate from an
anaerobic digestion (AD) of cow manures). Each of the organic treatments were supplemented with
a normal dose (1) and a double dose (2) of mineral N and K fertiliser. A lettuce, carrot and tomato
rotation was grown in four campaigns (2016–2020) on all of the plots. Yields of all three crops in all
of the organic treatments were statistically similar (p > 0.05) to the MF in all four campaigns, except
for the yield of the lettuce crop under treatment PL-2 in campaigns 2 and 3. The tomato yields were
statistically similar under all of the organic treatments in all four campaigns. In contrast, the yields
of the lettuce and carrot crops differed statistically from each other and under the different organic
treatments in all four campaigns. The yields of all three crops differed in the campaigns with the
fertilisation treatment. In each campaign, the yields of each crop were not correlated with the total
amounts of N, P and K applied. These differences or similarities in yields are explained by the nature
of the organic waste products, the accumulation of nutrients after several applications, the type of
crop and interannual differences in temperature.

Keywords: lettuce; carrot; tomato; arenosol; waste recycling

1. Introduction

Recycling organic waste products (OWPs) in agriculture sustains the ecosystem ser-
vices provided by soils and achieves yields at least equivalent to those obtained with
mineral fertilisers [1]. Crop yields obtained with OWPs are frequently compared to those
obtained with mineral fertilisers [2,3]. However, the variability of the OWPs studied, the
doses applied, the application frequencies, the types of crops and the changes the OWPs
undergo in the soil produce contrasting results. Most authors studied the immediate effects
of OWPs and their residual effects on yields by adding them only once at the start of the
experiment in (i) trials with unbalanced N, P and K, compared to mineral fertiliser (ii)
tests with balanced N or P, (iii) tests with balanced N and P or balanced P and K and tests
with balanced N, P and K [2,4,5]. Other authors demonstrated the effects of the repeated
application of OWPs on yield usually with one or two applications per year, most often
on field crops in monoculture or in rotation with two or three plant species [6–9]. How-
ever, few studies have evaluated the effects of OWPs in intensive systems with regular
applications, particularly vegetable crops over a period of several years. Although using
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OWPs is widely reported to increase crop yields, few studies have investigated if the effect
of regular applications of OWPs improves yields in tropical conditions [3,7].

OWPs are an appropriate alternative for use in sustainable agriculture when the cost
of mineral fertilisation is high or its efficiency is low, especially in tropical contexts [4,5,10].
However, OWPs are less easy to use than mineral fertilisers because their nitrogen, phos-
phorus and potassium contents vary in the same OWP and between OWPs [11], and their
balance does not necessarily match crop needs.

In sub-Saharan Africa, the agronomic characteristics of OWPs are rarely measured
and are often not known by farmers. Determining the appropriate doses of OWP for crop
fertilisation is thus a major challenge in agro-ecological production systems. The N, P and
K fertilisation values of OWP are determined according to their total content and in the
case of N and P, the proportions in organic and mineral form. However, the proportions
of N and P in the organic fraction available to the plant depend on the mineralisation of
OWP in the soil. Complete mineralisation of organic N from OWP can take several years
and varies according to the characteristics and type of OWP, soil properties, cultivation
practices and climatic conditions [12,13]. Therefore, nutrients may be available only after
the end of the crop cycle for which the OWP was intended, especially in the case of short
cycle crops.

Combining chemical fertilisers with OWPs simultaneously increases mineralisation of
nitrogen in the OWPs and the immobilisation of nitrogen fertiliser in soil aggregates [13].
The practice of combining mineral and organic fertilisers thus offers considerable advantage
in tropical soils, which often have a low cation exchange capacity (CEC) due to low clay
and organic matter contents [14]. Reduced tillage and crop rotation are also effective
ways to manage soil nutrients to improve crop yields. However, when OWPs are applied
regularly, the availability of OWP nutrients following the crop cycle for which it was
applied and in subsequent years is unknown [5]. Indeed, when an OWP is added to the
mineral and organic residues present in soils as a result of the previous application of
OWP, the availability of mineral elements in the soil fluctuates over the crop cycles [15].
Thus, crop yields can change over the seasons following repeated applications of OWP,
depending on the doses applied and the type of OWP. In the case of nutrient-demanding
vegetable crops such as lettuce, tomato and carrot, a deficit of one of the essential mineral
elements rapidly reduces yields [16,17]. Conversely, inputs of an OWP in excess of the crop
requirements leads to contamination [18] and can reduce vegetable yields [19,20].

We grew three vegetable crops in rotation in four annual campaigns on an arenosol to
assess the impact of different types of OWPs on yields during the crop cycle and after several
years. The aim was to evaluate (i) whether the different organic fertilisation treatments
produced similar yields and similar to those obtained with purely mineral fertilisation, and
(ii) the impact of repeated applications of nutrients on cumulative yields after four years
of cultivation.

