Espejo et al. Discover Life

(2026) 56:22

Discover Life

https://doi.org/10.1007/s11084-026-09742-8

RESEARCH Open Access

Biochar enhances the use efficiency of guano

Check for
updates

deisla and could boost profitability and food
security for smallholders in the global south

Sandro Esteban Lukuy Espejo’, Roberto Carlos Cosme De La Cruz?, Ursula Loret de Mola Ledn',
Jean Luc Martin Carruitero', Carlos Zavalaga3 and Brenton Ladd"

*Correspondence:
Brenton Ladd
bladd@cientifica.edu.pe

School of Environmental Sciences,
Universidad Cientifica del Sur, Lima,

Peru

?Instituto Nacional de Innovacion
Agraria — INIA, Lima, Peru

*Unidad de Investigacién en
Ecologia y Conservacién de Aves
Marinas, Universidad Cientifica del
Sur, Lima, Peru

@ Discover

Abstract
Guano de isla (seabird guano) is a strategic organic fertilizer in Peru, reserved
primarily for economically vulnerable smallholder farmers. However, its availability
is declining due to ecological pressures on seabird populations, creating an urgent
need to improve its use efficiency. This study tested the hypothesis that biochar can
enhance the nutrient use efficiency of guano de isla, allowing reduced application
rates without compromising yield or profitability. A randomized complete block
experiment (n=10 replicates per treatment) was conducted in sandy soil in Lurin,
Peru, to evaluate lettuce (Lactuca sativa) yield under eight fertilization treatments,
including inorganic fertilizer (NPK), guano de isla (400 kg ha™'), biochar (3 t ha™"), and
combinations thereof. The biochar +guano de isla (BG) treatment applied 200 kg ha™'
of guano de isla (50% of the standard rate). Economic viability was assessed using
the value/cost ratio (VCR) under conventional and organic market scenarios, with
and without carbon credits. The highest lettuce yields were obtained in the full-
rate guano de isla (G) and biochar+guano de isla (BG) treatments, representing
a 40% increase compared to the control. Importantly, the BG treatment achieved
statistically equivalent yields to the full-rate guano de isla treatment while using 50%
less guano de isla. Under conventional market conditions, all treatments resulted in
VCR values < 1. However, under organic market conditions, the G, BG, and biochar
treatments exceeded the profitability threshold (VCR> 2), with the BG treatment
reaching a maximum VCR of 12.9 when carbon credits were included. These findings
demonstrate that biochar can significantly enhance the use efficiency of guano de
isla in sandy soils, allowing reduced application rates while maintaining productivity.
Integrating biochar with guano de isla could help conserve a strategic national
fertilizer resource, improve farm profitability, and strengthen food security for
smallholder farmers in the Global South.
Highlights

- Biochar significantly increases the use of efficiency of guano de isla, a strategic

organic resource reserved for economically vulnerable farmers in Peru.
+ By combining guano de isla with biochar, it is possible to reduce the application
rate of guano de isla by 50% without compromising yield or food security.
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Alternatively, biochar could be used to double the effective supply of guano de
Isla in Peru.

Keywords Small holder farming, Guano de isla, Biochar, Fertilizer use efficiency, Value/
cost ratio

1 Introduction

Biochar is a promising amendment for enhancing the nutrient use efficiency of organic
fertilizers such as guano de isla. Its highly porous structure, large specific surface area,
and variable surface charge contribute to substantial increases in soil cation exchange
capacity (CEC), thereby improving the retention of ammonium (NH,*), potassium (K*),
calcium (Ca*"), and other nutrient cations that are prone to leaching [11, 20, 32]. Several
recent reviews have emphasized the growing importance of biochar as a multifunctional
amendment capable of improving soil fertility, nutrient retention, and crop productiv-
ity in sustainable agricultural systems [1, 6, 51]. Biochar surfaces also contain functional
groups capable of adsorbing both organic and inorganic nitrogen forms, moderating
nutrient release dynamics and reducing losses through leaching and volatilization [18,
31]. These processes are particularly relevant in sandy soils, which are typically charac-
terized by low organic matter content, low CEC, and high permeability, conditions that
promote rapid nutrient loss and reduce fertilizer use efficiency [9, 35].

