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Abstract 
Aims  Mangrove rice production (MRP) is essential 
for food security and environmental sustainability 
among smallholder farmers in Guinea-Bissau. Dis-
tinct agroecologies within MRP systems are shaped 
by specific soil–water conditions and by the sponta-
neous vegetation (weeds) colonizing rice fields. This 
study evaluates the potential of dominated weed 
species as bio-indicators of soil fertility and organic 
matter dynamics across contrasting mangrove rice 
agroecologies.

Methods  Approximately 300 soil samples were col-
lected during 2022 and 2023 and analyzed for car-
bon (C) and nitrogen (N), and stable isotopes (δ13C 
and δ15N). In parallel, 155 weed species were sur-
veyed using random field trials (2022) and transect-
based methods (2023). UAV multispectral imagery 
(Phantom 4) and random forest classification were 
applied to assess weed spatial distribution and species 
dominance.
Results  Weed distribution followed a clear agroeco-
logical gradient, with Echinochloa colona dominating 
Associated Mangrove fields and Blutaparon vermicu-
lare prevailing in Tidal Mangrove fields. UAV clas-
sification achieved up to 88% accuracy, although per-
formance decreased in densely vegetated fields. Soil 
isotopic composition revealed distinct agroecological 
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patterns, with higher δ15N values and C ratios in tidal 
mangrove agroesystems, suggesting enhanced nitro-
gen mineralization and faster organic matter turnover. 
δ13C signatures reflected differences in organic matter 
sources and turnover dynamics between agroecolo-
gies. Isotopic analyses clearly distinguished C₃ and 
C₄ vegetation, while C3 species showed significantly 
higher nitrogen content than C₄ species, indicating 
contrasting nutrient-use strategies.
Conclusions  Spontaneous vegetation provides a 
robust proxy for assessing coupled carbon and nitro-
gen dynamics in mangrove rice systems. Integrat-
ing isotopic and spatial approaches enable effective 
discrimination of agroecological conditions, though 
further refinement is needed to align these tools with 
farmers’ management practices.

Keywords  Soil fertility indicators · δ13C and δ15N 
isotopes · Weed ecology · UAV-based monitoring and 
classification

Introduction

Rice cultivation is crucial for most West African 
countries as a primary food source. For small-scale 
farmers in Guinea-Bissau, maintaining a minimum 
production to feed their families is a daily struggle. 
Numerous changes, ranging from natural causes to 
anthropic factors such as the climate change to new 
socioeconomic trends and market instability, make 
these small-scale agricultural ecosystems highly vul-
nerable (Adeyeri et al. 2026).

The "Balantas" ethnic group of Guinea-Bissau is 
known as the "Mangrove Rice Specialists" because 
they were pioneers in the use and adaptation of rice 
cultivation techniques in the coastal mangrove areas 
of the country. The life of the Balanta people revolves 
around rice monoculture, not only as their main diet 
but also in the construction of houses (using straw 
remnants) and for feeding animals. Additionally, rice 
plays a central role in all social activities and many 
spiritual ceremonies (Temudo and Santos 2017).

The "Bolanhas" (rice fields in Kriol) are tradi-
tionally managed and well-preserved agroecologies, 
where external soil fertilization practices are absent. 
In these areas, the incorporation of nitrogen (N) and 
phosphorus (P) takes place solely through the mineral 
hydrolysis of soils, decomposition and mineralization 
of organic matter, and dissolved/suspended materials 
in water inflows, whether through freshwater or the 
ingress of saltwater from tides. This process not only 
enhances other macro and micro soil nutrients but 
also contributes to good yields (Olk et al. 1996).

However, crop requirements for having good pro-
duction are high, while the possibilities of applying 
fertilizers, whether synthetic or organic, are very lim-
ited in these agro-systems, meanwhile soil nutrient 
pools are decreasing (Merkohasanaj et al. 2025a; Gar-
banzo et al. 2025). Thus, it becomes crucial to have 
deeper knowledge and evidence of the nutritional flux 
that occurs in the soils of these regions and the role of 
carbon and nitrogen-fixing plants.

In mangrove swamp rice systems, agroecologies 
refer to distinct production environments within the 
landscape defined by interacting gradients of soil 
properties, hydrology, salinity, and topography, which 
jointly regulate plant performance and management 
practices. In Guinea-Bissau, these are commonly 
distinguished as Tidal Mangrove (TM) and Associ-
ated Mangrove (AM) systems, reflecting differences 
in water control and soil physicochemical conditions 
(Merkohasanaj et al. 2025a, b; Garbanzo et al. 2024) 
consistent with broader definitions of agroecologi-
cal environments in West African rice systems (e.g., 
AfricaRice; Temudo and Santos 2017). Thus, these 
agroecological units represent functional soil–plant 
environments where biophysical constraints and 
farmer practices interact, shaping both rice productiv-
ity and vegetation dynamics.

Spontaneous green vegetation (weeds) refers to 
non-cultivated plant species that naturally estab-
lish in agricultural systems. Their composition and 
abundance reflect environmental conditions and soil 
properties, providing insight into underlying agro-
ecosystem processes. Thus, they can act as effective 
bioindicators of soil fertility. Bioindicators integrate 
biological, chemical, and physical aspects of soil 
functioning and respond sensitively to variations in 
nutrient availability and organic matter dynamics. In 
this context, weed communities are closely linked 
to gradients in soil fertility, hydrology, and salinity, 
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providing a practical and integrative proxy for assess-
ing soil quality in low-input systems (Carlesi and Bar-
beri 2017; MacLaren et al. 2020).

Weeds constitutes one of the main organic matter 
sources—including carbon and nitrogen—in these 
agroecologies during the initial stage of rice produc-
tion (soil preparation) (Rao et  al. 2007). However, 
during later production stages, weeds may become 
one of the main constraints to rice production if 
not properly managed (Bastiaans et  al. 2008). Inad-
equate land preparation (soil tillage, soil leveling), 
poor quality and contaminated rice seeds, inadequate 
water management, mono-cropping, labor shortages 
for hand weeding and delayed herbicide applica-
tions are some of the agronomic factors exacerbat-
ing weed problems (Alagbo et al. 2022; Martin et al. 
2021; Rodenburg and Johnson 2009). In the upland 
and lowland rainfed rice systems, the input levels are 
generally low, and low yields are commonly (range: 
0.1–3.5 t/ha) due to poor soil fertility and weed com-
petition (Balasubramanian et  al. 2007), while num-
bers indicate ranges of 28–74% in transplanted low-
land rice systems in the West Africa (Johnson et  al. 
2004).

Each rice production system harbors weed species 
well adapted to the environment and management 
practices. While the weed flora of a specific produc-
tion system (e.g., lowland or upland) may be similar 
across different agroecological zones, the abundance 
of individual species can differ substantially (Akob-
undu and Fagade 1978).

The isotopic signal of nitrogen in the primary 
production of vegetal biomass offers a crucial per-
spective on biogeochemical processes influencing 
nutrient dynamics. The 15N/14N ratios of nitrogen-
fixing plants compared to non-nitrogen-fixing ones 
have a significant differentiation (Mariotti et  al. 
1981; Amundson et al. 2003; Peterson and Fry 1987; 
Craine et al. 2009). This isotopic approach provides a 
valuable tool for understanding the relative contribu-
tion of nitrogen sources and their effects on primary 
productivity, thereby contributing to the sustainable 
management of farmland and grassland ecosystems. 
The natural abundance of N isotopes in soils and 
plants is also correlated with environmental variables, 
most importantly climate, at both local and global 
scales (Wang et  al. 2014). As shown by Amundson 
et al. (2003), wetter and colder ecosystems appear to 
be more efficient in conserving and recycling mineral 

N. The use of plant δ15N values to estimate the pro-
portion of biologically fixed nitrogen in plant tissues 
(Shearer and Kohl 1988) is widely applied in ecology 
and agriculture. This approach originated from early 
studies that used 15N to trace the fate of agricultural 
nitrogen in the environment (Kohl et al. 1973).

