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	[image: ]Abstract: This study investigated the impact of bat guano and alpaca manure, applied singularly or in combination, on the greenhouse production of Mirabilis jalapa L. The central question for this study was whether bat guano + alpaca manure would help plant propagation more than commercial fertilizer and other treatments. The five treatments included: no fertilizer (control), bat guano, alpaca manure, bat guano + alpaca manure, and a commercial fertilizer as a treatment. Among the treatments, bat guano + alpaca manure provided the best germination percentage (94%), plant height (32.1 cm), and fresh weight, and produced greater results than both the control and the commercial fertilizer. Flower colour was assessed by measuring the anthocyanin levels, which were highest with bat guano + alpaca manure, while commercial fertilizer provided some beneficial effects over the control. Plants that received organic treatments and the combination of bat guano + alpaca manure maintained more moisture and showed less decline in chlorophyll stability under adverse conditions, than those receiving either the control or commercial fertilizer. In general, bat guano + alpaca manure provided the best results in all assessments. While these results are unique for a single season in a greenhouse study and may not translate to other systems, bat guano and alpaca manure appear to be an effective combination for sustainable flower production.
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Introduction
The growing need for sustainable agriculture has increased the attention on the exploration of organic soil amendments to enhance plant growth and promote soil health while reducing environmental stress [1,2]. Animal manure is an important amendment because it provides key nutrients and organic matter associated with plant growth and physiological responses [3]. In this situation, the desirable model species, Mirabilis jalapa L. (four o'clock flowers), is an excellent candidate for pigment expression and stress physiology studies because of its high variability in flower colour and response to nutrient availability [4,5].
Bat guano and alpaca manure are gaining attention as organic functional fertilizers that contain both macro- and micronutrients. Bat guano is rich in nitrogen and phosphorus and appears to support vigorous seedling and vegetative growth of plants. They also been shown to introduce beneficial microbial populations that promote microbial activity in the rhizosphere and stimulate root growth [6,7]. Likewise, alpaca manure is comparable to guano, providing a balanced nutrient profile, low odor, and slow-release nutrients with less nutrient loss during greenhouse production [8,9]. The use of combination of these amendments may further support nutrient availability while maintaining microbial communities, thereby enhancing the overall sustainability of floriculture production systems. Bat guano is recognized as a nutrient-dense organic fertilizer, particularly rich in nitrogen and phosphorus, along with potassium and micronutrients, although its composition varies according to bat feeding habits and guano age [10,11]. Similarly, alpaca manure, a camelid-derived organic amendment, contains moderate levels of nitrogen (≈0.5–0.6%), phosphorus, potassium, and organic matter, and is characterized by slow nutrient release and minimal odor, making it suitable for greenhouse and container production systems [12].
Earlier research in ornamental horticulture has demonstrated that organic manures can improve flower yield, stem strength, flower color, and plant tolerance to abiotic stresses, such as drought and salinity [13,14]. Organic amendments also contribute to soil water holding capacity and beneficial microbial populations and help improve plant stress relief, all of which are particularly compelling traits when considering controlled greenhouses and soilless systems [15,16]. In addition, using organic fertilizers, which can often be sourced locally, has lower input costs and lower carbon emissions due to the lower transport distance/amount [14]. For example, estimates suggest that using local resources such as bat guano and alpaca manure can provide more than 30% less transportation emissions than commercial fertilizers transported many miles [17].