Beyond its chemical sorption properties, biochar improves soil physical structure
by enhancing aggregation and increasing water-holding capacity, which can mitigate
drought stress and facilitate sustained nutrient uptake [2, 33]. Additionally, biochar
provides microhabitats that support beneficial soil microbial communities involved in
nitrogen mineralization, nitrification, and nutrient cycling [32, 55]. Biochar has also
demonstrated considerable potential for remediating agricultural soils contaminated
with emerging pollutants and improving long-term soil ecological functioning [24, 49].
Meta-analyses indicate that these combined physical, chemical, and biological mecha-
nisms frequently translate into increased crop yield and improved nutrient use efficiency
when biochar is integrated with organic or mineral fertilizers [11, 26, 27]. Collectively,
these mechanisms suggest that integrating biochar with guano de isla could reduce
nutrient losses, enhance fertilizer use efficiency, and sustain crop productivity even at
reduced application rates, particularly in sandy soils vulnerable to nutrient depletion.

Global food security increasingly depends on sustainable intensification strategies
capable of maintaining productivity while reducing environmental degradation [21].
This challenge is particularly important for smallholder farmers in economically vulner-
able regions who are highly exposed to climate variability and environmental shocks [23,
38, 54]. In Peru and other countries of the Global South, organic fertilization strategies
are especially relevant because rising fertilizer prices continue to threaten agricultural
profitability and food production systems [8, 48, 52].

Historically, guano de isla has been recognized as one of the most valuable natural fer-
tilizers due to its exceptionally high nutrient concentration and strategic role in Peruvian
agriculture [13, 19, 45]. The economic and social importance of guano de isla remains
substantial for Peru’s agricultural sector, particularly for smallholder farmers who
depend on subsidized access to this resource through national agricultural programs [3],
36). However, the dramatic decline in seabird populations caused by avian influenza out-
breaks and climatic disturbances now threatens long-term guano availability [12, 16, 22].
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Sandy soils were selected for this study because they represent a highly vulnerable
and agronomically challenging soil type, particularly in arid coastal regions such as the
pacific coast of Peru. These soils are typically characterized by low organic matter con-
tent, low cation exchange capacity (CEC), and high hydraulic conductivity, conditions
that promote rapid nutrient leaching and reduce fertilizer use efficiency [14, 20]. Simi-
lar benefits of biochar amendments in Mediterranean and semi-arid ecosystems have
been previously documented by Alonso-Gémez et al. [7]. Nitrogen, especially in nitrate
form, is highly mobile in coarse-textured soils and is therefore prone to leaching beyond
the root zone, resulting in reduced crop uptake efficiency and increased economic losses
[11, 15, 18]. In addition, the limited water-holding capacity of sandy soils can constrain
root development and nutrient acquisition under water-limited conditions [14]. Evalu-
ating the integration of biochar with guano de isla under these conditions provides a
stringent test of whether biochar can enhance nutrient retention and improve fertilizer
efficiency in soils where nutrient losses are expected to be greatest. Demonstrating effec-
tiveness in sandy soils therefore strengthens the practical relevance of this strategy for
smallholder farming systems in arid and semi-arid regions Fig. 1.

2 Materials and methods

2.1 Study area

The experiment was conducted in Lurin, Lima, between January and February 2025. The
climate is hyper arid, and soils are sandy. The warmest months are December to April,
when average temperature is 24—26 °C. Monthly precipitation does not exceed 5 mm per
month and is often closer to zero ([46].

2.2 Experimental design

Eight experimental treatments were established using a randomized complete block
design, each replicated ten times (Fig. 2). Each experimental replicate contained six let-
tuce plants (Lactuca sativa) spaced 55 cm apart. The lettuce seedlings were transplanted
into the experimental plot two weeks after sowing in cultivation trays. Irrigation was
applied every four days, and weed control was performed during the third week follow-
ing crop establishment. Harvest took place in the fifth week, during which the foliar

Fig. 1 A) Bags of guano de isla ready for distribution, B) Overview of a guano de isla Island, C) Workers harvesting
guano de isla