Carbon export and storage processes in wetlands 
are reflected in soil characteristics. Where sedimenta-
tion is considerable and marine connectivity is strong, 
phytoplankton and seagrass detritus will have a sig-
nificant contribution to the soil C (Kristensen et  al. 
2008). Such processes commonly occur in estuar-
ies and coastal mangrove ecosystems. In addition 
to marine-derived organic matter, the isotopic com-
position of soil carbon is also influenced by the sur-
rounding vegetation types. In warm regions such as 
the studied area, plants with C3, C4, and CAM pho-
tosynthetic pathways may naturally coexist (Teeri and 
Stowe 1976; Cerling 1984). These plant groups differ 
in their carbon isotopic signatures, with C3 plants tis-
sues generally exhibiting more negative δ13C values 
due to the greater isotopic fractionation of 13C by the 
enzyme RuBisCo during CO2 assimilation (Bender 
1971). In contrast, C4 plants, regulated by the enzyme 
PEP carboxylase, show less negative values as they 
fractionate to a lesser extent. CAM plants are charac-
terized by higher isotopic variability (O’Leary 1981). 
These δ13C isotopic signals in soil organic matter 
serve as reliable indicators of the dominant vegeta-
tion type and thus reflect the composition of organic 
inputs into the soil (Cerling 1984; Ehleringer et  al. 
1997; Andreetta et al. 2016).

Beyond vegetation type, the water use efficiency 
(WUE) of plants and other physiological stress factors 
(e.g., drought, heavy metal contamination) also affect 
carbon isotope discrimination. These conditions typi-
cally lead to stomatal closure, resulting in reduced 
carbon fractionation and higher δ13C values (Domer-
gue et al. 2022; Farquhar et al. 1982; Pate 2001). Car-
bon isotopic values are influenced by physiological 
and environmental stress factors such as drought or 
heavy metals presence, which induce stomatal closure 
and reduce carbon fractionation (Wang et  al. 2022; 
Zhao et  al. 2004). As a result, δ13C variations serve 
as an integrated indicator of plant responses to envi-
ronmental stress, including water limitation and Fe-
related contamination.

In parallel, nitrogen isotope ratios (δ15N) provide 
complementary information about nitrogen sources 
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and cycling. Together, δ13C and δ15N values offer 
a powerful tool to trace environmental conditions, 
crop responses, and yields across different years and 
microenvironments. This isotopic traceability can 
be linked to site-specific factors such as soil prop-
erties, crop rotation patterns and water availabil-
ity (Domergue et al. 2022; Wang et al. 2022; Zhao 
et  al. 2004; Shearer and Kohl 1988; Peterson and 
Fry 1987).

Remote sensing (RS) and unmanned aerial vehi-
cles (UAVs) have emerged as valuable tools for 
weed management in agriculture. These technologies 
enable efficient detection, mapping, and monitoring 
of weed infestations, supporting site-specific man-
agement strategies (Shaw 2005; Roslim et al. 2021). 
RS techniques, including hyperspectral, multispec-
tral, and RGB sensors, can effectively assess weed 
spatial distribution, abundance, and density (Roslim 
et  al. 2021). Recent studies have demonstrated the 
efficacy of drone-based herbicide applications, evalu-
ated using RS data such as reflectance and vegetation 
indices (Bautista et al. 2024). Moreover, the integra-
tion of plant functional traits in RS analysis enhances 
the discrimination between invasive and native spe-
cies, with phenological and structural traits being 
well-exploited, while physiological traits remain 
underutilized (Niphadkar and Nagendra 2016). These 
advancements in RS and UAV technologies offer 
promising solutions for addressing future challenges 
in weed management, including food security, sus-
tainability, and herbicide resistance (Roslim et  al. 
2021).

Building upon this background and local farm-
ers´ knowledge of the different weed species and 
their management, this study aimed to identify and 
map the most abundant weed species across the dif-
ferent agroecological systems. We further investigate 
their spatial distribution, isotopic characteristics, and 
contribution to soil nutrient pools, with the overarch-
ing goal of improving rice production while ensuring 
the agroecological conservation of these traditional 
systems.

Despite the recognized importance of spontane-
ous vegetation in low-input rice systems, its role as 
an integrated bio-indicator of soil fertility and soil 
organic matter dynamics in mangrove rice production 
systems  remains  insufficiently characterized.  Previ-
ous  studies have described vegetation patterns, soil 
properties, or isotopic signatures separately, but few 

have combined field-based vegetation surveys, sta-
ble isotope analyses, and UAV-derived spatial data to 
evaluate whether dominant spontaneous vegetation 
species can provide reliable information on underly-
ing soil processes.

We hypothesized that (i) spontaneous vegetation 
composition, abundance, and isotopic signatures 
would vary consistently along the main agroecologi-
cal gradients of mangrove rice systems, reflecting dif-
ferences in hydrology, salinity, and soil fertility; and 
that (ii) UAV-based multispectral imagery would be 
able to identify and map the dominant vegetation pat-
terns associated with these gradients. Accordingly, 
the objectives of this study were to identify the domi-
nant spontaneous vegetation species across the main 
agroecological zones, evaluate their relationships 
with soil carbon and nitrogen dynamics, and assess 
the utility of UAV-based classification for mapping 
vegetation patterns relevant to soil management.

Material and methods

Study area characterization

This research is concentrated in two main coastal 
regions of Guinea Bissau, Oio (central) in the villages 
of Malafu end Enchugal and Tombali (south) in the 
villages of Cafine and Cafal (Fig. 3). The major dif-
ference between the two regions is the different pre-
cipitation regime, which influences the abundance 
of the different plant species populations in each 
region. Farmers adapt their farming and production 
practices according to their agroecology conditions, 
which brings a high diversity of labour, planting and 
transplanting practices and selection of rice varie-
ties. In general, farmers plough their lands in plots 
(locally referred as ¨priks¨ in Kriol), which represent 
farmer-defined field divisions. The plots vary in size, 
typically ranging from small (300 m2) areas to larger 
parcels (1000 m2) depending on local conditions and 
management practices. Plot preparation occurs in 
two phases/periods: the first one starts when the soil 
is quite humid (after the first rains), they overturn 
the left rice straw from the last year and the present 
spontaneous green vegetation at the bottom of what 
will be the new ridges. In the second phase, they raise 
the ridges to an average high of 40  cm, taking the 
soil on both sides of the ride. From now on, we will 
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refer to these spontaneous green vegetation or plant 
species as ¨weed¨. Schematic cross-section of the cat-
ena (Fig.  1) shows four predominant divisions and 
rice field terrace sub-divided into three main agroe-
cologies as follows: AT—Associated Terrace; AM—
Associated Mangrove; TM—Tidal Mangrove and 
MT – Mangrove Terrace. Being close to the residual 
and the intermediate terrace, the AT fields occupy a 
very small part (less than 10%) and are the last ones 
used for rice cultivation, if required. Downstream 
runoff and unsustainable water management are the 
reason for the abandonment of these fields, used then 
only for pasture. The AM fields occupy 70—80% of 
the rice cultivation fields, characterized by low rides 
and sometimes limited drainage and water shortage. 
AMs are mostly loamy and clay-loamy soils, flooded 
by runoff and precipitations, and mainly dominated 
by Poaceae species as the Echinochloa colona (¨keu¨ 
in Balanta) and less abundant Cyperus esculentus 
(Cyperaceaes family, miu-miu in Balanta) (Fig.  2c, 
d).

The TM are the preferred fields for farmers due to 
more favorable soil and water management condition 

They occupy just 20% of the total cultivation space 
since they have favorable soil properties due to the 
influence of tides, with sufficient water drainage. 
However, under water shortage conditions, some TMs 
suffer severe problems of salinization (Van Gent and 
Ukkerman 1993). In TMs particular soil conditions 
with very high clay content and salinity intrusion, two 
main plant species were observed: Blutaparon ver-
miculare (Amaranthaceae family) and Sesuvium por-
tulacastrum (Aizoaceae family). Commonly, farmers 
called them by the same name ¨malugreta¨ (Balanta 
local name) (Fig. 2 a, b). In the mangrove terrace—
MT (Fig.  1), we observe the prevailing mangrove 
species of Rhizophora and Avicennia (Van Gent and 
Ukkerman 1993).