Unfortunately, little is known about the independent or combined effects of bat guano and alpaca manure on ornamental plants. However, little is known about their effects on anthocyanin accumulation and color intensity of flowers, two characteristics associated with a plant's physiological response to environmental stimuli [18,19]. Anthocyanins are flavonoid- derived secondary plant metabolites that are responsible for the red, purple, and blue coloration of flowers and other plant tissues. In addition to their role in pigmentation, anthocyanins are involved in plant responses to environmental stimuli, including nutrient availability and abiotic stress [20,21]. Since M. jalapa has exhibited sensitivity to nutrients and changes in flower color, testing these organic fertilizers may elucidate our understanding of ornamental quality and stress physiology in plants.
The current study was conducted under controlled greenhouse conditions to examine the effects of bat guano, alpaca manure, and a combination of both, on M. jalapa growth, pigment indices, and stress tolerance when compared to a commercial organic fertilizer. It was hypothesized that bat guano, alpaca manure, and a combination of the two would have a greater positive effect on seed germination, vegetative growth, flower pigment indices, and stress tolerance than a commercial organic fertilizer. It was supposed that bat guano, alpaca manure, and a combination of both manures would promote plant growth and stress responses due to the availability of beneficial nutrients and that they would similarly increase soil microbial activity.
Materials and Methods
Experimental Site and Conditions
The experiment was carried out under semi-controlled conditions in greenhouses at CREA (Agricultural Research Council), located in Pescia, Italy (43°54′ N, 10°41′ E), in the spring and summer of 2025. The greenhouse was built from polyethylene and had side ventilation, a tethered irrigation system, and temperature telemetry. The average daily temperatures ranged from 24 to 30°C, whereas the average nightly temperatures ranged from 16 to 20°C. The relative humidity was maintained at approximately 55 - 70 %. In addition, when the natural light intensity was below 300 µmol·m⁻²·s⁻¹, supplemental LED lights were turned on.
Plant Material and Seed Preparation
Mirabilis jalapa L. seeds obtained from a vendor approved by the International Plant Protection Organization. The seeds were selected for uniform size, sterilized with 1 percent sodium hypochlorite solution for 2 min and then rinsed thoroughly. Seed viability was greater than 90 percent, based on germination testing.
Growing Media and Pot Culture
Five-liter plastic pots were used as containers for each experimental unit. The pots contained a consistent growing medium of loamy soil, composted pine bark, and perlite in a volume ratio of 2:1:1. The growing medium was sterilized at 70 °C for two hours to reduce the presence of pathogens to acceptable levels. The pots were placed on greenhouse benches at a spacing of 30 cm to ensure equal light and airflow. The growing medium was sterilized to reduce soil-borne pathogens, weed seeds, and background microbial variability. The experiment was conducted under greenhouse (in vivo) conditions rather than in vitro systems. Sterilization was applied to ensure uniform starting conditions across treatments, while allowing microbial communities to re-establish during cultivation, particularly in organically amended substrates.
Fertilizer Treatments
The five fertilization treatments were as follows:
T1 (Control): No fertilizer applied; T2 (Bat Guano): 10 g of commercial powdered bat guano, incorporated into the top 5 cm of soil prior to sowing (Bat guano was applied as a commercially available powdered product, Plagron Batmix, NPK 10–3–1), T3 (Alpaca Manure, Buddy’s Premium Alpaca):
200 g of air-dry (Alpaca manure consisted of air-dried, composted material obtained from a local certified alpaca farm. The manure was composted under aerobic conditions prior to application to ensure stabilization and suitability for greenhouse use); T4 (Combination): 5 g bat guano and 100 g alpaca manure; T5 (Commercial Fertilizer, Microlife Ultimate): 5 g of a commercially available organic NPK (8-4-6) fertilizer targeted for use on flowering plants.
All fertilizers were added as base dressing at the time of sowing, and no additional topdressing was performed to follow a one-off application protocol. The application rate for each treatment was based on previous studies and, where appropriate, manufacturer recommendations. This was done to ensure that an adequate nutrient supply was available. The nitrogen input across the treatments was standardized as closely as possible based on the fertilizer composition and published nutrient analyses. Bat guano (NPK 10–3–1) applied at 10 g pot⁻¹ supplied approximately 1.0 g N pot⁻¹. Alpaca manure, with an estimated total nitrogen content of 0.5–0.6% (dry weight), supplied approximately 1.0–1.2 g N pot⁻¹ when applied at 200 g pot⁻¹. The combined treatment (5 g bat guano + 100 g alpaca manure) delivered approximately 1.0–1.1 g N pot⁻¹. The commercial organic fertilizer (NPK 8–4–6) applied at 5 g pot⁻¹ supplied approximately 0.4 g N pot⁻¹, consistent with manufacturer recommendations for ornamental container crops. Plants in all treatments received the same irrigation regime through drip systems, and the soil moisture was maintained at or near field capacity. An automated sensor system with tensiometers monitored soil moisture to provide consistent water to all treatments, which supported the validity of the results.