2. Materials and Methods
2.1. Study Site

The experiment was conducted at the Senegalese Agricultural Research Institute
(Institut Sénégalais de Recherche Agricole, ISRA) experimental station in Sangalkam in the
region of Dakar, the capital city of Senegal (14◦47′34′ ′ N and 17◦13′30′ ′ W), at the southern
end of the Niayes area, the main market gardening production basin in Senegal. The soil is
an arenosol [21] formed from quaternary dune sands and similar to the sandy soils of the
Niayes zone, slightly acidic and poor in organic matter, nitrogen and phosphorus (Table 1).
The surface horizon has a C/N ratio of 13 and a CEC of 9.6 cmol(+)·kg−1 dominated by Ca
and Mg. The bulk density is 1.3 kg·dm−3.
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Table 1. Physical and chemical characteristics of the soil.

0–20 cm 20–40 cm

Mean Standard
Deviation Mean Standard

Deviation

Bulk density kg·dm−3 1.3 0.1
Clay % 10 3 11 4
Silt % 11 4 11 4

Sand % 77 11 77 11

pH H20 6.46 0.33 6.54 0.42
pH KCl 5.58 0.41 5.22 0.49

org. C
g·kg−1

6.82 1.35 5.35 1.17
total C 7.6 0.15 5.6 0.17
total N 0.7 0.01 0.5 0.01
C/N 13.04 0.66 13.76 0.87

N-NO3
mg·kg−1

1.79 0.69 0.71 0.28
N-NH4 0.7 0.99 0.18 0.6

P 34.57 21.1 32.24 25.12

CEC

cmol(+)·kg−1

9.66 2.54 9.71 2.91
Ca ex. 5.13 1.51 5.04 1.31
Mg ex. 2.64 0.83 2.28 0.8
Na ex. 0.12 0.08 0.16 0.15
K ex. 0.19 0.09 0.11 0.05

2.2. Physical and Chemical Parameters

The methods used to measure the physical and chemical parameters are referenced
in [22]. The soils to be analysed were sampled in the 0–20 and 20–40 cm depth layers
(Table 1) using a gouge auger. The bulk density was measured using the sand method
(NF X 31-503). The particle size and chemical properties were measured after sieving to
2 mm by the IRD IMAGO Unit in Dakar. For the particle size study, five soil fractions were
measured using the Robinson pipette method [23]. The pH of the soil water was measured
with a soil-distilled water ratio of 1/2.5 and the KCl pH was measured by adding 3.8 g of
KCl in the same solution (NF ISO 10390). The total carbon and nitrogen were measured
using an elementary AutoAnalyzer (Technicon) according to the NF ISO 10,694 and NF ISO
13,878 standards, respectively. The organic carbon was measured according to the NF ISO
14,235 standard. Forms of mineral nitrogen (N-NO3, N-NH4) were extracted with a 1M
KCl solution and assayed by colourimetry (Griess and Nessler methods). The assimilable
phosphorus was determined by the modified Olsen–Dabin method. The cationic exchange
capacity (CEC) of the soils was measured by extraction with ammonium acetate (NF X
31-108). Exchangeable calcium, magnesium, sodium and potassium were extracted with
ammonium acetate (NF X 31-108) and measured by colourimetric assay according to the
NF X 31–130 standard.

2.3. Experimental Design

The experiment consisted of 21 square plots whose sides measured 8 metres. To
reproduce the same growing conditions as on local farms, each plot consisted of six bands
1 m wide and 8 m long (i.e., 6× 8 m2 cultivated area per plot) spaced at 0.4 m intervals. The
21 plots represented a randomized design of seven treatments each repeated three times:
− MF: mineral fertilisation treatment based on N-P2O5-K2O (10-10-20) with added mineral
N (a form of urea) and K (a form of potassium sulphate);
− Sewage sludge (SS)-1: dried sewage sludge with added mineral N and K;
− SS-2: double the SS-1 dose;
− Poultry litter (PL)-1: poultry litter with added mineral N and K;
− PL-2: double the PL-1 dose;
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− Anaerobic digestate (AD)-1: digestate from anaerobic digestion of cow manures with
added mineral N and K;
− AD-2: double the AD-1 dose.

These treatments were applied to the soil surface at each cycle and were never buried;
no tillage was carried out. The MF treatment corresponded to that recommended by
technical institutes in Senegal. Farmers in the Niayes region use mineral fertilisers alone
sometimes but very frequently combined with these types of organic manures [3,12]. The
quantities of nutrients they provide vary but are usually between doses 1 and 2 of the
SS, PL and AD treatments (Table 2). The AD treatment could not be used on the lettuce
and carrot crops in the first campaign due to non-availability. In addition, the digestate
showed variable properties and was very often too liquid to provide nutrients in the
desired quantities.

For each of the 21 plots, 18 soil samples were taken with a gouge auger and mixed for
analysis. These samples were then immediately transported to the laboratory for drying
and sieving.

The dry matter content of the OWP is calculated by the ratio: dry matter mass/initial
gross mass of the sample. The total nitrogen was determined with an elementary AutoAna-
lyzer according to NF ISO 10,694 and NF ISO 13878. The total phosphorus was determined
by automatic colourimetric determination with a hot attack by aqua regia (mixture of 10 mL
HCl and 5 mL HNO3) for five hours in a microwave oven (Murphey and Riley method).
Potassium was measured by ammonium acetate extraction (NF X 31-108).

