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Abstract: This study aimed at testing the effectiveness of novel combinations of chemical and physical methods
to control Prosopis juliflora, an invasive weed in the Moshi and Simanjiro districts of Northern Tanzania. Six
different treatments including manual uprooting, glyphosate, bark chop with chemical application, two
separate chemical mixtures and control were tested in a total of 32 plots, which represented two land use types
(grazing land and farmland) found in the two districts. Each plot covered 20mx=30m plot area. Two response
variables (stem count and tree volume) were recorded to compare weed population density before and after
treatment six months later. An analysis of the untreated control plots, showed that the inherent growth
potential of P. juliflora was higher in Moshi than in Simanjiro district. The number of stems increased during
the experiment for all six treatments showing that the P. juliflora population had not yet reached the local
carrying capacity. For the manual control treatment, the increase was reduced compared to the untreated
control. For all other treatments, the increase in stem count was on par with that in the untreated control or
even higher. Thus, we conclude that only manual uprooting had a controlling effect but not to the extent that
it eradicated P. juliflora. Thus, it is for P. juliflora as for weed control in general: weed control must be an ongoing
effort.

Keywords: farmland; Prosopis juliflora; glyphosate; uprooting; invasive species; rangeland;
Simanjiro; Moshi

1. Introduction

Recently it was pointed out that over 750 invasive trees and shrub species have been recorded
worldwide [1]. Among them is Prosopis juliflora (Sw.) DC. (Fabaceae; mesquite) which is native to
Central and South America [2-4]. But later it was introduced worldwide [2,4,5]. The plant was
intentionally introduced to new environments across the world in the late 1970s to early 1980s in an
attempt to reverse deforestation and desertification [6-8]. The first introductions into Africa where in
South Africa in 1880s [9] and in Khartoum, Sudan in 1917 [10]. After introduction, the species rapidly
naturalized and expanded into new locations [2], including a wide spread across the Middle East
from Saudi Arabia [11,12] to the UAE [13-15], Africa and Asia [16].

P. juliflora is an aggressive invasive weed in Asia, Africa and Australia, both in the dry and
humid tropics, listed as an invasive species in 64 countries [16]. Several incidences of occurrence and
its impacts, have been reported in many parts of Africa, including the Horn of Africa [17], and
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countries in the Sub-Sahara, particularly Kenya [6,22], Ethiopia [2,4], and Tanzania [18,32]. Both
domestic and wild animals aid in the dispersal of P. juliflora seeds, which are embedded in an
attractive succulent fruit [20]. Besides, anthropogenic disturbances such as land preparation for
agriculture, livestock grazing and environmental phenomena particularly floods favor further
colonization [21,22]. Among its major impacts include out competing native species [3,19,22],
reducing the carrying capacity of grazing lands [23], destruction of water catchments [24], and
encroachment of inhabited areas, water catchments, farmlands and pastures [25]. Soil erosion and
degradation are also mentioned as consequences of P. juliflora invasion, leading to reduced quality of
rangelands and farmlands [26,27], causing severe losses in crop production. P. juliflora is also linked
with human and animal fatalities due to injuries caused by its thorns [6,25].

Due to its global distribution and impacts, various multidisciplinary actions have been initiated
to manage it and reduce current and future impacts [29-32]. Durigan et al. [33] highlighted the
necessity of prevention and control actions to avoid or reverse negative effects of biological invasions.
Similarly, attempts to control the spread of P. juliflora through management by utilization have been
undertaken in Ethiopia [34-36] and Kenya [37]. However, control through utilization does not work.
Mbaabu et al. [28] pointed out that “Although the management of Prosopis by utilization has been
promoted in Baringo for 10-15 years, the spread of Prosopis has not stopped or slowed down”.

In Tanzania, mainly baseline research studies have been carried out [18,32]. Recent data indicate
that Tanzania accounts for 23.9% of all invasive trees and shrub species worldwide 41]. Furthermore,
about one third (32%) of the potential invasive alien plants are found in protected areas [38]. Based
on this finding, it is evident that the rest of the potential invasive trees and shrub species (68%) occupy
other areas including rangelands, farmlands, roadsides and residential areas. Among the aggressive
invasive species is P. juliflora, which is also categorized in the list of priority species of national
concern [39]. There have been some efforts to control P. juliflora invasion in the agroecosystems in
Northern Tanzania [18,32]. Kilawe et al. [18] established preliminary insights on the invasion status
of P. juliflora in Northern Tanzania while Eschen et al. [32] tested different P. juliflora management
methods in combination with grassland restoration.