Espejo et al. Discover Life (2026) 56:22 Page 4 of 12

BEVAIR <%

Fig. 2 A) Overview of the experiment field in early January 2025 immediately after the beginning of the ex-
periment, and B) Overview of the experiment in late January 2025 just prior to harvest and completion of the
experiment

portion of the plants (the commercially valuable portion of the plant) was collected and
weighed to determine yield. The treatments were:

Control (C): No fertilizer

Chemical fertilizer (NPK): Inorganic NPC (20-20-20)
Guano de isla (GQ)

Biochar (BCH)

Biomax (BMX): A microbiological soil amendment
Biochar + Biomax (BB)

Biochar + Guano de isla (BG)

Biochar + Biomax + Guano de isla (BBQG)

® N oG W=

Each experimental replicate was established in a furrow established using 54 kg of com-
post (Figs. 2 and 3) supplied by the municipality of Lurin. Fertilizer application rates for
each treatment are detailed in Table 1.

The Chemical Fertilizer, and Biomax, were purchased from the local market, while
Biochar was obtained from a local biochar producer (www.inkannegro.com) and Guano
de Isla was provided by the government institution AgroRural.

The biochar used in this study was produced from municipal green waste. The feed-
stock consisted primarily of woody pruning residues from urban trees and park mainte-
nance, including eucalyptus (Eucalyptus spp.) and other mixed hardwood species. The
chemical properties of the biochar are described in Table 2

The biochar was applied at the rates specified in Table 1 and mixed uniformly into the
topsoil of each treatment plot.

2.3 Economic analysis
To assess economic viability of the experimental treatments, the value/cost ratio (VCR)
was calculated using the methodology of Roy et al. [44] and Kihara et al. [29]:

(yield of amended soil [kg] — yield of control [kg]) * price of lettuce (kg)

VR = Cost of applied amended (per kilogramo)
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Fig. 3 Distribution of fertilizers combinations by plot for the cultivation of lettuce (Lactuca sativa). Color codes: red
- Control (C); light blue — Biochar (BCH); green — Biomax (BMX); yellow — Guano de isla (G); gray — Inorganic fertilizer
(NPK); white — Biochar and Biomax (BB); orange — Biochar and Guano de isla (BG); dark blue - Biochar, Biomax, and
Guano de isla (BBG)

Table 1 Fertilizer dose for each treatment in the randomized complete block experiment. Biomax is
a microbiological soil amendment proposed to increase nutrient cycling

Treatment Dose

NPK (20-20-20) Biochar Biomax Guano deisla
Control (C)
Chemical fertilizer (NPK) 100 kg/ha
Guano deisla (G) 400 kg/ha
Biochar (BCH) 3tn/ha
Biomax (BMX) 500 kg/ha
Biochar + Biomax (BB) 1tn/ha 500 kg/ha
Biochar + Guano de isla (BG) 1tn/ha 200 kg/ha
Biochar +Biomax + Guano de isla (BBG) 1tn/ha 500 kg/ha 200 kg/ha

A VCR<1 indicates a financial loss, a VCR between 1 and 2 indicates a net return where
costs are recovered, and a VCR >2 indicates that the investment is fully recovered with
at least 100% return.

Four scenarios were considered to evaluate profitability, considering conventional
vs. organic markets based on local market prices and the potential for carbon credits
to defray the costs of producing biochar (Table 2). Treatments including Biomax were
excluded from this analysis as they showed no significant impact on yield.

For the prices of biochar and NPK fertilizers, the local market was used as the refer-
ence. In the case of Guano de Isla, the reference price corresponded to the rate at which

the state supplies it to small-scale farmers (Table 3) [4].
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Table 2 Selected physicochemical properties of the biochar used in the experiment

Property Value

pH 9.67
Electrical conductivity 721dSm1
Organic carbon 71.5%

Total nitrogen 0.91%

CN ratio 783

Ash content 17.2%
Calcium (Ca) 2.32%
Potassium (K) 2.64%
Magnesium (Mg) 0.40%
Phosphorus (P) 0.36%

Iron (Fe) 5720 mg kg~1
Manganese (Mn) 165 mg kg1
Zinc (Zn) 142 mg kg™1
Copper (Cu) 40 mg kg1
Bulk density 022kg L1
Moisture content 9.4%