2.4. Plant Materials and Application of Treatments

The market garden crops were cultivated identically on all of the plots from February
2016 to March 2020. One rotation of lettuce, carrot and tomato each year corresponded
to one cropping campaign. Thus, four campaigns were conducted over the course of the
whole experiment. The lettuce and tomato plants were sown in a nursery and transplanted
to the experimental plots 25 days after sowing. The carrot seeds were sown directly in the
plots after opening the furrows. One month after the carrot seeds were sown, thinning was
carried out to correct possible heterogeneities.

Irrigation was carried out daily at a rate of four watering cans (total 44 L) per band
(8 m2) for all of the crops. Weeding and hoeing was carried out regularly for each crop. No
pesticides were applied to the crops during the cycles.

The MF mineral treatment was applied in two stages to minimise nitrogen losses
through volatilisation. Half the crop N, P and K requirements (Table 2) were applied just
after the lettuce or tomato plants were transplanted and the carrots were thinned. The
other half was applied in the middle of the cycle of the corresponding crop. This mineral
treatment consisted of a 10N/10P/20K fertiliser and supplements of N in the form of
urea and K in the form of potassium sulphate. The organic treatments were applied three
days before the lettuce and tomato plantlets were transplanted or the carrot seeds were
sown. Supplementary N with urea and K with potassium sulphate were also applied in the
middle of the crop cycle in each organic treatment (Table 2).

2.5. Cultivation Cycle and Climatic Data

The lettuce cycles all lasted 63 days and started between early February and mid-April
(Table 3). The carrot cycles lasted from 85 to 100 days and started between the end of April
and the end of June. The tomato cycles started between mid-November and the end of
November and lasted from 113 to 127 days depending on the maturity of the fruits. The
first fruits were harvested in February in campaigns 1, 3 and 4, i.e., respectively, 84, 100
and 89 days after sowing. In campaign 2, the first fruits were harvested in March, 96 days
after sowing.
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Table 2. Average amounts of N, P and K provided by OWP and mineral fertilisation with crop supplements over the 4 campaigns. The calculations of the quantities
of mineral elements supplied are explained in the column on the right.

OWP Type Sewage Sludge (SS) Poultry Litter
(PL)

Anaerobic
Digestate (AD)

Mineral Fertilisation
(MF)

Major
Components N P K N P K N P K N P2O5 K2O Calculation

Mean concentration dry matter
(g/kg) (n = 8)

20.7
± 7.3

10.6
± 4.9

1.7
± 0.7

25.3
± 8.7

9
± 2.0

11.3
± 3.5

18.1
± 0.8

5.4
± 0.3

15.7
± 3.3 100 100 200 (1)

Dry matter contents (%) 90.1 90.1 90.1 89.5 89.5 89.5 10.5 10.5 10.5 100 100 100 (2)

Amount of raw materials
applied (t/ha/year) (n = 12)

5.3
± 1.6

5.3
± 1.6

5.3
± 1.6

4.6
± 1.2

4.6
± 1.2

4.6
± 1.6

6.9
± 4.1

6.9
± 4.1

6.9
± 4.1

0.8
± 0.4

0.8
± 0.4

0.8
± 0.4 (3)

N-P-K provided (kg/ha/year) 98.8 50.6 8.1 104.2 37.1 46.5 13.1 3.9 11.4 81.5 81.5 163 (4) = (1) × (2) ×
(3)/100

Mineral complementation
(kg/ha/year) 60.3 0 175.2 20.3 0 103.2 27.8 0 67.7 82.2 0 92.6 (5)

Treatments
SS-1/PL-1/AD-1/MF

(kg/ha/year)
159 51 183 124 37 150 41 4 79 164 82 256 (6) = (4) + (5)

Treatments SS-2/PL-2/AD-2
(kg/ha/year) 318 101 367 249 74 299 82 8 158 - - - (7) = 2 × (6)
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Table 3. Crop variety, period and number of days of cultivation in brackets, during the experiment
and crop needs.

Crop Lettuce Carrot Tomato
Variety Eden Pamela Mongal

Campaign 1 (2016–2017) February–March (63) end April–mid August (100) mid November–end
February (113)

Campaign 2 (2017–2018) mid-March–mid-May (63) end May–end August (92) end November–end March (127)

Campaign 3 (2018–2019) end March–end May (63) end June–end September (92) mid-November–mid March (127)

Campaign 4 (2019–2020) mid-April–mid-June (63) mid-June–mid September (85) mid-November–March (117)

Crop needs *
kg/ha

N 120 110 120
P 28 35 39
K 200 225 175

* for an expected yield of 5 kg·m−2.