However, despite these interventions and a broad survey in Moshi and Simanjiro districts,
focusing on agroecosystems and rangelands [40], still not much has been achieved to control the
spread of P. juliflora in Northern Tanzania. This study aimed at testing novel and hopefully more
efficient control measures against P. juliflora. The two districts are mainly inhabited by poor
subsistence farmers and livestock keepers, of which the majority cannot afford to buy modern,
commercial herbicides to control P. juliflora. The findings of an ongoing survey found that the
majority of farmers (>80.0%) are not willing to spend more than 50,000 TZS per ha (equivalent to 18
Euro/ha) on herbicides to be used for P. juliflora management [40]. Hence, our study focused on the
efficacy of cheaper methods: manual uprooting and novel mixtures consisting of water, dish soap,
salt, bleach, vinegar and diesel, in comparison to a commercial herbicide (glyphosate). Previous
studies have shown that mixtures containing diesel [32], salt and vinegar [41] may have phytotoxic
effects on weeds; by impairing the cellular activity, which eventually may lead to their death [42].
Dish liquid soap acts as a surfactant to increase the spread of the mixtures and its absorption through
the stem [41].

The study was confined to rangelands and agroecosystems in a 15kmx15km area in Northern
Tanzania. The following research hypotheses were tested: (i) The performance of the novel spray
mixtures against P. juliflora is comparable to uprooting and commercial herbicide control methods;
(ii) the performance of control methods for P. juliflora is not affected by land use; and (iii) the
performance of control methods is the same in the two districts.

2. Materials and Methods

2.1. Study Sites

The study was conducted between May and December 2022 in the Simanjiro and Moshi districts
of Northern Tanzania (Figure 1), where P. juliflora is known to be invasive. Experimental plots
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(20m=30m) were laid out nearby 3 villages in each district with a total of 14 plots in Simanjiro and 18
plots in Moshi (Figure 1). The plots were placed aiming for P. juliflora infested areas with no signs of
recent, direct human impact on the trees, such as coppicing and burning of charcoal. Moreover, plots
were distinguished into two land use types (grazing land vs. farmland). It was attempted, as far as
possible, to have the two land use types equally represented among the plots around each village.
Permanent pasture was categorised as grazing land, while areas under regular cultivation were
categorised as farmland. The elevation of the plots was 690-790 m ASL in Simanjiro and 640-740 m
ASL in Moshi.
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Figure 1. Map showing location of study area in Tanzania and detailed map with the locations (red
dots) of the 32 experimental plots. The 12 leftmost dots are in the Simanjiro district and the 20
rightmost dots, in the Moshi district. The distance between the two groups of plots is c. 20 km.

The study area borders a mountainous topography towards Kilimanjaro Mountain in the north,
while stretching towards the lowland in the south. P. juliflora is typically confined to the lowland
(yearly rainfall 400-800 mm) where it infests both farmland and grazing land [43].
economically, the study area is dominated by farmers engaged in rice production, sorghum, maize
and open cattle grazing. Due to an increasing human population and climate change, the landscape

Socio-

is subject to massive anthropogenic disturbances and exploitation by local and commercial use [44].

2.2. Experimental Design

Each of the 32 plots were divided into 2x3 sub-plots of 10mx10m, thus taking up the whole
20mx30m plot area. The six treatments (Table 1) were assigned randomly to the six sub-plots within
each plot. The plots were visited twice (May and December 2022). On both occasions, two
measurements were taken in each sub-plot: (i) the total number of P. juliflora stems and (ii) the height
and diameter (at 1.3 m) of all stems with a diameter > 1 cm. Height (h; m) and diameter (d = 0.01; m)
were subsequently used to calculate tree volume (V; m3/ha) for each sub-plot,

V= Z 10 000 m?
fA 4 " ha

where f=0.5 is the form factor for P. juliflora [45,46], A=100 m? is the size of the sub-plot area, and the
constant scales from m? to ha units.

Treatments were carried out just after the measurements had been taken on the first visit,
allowing ca. 6 months for the treatments to take effect. On the second visit, it was found that some
sub-plots had been disturbed, e.g., by charcoal burning and farming operations. These sub-plots were
discarded from the analysis. This reduced the number of sub-plots to 185 out of the original 192.

Treatment responses were analyzed by comparing the stem count before and after treatment
(Npefore and Ngger; no. of stems per 100 m? sub-plot) and the volume before and after treatment

d0i:10.20944/preprints202403.1704.v1
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(Vbefore and Vgrier; m3/ha). Land use (grazing land vs. farmland) and district (Moshi vs. Simanjiro)

were considered fixed factors possibly influencing the efficacy of the treatments.

