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Highlights
• Filtered sludge significantly increased eucalyptus growth, particularly after six months of 

application.
• Bacterial fertilizer significantly improved soil enzyme activities, specifically urease and 

sucrase.
• Bacterial fertilizer influenced overall soil fertility, promoting sustainable eucalyptus cultiva-

tion practices.
• The study indicates the potential of biofertilizers as environmentally friendly alternatives to 

chemical fertilizers.

Abstract
Plant growth-promoting rhizobacteria (PGPR) and filtered sludge are widely used to improve 
soil fertility and plant yields. In this study, we evaluated the impact of sludge and/or PGPR 
application on the nutrient contents and enzyme activities of the soil as well as on plant growth. 
We planted bare-root eucalyptus seedlings in (1) soil amended with filtered sludge from Nanning 
sugar factory (FS), (2) soil amended with filtered sludge + PGPR (BF), and (3) non-amended 
soil (control). Soil fertility and eucalyptus growth were determined after 3, 6, 9, and 12 months. 
Results demonstrated that FS treatment significantly increased eucalyptus growth compared to 
the control, particularly after six months. Bacterial fertilizer (BF) also increased soil urease and 
sucrase activities, although differences diminished over the study period. Our findings suggest 
that the integration of bacterial fertilizers and filtered sludge can serve as an effective and environ-
mentally friendly strategy to improve soil health and promote sustainable eucalyptus cultivation. 
This research contributes to the growing body of evidence supporting the use of bio-fertilizers in 
forestry practices, highlighting their potential to reduce or replace the use of chemical fertilizers 
while increasing plant productivity.
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1 Introduction

Increasing awareness of the negative impact that artificial fertilizers have on the environment has 
prompted a global effort to develop more environmentally friendly biofertilizers from N-fixing 
bacteria and organic matter to replace or reduce the use of artificial fertilizer in forestry land (Ammar 
et al. 2023). Bio-fertilizers are defined as substances that contain living microorganisms, and can 
potentially promote plant growth and increase soil fertility (Arif et al. 2020). The main benefits 
associated with the application of biofertilizer include: an increase in soil nutrient availability 
due to the direct contribution of microbial exudation; an increase in soil nitrogen contributed by 
enhanced activity of N-fixing microorganisms (Tamreihao et al. 2018); increase in mineralization 
and solubilization of soil organic compounds into the forms that are more readily absorbed by 
the plants (Daniel et al. 2022); stimulation of synthesis of phytohormones related to plant growth 
(gibberellins, auxins, ethylene) (Orozco-Mosqueda et al. 2023) as well as the potential activation 
of disease resistant genes in plants promoted by the microorganisms in the bio-fertilizer (Zhu 
et al. 2022). However, compared to bio-fertilizers, inorganic fertilizers are more widely used in 
traditional forestry, especially for afforestation of fast-growing tree species. Currently, eucalyptus 
plantations rely on the massive application of inorganic fertilizer because soil nutrient availability 
regulated by microbial activity might decrease after continuous use of inorganic fertilizers (Wang 
et al. 2023b), although the removal of the logging residues might be another reason for decreased 
nutrient availability (Zhu and Wu 2023). Excessive use of inorganic fertilizers can cause soil com-
paction, acidification, and salinization (Wang et al. 2022). One approach to resolving this problem 
is to use biofertilizers instead of artificial or inorganic fertilizers.