The temperatures were measured in the plot and monthly averages ranged from
21.9 ◦C in February 2017 to 30.8 ◦C in July 2018 (Figure 1). The maximum temperature
differences between the campaigns were observed from April to August while for the
months of December, February and March, the differences were one to two degrees between
years. The rainfall data (Table 4) were extracted from the Geoportal weather forecast
(https://retd1.teledetection.fr/climap/proj/; Last access 14 October 2021). Rainfall was
only recorded from June to September in the four campaigns. The cumulative rainfall
during these four months varied little and ranged from 373 to 412 mm.

Figure 1. Distribution of average temperatures during the campaigns at Sangalkam station.

https://retd1.teledetection.fr/climap/proj/
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Table 4. Cumulative monthly rainfall in mm.

Years Campaign 1 Campaign 2 Campaign 3 Campaign 4

1981–2010 2016–2017 2017–2018 2018–2019 2019–2020

December to May <3.5 <3
June 17 17 19 21 12
July 72 63 93 71 59

August 168 159 175 162 152
September 144 151 125 155 149

October 23 29 25 33 40
November 1 1 5 1 1

2.6. Yield, Chemical Analysis of Plants and Statistical Analysis of Data

All the crops were harvested by hand. The leaves and roots of the lettuce and carrots
were cut at the collar and the remaining biomass was weighed. The lettuce and carrots
yields were calculated according to the planting density (10 lettuce plants per m2 and
56 carrot plants per m2) and the total biomass of the leaves and roots, respectively, according
to the formula:

Yield (kg·m−2) = (total measured biomass (kg) × planting density)/number of plants harvested

Not all the tomato fruits were ripe at the same time. The tomato harvest was spread
out over five weeks, with one harvest per week. At each harvest, deformed, rotten or
attacked fruits were separated from intact fruits. The yields were calculated based on the
total production (five harvests) of healthy fruit and the planting density (4 tomato plants
per m2) using the same formula.

To evaluate the yield change rate (YCR) between campaigns, we used the following
calculation (for example between campaign N and campaign N + 1):

YCR (%) = 100 × (yield campaign N + 1 − yield campaign N)/yield campaign N

After harvesting, a representative sample of 2 kg is taken for each plot. The lettuce,
carrot and tomato samples were washed twice with fresh water to remove adhering soil
particles and then twice with distilled water. They were then dried in an oven at 65 ◦C. The
total nitrogen was determined by dry combustion (Dumas method).

Statistical analyses were performed using with XLstat version 2019.lnk. An analysis
of variance (ANOVA) was applied to the yield data for each crop data on soil chemical
parameters and total N content to test the effects of the treatments of campaigns and of their
interaction (treatments * campaigns). The means of the levels of each factor were ranked
using the Newman–Keuls test at the 5% probability level with a 95% confidence interval.
The conditions for the application of ANOVA had previously been tested, in particular the
normality of the distribution of the measured variables. A Pearson correlation test was
performed to understand the variation in yields in relation to direct inputs of N, P and K
provided by the treatments.

3. Results
3.1. Effects of Treatment Inputs on Soil Parameters after 4 Years of Cultivation

For the MF treatment, the soil pH decreased significantly, and it became more acidic
at 0–20 and 20–40 cm depths in T4 (Table 5). The contents of exchangeable K increased
significantly for 0–20 and 20–40 cm depths. The organic carbon content decreased by 20%
and total nitrogen content by 25% in 0–20 cm depth (Table 5). For the SS-1 treatment,
the measured soil parameters did not show significant differences. In contrast, for the
SS-2 treatment, exchangeable Mg and K contents decreased by 1% and increased by 0.6%,
respectively, at the 0–20 cm depth between T0 and T4. For the PL treatments, the soil
pH significantly increased until it reached a near-neutral pH. Exchangeable K contents
increased significantly for the 0–20 (PL-2) and 20–40 (PL-1) cm depths between T0 and T4.
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For the PL-2 treatment, exchangeable Ca content also grew at 0–20 cm depth. For the AD-1
treatment, organic carbon and total N contents decreased significantly at 0–20 cm depth
between T0 and T4. In contrast, for the AD-2 treatment, only the total N content significantly
decreased in the soil at the 0–20 cm level. For the AD-2 treatment, exchangeable K contents
increased significant at 0–20 and 20–40 cm depths between T0 and T4.

Table 5. Differences between soil parameters measured at T0 (initial soil, 2016) and T4 (soil after
cultivation in 2020).