Table 1. Summary of the six treatments applied to all stems present in each sub-plot.

Treatment Description Application method
Control No interference. n.a.
Manual Total uprooting. Farm hand tools commonly used in the
area.
Gly 30mls of 360 g/ glyphosate Hand held sprayer. The chemical was
(industrial herbicide) diluted in  applied immediately on fresh stems cut
1L of water. at the base, 5-10 cm from the ground.
Mix-1 Mixture containing water Hand held sprayer. The mixture was
(36.4%), table salt (18.2%), liquid ~ applied on bark-chopped stems, 1-15
dish soap (9.1%), and 30% cm from the ground. The same day
vinegar (36.4%), followed first after the mixture was absorbed, bleach
by 3.5% bleach, and afterwards was applied separately, followed by
by diesel. diesel using sprayer and brush
respectively.
Mix-2 Mixture containing water Hand held sprayer. The mixture was
(33.3%), table salt (16.7%), applied immediately on fresh stems cut
bleach (33.3%), and liquid dish at the base, 5-10 cm from the ground.
soap (16.7%)
Mix-3 Mixture containing water Hand held sprayer. The mixture was

(36.4%), table salt (18.2%), liquid
dish soap (9.1%), and vinegar
(36.4%)

applied immediately on fresh stems cut
at the base, 5-10 cm from the ground.

2.3. Data analysis

d0i:10.20944/preprints202403.1704.v1

All analyses were carried out using R statistical software [48]. Throughout a significance level of
5% was applied. The input data and R scripts can be found in the Electronic Appendix.

The growth rate of an undisturbed P. juliflora population is an indication of its resilience against
control. This was estimated for the Control plots as 1, = Xgfter /Xpefore, Where x denotes either
volume (V) or stem count (N). Plots were removed for which X, = 0. Differences in 7, and 7y
between districts and between land use types would indicate whether P. juliflora would be a more
troublesome weed according to locality and land use. To test for differences, four separate Median
Tests were carried out [47] (using R function fisher.test).

The response in tree volume was heavily dominated by zeros (Vgstr = 0). Hence, this response
was assessed by visual interpretation of Vgseer VS. Vierore plots.

The response to treatments in terms of stem counts (Ngs.r) Was analysed with a generalized
linear model using the R function glm with Nyf,y as a co-variate. The full model was

Ngfter = Npefore * Treatment * District * LandUse (eq. 1)

with discrete factors: Treatment (6 levels), District (2 levels) and LandUse (2 levels). The asterisks
denote main effects and all their interactions. Prior to analysis, experimental plots without any weeds
before treatment (Npesore = 0) were discarded, thereby reducing the data set from n =185 to n =
182.

The regression (eq. 1) was carried out alternatively with Poisson and quasi-Poisson residuals.
Since the deviance of the Poisson model divided by the degrees of freedom was 26.6, which is much
larger than 1, the quasi-Poisson model was chosen for the analysis [49].
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The model was reduced stepwise, starting with the full model (eq.1), in each step removing non-
significant interactions and factors and merging indifferent factor levels [50]. In each step the validity
of model reduction was tested by the R anova function using a significance level of 5%. A multiple
comparisons test of regression coefficients was carried out on the final model using the R packages
emmeans [51] and multcomp [52].

Note that the model (eq. 1) implies a family of lines with Ny, on the y-axis and Nperore ON
the x-axis. The regression coefficients will designate the slopes and intercepts of those lines, possibly
differing between different levels of the three factors. If all slopes turn out to be non-significantly
different then the family consists of parallel lines with a common slope. The lines will then differ only
in their displacement along the y-axis, as defined by any significant differences between their
intercepts.

3. Results

The Median tests showed that the growth rate of uncontrolled P. juliflora in the Moshi vs.
Simanjiro locality was 2.59 vs. 1.19 (P=0.13) by volume (7;,) and 1.66 vs. 1.11 (P=0.03) by stem count
(rv), which means that P. juliflora grew faster in Moshi than in Simanjiro by a factor of 2.2 by volume
and 1.5 by stem count. Thus one would expect that P. juliflora would be more difficult to control and
would spread faster in Moshi than in Simanjiro. A comparison of Farming vs. Grazing land uses gave
2.04 vs. 1.19 (P=0.10) for 1, and 1.28 vs. 1.32 for ry (P=1.00). Hence, there was no effect of land use
on the growth potential of P. juliflora.