Table 3 Soil amendments prices

Fertilizer Cost of fertilizer x Tn ($)
NPK 1570

BCH 285

G 285

As a reference, an exchange rate of USD 1 = PEN 3.5 was used. Treatment abbreviations: Chemical fertilizer (NPK), Guano
de isla (G), Biochar (BCH)

2.4 Statistical analysis

The fresh weight of the lettuce plants was measured and compared across treatments.
Data normality and homogeneity of variances were confirmed using the Kolmogorov-
Smirnov and Levene’s tests, respectively (p > 0.05). A one-way analysis of variance
(ANOVA) was performed, followed by Dunnett’s post-hoc test for mean comparisons
when significant differences via ANOVA were found (p<0.05). All analyses were con-
ducted using GraphPad Prism 5.

3 Results

3.1 Yield

The highest average lettuce weights were recorded in the Guano de isla (G) and the Bio-
char + Guano de isla (BG) treatments, with no significant statistical difference between
them (Fig. 4, p<0.05). These were followed by the biochar treatments (BBG, BB, BCH),
and NKP treatments, which also showed no significant differences among themselves.
The Control (C) and Biomax (BMX) treatments produced the lowest yields. Notably the
BG treatment (that combined biochar with guano de isla) achieved a comparable yield to
the pure guano de isla treatment (G) while using only half the dose of guano de isla. The
microbiological amendment, Biomax (BMX), had no discernible effect on lettuce fresh
weight.

3.2 Economic value
The economic analysis, based on the value/cost ratio (VCR), is presented in Table 4.
Under conventional market prices (Scenarios S1 and S2), all fertilization treatments
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Fig. 4 Average lettuce weight per treatment. The combination of Biochar and guano de isla (BG) produced a yield
statistically equivalent to the full-dose guano de isla (G) treatment. Different letters above the bars indicate sig-
nificant differences (p <0.05) between treatments. Treatment abbreviations: Control (C), chemical fertilizer (NPK),
Guano de isla (G), Biochar (BCH), Biomax (BMX), Biochar + Biomax (BB), Biochar+Guano de isla (BG), Biochar + Bio-
max +Guano de isla (BBG)

Table 4 Scenarios for the economic (value cost ratio, VCR) assessment of lettuce cultivation

System Scenario  Description
Conventional S1 conventional market prices, without carbon credits.
Agriculture S2 conventional market prices, with biochar production cost offset by carbon
credits.
Organic Agriculture  S3 organic market prices, without carbon credits.
S4 organic market prices, with biochar production cost offset by carbon credits.

yielded VCR values below the profitability threshold of 1, indicating they are not eco-
nomically viable.

However, when evaluated using organic market prices (Scenarios S3 and S4), the
VCR for the Biochar (BCH), Biochar + Guano de isla (BG), and Guano de isla (G) treat-
ments surpassed the profitability threshold of 2. This indicates that the investment
is fully recovered with a significant return. The highest VCR was achieved in the Bio-
char + Guano de isla (BG) treatment under Scenario S4, where organic market prices are
combined with biochar and biochar production costs are offset with carbon credits. In
contrast, the NPK treatment remained the least profitable option across all scenarios.

To offset the production cost of biochar, the global carbon-credit market for biochar
was used as a reference, using the carbon dioxide removal certificate (CORC) (Puro.
earth, 2025). In a scenario where access to carbon-credit sales is possible, the production
cost of biochar would be nullified Table 5.
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Table 5 Economic assessment (Value/Cost Ratio — VCR) of fertilizer treatments on lettuce

Treatment S1 S2 S3 S4
NPK 0.01

Biochar (BCH) 0.09 1.76

Guano deisla (G) 041 7.25

Biochar + Guano de isla (BG) 0.12 0.73 215 129

S1: Conventional market, no carbon credits. S2: Conventional market, with carbon credits. S3: Organic market, no carbon
credits. S4: Organic market, with carbon credits