Depth
(cm) MF SS-1 SS-2 PL-1 PL-2 AD-1 AD-2

pH H2O (T4) − pH H2O (T0) 0–20 −0.8 * 0.0 −0.1 0.5 * 0.6 * −0.3 −0.2
20–40 −0.7 * −0.1 0.1 0.5 0.1 −0.4 −0.2

pH KCl (T4) − pH KCl (T0) 0–20 −0.9 * −0.1 0.0 0.4 0.5 −0.7 * −0.4
20–40 −0.3 0.2 0.7 0.8 * 0.4 −0.3 0.0

[org. C (T4) − org. C (T0)/org.
C(T0)] × 100

%

0–20 −20 −4 6 6 −19 −39 * −24
20–40 −8 5 29 −12 −16 −31 −12

[tot. C (T4) − tot. C (T0)/org.
C(T0)] × 100

0–20 −13 2 12 15 −15 −30 * −22
20–40 −10 6 33 −14 −12 −27 −8

[tot. N(T4) − tot. N(T0)/org.
C(T0)] × 100

0–20 −25 −15 −1 −26 −25 −37 * −31 *
20–40 −21 −9 15 −25 −18 −35 −21

assim. P (T4) − assim. P (T0) mg·kg−1 0–20 55.4 −13.0 −0.7 −11.7 7.7 −17.4 −8.0

CEC (T4) − CEC (T0)

cmol(+)·kg−1

0–20 0.9 1.3 0.1 −0.5 0.9 −1.3 1.4
20–40 0.5 −0.5 −3.2 −1.7 0.5 −1.5 0.8

Ca ex. (T4) − Ca ex. (T0) 0–20 1.9 2.1 2.3 1.6 2.6 * −0.6 1.6
20–40 2.8 2.1 3.2 0.7 2.8 0.1 1.9

Mg ex. (T4) −Mg ex. (T0) 0–20 −0.1 0.0 −1.0 * −0.4 0.0 −0.3 0.4
20–40 0.2 0.3 −0.4 −0.3 0.2 −0.2 0.3

Na ex.(T4) − Na ex.(T0) 0–20 0.1 0.1 0.0 0.0 0.0 0.1 0.2
20–40 0.2 0.1 0.0 0.1 0.1 0.1 0.2

K ex.(T4) − K ex.(T0) 0–20 0.2 * 0.2 0.6 * 0.2 0.4 * 0.1 0.4 *
20–40 0.1 * 0.1 0.4 0.2 * 0.3 0.1 0.2 *

(*) the difference is significant between T0 and T4 with p < 0.05.

3.2. Effects of Treatment and Campaign Variables and Their Interaction on Crop Yields

The results of the statistical analyses showed that the variables treatment, campaign
and their interaction (treatment*campaign) had significant effects in explaining the vari-
ability of lettuce (p < 0.0001), carrot (p = 0.001) and tomato (p < 0.0001) yields (Figure 2).

For lettuce crops, the effects of treatment and campaign variables (p < 0.0001) and
their interaction (p = 0.003) were significant on yields. The effects of PL-2 * campaign 2 and
PL-2 * campaign 3 interactions were significantly higher than other treatment*campaign
interactions on lettuce yield. Yields in SS-1 * campaign 1 and SS-2 * campaign 1 were
the lowest, with significant differences compared to lettuce yields in PL-1 * campaign 2
and PL-1 * campaign 3, and PL-2 * campaign 2 and PL-2 * campaign 3. Lettuce yields in
treatments * campaign 1 and treatments * campaign 4 did not show significant differences
between them. Thus, treatment PL-2 had a significantly higher effect on lettuce yields than
the other treatments. The SS (1 and 2) treatments showed the lowest lettuce yields with
significant differences compared to the PL (1 and 2) treatments. Lettuce yields in the MF
treatment were similar to those in the AD-1, AD-2, SS-1, SS-2 and PL-1 treatments. The
yields observed in campaigns 2 and 3 are significantly different from those observed in
campaigns 1 and 4. There was no significant difference between the yields in campaigns 2
and 3, nor between those in campaigns 1 and 4.

For carrot crops, it was the treatment variable that showed a significant effect (p < 0.0001)
in explaining yield variability, rather than the campaign variable (p = 0.052) and their
interaction (p = 0.694). Carrot yields in PL-2 * campaign 2, PL-2 * campaign 3 and Pl-2 *
campaign 4 were the highest with significant differences compared to carrot yields in SS-1
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campaign 1 and SS-2 * campaign 2. No other significant differences were observed between
treatment * campaign interactions. Thus, the PL-2 treatment had a significantly higher
effect on carrot yields than the other treatments. The effects of treatments MF, AD-1, AD-2,
SS-1, SS-2 and PL-1 were similar on carrot yields. Carrot yields between a campaign were
not significantly different.

For tomato crops, it was the campaign variable that showed a significant effect
(p < 0.0001) in explaining yield variability, rather than the treatment variable (p = 0.071)
and their interaction (p = 0.97). Tomato yields in MF * campaign 2, PL-1 * campaign 2,
PL-2 * campaign 2, SS-1 * campaign 2 and SS-2 * campaign 2 are significantly higher than
tomato yields in treatments * campaigns 1, 3, and 4. Thus, there are no significant differ-
ences between treatment effects on tomato yield. The tomato yields in campaign 2 were
significantly different from the other campaigns.

For each campaign, the yields of each crop were not correlated with the total amounts
of N, P and K supplied by the OWP and mineral supplements (results not shown. Similarly,
the cumulative yields after the four campaigns were not correlated with the cumulative
amounts of N, P and K applied.