Sampling methodology

Soil sampling

During the 2022 and 2023 rice growing seasons, 
respectively a total of 122 and 175 topsoil samples 

Fig. 1   Schematic cross-section of the catena showing the spa-
tial distribution of rice agroecologies in the study area (Cafine 
village, Tombali, Guinea Bissau). Four main agroecologies are 
represented: Nurseries- in the upper part close to the village; 

Associated Terrace (AT)—the first rice fields close to the nurs-
eries; Associated Mangrove (AM) – rainfeed rice fields; Tidal 
Mangrove (TM) – tide influenced rice fields, and Mangrove 
Terrace (MT)—mangrove forests close to the river
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(0–20  cm depth, composite of three replications) 
were collected respectively in Oio region—village 
of Enchugal and Malafu, and Tombali region—vil-
lage of Cafine and Cafale. Sampling was conducted 
at two key phenological stages for rice cultivation: 
(a) at sowing or transplantation, occurring approxi-
mately 2–3  weeks after plowing; and (b) at the 

stage of flowering or grain formation, which typi-
cally occurs 4–6  weeks after transplantation; Both 
periods represent critical phases in the rice growth 
cycle when nutrient demand is high. In both agro-
ecological zones, soil samples were collected using 
a randomized spatial distribution approach (Fig.  1, 
refer to Merkohasanaj et  al. 2025b for more details 

Fig. 2   Main weed species identified in the TM and AM agro-
ecologies. A. Sesuvium portulacastrum (found in TM plots); 
B. Blutaparon vermiculare (also found in TM plots); C. Echi-

nochloa colona (found in AM plots); D. Cyperus esculentus 
(found in AM plots mainly located in the separation edges 
between plots)

Transect 1 
Transect 2 

Fig. 3   (a) Location of the transects for the Cafine vil-
lage (P = plots, Transect 1 length = 550  m, Transect 2 
length = 450  m) and regional location for Tombali – Cafine 

village and Oio- Malafu village in red; (b) design and field 
notes for each plot and two grids (C1 & C2) used as validation 
points; (c) grid designed as a square of 5 by 5 m—July 2023



Plant Soil	

Vol.: (0123456789)

on sampling, storage and analytical methodologies), 
ensuring broad and representative coverage of the 
study areas. The samples were subsequently air-dried, 
sieved, and prepared for shipment in the Soil and 
Water laboratory of Bissau before being transported 
to the Universidad de Granada Soil Laboratory and 
the Instituto Andaluz de Ciencias de la Tierra Sta-
ble Isotope Biogeochemistry Laboratory for further 
analyses.

Weed sampling

For 2022, 54 plant samples were collected in the 
same plots where soil samples were taken and for the 
same sampling periods.

Then for 2023, in order to enhance the accuracy 
of estimating the spatial distribution of the different 
weed species within the plots, we conducted "field 
transects" in two of the four villages (Malafu—Oio 
and Cafine—Tombali) (Fig.  3a). Transects involved 
identifying and collecting all weed species present 
within each plot, while then two grid per plot were 
used to qualitatively define their abundance, density 
and coverage in each plot (Fig.  3b,c). For the iden-
tification of different species, we used the botanical 
guide Flora infestante das culturas de bolanha da 
Guiné-Bissau (Moreira and Martins 2002). In total, 
100 weed species were sampled, stored, codified 
according to the plot and grid number, and then air 
dried and prepared for laboratory analyses.

Particulate Organic Matter (POM) sampling

Using a filtration setup consisting of a 60 mL syringe 
and a 20  mm diameter of silica filter, we collected 
47 filtered water samples during the 2022 campaign. 
The standard procedure involved filtering up to five 
syringes per sample (i.e., a maximum of 300 mL of 
water per sample). After filtration, the filters were 
carefully removed to prevent contamination, air-dried, 

coded, and stored in aluminum foil for preservation 
and further laboratory analysis. In 2025, an additional 
16 filtered water samples were collected from nearby 
river flows and remain water in the rice field chan-
nels, choosing the ones maximum possible near to the 
fields sampled in 2022.

Weed spatial distribution and image processing

A Phantom 4 multispectral drone (Ph-4) was used to 
identify and estimate the distribution and abundance 
of the different weed species, making the identifica-
tion the closer possible to the highest vegetative state 
before farmers work the fields and incorporate the 
plants into the soil for both years (2022 and 2023).

Drone flights (Phantom 4) were planned at 100 m 
height, covering the entire distribution of the selected 
transects (as explained in weed sampling section). 
The drone flights and the field transects took place on 
the same date as the planned in order to capture the 
green vegetation at its peak growth stage, both con-
ducted before farmers plough their fields.

Multispectral images were then processed using 
Agisoft Metashape software (http://​www.​agiso​ft.​com) 
to generate orthorectified images and digital surface 
models (DSM). A complex machine learning process 
was used to calculate with the bands RGB, NIR, Red-
Edge, and different vegetation indexes (Table 1) to get 
a final Random Forest Classification, practically sepa-
rating the green biomass into main classes as: Species 
of Interest (predominant species), Water, Bare Soil, 
and others (other secondary species with very lit-
tle abundance). ​This automatic learning process was 
performed in the Google Colaboratory (https://​colab.​
resea​rch.​google.​com/) programming environment, 
using Python programming language, to avoid com-
putational burdens on local computers. Further image 
acquisition timing, parameterization and classifica-
tion processing are detailed in Annex I.

Table 1   Vegetation indexes used as co-variables

Index Equation Reference

Normalized Difference Vegetation Index (NDVI) (NIR − Red)/(NIR + Red)  Rouse et al. (1974)
Normalized Difference Red Edge (NDRE) (NIR − RedEdge)/(NIR + RedEdge)  Tucker (1979)
Simple Ratio (SR) (NIR/Red)  Jordan (1969)
Soil Adjusted Vegetation Index (SAVI) 1.5 ((NIR − Red)/(NIR + Red + 0.5))  Huete (1988)

http://www.agisoft.com
https://colab.research.google.com/
https://colab.research.google.com/
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Soil, weeds and water analyses

Soil analyses were conducted in the Soil and Agri-
cultural Chemistry Laboratory at Granada University 
(UGR) for pH (in water (pHH2O), Electrical Con-
ductivity (EC) and Redox potential (1:5 soil–water), 
texture with the Bouyoucos method, Organic Matter 
(OM) were measured by dichromate oxidation with 
Tyurin method, P and K by Egner-Richm method and 
Cation Exchange Capacity (CEC) were extracted with 
ammonium acetate and measured by Atomic Absorp-
tion Spectrophotometry. Check Merkohasanaj et  al. 
2025b for used methodologies.

Furthermore, isotope measurements were carried 
out at the Stable Isotope Biogeochemistry Labora-
tory of the Instituto Andaluz de Ciencias de la Tierra 
(CSIC-UGR, Granada), for the soil, plant tissues 
(both leave and stems), and POM (Particulate Organic 
Matter) in water samples (extracted by the filters) was 
analyzed for the isotopic composition of nitrogen and 
carbon by means of a Carlo Elba NC1500 (Milan, 
Italy) elemental analyzer on line with a Delta Plus XP 
(ThermoQuest, Bremen, Germany) mass spectrom-
eter (EA-IRMS). The stable composition is reported 
as δ values per mil:

where R = 13C/12C for δ13C values and R = 15N/14N 
for δ15N.

