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Article
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Abstract: Background: In the Sahel, one of the largest semi-arid areas in the world, pastoral livestock
is the main source of protein for the local population. The quantification of herbaceous biomass in
the Sahelian rangelands is of major importance since it provides food for the livestock. The main
method used to monitor the biomass consists of cutting, drying, and weighting it. However, indirect
methods are available and allow a reliable biomass estimation. Methods: In this study, we developed
a non-destructive method for estimating herbaceous biomass for the Sahelian rangelands based on
measurements of its height and coverage. Results: Results show that the fit is better in the fenced area.
The volume index (height × coverage) provides a better biomass prediction with relative differences
between measured and predicted biomass of 11% in 2017 and 8% in 2019. Conclusions: Monitoring
herbaceous biomass without destroying it is possible by measuring only its height and coverage.

Keywords: coverage; plant height; volume index; regression analysis; natural rangelands management;
Ferlo

1. Introduction

The Sahel is a 6000 km long and 600 km wide strip between the Sahara Desert in the
North and the Sudanian Savanna in the South [1]. The area has long dry and short rainy
seasons from late June to October. The average annual rainfall ranges from 100 to 600 mm,
following a north-to-south gradient [2]. This rainfall gradient and the inter-annual rainfall
variability are the main climatic factors that govern the natural forage production of the
rangelands [3]. The contrasting rhythm of the monsoon on forage resources constraints
and protects the pastoral vocation of the Sahel [1]. Under the combined effect of tram-
pling and grazing by livestock, wind, and herbivorous insects, the herbaceous biomass is
generally available from June/July to March of the following year but insufficient to feed
the livestock for the full year. Fodder trees are therefore used to feed livestock until the
next rainy season. That reveals the importance of knowing the biomass availability for
farmers and managers since they can then take preventive measures for the period without
fodder availability, such as keeping certain areas as fodder reserves. Efficient methods for
monitoring biomass availability are therefore important for rangeland management and
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thus for the availability of protein and food for people throughout the Sahel. There have
been numerous studies on fodder availability in the Sahelian rangelands [4,5], but most of
them used destructive methods to estimate the herbaceous biomass, notably the integral
harvest described by [6]. This direct method is time-consuming and requires a great deal
of effort, severely limiting the number of measurements that can be performed. Indirect
methods of biomass monitoring are also available [7]. Unlike destructive methods, these
are less time-consuming, but at the expense of being less accurate.

Remote sensing is increasingly used to measure vegetation indirectly. This relies
on the reflectance of the vegetation. Different studies show an interest in grazing land
vegetation [8]. However, remote sensing can only assess the vegetation on the size of the
pixel that varies based on the size of the pixel ranging from the meter (Sentinel II at 10 m)
to one kilometer for older satellite images. The pixel’s size is still too large to deal with
Sahelian rangeland’s spatial heterogeneity, especially due to the presence of trees. UAVs
could be an option to deal with the spatial heterogeneity of rangeland [9]. But they require
buying adapted UAVs and processing capacity. Furthermore, UAVs are regulated (in some
countries, the use of UAVs is forbidden; in others, it requires a flight license) and so can
be limited.

Some indirect methods are based on simplified measurements, such as plant height [7].
These works are carried out mainly in temperate biomes, but no such method has been
developed or applied in semi-arid regions such as the Sahel. Thus, this study aims to
develop a method for estimating herbaceous biomass availability based on height and/or
vegetation coverage as input data, being simpler and faster to measure in the field. In
addition to herbaceous height and cover, several other factors are important for biomass
production. However, this study aims to focus on the morphological characteristics of the
herbaceous layer that are easier to measure.

2. Materials and Methods
2.1. Study Area

This study was conducted at the Centre de Recherches Zootechniques (CRZ) of the
Institut Sénégalais de Recherches Agricoles in the commune of Dahra (15◦20 N; 15◦29 W).
Dahra is located in the region of Louga in the northern part of Senegal and has a Sahelian
climate [10]. The annual average temperature can exceed 40 ◦C in May in the Ferlo area [11].
The average rainfall from 1964 to 2013 was 371.67 mm, with high inter-annual variability [5].
The rainfall is concentrated during a short rainy season of 3 months, of which August and
September are the wettest [12]. The soils are mainly sandy, but lateritic and fluvial soils are
also present [13].

2.2. Data Collection

Herbaceous biomass was collected during the three rainy seasons of 2017, 2018, and
2019. In 2017, herbaceous biomass was sampled in randomly selected one m2 plots within
a 20 × 20 m2 quadrat within a 300 × 300 m2 fenced (F) area. The site has been fenced since
2012 to ensure no grazing. Measurements started 7 days after the first 10 mm rainfall and
were thereafter performed every week until the end of the rainy season (late October). Three
plots were measured each week, generating a total of 48 plots (16 sets of 3 measurements)
over the entire rainy season.