3.3. Changes in the Yields of the Three Crops over the Four Campaigns

The yields of all three crops obtained with each fertilisation treatment differed in
the four campaigns (Figure 3). Lettuce yields increased between campaigns 1 and 2 with
significant differences for treatment PL-1 (p = 0.003) and PL-2 (p = 0.048) treatments. Lettuce
yield change rates (YCRs) were between 200 and 406%. No significant differences in lettuce
yields were observed for all of the treatments (p > 0.05) between campaigns 2 and 3.
Between campaigns 3 and 4, the lettuce YCRs decreased by −35 to −68% depending on
the treatment, with significant differences for treatment AD-1, AD-2 and PL-1 treatments
(p < 0.05). The yields of lettuce obtained with the PL-1 and PL-2 treatments in campaign
3 were significantly higher (p < 0.005) than those obtained in campaign 1. In contrast, no
significant differences in lettuce yields were observed for all of the treatments between
campaigns 1 and 4 (p > 0.05). Lettuce YCRs gradually decreased between campaigns
2, 3 and 4 under all of the treatments. Carrot yields did not vary significantly between
campaigns 1, 2, 3 and 4 (p > 0.05). Carrot YCRs were low and varied with the treatment
from campaign to campaign (−13 to +97%). Tomato yields increased between campaigns
1 and 2 under all of the treatments and differed significantly from the MF (p = 0.04), SS-1
(p = 0.01), AD-1 (p = 0.024) treatments, PL-1 (p = 0.0001) and PL-2 (p = 0.005). Tomato
YCRs were between 147 and 258%. Between campaigns 2 and 3, tomato yields decreased
under all of the treatments and YCRs differed significantly (p < 0.04) from the treatment
(−76%), SS-1 (−69%) treatments, AD-1 (−72%), PL -1 (−79%) and PL-2 (−63%). Between
campaigns 3 and 4, no significant differences in tomato yields were observed under all of
the treatments (p > 0.05). The tomato yields in campaign 1 and campaigns 3 and 4 were
statistically similar (p > 0.05).
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Figure 2. Average (n = 3) yields of lettuce, carrot and tomato under the different treatments and in the
four campaigns. The different letters on the bars indicate significant differences (p < 0.01) between the
cross-effects of treatments and campaigns. Different letters bracketed indicate significant differences
(p < 0.01) between campaign effects under the plots and between treatment effects on the right side of
the plots.
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Figure 3. Yield change rates (YCR) of lettuce, carrot and tomato between campaigns for each treatment.
Significant differences (p < 0.05) are marked with an asterisk.

3.4. Evolution of Nitrogen Concentrations in Vegetables during the Campaigns in the Different
Treatments Applied

After the first campaign, for lettuce, the mean total N contents decreased significantly
for the MF, SS-1, SS-2, PL-1 and PL-2 treatments (Table 6). For the carrot crop, the total N
contents decreased for the PL-1 treatment between campaigns 1 and 2 and increased for
the AD treatments between campaigns 2 and 3. For tomatoes, there were no significant
differences between campaigns 1 and 2.

Table 6. Mean total N concentrations (n = 3) in lettuce, carrot, and tomato after harvest. Statis-
tical analyses represent the difference between campaigns for each crop, different letters indicate
significant differences.

Lettuce Carrot Tomato

Camp. 1 Camp. 2 Camp. 3 Camp. 1 Camp. 2 Camp. 3 Camp. 1 Camp. 2 Camp. 3

total N
(g·kg−1)

MF 45.94 a 31.95 b 24.20 c 19.75 a 14.15 a 17.63 a 27.89 a 28.54 a -
SS-1 39.33 a 33.00 b 26.01 b 18.03 a 15.22 a 16.03 a 30.59 a 28.50 a -
SS-2 39.90 a 45.99 a 28.04 b 15.41 a 17.51 a 18.76 a 29.47 a 28.73 a -
PL-1 42.03 a 22.77 b 26.94 b 17.80 a 13.13 b 15.10 ab 27.50 a 22.55 a -
PL-2 48.03 a 29.59 b 28.28 b 21.86 a 14.61 a 18.18 a 28.58 a 25.44 a -
AD-1 - 28.92 a 23.66 a - 10.80 b 15.20 a 24.84 a 26.30 a -
AD-2 - 38.22 a 28.00 a - 11.72 b 20.59 a 26.55 a 22.14 a -

(-) not determined.

4. Discussion
4.1. Effects of High Doses of OWP and Mineral Supplementation on Yields

Crop yields did not systematically increase with high doses of OWP applied. After
several cycles (campaigns 2 and 3), only the lettuce yields of the PL-2 (poultry litter)



Agronomy 2022, 12, 32 12 of 16

treatment (10 t·ha−1) were higher than those of the mineral fertilisation treatment. This is
because the total amount of N available in organic treatments depends on (i) the amount
of mineral N initially present in the OWP that is potentially more rapidly available, and
(ii) the rate of mineralisation of organic N present in the soil and that supplied by the
OWP [9,24]. However, when most of the mineral N in these OWPs is in the form of
ammonium, a fraction can be immobilised by soil microorganisms in the form of microbial
biomass; another fraction can be nitrified and become available to crops [7,18]. Furthermore,
supplementing organic fertilisation with mineral inputs increases both the mineralisation
of organic N from OWP and the immobilisation of fertiliser N in soil aggregates [13]. This
ensures the continuous availability of mineral N in the soil solution at the phenological
stages when N demand is highest, thereby significantly improving the yield of crops
supplied with organic fertiliser [8]. Thus, the yields of the OWP treatments equalled the
yield of the mineral treatment in the first cropping campaign at all of the doses.