Commercial CO2 and N2 were used as the internal 
standard for carbon and nitrogen isotopic analyses. 
For carbon 22 internal standard (organic and inor-
ganic material) ranging between −49.44 ‰ to + 28.59 
‰ (V-PDB), contrasted with the IAEA international 
references NBS-28, NBS-29, NBS-20 (carbonates) 
and NBS-22, IAEA-CH-7, IAEA-CH-6 (organic 
material), are used in relation to the isotopic range 
of samples to be analyzed. For this study, 2 internal 
standards of −30.63‰ and −11.65 ‰ (V-PDB) have 
been used. For nitrogen, 9 internal standards (organic 
and inorganic material) ranging between −1.94 ‰ 
to + 16.01 ‰ (AIR), contrasted with the IAEA inter-
national references IAEA-N-1, IAEA-N-2, NO-3, 
USGS32, USGS34 and USGS35. For this study, 2 
internal standards of −1.02‰ and + 16.01 ‰ (AIR) 
have been used.

Precision calculated, after correction of the mass 
spectrometer daily drift, from standards systematically 

� = (Rsample∕Rstandard − 1) ∗ 1000

interspersed in analytical batches was better than ± 0.1‰ 
for δ15N  and δ13C. The standard for reporting carbon 
measurements is V-PDB (Vienna-PDB) and for nitrogen 
measurements is atmospheric nitrogen (AIR).

Statistical analysis

Descriptive statistics (minimum, maximum, mean 
and standard deviation) were calculated for all 
soil and plant variables, including isotopic signa-
tures (δ15N, δ13C), elemental composition (%C, 
%N), and C:N ratios, for both sampling years 
(2022 and 2023). Prior to statistical analyses, data 
distributions and model assumptions were evalu-
ated. Although some variables met the normality 
assumption while others did not according to the 
Shapiro–Wilk test, most deviations from normality 
were relatively smaller. For homogeneity and resid-
ual distribution, Levene’s test indicated that vari-
ances were generally satisfied across groups, and 
sample sizes were relatively balanced. Thus, dif-
ferences between agroecological systems (TM and 
AM), years, and plant functional types (C₃ and C₄) 
were assessed using analysis of variance (ANOVA). 
For soils, two-way ANOVA was applied with agro-
ecology and year as fixed factors. For weed isotopic 
data, one-way ANOVA was used to test differences 
between C₃ and C₄ species, and two-way ANOVA 
was further performed to evaluate the effects of 
agroecology, year, plant type, and their interactions. 
Statistical significance was determined at p < 0.05. 
Relationships among soil and plants variables (%C, 
%N, C:N, δ15N, δ13C) were explored using Sperman 
correlation coefficients, and results were visualized 
through correlation heatmaps.

To investigate multivariate patterns and identify 
the main drivers of variability between soils and 
plants, a principal component analysis (PCA) was 
conducted using standardized variables. The PCA 
biplot was used to visualize clustering according 
to agroecological systems (AM and TM) and plant 
functional types (C₃ and C₄), as well as to interpret 
the contribution of isotopic and elemental variables 
to sample differentiation. All statistical analyses 
and graphical representations were performed using 
Python, with appropriate packages for multivari-
ate analysis and visualization (Scipy, Statesmodels, 
Sklearn, MatPlotLib).
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Results

Soil and weed spatial characterization

Soil agroecological characterization

The results of soil analyses from the three identified 
agroecologies are presented in Table  2. TM soils 
exhibit a better fertility status, particularly in the 
availability of macro-nutrients (N-P-K). High salin-
ity concentrations in these soils are generally not 
problematic since they typically decrease to accept-
able levels for normal plant growth due to sufficient 
precipitation and drainage. In comparison to TM 
soils, AM agroecologies show lower organic matter 
(OM) and carbon (C) pools, measuring 2.8 versus 
2.5 and 1.5 versus 1.3, respectively. However, the 
slightly acidic conditions with mean pH around 6.2, 
sometimes decreasing below 5.5, and lower N-P-K 
levels make AM soils less productive.

Monitoring weed spatial distribution 
and abundance

The results of image classification (Figs.  4 and 5) 
demonstrate a high level of accuracy in identifying 
and classifying primary plant species across both 

small plots and larger areas. The classification out-
puts show clear differentiation between major land 
cover classes, including water, vegetation, and bare 
soil. Furthermore, the classification results confirm 
the feasibility of identifying the three predominant 
species—Blutaparon vermiculare, Sesuvium portu-
lacastrum, and Echinochloa spp.—with an accuracy 
of 70.9% (Fig. 4—Plot 1). In densely vegetated plots 
where Echinochloa spp. is dominant, misclassifica-
tion occurs, particularly with other Poaceae species, 
especially when they share similar phenological 
stages (Fig.  5—Plot 4). The classification accuracy 
for these plots was recorded at 88%. While these 
results are promising, further improvements in the 
classification process, particularly through additional 
validation, are necessary to enhance overall accuracy.

The classification from the first transect done in 
Cafine, which include un area of approximately 10 ha, 
demonstrated that various vegetation indices are 
highly effective in capturing spatial variability across 
the landscape. Notably, the NDVI and SAVI indices 
(Fig.  6a,b) successfully delineated areas with dense 
or vigorous vegetation cover, while also identifying 
zones where undesirable weed growth occurs—pro-
viding farmers with actionable insights for targeted 
weed management. Moreover, the SR index, in con-
junction with true-color imagery (Fig.  6c,d), proved 
reliable in detecting areas with elevated soil moisture 

Table 2   Descriptive statistics of soil samples (n = 174) variables collected in the 2023 essay in the three agroecologies

Sand
(%)

Silt
(%)

Clay
(%)

pH
(1:2.5)

EC
(dS m−1)

OM
(%)

C/N C
(%)

N
(%)

P
(mg kg−1)

K
(mg kg−1)

CEC
(cmol kg−1)

Nurseries (n = 38)
mean 66.9 15.0 17.8 6.7 0.5 2.7 13.5 1.2 0.1 3.5 106.3 6.7
min 60.0 10.0 8.0 5.9 0.3 1.2 11.3 0.6 0.1 0.0 42.6 4.1
max 82.0 20.0 22.0 7.3 2.7 4.1 15.9 2.4 0.2 7.0 252.3 11.3
SD 4.7 5.8 4.4 0.5 0.3 1.8 2.6 1.0 0.08 1.6 184.7 4.7
AM—Associated Mangrove (n = 68)
mean 5.8 35.1 59.1 6.2 0.6 2.8 13.2 1.5 0.1 9.4 310.6 22.3
min 1.0 18.0 42.0 5.2 0.1 1.4 10.9 0.9 0.1 0.0 123.1 12.2
max 15.0 47.0 79.0 7.4 1.6 5.8 15.8 2.7 0.2 47.7 511.7 48.7
SD 7.9 12.0 11.6 0.5 0.3 2.1 2.8 1.2 0.07 8.6 193.2 8.7
TM- Tidal Mangrove (n = 68)
mean 2.0 31.1 66.8 6.8 1.6 2.5 11.5 1.3 0.1 38.7 728.6 25.9
min 0.0 16.0 44.0 6.1 0.2 1.0 8.8 0.7 0.1 0.0 287.8 5.1
max 9.0 48.0 82.0 7.4 5.7 4.3 14.0 2.6 0.3 91.5 1059.1 51.6
SD 10.5 14.0 15.1 0.7 1.5 1.8 2.5 0.8 0.06 22.2 253.5 9.5
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and surface water, as well as zones affected by soil-
related issues such as acidity, salinity, or toxicity — 
areas often appearing as bare patches with distinct 
soil coloration, resulting from ongoing soil minerali-
zation processes. Integrating soil moisture data with 
the spatial distribution of specific weed species fur-
ther enhances understanding of their physiological 
behavior, which is crucial for informing effective and 
site-specific weed management strategies.