Experimental Design and Replication
The experiment was arranged in a completely randomized design (CRD) with five fertilization treatments and 30 replicates per treatment, resulting in a total of 150 experimental units. Each pot contained one plant and was considered an independent replicate of the experiment.
Data Collection Parameters Germination Rate
Emergence was monitored daily for 14 days after sowing (DAS). Seeds were considered germinated when the radicles emerged. The germination percentage was calculated as the number of germinated seeds divided by the total number of seeds per pot. The results were expressed as percentages.
Vegetative Growth
At 45 days after sowing (DAS), the plant height and stem diameter were measured two centimeters above the soil. The leaf numbers and both shoot and root fresh weights were recorded. Roots were carefully washed to remove the growing media while preserving fine root structures.
Flower Color Intensity and Morphology
At first full bloom (about 65 DAS), three flowers per plant were randomly selected for analysis. Flower diameter was measured using a digital caliper. Anthocyanin content was determined spectrophotometrically and expressed as relative optical density (OD₅₃₀) per gram of fresh petal tissue. Anthocyanins were extracted in acidified methanol (1% HCl), and the absorbance was measured at 530 nm using a UV–Vis spectrophotometer. No external reference standard was used, as the analysis aimed to compare the relative anthocyanin accumulation among treatments under identical extraction and measurement conditions. The results were reported as optical density per gram of fresh petal tissue.
Abiotic Stress Tolerance
At 60 DAS (days after sowing), both abiotic stress simulations were applied sequentially. Drought and salinity stress were imposed sequentially to avoid confounding interactive effects and better isolate plant physiological responses to cumulative abiotic stress. Drought stress was first applied by withholding irrigation for 7 days, simulating a common water-deficit scenario in containerized greenhouse systems. Following rehydration, salinity stress was imposed by irrigating the plants with 150 mM NaCl solution for five consecutive days. This sequence reflects the practical production conditions in which salinity stress may occur after drought during re-irrigation. Physiological parameters were measured after the completion of both stress phases to evaluate overall stress tolerance and recovery capacity. Leaf relative water content (RWC), chlorophyll stability index (CSI), and survival rate were measured. RWC was calculated using the following formula [22]:
RWC (%)= 𝐹𝑊−𝐷𝑊 × 100
𝑇𝑊−𝐷𝑊
where FW = fresh weight, TW = turgid weight, DW = dry weight.
Statistical analysis
Data were analyzed using one-way analysis of variance (ANOVA) appropriate for a completely randomized design (CRD). Treatment means were compared using the least significant difference (LSD) test at P ≤ 0.05. Statistical analyses were performed using CoStat (version 6.451) and Microsoft Excel (Office 2010). Each measured parameter was analyzed independently using a one-way analysis of variance (ANOVA) to evaluate the effects of the fertilization treatments. The reported significance levels indicate significant (P ≤ 0.05), highly significant (P ≤ 0.01), and very highly significant (P ≤ 0.001) treatment effects for each parameter. When ANOVA results were significant (P ≤ 0.05), treatment means were separated using the Least Significant Difference (LSD) test at P = 0.05.
Results
Seed Germination Response
Different types of organic inputs led to differences in the seed germination of Mirabilis jalapa (Table 1). The highest germination percentage was observed in the combination (BG+AM) treatment (93 %), which was significantly higher than bat guano (85 %), alpaca manure (81%), and commercial fertilizer (78%). The control was the lowest (72%).
Table (1): Germination and Plant Height of Mirabilis jalapa.
	Treatment
	Germination (%)
	Plant Height (cm)