Plant growth-promoting rhizobacteria (PGPR) has been widely used as bio-fertilizers and 
they have been shown to increase not only soil fertility and nutrient uptake by the plants (Ren et 
al. 2022) but also the diversity of the soil microbial community (Ren et al. 2020a). Some selected 
species of PGPR, such as Bacillus megaterium de Bary, 1884 (e.g., B. megaterium var. phosphatic), 
Bacillus subtilis (Ehrenberg, 1835) Cohn, 1872, and Bacillus licheniformis (Weigmann, 1898) 
Chester, 1901, indirectly protect the plant from diseases and pests by competing with plant patho-
gens for nutrients (Miljaković et al. 2020) and by directly carrying out biological N-fixation in the 
terrestrial ecosystem (Yousuf et al. 2017). Filter sludge (FS) from sugar factories is a byproduct 
of sugar production that is rich in organic matter and nutrients such as nitrogen (N), phosphorus 
(P), and potassium (K), which has the potential to improve soil fertility and plant growth (Wang 
et al. 2024). FS can be used to improve soil nutrient conditions after aerobic fermentation, thereby 
enhancing plant growth. Additionally, FS can also serve as an essential carrier for PGPR to pro-
duce bio-fertilizers due to its rich organic matter content (Zhang et al. 2014). A remarkable point 
in the use of bio-fertilizers is the potential synergistic beneficial effect of applying both PGPR and 
FS. Interest in the application of a mixture of PGPR and organic matter as a bacterial fertilizer is 
growing in the agriculture and forestry sectors.

Soil enzyme activity and nutrients serve as indicators of fertility status, primarily due to 
their important role in soil biogeochemical processes. Soil urease is an enzyme primarily pro-
duced by bacteria and fungi, and plays a critical role in the nitrogen cycle by converting urea 
into ammonia, water, and carbon dioxide (Fu et al. 2020). This conversion is essential for making 
nitrogen available to plants, which is vital for their growth and overall nutrition (Rechenmacher 
et al. 2017). Sucrase is not only an important participant in the soil carbon cycle but also one of 
the key factors in enhancing soil fertility and reflecting soil health status, and further promoting 
plant growth and development (Wang et al. 2020). The activity of catalase is closely related to 
the organic matter content, microbial population, and soil respiration intensity (Wang et al. 2021). 
Among the most valuable soil indicators used to assess soil fertility are soil nutrients (especially 
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N, P, and K, etc.) and enzyme activities (including oxidoreductases, transferase, hydrolase, etc.), 
as they are essential for soil fertility, nutrient turnover, vegetation productivity, and soil microbial 
activity (Wang et al. 2023a).

Microorganism-based fertilizers have been applied to soils where agriculturally important 
crops are being planted, such as wheat (Khatri et al. 2020), paddy rice (AW et al. 2020), lettuce 
(Venancio et al. 2019), and sugarcane (Santos et al. 2018). However, few studies have examined the 
effects of the combined application of sludge and PGPR as a standalone fertilizer on the soil and 
forest ecosystem, and even less on the underlying mechanisms by which such bio-fertilizers affect 
the soil fertility in forest plantations. In this study, we determined the effects of filtered sludge and 
PGPR application on soil fertility and plant growth in a eucalyptus (Eucalyptus obliqua L’Hér.) 
plantation and identified the potential relationship between soil fertility and eucalyptus yield. The 
objective of our study was to evaluate the applications of bacterial fertilizer (BF) and FS on increas-
ing soil fertility and plant growth of eucalyptus plantations, thereby providing an environmentally 
friendly alternative to conventional fertilizers in forestry practices. We hypothesized that (1) soil 
nutrient content, soil enzyme activity, and plant growth would increase with the application of 
bio-fertilizers and (2) soil N contents would significantly influence plant growth and yield.

2 Materials and methods

2.1 Experimental site

This study was conducted in the Liangfengjiang National Park in Nanning, Guangxi, China 
(107°45’–108°51’ E, 22°13’–23°32’ N). The site recorded an average annual precipitation of 
1304 mm and a mean annual humidity of 79% from 2005–2015. The mean annual air temperature 
ranges from 21.1 ℃ to 22.5 ℃, with a maximum of 40.4 ℃ in the summer and a minimum of 
–2.4 ℃ in the winter. The soil is classified as Eutric Fluvisols (Shi et al. 2010), with an organic 
matter content of 2.5 g kg–1, a concentration of total N concentration of 0.79 g kg–1, total P con-
centration of 0.33 g kg–1, total K concentration of 0.81 g kg–1.