Furthermore, plot-level composition derived from 
the UAV classification reinforces the field-based evi-
dence of spatial heterogeneity in spontaneous veg-
etation along the transect (Fig.  1 in Annex II). The 
dominance of ’Echinochloa colona’ in several inter-
mediate prikes, while the higher relative contribution 
of ’Blutaparon vermiculare’ in the first prike reflects 
the influence of tidal mangrove (TM) conditions, 
where salinity-tolerant species are more frequent. 
The increasing contribution of ’Other species’ in the 

upper prikes suggests a transition toward more het-
erogeneous vegetation assemblages, probably associ-
ated with local differences in soil moisture, drainage, 
management history, or proximity to less soil salinity 
conditions of the AM areas. Thus, the UAV classifi-
cation did not only provide a map of dominant veg-
etation classes but also captured within-transect vari-
ation relevant for interpreting weed communities as 
spatial indicators of agroecological conditions.

Plant density effects

Transect field identification revealed a clear spatial 
gradient weed distribution (Fig.  7A). Enchinochloa 
colona predominated in the majority of the plots start-
ing from P3 to the P11, mainly within the AM agro-
ecology, whereas the first plots P1 and P2, located 
in the TM agroecology and more affected by saline 
intrusion, weredominated by salt-tolerant halophytes 

Fig. 4   Plot 1 final classification for two main identified plant species; Ph-4 image taken the 24th July 2023
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species such as the Blutaparon vermiculare and Sesu-
vium portulacastrum. These species thrive in high-
salinity environments—Blutaparon portulacoides 
tolerates hypersaline tidal flat conditions, while 
Sesuvium. portulacastrum grows well in full seawa-
ter (Duarte et al. 2013; Lokhande et al. 2011). Other 
less abundant species communities: Ancanthaces 
Hypophila auriculata (frida), Cyperaceae such as 
Cyperus tenuiculmis (miumiu), Cyperus articularus 
(mampufa), Eleocharis acutangulastopf (mburu), and 
other Poaceae such as Paspalium vaginatium (ncada), 
Paspalium scrobiculatum (nconra) and Acroceras 
amplectens stapf (Ntchobandale) were more frequent 
in the upper plots (P13 and P14) near to the uplands 
ATs (see Fig.  1 to refer to the transect position and 
Fig. 2 for the plant communities).

The validated UAV classification showed clear 
spatial variation in vegetation composition along 
the transect (Fig.  7B). Echinochloa colona was the 

dominant class in several plots, particularly P3, P5, 
and P8, while Blutaparon vermiculare was more 
abundant in P1 and remained present throughout 
the transect. “New Echinochloa colona” was mainly 
associated with lower-numbered plots, whereas 
“Other species” increased in the upper plots, espe-
cially P12 and P14. Overall, the UAV classification 
was consistent with field observations and captured 
the main vegetation patterns across the agroecologi-
cal gradient.

Furthermore, the UAV density classification high-
lights clear differences in vegetation abundance and 
density patterns across the agroecological gradient. 
Plot 1 (TM) shows a greater proportion of medium 
and high vegetation density classes, indicating denser 
and more continuous vegetation cover. In contrast, 
Plot 5 and Plot 8 (AMs) are dominated by bare soil 
and low-density vegetation, reflecting sparser bio-
mass distribution (Fig. 8). These differences suggest 

Fig. 5   Plot 4 final classification for the main identified plant species; Ph-4 image taken on 24th July 2023
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Fig. 6   Overall classification of Transect 1 and surrounding 
fields in Cafine village – July 2023. The red rectangles high-
light areas of very high vegetation density as detected by the 
a) NDVI and b) SAVI indices. The blue and yellow rectangles 

indicate, respectively, zones of bare soil and high water con-
tent, as identified in the c) SR index and d) true-color (RGB) 
image
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Fig. 7   A. Field classes distribution of the main identified spe-
cies in each plot (P1-P14) along the transect 1 (Cafine village); 
P11 was ploughed few days before ploughed by the farmer, 
so weed identification was not possible for this plot B. Class 

composition by plot derived from the UAV-based Random For-
est classification. Bars show the percentage of each classified 
vegetation or surface-cover class within each plot. Note: local 
names are given within brackets

Fig. 8   NDVI-based vegetation density classification across plots along the agroecological gradient, showing denser vegetation in 
Plot P1 (TM) and lower vegetation densities in Plots P5 and P8 (AMs)
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contrasting vegetation productivity and organic mat-
ter inputs between agroecologies, which may partly 
explain the distinct carbon sources and turnover 
dynamics observed in TM and AM systems.

Soil and weeds isotopic signals

Soil isotops

Isotopic analyses of soil N15 signals across agroeco-
logical systems revealed clear differences between 
TM and AM soils. TM soils exhibit broader isotopic 
range, with higher mean δ15N value of approxi-
mately 6.5 and 4 for 2022 and 2023 respectively 
(Fig. 9a,c; Table 3). In contrast, AM soils display a 

narrower isotopic range and lower mean δ15N values 
(2.59 in 2022 and 1.2 in 2023) supporting the signif-
icant effect of agroecology observed with ANOVA 
(Table  4). For δ 13C isotopic, although the overall 
ranges were similar across agroecologies and years 
(−18‰ to −30‰ in 2022 and −17‰ to −28‰ 
in 2023) (Table  3), mean values differed markedly 
between systems. In 2022, TM soils exhibit higher 
less negative δ13C values (−19.6‰) compared to 
AM soils (−25.3‰) (Fig.  9a), indicating distinct 
carbon sources or turnover dynamics between agro-
ecologies. Soil carbon content was slightly higher 
in AM soils across both years. Differences in C/N 
ration were evident in 2022, with AM soils predom-
inantly ranging between 13 and 15, while the major-
ity of TM soils present C/N ratio between 8 and 12 

2022 2022

20232023

Fig. 9   (a) Isotopic δ15N versus δ13C and (b) C/N in relation 
to δ13C for TM (Tidal Mangrove) and AM (Associated Man-
grove) 2022 soil agroecologies (n = 122); (c) isotopic δ15N 

versus δ13C and (d) C/N in relation to δ13C for TM (Tidal 
Mangrove) and AM (Associated Mangrove) 2023 soil agro-
ecologies (n = 174).
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(Fig.  9b). In 2023 however, these differences were 
less pronounced (mean C:N of 11.8 in AM and 10.8 
in TM). The relatively enriched δ13C signatures and 

lower C:N ratios observed in TM soils may reflect 
enhanced turnover and mineralization of organic 
matter associated with greater C4 plant inputs, con-
sistent with previous studies reporting faster decom-
position dynamics of C4-derived residues under 
tropical conditions (Wynn et  al 2020; Amundson 
et  al. 2003). Typically, soils with a moderate C:N 
ratio (between 10–20) are considered optimal for 
microbial activity and balanced nutrient cycling 
(Haney et al. 2012).

Correlation analysis revealed consistent rela-
tionships among soil properties across agroecolo-
gies, particularly a positive association between 
%C and %N, indicating a close coupling between 
carbon and nitrogen dynamics. In contrast, iso-
topic relationships differed between systems, with 
TM soils showing a positive association between 
δ15N and δ13C, unlike the weak negative correla-
tions observed in AM soils and the overall dataset, 
suggesting distinct carbon and nitrogen processing 
pathways between agroecologies. Detailed correla-
tion heatmaps are provided in Annex II.

Weed isotops

The carbon isotopic analysis reveals a clear separation 
between C₃ and C₄ photosynthetic pathways, as evi-
denced by two well defined clusters in the δ13C values 
(Fig.  10a). Values ofδ13C range from approximately 
−35‰ to −10‰, with C₃ species characterized by 

Table 3   Descriptive statistics for 122 (TM and AM) soils 
sampled during the field campaign of 2022 and 174 sampled 
during 2023

Desc
Statistics

d15N ‰ d13C ‰ C/N %N %C

TM – 2022
Mean 6.55 −22.74 11.43 0.15 1.31
Max 13.12 −19.04 15.63 0.28 2.58
Min −1.56 −27.82 8.80 0.10 0.72
SD 1.4 2.0 1.5 0.04 0.46
AM – 2022
Mean 2.59 −22.46 13.22 0.14 1.44
Max 7.27 −18.51 15.82 0.20 2.68
Min −2.06 −27.02 10.94 0.06 0.56
SD 1.5 2.24 1.3 0.03 0.39
TM – 2023
Mean 4.02 −23.23 10.8 0.17 1.29
Max 7.88 −19.15 18.0 0.33 2.46
Min −6.40 −28.32 6.17 0.09 0.69
SD 2.5 2.17 2.18 0.04 0.32
AM – 2023
Mean 1.24 −22.02 11.82 0.18 1.47
Max 9.55 −17.52 16.05 0.30 2.66
Min −5.36 −27.68 7.18 0.07 0.70
SD 2.35 2.48 2.1 0.04 0.40

Table 4   The ANOVA 
agroecology, year, and their 
interaction as explanatory 
factors

n AM = 151; n TM = 145.