	Control
	72±2.1 d
	21.3±1.2 d

	Bat Guano
	85±2.4 b
	26.7±1.3 b

	Alpaca M.
	81±1.9 c
	25.4±1.1 c

	Combo (Guano + Alpaca)
	93±1.6 a
	30.8±1.5 a

	Commercial F.
	78±2.3 c
	24.1±1.4 c

	ANOVA
	***
	***


Values represent mean ± standard deviation (SD). Treatment effects were evaluated by one-way ANOVA, and mean separation was performed using Fisher’s least significant difference (LSD) test at P ≤ 0.05.
Vegetative Growth Performance
Plant height varied significantly among the treatments (Table 1). BG + AM treatment resulted in the tallest plants, with a height of 30.8 cm measured from the soil surface. The heights measured for the other treatments were 26.7 cm for bat guano (BG), 25.4 cm for alpaca manure (AM), 24.1 cm for commercial fertilizer (CF), and 21.3 cm for the control group (C). In addition, plants exposed to organic treatments, especially BG + AM, formed higher mass and more fibrous roots than those in the control treatment group, indicating a more thorough uptake of nutrients (Figure 1).
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Figure (1): Effect of fertilization treatments on vegetative growth of Mirabilis jalapa. Representative plants from the control and bat guano + alpaca manure (BG+AM) treatments at 45 days after sowing (DAS). Significance levels refer to overall ANOVA treatment effects; mean separation was performed using LSD at P = 0.05.
Flower Color Intensity
Differences in anthocyanin content, as measured by optical density (OD530), between treatments were apparent (Fig. 2). The BG+AM flower had the highest pigment content (0.73 OD530), followed in descending order by bat guano (0.62), alpaca manure (0.57), and commercial fertilizer (0.51). The control was lowest (0.45).
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Figure 2: Effect of fertilization treatments on flower color intensity of Mirabilis jalapa. Anthocyanin content expressed as relative absorbance (OD₅₃₀) per gram of fresh petal tissue. Bars represent mean ± standard deviation (n = 30). Significance levels refer to overall ANOVA treatment effects; mean separation was performed using LSD at P = 0.05.
Flower Morphology
Organic treatments resulted in clear improvements in various flower-related characteristics, including flower quantity, size, petal thickness, and fresh weight (Table 2). On average, amending plants with bat guano and alpaca manure on average yielded the best results, with 16.4 flowers per plant, a flower diameter of 4.8 cm, a petal thickness of 0.65 mm, and a fresh flower weight of 3.9 grams. In contrast, the control group consistently had the lowest values for all traits.
Table (2): Flower Morphology Parameters in Mirabilis jalapa.
	Treatment
	Flowers /plant
	Flower diameter (cm)
	Petal thickness (mm)
	Flower weight (g)