From 2018 to 2019, herbaceous biomass was collected at two different sites (Figure 1).
First, in the same fenced area (F) as used in 2017, but also at a nearby 750 × 750 m2 site
open to livestock grazing (G). Each site contains 10 measurement plots located along two
perpendicular transects. Measurements were started 10 days after the first rainfall of 10 mm
and were then made at a 10-day interval until the end of October. The quadrats of the
different measurement dates were separated by a distance of one meter to ensure that
measurements were not disturbed by the previous biomass harvesting. This made a total
of 120 points collected per site (10 quadrats measured 12 times).
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Figure 1. Plots along the transects for the measurements in 2018 and 2019 of the grazed site (G) and
the fenced site (F), as well as for 2017 measurements.

At each of the 1 m2 sample plots, we measured the following:

• The dry weight of the herbaceous biomass (unit: kg dry mass (DM) per hectare)
following [6], obtained after drying the harvested fresh biomass in an oven at 65 ◦C
between 24 and 72 h depending on the amount of biomass;

• The plant height (between the ground and the upper part of the plant) as the average
height of 10 randomly selected plants (unit: cm);

• The vegetation coverage (unit: %) is visually estimated as the percentage of ground
covered by the herbaceous plants. The visual estimation of the ground coverage is
generally well correlated with that obtained based on photos (correlation coefficient
between visual estimates and photos equal to 0.94) and can therefore be used in the
field [3];

• A volume index calculated by multiplying the height with the vegetation coverage [7].

2.3. Data Analysis

Data analysis was performed in R studio (R-4.1.2) [14]. We first performed simple
linear models predicting biomass through the plant height, the coverage, and the volume
index in both grazed and fenced areas. Then, models with high R2 were compared between
grazed and fenced sites to see if grazing affects biomass prediction. In the end, models
were used to predict biomass from different years to appreciate their performance. Models
were developed based on data collected in 2018 and thereafter validated with data collected
in 2017 and 2019. The validation was performed only for the models with a coefficient
of determination (R2) greater than 0.5. The simple linear model was preferred to non-
parametric methods because it gives better results. Fitted regressions were then applied
to the input data for 2017 and 2019, and the model’s predictive power was quantified by
estimating the bias, the relative difference, and Pearson’s correlation coefficient between
measured and predicted values [7]. The prediction of the 2017 and 2019 biomass was
realized with the data of the fenced site only because in 2017, the biomass data were
measured in this site. It would have been possible to predict only the biomass of 2019 if the
prediction had been made on data measured in the grazed site.

3. Results
3.1. Relationships of Herbaceous Biomass with Height, Vegetation Coverage, and Volume Index
in 2018

According to the R2, the height of the stratum and the volume index are more corre-
lated to the biomass than the vegetation coverage. The herbaceous biomass was strongly
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correlated with the height of the stratum and the volume index. Still, the regression was
substantially stronger for the fenced area’s herbaceous biomass than the grazed area. The
herbaceous biomass was also correlated with the vegetation coverage, even though the
regression determined herbaceous biomass less well due to low R2 (Figure 2).
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3.2. Comparison of the Models Between Grazed and Fenced Sites

The models with volume index, coverage, and plant height (Figure 2) as explanatory
variables were significantly different between the grazed and fenced sites (Table 1).

Table 1. Significance of models according to grazed and fenced sites.

Models p-Value (Between Grazed and Fenced Sites)

Biomass × height <2.2e−16

Biomass × coverage <2.2e−16

Biomass × volume index <2.2e−16

3.3. Model Evaluation Against Measured Herbaceous Biomass in 2017

The modeled herbaceous biomass shows the same seasonal dynamics in 2017 as the
measured biomass. However, herbaceous biomass modeled based on plant height was
substantially lower than the measured biomass, whereas that modeled based on the volume
index was substantially closer to the measured biomass (Figures 3 and 4).
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3.4. Model Evaluation Against Measured Herbaceous Biomass in 2019

In 2019, the modeled biomass’s seasonal dynamic followed the measured values again.
However, herbaceous biomass modeled based on plant height was again substantially lower
than the measured values, whereas the model based on the volume index is substantially
closer to the measured (Figure 5). The model evaluation thereby indicated a closer fit to the
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field observations for the model based on volume index than for the model based on plant
height only (Figure 6).
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3.5. Models Validation

The Pearson’s coefficient of correlation (r), the absolute difference, and the relative
difference between measured biomass and their predicted equivalents are presented in
Table 2.

Table 2. Model validation parameters.