Variable Factor sum_sq df F p_value

% N "Aroecology" 0.000 1 0.096 0.7573
% N "Year" 0.019 1 9.822 0.0019**
% N "Aroecology" + "Year" 0.000 1 0.031 0.8613
% C "Aroecology" 1.860 1 13.262 0.0003***
% C "Year" 0.032 1 0.228 0.6332
% C "Aroecology" + "Year" 0.000 1 0.002 0.9668
C/N "Aroecology" 138.858 1 32.624 0.0000***
C/N "Year" 18.526 1 4.353 0.0378*
C/N "Aroecology" + "Year" 0.029 1 0.007 0.9337
d15N ‰ "Aroecology" 726.061 1 137.541 0.0000***
d15N ‰ "Year" 50.935 1 9.649 0.0021**
d15N ‰ "Aroecology" + "Year" 8.272 1 1.567 0.2116
d13C ‰ "Aroecology" 48.878 1 9.243 0.0026**
d13C ‰ "Year" 0.247 1 0.047 0.8291
d13C ‰ "Aroecology" + "Year" 6.013 1 1.137 0.2871
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C4: Echinochloa
       Blutaparon

C3: Sesuvium 
        Rice

    

C4: Echinochloa
       Blutaparon

                                            C3: Sesuvium 
                                                           Rice

    

Fig. 10   (a) Isotopic δ13C vs δ15N; (b) C to N in %; (c) isotopic δ13C and C/N ration and (d); isotopic δ15N and C/N ration for all 
sampled species (n = 154) from sampling 2022 and transect campaign July 2023

Table 5   One-way Anova and descriptive statistics for C3 versus C4 weed species, for the field campaign 2022–2023 (n = 154)

Variable Mean C4 Max C4 Mean C4 SD C4 Mean C3 Max C3 Min C3 SD C3 F_ANOVA p_value

% N 1.54 3.94 0.60 0.66 2.17 5.46 0.30 1.05 19.25 2.13E−05***
% C 37.84 44.64 29.51 3.96 36.69 48.73 17.08 5.58 2.11 0.1483
C:N 38.37 88.97 11.70 17.29 27.86 99.18 9.20 16.90 14.52 0.0002**
d15N ‰ 3.13 10.37 −8.54 3.66 3.45 13.04 −8.29 3.61 0.28 0.5962
d13C ‰ −12.88 −10.57 −15.14 1.98 −29.30 −23.28 −33.26 2.55 1958.66 9.79E−89***
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more negative δ13C values (mean: −29.3‰, Table 5) 
and C₄ species by less negative δ13C values (mean: 
−12.8‰) consist with the established literature 
(Bender 1971; Smith and Epstein 1971) (Fig.  10c, 
Table  5). This separation is highly significant, as 
confirmed by the one-way ANOVA (F = 1958.66, 
p < 0.001).

In contrast, the δ15N values show a broad and 
overlapping range for both groups (C₄: −8.54‰ to 
10.37‰; C₃: −8.29‰ to 13.04‰), with similar 
mean values (C4: 3.52‰, C3:3.05‰). The ANOVA 
indicates no significant difference between groups 
(F = 0.28, p = 0.596), suggesting comparable nitrogen 
sources or cycling processes.

Elementary composition reveals clear differences. 
Nitrogen content (%N) is significantly higher in C₃ 
plants (mean: 2.17%) than in C₄ (mean: 1.54%) as 
supported by the Anova results (F = 19.25, p < 0.001). 
Conversely, carbon content (% C) does not differ 
between groups (C₃ mean: 36.69% and C₄ mean: 
37.84%, F = 2.11, p = 0.148), although C₃ plants show 
greater variability (ranging from 17.08% to 48.73%).

The C:N is significantly higher in C₄ plants 
(mean: 38.71) compared to C₃ plants (mean: 27.37) 
(Fig.  10c,d; Table  6), indicating lower nitrogen 

content and potentially more lignified or structurally 
complex tissues in C₄ biomass. This pattern is con-
sistent with the observed lower %N in C4 species.

Overall, these results highlight distinct physiologi-
cal and biochemical traits between C₃ and C₄ weeds. 
While δ13C effectively separates the two functional 
groups, differences in %N and C:N ratio further sug-
gest contrasting nutrient use strategies and potential 
implications for soil organic matter quality and nutri-
ent cycling in the agroecosystem. However, δ15N val-
ues do not differ significantly, indicating similar nitro-
gen dynamics across both plant types.

The ANOVA analysis (Table  6) indicates that 
plant isotopic and elemental composition is primarily 
controlled by plant type, with additional but weaker 
effects of year and limited influence of agroecology. 
Plant type had a highly significant effect on δ13C, %N, 
and C:N ratio, confirming strong physiological differ-
ences between C₃ and C₄ species. Year also showed 
significant effects on %N and C:N ratio, suggesting 
some interannual variability in nutrient dynamics. In 
contrast, agroecology did not exert a significant effect 
on any variable when considered alone. For δ15N, no 
main factor was significant; however, a significant 
interaction between agroecology and plant type was 

Table 6   Two-way Anova 
for plant variables with 
agroecology, year, plant 
type, and their interaction 
as explanatory factors

Variable Factor sum_sq df F p_value

% N "Aroecology" 4.229 1 2.899961 0.090
% N "Year" 3.085 1 4.231768 0.041*
% N "Plant Type" 11.609 1 15.91927 0.0001***
% N "Aroecology" + "Plant Type" 3.531 1 2.421549 0.092
% C "Aroecology" 114.863 1 2.433489 0.0912
% C "Year" 9.713 1 0.411 0.522
% C "Plant Type" 63.701 1 2.699 0.102
% C "Aroecology" + "Plant Type" 15.33 1 0.324 0.723
C:N "Aroecology" 694.006 1 1.279 0.281
C:N "Year" 1243.002 1 4.583 0.033*
C:N "Plant Type" 3089.924 1 11.394 0.0009***
C:N "Aroecology" + "Plant Type" 1182.378 1 2.180 0.116
d15N ‰ "Aroecology" 58.263 1 2.431 0.091
d15N ‰ "Year" 19.943 1 1.664 0.199
d15N ‰ "Plant Type" 4,265 1 0,355 0.551
d15N ‰ "Aroecology" + "Plant Type" 172.692 1 7.205 0.0010**
d13C ‰ "Aroecology" 20.515 1 2.027 0.135
d13C ‰ "Year" 2.475 1 0.489 0.485
d13C ‰ "Plant Type" 9846.569 1 1946.118 4.75E-87***

d13C ‰ "Aroecology" + "Plant Type" 29.754 1 2.940 0.055



	 Plant Soil

Vol:. (1234567890)

detected, indicating that nitrogen isotopic composi-
tion is influenced by the combined effect of environ-
mental conditions and plant functional group. Over-
all, these results highlight plant type as the dominant 
driver, with secondary temporal effects and context-
dependent interactions for nitrogen dynamics.

Plant correlation analysis revealed consistent rela-
tionships between elemental composition and isotopic 
variables across agroecologies. In both TM and AM 
systems, %N was strongly negatively correlated with 
the C:N ratio, while δ15N showed a moderate posi-
tive association with %N, particularly in AM plants. 
In contrast, δ13C relationships differed between agro-
ecologies, with TM plants exhibiting stronger asso-
ciations with C:N ratio and %N, suggesting clearer 
physiological differentiation between C₃ and C₄ func-
tional groups under TM conditions. Detailed correla-
tion heatmaps are provided in Fig. 3, Annex II.