	Control
	9.2 ± 1.1 d
	3.1 ± 0.2 d
	0.42 ± 0.03 d
	2.1 ± 0.2 d

	Bat Guano
	13.8 ± 1.3 b
	4.2 ± 0.3 b
	0.58 ± 0.04 b
	3.4 ± 0.3 b

	Alpaca Manure
	12.7 ± 1.2 c
	3.9 ± 0.2 c
	0.54 ± 0.03 c
	3.0 ± 0.3 c

	Combo (BG+AM)
	16.4 ± 1.5 a
	4.8 ± 0.3 a
	0.65 ± 0.04 a
	3.9 ± 0.4 a

	Commercial Fertilizer
	11.5 ± 1.1 c
	3.6 ± 0.2 c
	0.50 ± 0.03 c
	2.7 ± 0.2 c

	ANOVA
	***
	***
	***
	***


Values represent mean ± standard deviation. Significance levels refer to overall ANOVA treatment effects; mean separation was performed using LSD at P = 0.05.
Abiotic Stress Tolerance
The group receiving bat guano + alpaca manure (BG + AM), measured the highest relative water content (RWC) of the evaluated treatments (84%), bat guano (76%), alpaca manure (74%), commercial fertilizer (69%), and control (62%) (Figure 3). These findings indicate that the plants treated with the organic treatments were able to hold more water, providing them with greater resilience in the face of stress. Chlorophyll stability index (CSI) did significantly depend on treatment (Figure 4). The CSI was highest in the BG + AM treatment (0.91), followed by bat guano (0.82), alpaca manure (0.79), commercial fertilizer (0.74), and control (0.68).
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Figure 3: Relative water content (RWC) of Mirabilis jalapa Leaves under combined drought and salinity stress. Values represent mean ± standard deviation (n = 30). Significance levels refer to overall ANOVA treatment effects; mean separation was performed using LSD at P = 0.05.
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Figure 4: Chlorophyll stability index (CSI) of Mirabilis jalapa plants following	abiotic	stress	treatments. Bars represent mean ± standard deviation (n = 30). Significance levels refer to overall ANOVA treatment effects; mean separation was performed using LSD at P = 0.05.
Plant survival after drought and salt stress varied by treatment (Figure 5). The BG+AM group had the highest survival rate at 94%, followed by bat guano (88%), alpaca manure (85%), commercial fertilizer (82%), and control (78%).
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Figure 5: Survival rate of Mirabilis jalapa plants after sequential drought and salinity stress. Data represent mean survival percentage ± standard deviation (n = 30). Significance levels refer to overall ANOVA treatment effects; mean separation was performed using LSD at P = 0.05.
Discussion
The most prominent outcome of this study was the consistently superior performance of Mirabilis jalapa plants receiving the combined application of bat guano and alpaca manure across all evaluated parameters. Compared with individual organic amendments, commercial fertilizer, and the unfertilized control, the combined treatment significantly enhanced seed germination, vegetative growth, flower number and size, anthocyanin accumulation, and tolerance to drought and salinity stress. These results indicate a synergistic interaction between the two organic inputs, likely arising from complementary nutrient release patterns and improved substrate conditions.
Bat guano provides readily available nitrogen and phosphorus that support early seedling establishment and rapid vegetative growth, while alpaca manure contributes a slower, sustained nutrient supply and organic matter that enhances microbial activity and water-holding capacity. The integration of these two amendments appears to optimize nutrient availability throughout the plant growth cycle, thereby improving both ornamental quality and physiological resilience.
Seed Germination and Early Growth
The improved germination rate and seedling vigor seen in treatments using bat guano and BG + AM were likely due to greater levels of P and N found in guano, which improves both enzymatic action and the emergence of roots [18,19]. Alpaca manure supported slower but more stable releases of nutrients, improving conditions in the substrate and balance with microbes, which reflects earlier findings on organic inputs as improvements to germination [23-25].
Vegetative Development
The enhanced growth of vegetative phase growth under the combined treatment indicates a complementary nutrient release profile: bat guano provides a boost of immediately available nutrients, while alpaca manure provides sustained release of minerals. The two phases of nutrient release would have had an additive effect, likely maintaining vegetative growth throughout the vegetative phase [26,27]. The improvement of root structure noticed in the organic amendments is consistent. with other studies, which had findings of improved rhizosphere health, nutrient uptake in organically-manage systems [28].
Flower Pigmentation and Morphology
The maximum increase of anthocyanins was noted at BG+AM, suggesting that organic inputs have activated the phenylpropanoid pathway related to pigment accumulation. The nutrient substrates, such as nitrogen and micronutrients like Mg, Fe, and the humic substances in the AM treatment may have contributed to sustained expression of flower pigments by promoting flavonoid biosynthetic pathways [29-31]. Similar increases in flower size and colors have been demonstrated regarding marigold and zinnia grown in organic nutrient systems [32]. The benefits related to flower morphology associated with organic regimes indicated better allocation of resources to vegetative and reproductive growth for ornamental plants. The greater number and fresh mass of flowers implies greater nutrient allocation efficiency towards reproductive tissues [33].