2.2 Filtered sludge and PGPR characterization

Filtered sludge (FS) was selected as the focal raw material for the fertilizer used in this study 
because Guangxi is a major producer of sugarcane, and FS (mainly sugar factory filter sludge) 
has been a major by-product from the production of sugarcane in the past 10 years. The nutrient 
content of FS is shown in Supplementary file S2, available at https://doi.org/10.14214/sf.24042. 
Eucalyptus DH32-29 (a clone of the hybrid Eucalyptus urophylla S.T. Blake × E. grandis W. Mill 
ex Maiden) was selected as the focal crop for our study because it has been the most prominent 
pulp and wood material in Guangxi since the 1970s (Zhang et al. 2023a).

Filtered sludge was supplied by Nanning Sugar Factory (Guangxi, China) and it consisted 
of the following components: 1.50 mg total N g–1, 0.27 mg total K g–1, 0.33 mg total P g–1, and 
pH 6.10 (Ren et al. 2020b). FS was transferred from the factory directly to the study site in 55 cm 
× 85 cm plastic bags.

Bacillus megaterium strain DU07 used in this study was first isolated from the eucalyptus 
rhizosphere in solid lysogeny broth (LB) in 2011 by the microbiological laboratory of the Forestry 
College at the Guangxi University (China). The culture was stored in an Ultra-low Temperature 
Freezer at –80 ℃. A frozen stock of B. megaterium strain DU07 was cultured in liquid LB at 28°C 
with shaking at 120 r min–1 for 6 days and then diluted to 9 × 109 CFU g–1 with sterile water.

https://doi.org/10.14214/sf.24042
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 2.3 Experimental setup and treatments

To determine the effects of the filtered sludge and PGPR on the soil fertility and plant growth 
we applied two different treatments on the same day the eucalyptus seedlings were planted: (1) 
62.5 t ha–1 filtered sludge from sugarcane (FS); and (2) 62.5 t ha–1 FS + inoculation of 2 ml per 
seedling of 3 × 109 CFU ml–1 PGPR (BF). A control was also included in which the soil was 
not subjected to any treatment. The study site was divided into three 16 m × 16 m blocks: one 
block was kept as the control while the other two were each treated with FS or BF. We planted 
81 seedlings within 16 m × 16 m blocks, spaced 2 m apart (Suppl. file S1, available at https://doi.
org/10.14214/sf.24042).

E. urophylla × grandis DH32-29 seedlings were supplied as bare-root seedlings from 
Dongmen Tree Farm in Nanning, China. The original average height of the seedlings (N = 10) was 
approximately 25 cm, which was measured using a measuring tape before planting. The roots of 
the seedlings were trimmed, and 243 seedlings were then planted in June 2011.

2.4 Field sampling and lab measurements

Soil samples (3 replicates) were collected from each block in September 2011 (M3), December 2011 
(M6), March 2012 (M9), and June 2012 (M12). We demarcated three 4 m × 4 m quadrats in each 
block, and the focal eucalyptus tree was located in the middle of each quadrat. We collected four 
soil subsamples (0–20 cm) tightly adhering to the roots of each focal eucalyptus tree using a soil 
corer and then mixed these soil subsamples to a composite sample following the quartering method 
for soil sampling. Then one composite rhizosphere soil was collected in each quadrat around the 
focal eucalyptus. All soil samples were then air-dried and sieved through a 100-mesh after grinding.

The levels of soil total nitrogen (TN) were analyzed via a flow injection auto-analyzer (Tech-
nicon, AA3, Hamburg, Germany). Soil available nitrogen (AN) was measured in a C/N analyzer 
(Vario, Max, CN). The levels of available potassium (AK) and available phosphorus (AP) were 
determined with a flow injection auto-analyzer (Technicon, AA3, Hamburg, Germany) following 
the method of (Qi et al. 2018). Soil catalase (CAT), urease, and sucrase activities were determined 
by a colorimetric method (Lei et al. 2023). The methods for measuring soil enzyme activities are 
shown in Suppl. file S4, available at https://doi.org/10.14214/sf.24042.