The main identified weed species also displayed 
distinct isotopic signatures (Fig.  11). Echinochloa 
colona and Blutaparon vermiculare display consistent 
δ15N values while Sesuvium portulacastrum exhib-
ited more depleted δ13C values and grater δ15N vari-
ability, indicating differences in nitrogen uptake and 
environmental adaptation. However, Sesuvium por-
tulacastrum cannot be considered C3 plants sensu 
stricto, although they obtain CO2 principally via the 
C3 pathway (Winter et  al. 2019). Consequently, this 
homogeneous and very negative values indicate that 

water stress is not present, clearly indicating its C₃ 
photosynthetic pathway. Rice, used as a reference 
crop, also plots within the C₃ range with δ13C val-
ues around −29‰ to −31‰ and δ15N values from 
approximately 2‰ to 11‰, overlapping partially 
with Sesuvium.

Consistent with these observations, soil organic 
matter from both TM and AM sites show a dominant 
C3 isotopic signature (Fig.  9), suggesting a strong 
contribution from C₃ plant residues, most likely from 
the incorporation of rice straw and Sesovium (espe-
cially in the TMs) into the soil. As rice is a C₃ crop, 
its post-harvest biomass inputs—such as root residues 
and surface-applied straw—likely represent a major 
source of organic carbon, influencing the δ13C signa-
ture of the soil.

Interaction soil, weeds and water

The principal component analysis (PCA) biplot 
revealed a clear separation between soil and plant 
samples across the two agroecological systems (AM 
and TM), as well as between plant functional types 
(C3 and C4). This differentiation is primarily struc-
tured along the first two principal components, 
with PC1 explaining 44.8% and PC2 accounting for 
26.7% of the total variance (Fig.  12A). The separa-
tion between soil and plant clusters is mainly driven 
by PC2, where the strongest loadings correspond to 

Fig. 11   Main weed species 
δ13C to δ15N isotopic distri-
bution (n = 85)
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δ15N (− 0.63) and δ13C (0.49), with a smaller con-
tribution from the C:N ratio (0.39). This indicates 
that isotopic signatures, particularly δ15N and δ13C, 
are the most robust variables distinguishing the ori-
gin and processing of organic matter in soils versus 
plants. In contrast, PC1 is largely associated with 
bulk elemental composition, with high positive load-
ings for %C (0.65), %N (0.52), and C:N ratio (0.51). 

This suggests that carbon and nitrogen pools are 
closely linked across both soils and plants, reflecting 
shared biogeochemical controls and nutrient cycling 
processes within the system. The orientation of vec-
tors further suggests that plant samples are more 
strongly associated with higher %C and %N variabil-
ity, while soil samples are more influenced by iso-
topic composition, reinforcing the role of isotopic 

Fig. 12   Principal component analysis (PCA) biplots illustrat-
ing the relationship between soil and plant variables; A. Com-
bined PCA for both agroecological systems (AM and TM); B. 

PCA biplot for soils and associated plant species in the TM 
agroecology; C. PCA biplot for soils and associated plant spe-
cies in the AM agroecology
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tracers in distinguishing organic matter sources and 
transformations.

When the PCA was performed separately for 
each agroecological system, distinct patterns 
emerged between TM and AM. In the TM agro-
ecology (Fig. 12B), plant functional types (C3 and 
C4) showed a clearer separation along PC2, mainly 
associated with δ13C, %N, and C:N ratio, indicat-
ing stronger isotopic differentiation and nutrient-use 
contrasts between vegetation groups. In contrast, 
the AM agroecology (Fig.  12C) displayed greater 
overlap between C3 and C4 plants, with %C and 
C:N ratio contributing more strongly to sample dis-
tribution, suggesting a more mixed organic matter 
signature and less distinct functional separation.

Furthermore, isotopic linkage between soil, plant 
and water samples from AM and TM agroecological 

systems revealed that soil isotopic signatures fall 
within the characteristic carbon (C) and nitrogen (N) 
isotopic ranges of C3 and C4 plants (Fig. 13). How-
ever, the soils fall mostly within the C3 range, sug-
gesting dominant organic matter input from C3 veg-
etation, which is in agreement with anthropogenic 
induction (introduction of crops) and use of irriga-
tion, factors (even in this agroecologies the irrigation 
term means only rainfed water management system) 
that have both favored C3 photosynthesis pathways.

Most water samples show δ13C values closely 
aligned with those of C3 plant-derived organic mat-
ter, suggesting a substantial contribution of particu-
late organic matter (POM) from surrounding ter-
restrial vegetation. An additional contribution likely 
originates from in  situ primary production within 
the aquatic system (e.g., algae and phytoplankton). 

Fig. 13   Nitrogen δ15N and Carbon δ13C isotopic signatures in 
soils (red), plants (green), and POM- (blue), including overall 
samples for 2022 and 2023. Note: The δ15N values for water 
samples are approximated for visualization purposes, as all 

measured values were recorded as 0‰. This adjustment was 
made to allow for consistent and comparative representation 
across all sample types



Plant Soil	

Vol.: (0123456789)

However, plant decomposition alone may not fully 
account for the composition of organic matter in the 
soil–water interface. Notably, the δ13C values of water 
samples display a wide range, indicative of complex 
hydrological mixing and temporal variability. For 
instance, water collected during the 2022 wet season 
exhibited more negative δ13C values (mean: −27‰), 
while samples from the 2025 dry season were com-
paratively less negative (mean: −23‰). Although 
C4 plants are abundant in the active mangrove (AM) 
fields and were expected to significantly influence 
the isotopic signals, their impact appears diminished. 
This can be explained by findings from Wynn and 
Bird (2007), which show that C4-derived soil organic 
carbon (SOC) decomposes more than twice as fast as 
C3-derived SOC in mixed C3/C4 systems. Such rapid 
turnover likely contributes to the more dynamic and 
transient presence of C4 signals in both soil and water. 
Overall, the isotopic composition of water reflects an 
integration of plant-derived organic inputs and micro-
bial activity, emphasizing the interconnectedness of 
hydrology and nutrient cycling within the ecosystem.

Discussion

Extensive and continuous fieldwork with the local 
farmers between 2021 and 2023 revealed marked 
spatial variations in soil processes, nutrient dynam-
ics, and vegetation composition across the main 
agroecological systems (Merkohasanaj et  al. 
2025a,b; Garbanzo et  al. 2024, 2025). These find-
ings underline the strong ecological heterogeneity 
of the mangrove swamp rice production (MSRP) 
system in Guinea Bissau and reinforce the need 
for localized and adaptive management strategies 
(Temudo and Santos 2017).

One of the central observations relates to the 
influence of soil physical properties particularly soil 
texture and water retention capacity, on decompo-
sition rates, microbial biomass and nutrient min-
eralization. Fine-textured soils generally contain 
higher proportions of C and N in microbial biomass 
but exhibit lower mineralization rates per unit of 
biomass compared to coarse-textured soils (Has-
sink 1994). Recent studies further demonstrate that 
water availability and soil properties act as major 
environmental filters shaping microbial communi-
ties in agroecosystems (Onoszko et al. 2025). These 

findings highlight the complex interactions between 
soil properties, hydrological regime, organic inputs, 
and microbial processes in controlling nutrient 
cycling and organic matter turnover.

In natural low-latitude environments, forested areas 
are typically dominated by plants using the C₃ pho-
tosynthetic pathway, while open grasslands are often 
characterized by C₄ species, such as Poaceae grasses, 
resulting in more enriched δ13C values in both veg-
etation and soil organic matter (Bender 1971; Cerling 
1984; Peterson and Fry 1987). However, the man-
grove rice production systems studied here in Guinea-
Bissau present a markedly different pattern due to 
long-term anthropogenic influence. The systematic 
introduction of rice—a C₃ crop—together with long-
term water management practices, has progressively 
shifted the isotopic composition of soils and waters 
toward more depleted δ13C values, characteristic of C₃ 
photosynthesis (Table 3, Figs. 9 and 13).