Tree volume was reduced to zero (V.. = 0) in nearly all the treated sub-plots (Figure 2), which
made tree volume a rather uninformative response variable. It should be born in mind that V..
was estimated disregarding all stems thinner than 1cm. If a longer response period than 6 months
had been chosen, stems would have grown thicker and tree volume might have become a more
sensitive response variable.
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Figure 2. The response of P. juliflora to six different treatments in Moshi and Simanjiro district in terms

of volume (m3/ha) before (Vpefore) and after (Vg s¢er) treatment. Grey lines show 1:1 equality. Axes are
square root-scaled. Uninfested sub-plots (Vpefore = 0) not included (n = 182).
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Judged from the scatter plots (Figure 3), the number of stems increased during the experiment
in all treaments, except when trees were uprooted (Manual treatment), as most data points lie above
the 1:1 line. Treatments other than Manual seem to have have stimulated stem production, since the
points are placed even further away from the 1:1 line than for the Control treatment.
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Figure 3. The response of P. juliflora to six different treatments in Moshi and Simanjiro district in terms
of stem counts (stems per 100 m? before (Npefore) and after (Ngfier) treatment. Grey lines show 1:1
equality. Axes are log-scaled. Uninfested sub-plots (Npefore = 0) not included (n = 182). Data points
with Ngfier = 0 shown at the arbitrary position labelled ‘none’.

The regression analysis reduced the full model (eq. 1) to four main effects and one interaction
(shown by the colon operator),

Nggter = Npepore + Treatment + District + LandUse + District:LandUse (eq.2)

The Treatment factor was reduced from six to three levels (Control, Manual, Other), where Other
included the Gly, Mix-1, Mix-2 and Mix-3 levels, since their effects were not significantly different
from each other. A positive common slope (0.00996+0.0022; P<0.001) indicated that, in general, the
more stems that were counted before treatment, the more stems would be counted at the end of the
experiment six months later. The differences between treatments, districts and land uses were thus
expressed solely by differences in intercepts among this family of parallel lines (Figure 4).
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Figure 4. The intercept of regression lines (all with a common slope, eq. 2) relating stem count before
and after different treatments (three colours) in different districts (two shapes) and land use types
(farming: full shapes; grazing: hollow shapes). Error bars show 95% confidence levels. The 12 factor
combinations are grouped by digits 0 to 9. A shared digit means that factor combinations within the
groups were not significantly different according to a multiple comparisons test.

The Manual treatment stood out as the most effective treatment having the lowest intercept
values (Figure 4) with only a slight overlap with the Control treatment (overlapping in multiple
comparisons grouping 3). The efficacy of the Other treatments was in general not different from the
Control treatment. Some factor combinations even favoured stem formation at a rate above that in
the control (multiple comparisons grouping 0: Moshi farming and Simanjro grazing). Hence, the
treatments worsened the weed problem, at least at the six-month time scale of the experiment. For
every treatment it is seen that the open vs. closed circles belong to different multiple comparison
groupings (Figure 4). This means that in the Moshi district, the efficacy of the Manual treatment was
higher in the grazing than in the farming plots.

4. Discussion

The findings of this study indicated that stem count increased during the experiment for all six
treatments. This shows that the P. juliflora population had not reached the local carrying capacity.
Since coppicing of P. juliflora is a common method of exploiting this resource (e.g., for poles and
charcoal), the status of P. juliflora stands located near human habitation likely reflect a combination
of local natural conditions and extensive human management. For the manual control treatment, the
increase in stem count was reduced compared to the untreated control. For all other treatments, the
increase in stem count was the same or even higher compared to the untreated control. Thus, manual
uprooting was the only treatment having a controlling effect. The seeming effect of all treatments on
tree volume, we consider an artifact due to the method by which tree volume was estimated. Since
only stems with a diameter > 1cm entered the calculation, and it turned out that new stems did not
achieve this diameter within six months, re-growth (and hence the effect of treatment) could not be
estimated by this measure.

It is known that tree diameter and density, and the extent to which the stems have been affected
by previous treatments, may affect the outcomes of treatments [32]. According to Gongalves [53],
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extensive efforts have been made to control P. juliflora by chemical, biological, and mechanical means.
It was found that P. juliflora spread can be halted by clear-cutting followed by burning of the stumps
and application of herbicides on the cuts [53]. However, Patniak [8] pointed out that none of those
strategies to control or eradicate the plant has achieved any enduring success. According to Eschen
et al. [32], the laborious uprooting of P. juliflora may be the only action needed, if the subsequent land
use involves plowing. It has also been pointed out that clearing of invaded lands, digging out stumps
and roots are one of the common practices used to control infestation, particularly in the farming
areas [54]. Our findings are in agreement with these earlier studies, emphasising that uprooting,
however costly, is a necessary first step in any control campaign.