To determine the effects of the soil treatments on the eucalyptus plants, nine (including the 
focal eucalyptus and eight eucalyptus around) plants were selected from each quadrat from which 
the soil samples were taken. In total of 27 eucalyptus were selected for plant measurements in each 
treatment and the control. The plant heights and stem diameters were then measured with a measuring 
tape and Vernier caliper, respectively. The measurements were carried out 3 (M3), 6 (M6), 9 (M9), 
and 12 (M12) months after planting, and plant stem volumes were then calculated according to 
formula shown in Suppl. file S5, available at https://doi.org/10.14214/sf.24042 (Lie and Xue 2019).

2.5 Statistical analysis

The effects of treatments on soil fertility (soil nutrients and soil extracellular enzyme activities) 
and plant growth (stem diameter, height, and stem volume) were evaluated by the Kruskal-Wallis 
test performed in R 3.4.2 (R Core Team 2018). Where the main effects were significant (p < 0.05), 
the Mann-Whitney test was used to determine differences between pairs. Mean CAT, urease, and 
sucrase values by plot were calculated in logarithmic and back-transformed by using exponential.

The panel model is constructed using fixed effects regression, which aims to eliminate the 
influence of the time dimension and find out the main impact factor in the section dimension. The 

https://doi.org/10.14214/sf.24042
https://doi.org/10.14214/sf.24042
https://doi.org/10.14214/sf.24042
https://doi.org/10.14214/sf.24042
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panel model examines the influence of independent variables (CAT, Urease, Sucrase, TN, AK, AP, 
AN) on dependent variables (Volume) using panel data. Based on the results of the F-test, Breusch-
Pagan test, and Hausman test, it was recommended to select the fixed effects (FE) model for our 
analysis (Suppl. file S3, available at https://doi.org/10.14214/sf.24042). The fixed effect model was 
performed in R 3.4.2 (R Core Team, 2017) using the plm package (Zeileis and Croissant 2010).

3 Results

3.1 Plant growth

There was no significant effect of FS and BF on plant height and timber volume three months after 
planting (Table 1). Plant diameter was significantly decreased by FS application (0.73 cm) relative 
to the control (0.79 cm). Eucalyptus seedlings planted in FS- or BF-treated soil exhibited signifi-
cant increases in stem diameter and volume compared with those planted in control soil after six 
months. The average stem diameters determined for the trees planted in FS-treated, BF-treated, and 
control soils were 2.57 cm, 2.78 cm, and 2.22 cm, respectively, while the average stem volumes 
of the trees 0.041, 0.045, and 0.036 m3 tree–1 (Table 1). Eucalyptus seedlings planted in BF-treated 
soil also displayed greater height and were also taller (2.10 m) than those planted in the control 
block (1.85 m) whereas no significant difference in height was observed between those planted in 
FS-treated soil and control soil.

Table 1. Means and standard errors of eucalyptus growth measured at four different time points in 
Guangxi, China; Different lowercase letters show the statistically significant differences at ɑ = 0.05 
level among the three different soils (BF-treated, FS-treated, and control soils). Significances are 
indicated in bold for p < 0.05. * = significant different.

Treatments Diameter (cm) Height (m) Stem volume (m3 tree–1)

M3
BF 0.83 ± 0.021 a 0.56 ± 0.035 0.010 ± 0.00045
FS 0.73 ± 0.015 b 0.55 ± 0.025 0.0092 ± 0.00032
Control 0.79 ± 0.035 a 0.60 ± 0.023 0.010 ± 0.00049
p 0.047* 0.17 0.061
Cohen’s f 0.6 0.44 0.51

M6
BF 2.78 ± 0.062 a 2.10 ± 0.061 a 0.045 ± 0.0013 a
FS 2.57 ± 0.20 a 1.97 ± 0.081 b 0.041 ± 0.0015 b
Control 2.22 ± 0.067 b 1.85 ± 0.029 b 0.036 ± 0.0010 c
p 0.039* 0.037* 0.027*
Cohen’s f 0.25 0.61 0.67

M9
BF 4.99 ± 0.04 a 6.70 ± 0.046 a 0.12 ± 0.0011 a
FS 4.31 ± 0.11 b 6.33 ± 0.17 b 0.11 ± 0.0033 b
Control 3.52 ± 0.17 c 5.23 ± 0.20 b 0.083 ± 0.0038 b
p 0.027* 0.027* 0.02*
Cohen’s f 0.69 0.69 0.7