This dominant C₃ isotopic signal in soil organic 
matter (−17.52‰ to −28.32‰ vs V-PDB) persist 
even in fields where C₄ grasses such as Echinochloa 
colona remain visually abundant.

This pattern likely reflected both the contribution 
of C₃—derived residues (e.g., rice straw, Sesuvium 
spp.) and the faster turnover of C₄-derived organic 
matter, as previously reported in tropical mixed C₃/
C₄ systems (Wynn and Bird 2007). The relatively 
enriched δ13C signatures and lower C ratios observed 
in TM soils may therefore indicate enhanced organic 
matter turnover associated with greater C₄-derived 
inputs. However, these interpretations remain indirect 
proxies rather than direct measurements of decompo-
sition rates, which would require approaches such as 
biomass decomposition experiments, soil respiration 
measurements, or carbon mineralization assays.

Isotopic analysis of particulate organic matter 
(POM) in water samples further supports the predom-
inance of C₃-derived organic matter. Most waterborne 
organic matter shows δ13C values consistent with ter-
restrial C₃ vegetation, indicating a dominant contribu-
tion from plant residues rather than aquatic primary 
producers. Seasonal differences in δ13C values sug-
gest that temporal dynamics -such as rainfall, flood-
ing, and decomposition stage influence organic matter 
composition at the soil–water interface. For instance, 
more negative δ13C values were observed during the 
wet season (−27‰), likely due to increased input of 
fresh C₃ detritus from rice and weeds.



	 Plant Soil

Vol:. (1234567890)

From an ecological perspective, these findings 
demonstrate the effectiveness of stable isotope analy-
sis as a tool to trace changes in land use and water 
management in traditional agroecosystems. The pre-
dominance of C₃-derived organic matter reflects the 
cumulative effect of anthropogenic pressure and 
adaptive agricultural practices, including crop selec-
tion and water regulation. These signals are especially 
valuable for understanding nutrient cycling and soil 
fertility dynamics in low –input systems where exter-
nal amendments are largely absent.

The isotopic composition of nitrogen (δ15N) in 
soils and weeds across the AM and TM agro-ecol-
ogies revealed meaningful differences in nitrogen 
cycling and availability (Table 3, Fig. 13). TM soils 
displayed higher and broader δ15N values compared 
to AM soils, suggesting greater nitrogen mineraliza-
tion and microbial activity in TM fields, potentially 
associated with improved aeration and drainage con-
ditions (Amundson et al. 2003; Hassink 1994).

In contrast, the lower and narrower δ15N values 
observed in AM soils are consistent with more con-
servative nitrogen cycling under wetter and less oxy-
genated conditions (Högberg 1997). Plant δ15N values 
also varied among weed species and functional groups, 
although no significant differences were detected 
between C₃ and C₄ plants, suggesting broadly similar 
nitrogen cycling pathways across vegetation types.

The broad δ15N range in both soils and vegeta-
tion (from approx. −6‰ to + 13‰) further supports 
the presence of mixed nitrogen sources and complex 
biogeochemical processes, influenced by soil type, 
water management, and vegetation dynamics. These 
values also reflect low external N input, aligning with 
the traditional, low-input character of mangrove rice 
systems (Amundson et al. 2003; Craine et al. 2009).

Moreover, the integration of drone-based weed mon-
itoring with isotopic data offers promising avenues for 
mapping bio-indicator species and predicting zones of 
differential nutrient turnover and evaluating spatial vari-
ability across agroecological systems. The context-spe-
cific nature of spontaneous vegetation as a bio-indicator 
was evidenced by the clear separation between TM and 
AM agroecologies, driven by differences in water avail-
ability, salinity, slope, and related soil conditions. For 
example, the predominance of halophytic species such 
as Blutaparon vermiculare in TM plots contrasted with 
the greater abundance of Echinochloa colona and more 
heterogeneous vegetation assemblages in intermediate 

and upper AM plots, reflecting localized hydrological 
and edaphic gradients. This variability was observed 
both within individual transects and between village, 
where the Cafine transects supported different plant 
communities compared to those observed in Malafu. 
Together thisfindings highlight the potential of UAV-
based approaches for future large-scale ecological 
assessment and monitoring.

Future research should investigate the influence of 
other potential contributors—such as riverine input, 
precipitation, and surface runoff—on the isotopic com-
position of soils and aquatic organic matter. In parallel, 
seasonal monitoring could clarify whether isotopic sig-
nals from C₄ species persist or fluctuate across varying 
hydrological and management conditions.

Advancing weed identification and functional 
classification will depend not only on strengthened 
taxonomic frameworks but also on the systematic 
integration of farmers’ locally grounded knowledge. 
Through long-term social interactions, shared prac-
tices, and experiential learning, farmers develop a 
nuanced understanding of weed behavior, competitive 
relationships, and context-specific management strate-
gies. Recent studies by Leunda et al. (2024) highlight 
how such socially embedded knowledge systems play 
a central role in shaping adaptive agricultural prac-
tices and decision-making processes. When combined 
with scientific evidence, this co-produced knowledge 
can help bridge critical gaps, enhance ecological rel-
evance, and foster more effective, community-driven 
innovation in agroecosystem management.

Conclusions

This study highlights the strong influence of long-
term management and hydrological regulation on the 
isotopic composition of soils, vegetation and waters 
in mangrove rice systems of Guinea-Bissau. The pre-
dominance of δ13C values characteristic of C₃ plants 
in soil and particulate organic matter reflects the 
cumulative effects of rice cultivation and irrigation 
practices, which have favored C₃ vegetation over nat-
urally occurring C₄ grasses. These isotopic patterns 
offer valuable insights into organic matter turnover, 
nutrient cycling, and the ecological legacy of low-
input rice production systems.

Differences in δ15Nsignatures between TM and AM 
agroecologies further indicate contrasting nitrogen 
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cycling dynamics, with TM soils showing evidence of 
enhanced mineralization and microbial processing, while 
AM systems reflect more conservative nitrogen turnover 
under wetter conditions. Together, these findings high-
light the importance of hydrology, vegetation composi-
tion, and soil properties in structuring biogeochemical 
processes across mangrove rice agroecosystems.

The integration of stable isotope analysis with 
UAV-based vegetation monitoring proved effective 
for identifying spatial patterns in weed communities, 
vegetation density, and agroecological variability. 
UAV classification showed high accuracy in distin-
guishing dominant plant communities and revealed 
clear differences in vegetation structure between TM 
and AM systems. These combined approaches offer 
promising opportunities for ecological monitoring, 
bioindicator identification, and site-specific manage-
ment in traditional low-input farming systems.

Building upon the results of this study, several 
avenues for future research and development can be 
proposed to improve both scientific understanding and 
local management practices in mangrove rice systems:

•	 Characterize the fertility potential of individual 
rice plots using bioindicators by field experimen-
tation of high fertile plots versus low fertile plots. 
This would enable more targeted soil management 
strategies based on specific vegetation dynamics.

•	 Develop and test decision-support tools for farm-
ers, aimed at optimizing the management of both 
beneficial and competitive weed species. Inte-
grating local ecological knowledge with modern 
monitoring techniques may empower smallhold-
ers to enhance crop productivity and resilience.

•	 Refine isotopic techniques and drone-based clas-
sification methods to enhance the spatial resolu-
tion and accuracy will allow better tracking of 
nutrient cycling processes over time and space.

These objectives are key to reinforcing sustainable 
agricultural practices in low-input systems, particu-
larly under climate and socio-economic pressures. 
Advancing these lines of research will contribute to 
both agroecological conservation and the food secu-
rity of coastal communities in Guinea-Bissau. There-
fore, fully integrating these methods into a coherent, 
farmer-centered strategy remains essential to develop 
practical, scalable solutions rooted in both scientific 
evidence and local knowledge.
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