2017 2019

Measured
Biomass/Predicted

Biomass with Height

Measured
Biomass/Predicted

Biomass with
Volume Index

Measured
Biomass/Predicted

Biomass with Height

Measured
Biomass/Predicted

Biomass with
Volume Index

Person coefficient (r) 0.953 0.955 0.893 0.923

Absolute average
difference

(kg DM·ha−1)
211.44 96.69 120.62 87.61

Relative difference (%) 30.5 11.96 11.35 8

4. Discussion

Height and coverage are parameters whose dynamics allow the observation of seasonal
variations in herbaceous biomass [4]. Indeed, plant germination is followed by a moment
of slowed growth, allowing the tillering of grasses, the installation of the root system of
already germinated plants, and the germination of later plants [15]. Then, the rapid growth
phase begins, during which the plants grow in height and laterally (coverage). Our results
confirm the positive correlation of herbaceous biomass with height and coverage, similar
to those of [7], who found correlations of 0.68 for height and 0.75 for volume index under
grazing. They also confirm that the best predictions are obtained with the volume index.
The product of height and coverage is a volume index that, like the NDVI (Normalized
Difference Vegetation Index), provides a better account of the available biomass. This
shows that the simultaneous consideration of these two parameters allows a better biomass
prediction [7]. On the other hand, [16] found that height alone was a poorer predictor but
improved the predictive power slightly when added to multispecies models that already
included diameter. Indeed, biomass is the combined effect of many variables, never just
one. On the equation power, the linear equation (among other types of equations) between
cover and biomass has a coefficient of determination (R2) of 0.95, with a p-value for the
same model, but across all the quadrats, lower than 0.001 [17]. Our study is consistent
with the latter in confirming the strong link between the plant height and coverage and
the aboveground herbaceous biomass. This is true as plants grow upwards (height) and
sideways (coverage, diameter).

The rangeland on which this study was conducted is grazed by cattle, sheep, goats,
camelids, equines, etc. Grazing disrupts the dynamics of the biomass produced during
the year. As biomass removal by livestock varies from day to day, there may be biases
in the prediction models. Biomass prediction models developed with height and volume
index differed between grazed and fenced areas. In this case, one hypothesis would be that
grazing would disrupt the biomass–height and biomass–volume index relationships. The
relationships of the fenced area thereby better reflected these relationships (fenced: 0.84
using plant height and 0.77 using the volume index; grazed: 0.63 for height and 0.69 for
the volume index). In addition, the animal’s choice of grazing the tallest plants (Dumont,
1996) [18] could reinforce the spreading of plants instead of their growth in height, creating
more heterogeneity. Even if the model gives the best results in the fenced area, it is still
significant in the grazed area and shows the biomass dynamics during the rainy season.
This shows the importance of the volume index parameter even in disturbed areas.

At the beginning of the rainy season, during the germination-installation phase, plant
height is generally less than 10 cm [4]. This results in low forage harvesting by livestock.
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Given the hypothesis of a probable disruptive effect of grazing on the biomass–height and
biomass–volume index relationships, this low removal at this time would justify that the
lowest biomass values were better predicted than the highest biomass values. Indeed, if
grazing affects the biomass–height and biomass–volume index relationships, it is obvious
that this effect will be more pronounced where forage removal is greatest. This is what
our results show with more difference between measured and predicted biomass on the
highest biomass values, in line with the results of [7].

Despite a higher coefficient of determination between biomass and height (0.84) than
the one between biomass and volume index (0.77), the predicted biomass was closer to the
measured biomass when the volume index was used to make the prediction. Despite a
slightly lower R2, the regression model between biomass and volume index can be more
efficient in predicting biomass because of the introduction of an additional explanatory vari-
able, in this case, the coverage, which captures important interactions between explanatory
variables, better corresponding to the reality of the data. This is true as, despite coefficients
of determination just below 0.5, the regression shows a positive trend between biomass
and coverage (Figure 2).

The choice of establishing the herbaceous height from the height of ten individuals
taken at random from each quadrat instead of measuring the height of the entire individuals
in each quadrat was a good method. It allows us to observe height dynamics similar to
biomass dynamics over the season [4] and to predict the available biomass.

This study was realized based on almost the same study made in a temperate region.
This broadens the scope of the method (use of the herbaceous height and coverage to
estimate the aboveground biomass) by applying it in a region with a different climate.

5. Conclusions

The plant’s height of 10 random individuals in a one-meter square sample plot and
the coverage of the herbaceous layer are easy to measure and non-destructive parameters,
allowing the prediction of biomass with acceptable accuracy. The models developed
between biomass and height and between biomass and volume index were specific to the
type of site (grazed or fenced). The use of the method developed in this study will be most
meaningful when the volume index (height × coverage) is measured. Even if the model
based on the coverage shows a low coefficient of correlation, it reveals that the coverage
dynamic has a similar trend as the herbaceous biomass.

This method is innovative in that it is different from the destructive methods often
used to quantify herbaceous biomass. It could be very helpful in herbaceous stratum
monitoring by saving time and making the herbaceous biomass assessment in research
activities and rangeland management easier.

Since rainfall is highly variable from one year to the next, the models could be im-
proved if the parameters tested in this study were measured over a larger number of
years. We also recommend taking into account more variables involved in herbaceous
biomass production.
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