M12
BF 7 ± 0.21 a 10.32 ± 0.39 a 0.19 ± 0.0073 a
FS 6.09 ± 0.10 b 9.27 ± 0.15 ab 0.16 ± 0.0012 ab
Control 5.04 ± 0.18 b 6.68 ± 0.22 b 0.12 ± 0.0046 b
p 0.027* 0.03* 0.027*
Cohen’s f 0.69 0.7 0.69

https://doi.org/10.14214/sf.24042
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After nine and twelve months, all measured variables of the plants (plant diameter, height, and 
stem volume) showed significantly higher values for the seedlings planted in BF-treated soils than 
for the seedlings planted in the control soil (Table 1). It is important to note that the plant growth 
was significantly improved following BF treatment since M6 is relative to the control, indicating 
that bacterial fertilizer may make a great contribution to plant nutrient supply.

3.2 Soil enzyme activities

No significant effects of FS and BF were detected on soil enzyme activity (catalase, sucrase, and 
urease) at nine, and 12 months after treatment (Fig. 1). However, three months after treatment, soil 
sucrase activity in the BF-treated soil was significantly increased (10.96 mg g–1 (24h)–1) relative 
to FS-treated (7.54 mg g–1 (24h)–1) and control (8.29 mg g–1 (24h)–1) soils, but neither FS nor BF 
had a significant effect on soil CAT and urease activities. After six months, soil urease activity was 
significantly (p < 0.01) increased in the BF-treated soil (11.71 mg g–1 (24h)–1) when compared with 
FS-treated (8.11 mg g–1 (24h)–1) and the control soil (7.16 mg g–1 (24h)–1). However, there was no 
significant difference in soil CAT and sucrase activities among the three soils.

 3.3 Soil nutrient contents

There was no significant effect of either BF or FS application on the levels of available P (AP) 
and available N (AN) in the soil, whereas the effects on the levels of total N (TN) and available K 
(AK) varied over time, and were more obvious 12 months after treatment (Fig. 2).

In terms of soil TN and AK, no significant effect was observed for either the M3 or M9 soil 
samples following the application of FS and FB when compared with the control soil samples 
taken at the same time (Fig. 2). After six months, TN was significantly higher in the FS-treated 
soil (3.43 mg g–1) and BF-treated soil (3.57 mg g–1) than in the control soil (2.50 mg g–1), whereas 
soil AN was significantly decreased in both BF- (9.33 μg g–1) and FS-treated soils (7.0 μg g–1). FS 
and BF had no significant effect on soil nutrients nine months after application.

Twelve months after application, a significant increase in soil TN (1.89 mg g–1) was detected 
in the BF soil compared with that in the control soil (1.52 mg g–1), but the TN level in the FS soil 
(1.39 mg g–1) was not significantly different from that in the control soil (Fig. 2). Moreover, the AK 
level in the BF soil also increased compared to that in the control soil (34 μg g–1 versus 21 μg g–1), 
whereas the AK level in the FS soil (26 μg g–1) was slightly higher than that in the control soil, 
although the difference was not statistically significant. This indicated that the co-application of 
FS and PGPR probably contributed to better soil fertility over a longer period, resulting in a higher 
level of nutrients in the soil than the application of FS alone.

3.4 Correlation between plant yield and soil nutrient contents

The specific factors affecting eucalyptus yield were determined using a fixed effects model on plant 
yield and soil fertility during the trial period (Table 2). According to the fixed effects model for panel 
data (F = 35.26, p < 0.001, R2overall = 0.81), sucrase (estimate = 0.003, p < 0.001) had a positive and 
significant effect on eucalyptus yield, while CAT (estimate = −0.1, p = 0.02), AK (estimate = −0.001, 
p = 0.025), TN (estimate = −0.044, p < 0.001) had a negative effect on eucalyptus yield (Table 2).