According to [25], the lack of significant differences between such treatments may
also be related to the horticultural species considered, which have a short growth cycle
(45–100 days), thus reducing the visibility of different fertilisation rates. Indeed, the avail-
ability of nitrogen to plants in the form of nitrates by OWP treatments is not synchronous
with the timing of the highest nitrogen demand [7,8]. Moreover, [3] showed that lettuce
biomass increased more significantly after the application of high doses of PL than after
the application of the mineral fertiliser on an arenosol. In contrast, the high rate of ap-
plication of SS had similar effects as those of the application of the mineral fertiliser on
the biomass of lettuce grown on the same type of arenosol. The high-dose application of
poultry manure thus immediately provides the forms of nitrogen needed by the crop and,
through repeated applications over cycles, improves soil fertility by improving the pH and
soil nutritional status [9,15,26]. The application of OWP over the years thus affects the
availability of nutrients in the soil depending on the composition of the OWP and on soil
fertility parameters; its influence on yields also depends on the type of crop.

Crop yields increase linearly with nutrient rates and then reach an asymptote; excessive
N applications can reduce yields [27,28]. However, high or continuous applications of
OWP can increase the mineral forms of N in soils available to crops [7] and explain the
insignificant effects of high OWP applications on vegetable yields. Based on the results of
the analyses of total N levels in vegetables during the seasons, we can explain the decrease
in yields by a low availability of N in the soil. Above a threshold dose of available N,
carrot yields no longer increase or decrease [16,17], and the same is true for tomato [28] and
lettuce yields [29]. Furthermore, when the amounts of N applied are too high, the impacts
of ammonium toxicity have been attributed to the reduction and inhibition of cation uptake,
particularly potassium, due to the ionic imbalance this induces [30]. Indeed, in our study,
soil analyses showed a significant increase in the exchangeable K content between T0
and T4. This means that the crops were not able to use the amount of K supplied by the
fertiliser and this element thus accumulated in the soil. Regular application of OWPs can
also increase soil phosphorus levels over the cycle [9] and thereby increase crop yields.
Conversely, excess soil phosphorus can promote zinc deficiencies and the consumption of
potassium interferes with calcium and magnesium uptake [1]. In addition, soils receiving
OWP applications are more susceptible to phosphorus leaching losses than the same soils
receiving the same amount of phosphorus as an inorganic source. The input of soluble
organic compounds, which can form metal complexes, blocks the available phosphorus
adsorption sites [31]. In our study, the accumulation of P assim. In the soil in 2020 is
higher in the mineral treatment than in the organic treatments. Furthermore, changes in
available phosphorus in the soil have been shown to be positive in the mineral fertiliser
treatment but are generally much lower than in the OWP treatments [6]. Phosphorus is one
of the main factors limiting the efficient use of nitrogen by plants. Regardless of the type
of treatment, inappropriate proportions of nitrogen, phosphorus and potassium affect the
nutrient uptake and use, and reduce the yield [32]. When high doses are applied, the risks
of N losses through leaching [18,33] and volatilisation are high during the crop cycle [2,34].



Agronomy 2022, 12, 32 13 of 16

Thus, to reduce nutrient losses to the soil and decrease inputs, and to achieve the best crop
yields in tropical environments, OWP application rates need to be optimised.

4.2. Contrasting Effects on Crop Yields Depending on the Type of OWP

Lettuce and carrot yields differed depending on the type of OWP, but the tomato yield
did not. Organic treatments did not produce different yields of tomatoes because the doses
of nitrogen, phosphorus and potassium applied were not contrasted enough [35,36]. The
highest lettuce and carrot yields were obtained in the poultry litter (PL) treatments due
to strong and rapid mineralisation at the beginning of the crop cycle, even though the
nutrient amounts were equivalent (even higher in the sewage sludge (SS) treatment). This
result is consistent with results reported in the literature where efficient mineral forms of
nitrogen and phosphorus are higher in PL than in other OWPs [30,37]. Consequently, PL
applications frequently produce higher yields of lettuce and carrot than applications of
other OWPs [4,29,38]. The treatments including anaerobic digestate (AD) showed similar
effects to those of the SS and PL-1 treatments, despite the low N, P and K intakes of the
solid fraction. This result indicates the N, P and K contents of the liquid fraction of AD
contributed considerably to crop fertilisation [39]. In addition, ADs were not applied at
the start of the campaign, so they are an OWP which evolves rapidly in the soil and has
a good fertiliser value, but the risks of ammonia volatilisation are high [40]. The rate of
organic N mineralisation of AD is similar to the rate of transformation of urea [41]. In
these AD treatments, organic C and total N in the soil decreased significantly in 2020.
Concerning SS, in our study, the high application rate produced lower yields than the other
organic treatments. It also caused a decrease in pH and exchangeable Mg content in the
soil. In the literature, it has been reported that application beyond the optimal dose does
not increase tomato, cabbage and beet yields [19,20]. The application of SS is a problem
when the concentrations of trace metal elements are high. Elements such as Cu, Ni and Cd
can cause deficiencies of other cations (Ca, Mg, Mn, Fe, Zn) by interacting with them at
the root level and inhibiting the growth of vegetables [42]. The influence of OWPs on crop
yields therefore depends on their nature, the amount applied, the frequency of application,
the availability of minerals in the soil and the type of crop.