Abiotic Stress Resilience
The improved osmotic regulation, membrane integrity, and stability of chlorophyll associated with elevated RWC and CSI in organically treated plants may be due to a higher availability of potassium and organic acids within manure and guano [34- 37]. The superior stress resilience of BG+AM= treated plants provide support for hypotheses that, by including soil amendments with organic matter and microbial activity, we can develop plants, and plant-soil systems more resilient to drought stress, [38-41].
Comparison with Commercial Fertilizer
While the commercial organic fertilizer enhanced plant performance relative to the unfertilized control, it consistently underperformed relative to the organic amendments [42]. The limitations of microbial diversity and insufficient complex organic compounds in processed fertilizers may have contributed to the greater effectiveness of the natural inputs [43,44]. In addition to nutrients, natural inputs supplied relevant biostimulants that stimulated pigment synthesis, flower initiation, and abiotic stress [45].
Agronomic Implications
The synergistic effects associated with bat guano and alpaca manure demonstrate viable sources for sustainable, local production inputs in ornamental crops [46,47]. Mixed use promoted growth, color intensity and stress tolerance while also reducing the need for chemical fertilizers [48]. These practices align with sustainability goals in floriculture while also serving a purpose in protected cultivation systems [49-53].
The enhanced vegetative growth and biomass accumulation observed under the combined bat guano and alpaca manure treatment may also be partially associated with indirect stimulation of cell division and expansion processes. Organic manures are known to contain or promote the production of enzyme cofactors, humic substances, and phytohormone-like compounds, such as auxins, cytokinins, and gibberellins, either inherently or through enhanced microbial activity in the rhizosphere [54]. These bioactive compounds can stimulate meristematic activity, cell division, and tissue differentiation, thereby contributing to improved plant growth and development. Although phytohormones and enzyme activities were not directly measured in this study, the superior growth performance and root development observed in organically amended treatments are consistent with previous reports attributing similar responses to hormone-mediated and enzyme-regulated physiological processes in plants grown with organic fertilizers.
Conclusion
This study demonstrates that bat guano and alpaca manure, particularly when applied in combination, can significantly enhance the germination, vegetative growth, flower pigmentation, and abiotic stress tolerance of Mirabilis jalapa under controlled greenhouse conditions. However, as the experiment was conducted during a single growing season in a greenhouse environment, these results should be considered preliminary and may not be directly extrapolated to other climatic conditions, cultivation systems, or crop species.
Rather than advocating the complete substitution of commercial fertilizers, the present findings highlight the potential of bat guano and alpaca manure as promising organic inputs or complementary fertilization strategies for sustainable ornamental production. Further long-term, multi-season, and field-based studies are required to confirm their agronomic consistency, economic feasibility, and broader applicability before definitive recommendations can be made for their use.
The enhanced germination and plant growth in the combined treatment points toward a complementary pattern of nutrient release from bat guano, which possesses rapidly available nutrients mainly phosphorus and nitrogen, and alpaca manure serves as an additive to maintain soil value through its action in supporting microbial activity and building up the soil profile. Flower pigmentation is generally elevated in plants grown in organically amended soils, and organically treated plants had greater pigment development which correlated strongly with nutrient availability and secondary metabolism. In addition to pigment concentration and quality, the physiological performance for abiotic stress further indicates an improvement in the plant's physiology, with more visible recovery and relative water content does proving that organic amendments can increase resilience to environmental force factors, which is valuable for sustainable horticultural production systems that require resilience with efficient input use. Future studies should consider evaluations at a field scale and the addition of economic viability and potential effects on soil microbiota and soil fertility in the long term to provide more support for the use of organic amendments in environmentally responsible production systems.
In addition to improved nutrient availability, the positive effects of bat guano and alpaca manure particularly when applied in combination may be partly attributed to the indirect stimulation of physiological processes related to cell division and growth. The presence of organic matter and microbially mediated bioactive compounds in these animal-derived fertilizers may enhance enzyme activity and phytohormone-like signaling, thereby supporting sustained plant growth. However, further studies incorporating direct measurements of hormonal profiles and enzymatic activity are required to confirm these mechanisms of action.
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