In general, the activity of the sucrase enzyme could significantly and positively influence 
the stem volume of eucalyptus in our study.
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4 Discussion

4.1 Effect of FS and BF on plant growth

This study investigated the effects of BF and FS on soil nutrient contents and enzyme activities 
important for soil fertility in a eucalyptus plantation. In our study, plant diameter was significantly 
decreased by FS three months after planting, possibly because the main ingredient in FS is cal-
cium carbonate, which could immediately lead to changes in the plant habitat (including soil water 
retention capacity and soil pH), resulting in growth suppression of the eucalyptus seedlings. BF 
significantly increased plant growth, including plant height and stem diameter, from six months 
onward, which is in line with the finding that PGPR can increase the growth of maize plants after 
one month of planting in PGPR-applied soil (González-Díaz et al. 2019). BF exerted a stronger effect 
on plant growth than FS in the long term (> 6 months) because the co-application of rhizobacteria 
and organic matter may supply sufficient organic matter to increase the level of bacterial activity 
(Amelung et al. 2001; Xu et al. 2021). This would benefit both plant growth and yield through soil 
organic matter mineralization. PGPR application is known to influence soil TN via its effects on 
biological N fixation in the soil, further influencing plant-soil interactions (Timofeeva et al. 2023).

4.2 Effect of FS and BF on soil nutrient content

When the filtered sludge was abundantly applied to the field at the test site, the TN in the soil sig-
nificantly increased as a result of the improvement in the soil environment, which was beneficial 
for the metabolism and growth of N-fixation-related soil microbes (Chen et al. 2013). However, 
the significant decrease in the available N in the soil in the short term may be a result of the com-
petition between the plants and microbes for N because of the unbalanced C:N ratio following the 
application of filtered sludge (Mao et al. 2024).

Soil nitrobacteria take part in the fixation of N in the soil, and the optimum pH for this 
bacterial growth has been shown to be 7.5–8.2 (slight alkalinity) (Norton and Ouyang 2019). 
Remarkably, the filtered sludge used in our experiment has previously been found to have a pH of 
about 6.10 (Ren et al. 2020b), and other studies have verified that the accumulation of PGPR may 
also contribute to soil acidification (Qin et al. 2024). Taken together, our results suggest that the 
applied filtered sludge interacted with the soil environment and decreased the available N in the 
soil due to increases in denitrification because of the changes in pH (Pan et al. 2023). However, the 
mechanism of this influence has not been identified and is, therefore, a subject for further study.

Table 2. Coefficients of fixed effects model for panel data to determine the 
relationship between eucalyptus stem volume and soil fertility in our study. 
Significances were bold when p < 0.05. * = significant different; *** = extreme 
significant different.

Soil quality parameter Estimate Std. error Pr (> |t|)

(Intercept) 0.18 0.024
CAT –0.1 0.041 0.02*
Urease 0.002 0.002 0.29
Sucrase 0.003 0.001 0.000***
Total N –0.044 0.006 0.000***
Avail K –0.001 0 0.025*
Avail N –0.001 0.001 0.53
Avail P 0.032 0.051 0.53

F = 35.26, p = 0.000***, R2within = 0.91, R2between = 0.77, R2overall = 0.81
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The bacterial strain DU07 used in this study belonged to the phylum Firmicutes (Ren 
et al. 2020b). A positive correlation between soil TN and the abundance of soil Firmicutes has 
been demonstrated in the Loess Plateau soil of China (Liu et al. 2020), which seems to support 
our result that increasing the amount of applied PGPR would contribute to improved soil TN. In 
addition, PGPR may stimulate the synthesis of secondary metabolites, which could increase the 
accumulation of potassium compounds in the roots of eucalyptus plants (Salla et al. 2014). Our 
previous study also demonstrated that the application of PGPR to the soil can cause an increase 
in soil K content compared with the control soil (Ren et al. 2020b), which is consistent with the 
phenomenon observed in this study.