4.3. Effect of Repeated Applications of OWP after Several Cropping Campaigns

Repeated applications of OWPs did not maintain high yields over the four campaigns.
The yield change rates varied between campaigns depending on the treatments and the
cumulative amounts of N, P and K inputs. In our study, the residual effects of the previous
treatments were positive for carrot yields over the campaigns, but without significant
differences, probably due to the shortening of the cycles from 5 to 15 days. This is indicative
of fairly rapid carrot root maturity with repeated applications of the treatments, particularly
with the PL-2 treatment applications. Summer crops can also benefit more from the residual
effect of manure applications due to the increase in air and soil temperatures and in the
activity of soil microorganisms [7]. The lettuce yields increased under all of the treatments
over the four campaigns concomitant with the levels of mineral nitrogen levels in the soil
over the four campaigns as a result of repeated applications of the treatments [27]. The
residual effects of the treatments on the tomato crop were less visible than the effect of
campaign 2. However, tomatoes are very sensitive to small variations in climatic param-
eters during their development [43,44]; this is apparent in the differences in cycle length
across campaigns. The authors of [6] observed that 15 years of manure application on
an acidic Chinese soil increased yield, while for 2 consecutive years, they only observed
differences between years with extremely low yields (e.g., 1992, 1993 and 2000) and years
with high yields (e.g., 2001). The residual effects depend on both the treatment, the crop
and the cropping period. However, the availability of N, P and K elements from OWPs
in subsequent years and the consequences of regular OWP inputs are less well known [5],
particularly in subtropical contexts [7]. Indeed, when OWPs are applied continuously to
the soil, the availability of nutrients for crops will change over time. Depending on the
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amount of N, P and K available in the soil during the crop cycle and the type of crop, the
effects of the treatments on yield differ over the seasons [9,32].

4.4. The Strong Impact of Inter-Annual Temperature Variability on Yields

Tomato yields in campaign 2 were two to three times higher than in the other cam-
paigns under all of the treatments. This result is explained by the larger quantity of mature
fruits harvested in campaign 2 and could be linked to the effect of temperature on the
growth and development of tomato plants [28]. Indeed, average temperature in the fruit-
setting period, 60 to 70 days after sowing in campaign 2, were lowest in February (22 ◦C).
This fruit set phase corresponded to December and January in the other campaigns when
the temperatures ranged from 24 ◦C to 26 ◦C. In contrast, during the tomato fruit ripening
phase, the temperatures ranged from 23 ◦C to 26 ◦C in campaign 2 (March to April) and
were higher than in the other campaigns (22 ◦C to 24 ◦C). The fruit set was poor in plants
grown at 26 ◦C and many fruits were parthenocarpic, resulting in lower tomato yields com-
pared to those obtained from plants grown at 18 ◦C or 22 ◦C [44]. On the other hand, [43]
showed that the tomato fruit maturity rate was positively correlated with higher temper-
atures up to at least 26 ◦C. A relatively small increase in temperature (2 ◦C) at mid-day
(21–24 ◦C versus 23–26 ◦C) was reported to be associated with a significant increase in
fruit ripening [44]. Although these results clearly support our hypothesis concerning the
difference between tomato campaigns, the effect of temperature on tomato yields should
be considered as a determining factor in increasing yields.

5. Conclusions

Organic waste products (OWPs) have contrasting properties and are used in a variety
of contexts in Senegal. Farmers have little knowledge of the nutrient contents of OWPs,
which hinders their judicious use. However, our results show that they can carry out
different organic fertilisation treatments that will enable them to obtain yields equivalent to
those obtained with an entirely mineral fertilisation. For the lettuce and carrot crops, better
yields were measured with high doses of poultry litter. In contrast, tomato crop yields
were identical for all of the treatments, regardless of climatic conditions and inter-annual
variability. In addition, the geochemical properties of the soils were little changed by OWP
inputs after several years of consecutive crop rotation. Our results also show that successive
OWP inputs do not lead to major nutrient losses. With this information, farmers will be able
to reduce the amount of mineral fertilisers applied through judicious supplementation with
an OWP and thus increase their revenues. In order to clarify this benefit, a full economic
study would be needed to convince farmers of the usefulness of an OWP.
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