Stem cutting, followed by application of one of the novel mixtures or glyphosate, was nullified
by re-growth during the following six months. In some cases, cutting even stimulated stem formation
above that in the untreated control. This demonstrated how P. juliflora is well-suited as a resource for
coppicing. We do not know to what extent repeated coppicing will prevent P. juliflora from spreading
further afield, or even reduce its density locally. Regular coppicing makes sense in pastoral societies
where P. juliflora does not get in the way for farming [32], where cultivation without P. juliflora is
mostly preferred. It should be investigated whether regular coppicing prevents regional spreading
of the weed.

Unlike Simanjiro, Moshi is on a slightly higher altitude with heavy rains and irrigation of crops.
Simanjiro, is mainly inhabited by pastoralists, and farmers who only grow crops in dry season,
relying on moisture accumulated in the soil during the rainy season. The water from higher mountain
slopes of Mt. Kilimanjaro and adjacent elevated areas falls at Simanjiro, which is characterized by an
undulated landscape with flood plains, eroded gullies and sandy clay loam soils, where P. juliflora is
widely distributed. According to Shaltout et al. [55], livestock and flooding are two crucial dispersal
agents of P. juliflora seeds. Wakie et al. [54] reported extensive invasion of the flatlands along the
Awash River and the Alledeghie plain, due to flooding in northern Afar and the Somali region in
Ethiopia. Hulme [56] also pointed out that flooding has the effect of washing away P. juliflora plants,
to facilitate their spread. Thus, the wide distribution of P. juliflora on the lowland areas and flood
plains of the Simanjiro District, are likely attributed to the flood and grazing phenomena. According
to Patnaik et al. [8] ingestion of the seeds by grazing animals, enhances germination success and
ensures dispersal of seeds over a wide terrain.

However, the relatively low number of stems on grazing land particularly Simanjiro, may be
caused by frequent-intensive grazing that may limit successful germination and growth of new
seedlings (Figures 5 and 6). Likewise, the main forms of disturbances encountered on the grazing
land namely- firewood, charcoal making and pole harvesting are less intensive compared to
farmland areas where extensive clearance of P. juliflora infested lands for farming is more prominent,
thus exacerbating the sprouting. Despite the likelihood of arid conditions increasing distribution of
P. juliflora, as mentioned by Dakhil et al. [57], drought-induced stress along with other factors may
also contribute to low number of stems on grazing land. Variation in soil, landscape and levels of
anthropogenic disturbances as mentioned by Kumar, and Mathur [58] and Linders et al. [59], can also
be responsible for the observed limitations. Dakhil et al. [57], pointed out that climatic conditions and
edaphic factors can set ecological limits that restrict species distributions. Wakie et al. [60] also
underscored inclusion of soil and hydrologic parameters in order to establish the current status and
distribution of P. juliflora. Nascimento et al. [5], earmarked the life history of the plants, soil properties
and human activities as potential drivers for the distribution, proliferation, and invasion ability of P.
juliflora. Therefore, it is pertinent to study the mechanisms underlying the relatively low number of
P. juliflora stems found on grazing lands, despite the observed wide distribution. Likewise, it is
necessary to understand the effect of agronomic practices such as fertilisation on P. julifora
distribution.
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Figure 5. Goats and sheep grazing upon P. juliflora pods. The photo was taken during the field survey
on the communal grazing land in Mawala village in Moshi District, Kilimanjaro Region.

Figure 6. The herd of cattle spotted on P. juliflora infested areas in Simajiro District, searching for
fodder. There are also daily movements across the areas to drinking sites, including seasonal canals
and bore holes.

5. Conclusions

We estimated the effect on P. juliflora of one control treatment, leaving six months for the
treatment to take effect. It turned out that within this time frame only uprooting was effective in
slowing re-growth of the weed. No other treatments, whether novel mixtures or glyphosate, had any
controlling effect. It remains to be seen how P. juliflora will react in the long run to repeated control
treatments.

We only examined the local effect of treatments on P. juliflora but it is necessary also to study
how the spread of P. juliflora can be prevented, and how local interventions, such as uprooting or
regular coppicing, interacts with the population dynamics of P. juliflora on a regional scale.
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