4.3 Effect of FS and BF on soil enzyme activity

The trends toward increased sucrase and urease activities suggest that increased hydrolase activ-
ity may also contribute to the changes in soil N following PGPR treatment, although the effect of 
BF on soil enzyme activity was only statistically significant after three and six months (M3 and 
M6 soil samples). Soil sucrase is the main hydrolase that participates in the decomposition of 
soil organic matter (including cellulose, hemicellulose, and lignin), converting it into mineralized 
nitrogen through mineralization, a process that may help explain the changes in sucrase activity that 
we observed (Fu et al. 2018). The positive effect of PGPR on the C conversion status, respiration 
intensity, and bacterial abundance in the soil has been demonstrated by the application of PGPR 
to artificial soil (Vuolo et al. 2022), which is in line with our finding that soil sucrase activity was 
increased upon the application of the bacterial fertilizer.

Soil urease activity can potentially reflect the supply of organic nitrogen and the transforma-
tion of nutrients into the soil (Han et al. 2017). The activity of PGPR in the soil also promotes the 
proliferation and metabolism of soil microbial communities, thereby increasing the sources of soil 
enzymes (Pérez-Montaño et al. 2014). Taken together, our results suggest that PGPR interacts with 
the soil environment to increase the levels of enzyme activity in the soil, although the mechanism 
was not identified. Additional measurements on soil pH, bulk density, and additional micronutrients 
in a future study would help elucidate the long-term influence of PGPR on soil enzyme activity.

4.4 Effect of FS and BF on soil fertility

A positive effect of BF treatment on soil fertility was observed, demonstrating that the application 
of bacterial fertilizer was beneficial to soil fertility. Remarkably, BF mainly improved soil fertil-
ity, as a result of nutrient accumulation and increased enzyme activities in the soil. Other authors 
have reported the significant effects of soil microbial activity on the cycling of soil nutrients during 
plant–soil transformation (Przybylska et al. 2024).

In general, a change in plant yield in response to soil urease and sucrase activities demon-
strates that the selected soil parameter might serve as a sensitive indicator of the plant’s response 
to PGPR (Zhang et al. 2023b). PGPR has been shown in other studies to promote eucalyptus 
growth mainly via the accumulation of N in the roots, stem, and foliage (Lan et al. 2023). Soil TN 
was found to be negatively correlated with plant yield, probably because of the decomposition 
and mineralization of filtered sludge following the application of FS and BF to the soil, especially 
with the accumulation of N in the case of the BF-treated soil. Furthermore, soil TN negatively 
and significantly influenced plant yield in the experiment. In most cases, soil TN has been found 
to positively correlate with plant volume in most specified species (Matkala et al. 2020), however, 
the cycling and accumulation of N in the plant and soil systems may not be the key factor affecting 
plant growth when low phosphorus is the restriction factor (Herbert et al. 2003).
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5 Conclusions

This study provides compelling evidence that the application of bacterial fertilizer, in conjunction 
with filtered sludge, significantly enhances soil fertility and promotes the growth of eucalyptus in 
a one-year eucalyptus plantation. The findings demonstrate that the combined use of Plant growth-
promoting rhizobacteria (PGPR) and filtered sludge not only improves soil nutrient availability 
but also stimulates critical enzyme activities that are essential for maintaining soil fertility and 
promoting plant health. Our results also indicate that eucalyptus seedlings exhibited significant 
improvements in growth parameters in BF treatment. Also, the beneficial effects of PGPR are most 
significant after six months of application, suggesting a time-dependent response in plant growth 
linked to enhanced soil conditions. The observed increase in soil urease and sucrase activities 
further supports the hypothesis that PGPR application can facilitate nutrient cycling and improve 
the overall biological health of the soil. The implications of this research extend beyond the 
immediate benefits observed in eucalyptus plantations. The results advocate for the integration of 
environmentally friendly bio-fertilizers into forestry management practices, particularly in regions 
where the reliance on chemical fertilizers has led to soil degradation and reduced fertility. This 
study not only reinforces the potential of bacterial fertilizers as a viable alternative to conventional 
fertilizers but also paves the way for future research aimed at optimizing bio-fertilizer formula-
tions and application strategies. Continued exploration of the synergistic effects of microbial and 
organic amendments will be essential for advancing sustainable forestry practices and ensuring 
the resilience of forest ecosystems in the face of environmental challenges.
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