4 Discussion

4.1 Effect onyield and nutrient use efficiency

Our findings demonstrate that combining biochar with guano de isla maintains high
crop yields while significantly reducing the requirement for guano de isla. An equiva-
lent lettuce yield was possible with 50% less guano. This improvement in nutrient use
efficiency is consistent with previous studies [11, 20, 25, 26, 47], which demonstrate that
biochar enhances the physical and chemical properties of soil, increasing nutrient reten-
tion and availability for plants [20]. While the initial benefits of biochar can be moderate,
long-term application improves soil structure, creating a more favorable environment
for root development and efficient nutrient absorption [20], leading to sustained or
increased yields over time [28]. Increased benefits from combining and co application of
guano de isla and biochar over time is therefore a realistic expectation. Similar circular
bioeconomy approaches involving biochar have also been proposed for improving sus-
tainability and reducing agricultural carbon footprints in coffee production systems [30].

4.2 Implications for food security and resource conservation

This strategy is particularly relevant given the current ecological crisis affecting guano-
producing seabirds. The dramatic decline in seabird populations along the Peruvian
coast, driven by the H5N1 avian influenza and a strong El Nifio event, has severely
impacted seabird colonies [22, 43]. Guano-producing seabird numbers fell from 4 mil-
lion in December 2022 to around 0.65 million in March 2025 [4]. Previous ecological
studies on guano extraction systems in Peru have already highlighted the vulnerability of
seabird reproductive dynamics and the need for sustainable management practices [53].
Consequently, guano production is expected to decrease dramatically, threatening the
availability of this critical resource for thousands of small-scale organic farming families
who depend on it.

Wile current demand is being met by reserves accumulated before the population col-
lapse of seabirds, these stockpiles are finite. Without recovery of seabird populations,
long-term shortages are inevitable. In this context, biochar serves as a viable comple-
mentary amendment that can augment the effective supply of limited guano supplies. By
integrating biochar into standard fertilization practices, farmers can increase resilience
and sustainability mitigating the risk of projected guano shortages, thereby safeguarding
agricultural productivity and food security in vulnerable communities.h

Moreover, the production of biochar facilitates the conversion of biomass residues into
a high-quality substrate using a methodology that is cost-effective, straightforward, and
produces minimal emissions. This makes biochar an ideal solution for smallholder farm-
ers in low- and middle-income countries, particularly in the Global South, where techni-
cal expertise and financial resources may be constrained [39]. Low-technology biochar
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production systems have also been identified as potentially powerful nature-based cli-
mate solutions in developing regions [10]x.

4.3 Economic relevance

The VCR analysis underscores the critical role of market access in the adoption of sus-
tainable farming practices [40]. Under conventional market prices, none of the evaluated
amendments were economically viable, offering no incentive for adoption by small-
holder farmers. However, when selling into the organic market, where lettuce can fetch
significantly higher prices, the investment in organic amendments becomes profitable.
This trend is consistent with previous findings demonstrating the long-term financial
competitiveness of organic farming systems [17, 34]. In addition, excessive dependence
on synthetic fertilizers may contribute to environmental degradation and biodiversity
losses in agricultural soils [50].

The G, BG, and BCH treatments all showed a VCR greater than 2 in the organic sce-
nario (S3), indicating a return of over 100% on the investment. The most compelling case
is the BG treatment in scenario S4, where the combination of an organic price premium
and carbon credits for biochar results in an exceptionally high VCR of 12.9. This dem-
onstrates that organic farming systems supported by mechanisms such as the carbon
market can create strong economic incentives for smallholder farmers to adopt practices
that are both productive and environmentally beneficial, supporting the idea of the eco-
nomic potential of using biochar in agriculture [5, 37, 41, 4642 and ].

5 Conclusion

This study demonstrates that the addition of biochar to guano de isla allows for a 50%
reduction in the application of this strategic fertilizer without compromising lettuce
yield. Furthermore, our economic analysis reveals that the combination of biochar and
guano de isla delivers the highest economic return when sold in the organic market, par-
ticularly when the cost of biochar is offset by carbon credits. These findings support the
conclusion that combining biochar and guano de isla is a highly effective and economi-
cally sound strategy for smallholder farmers. It could promote the conservation of a vital
natural resource, enhance farm profitability, and strengthen food security for economi-
cally vulnerable communities. Future research should evaluate the long-term effects of
this fertilization strategy on soil health and efficacy in other crops commonly cultivated
by small-holder farmers.
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