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ABSTRACT

Crop inoculation with nitrogen-fixing bacteria (NFB) is a promising strategy for sustainable agriculture, but its
effectiveness has been assessed using both field and microcosm studies, raising questions about the translatability of
results. To address this, we conducted a comprehensive weighted meta-analysis of 78 studies (410 observations) across
five major crops—wheat (Triticum aestivum L.), rice (Oryza sativa), maize (Zea mays L.), chickpea (Cicer arietinum
L.), and barley (Hordeum vulgare)—to compare yield outcomes from NFB inoculation in both study types. Our analysis
revealed that NFB inoculation had a significantly positive effect on crop yield (Hedges’ g = 1.05). While there was no
significant difference in the mean effect size between the field and microcosm studies (P = 0.326), we found that soil
inoculation provided a significantly larger yield enhancement than seed inoculation (P = 0.011). Crucially, a meta-
regression of microcosm studies showed that experimental design parameters such as soil volume and plant density
significantly influenced the magnitude of the NFB effect (P < 0.006). Although microcosm studies can produce results
directly comparable to those from the field, they exhibit greater variability, and their outcomes are highly sensitive to
experimental design. These findings underscore the utility of microcosms as models while highlighting the need for
caution and careful design when extrapolating their results to field conditions.
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INTRODUCTION studies. Field studies conducted in agricultural settings
provide insights into NFB performance under the
The rising global demand for food production, influence of real-world environmental variability and
along with growing concerns regarding the impact of agronomic practices. Although this provides high
synthetic fertilizers, has intensified the need for agricultural relevance, these trials can be expensive and
sustainable agriculture. Today, agriculture depends subject to uncontrollable factors. In contrast, microcosm
heavily on synthetic nitrogen fertilizers; however, they ?tUdle_S are a controlled and Cost—effectlYe way to
have important ecological effects, including greenhouse investigate the effects of NFB on crop yield. These
gas emissions, water pollution, and soil degradation experiments make it easier to understand the underlying
(Martinez-Dalmau et al., 2021). To mitigate these mechanisms. However, their main drawback is that they
negative effects, inoculation of crops with nitrogen-fixing may not fully capture the complexity of the real-world
bacteria (NFB) has been studied as a strategy to enhance agricultural systems. )
crop yield by reducing reliance on synthetic fertilizers ) The differences betwe§n microcosms a'n'd field
(Mahapatra et al., 2022). Numerous studies employing studies create challenges regarding the translatability and
diverse methodologies have investigated the interactions comparability of their findings (Heinze et al., 2016;
between nitrogen-fixing bacteria (NFB) and various crop Schittko et al., 2016; Forero et al., 2019). Several factors
species. have been identified that can be affected by differences in
The study of the effect of NFB on crop yield soil volume limitation, simplification of microbial
follows two primary approaches: field and microcosm communities, and competence between plants in

1479



Lopez-Arredondo et al.,

microcosm studies. Therefore, a systematic, quantitative
synthesis is needed to clarify this relationship and
identify how these factors influence crop vyield.
Understanding this connection is crucial for optimizing
NFB research strategies and ensuring that promising
microcosm results can be reliably applied in agricultural
practices.

The objective of this study was to compare the
effects of NFB inoculation on crop yield in field and
microcosm studies. To this end, we performed a meta-
analysis of 410 observations from 78 research papers. We
sought to determine whether the effect of NFB
inoculation under these differing conditions was
consistent, and whether it was moderated by crop type
and bacterial genera. Additionally, we examined how
different inoculation methods performed in field versus
microcosm settings, and whether the choice of method
influences the comparability of the results. For
microcosm studies, we also investigated whether
variations in experimental design parameters, such as soil
volume per pot, number of plants per pot, and plant
density per unit of soil, contribute to the variability in
observed NFB inoculation effects.

MATERIALS AND METHODS

Data collection: We performed an extensive literature
search using Google Scholar and Scopus for published
papers on the effect of NFB inoculation on crop
productivity. We used combinations of the keywords;
“productivity”,  “yield”, “growth”,  “biofertilizer”,
“inoculation”, “nitrogen-fixing bacteria”. The criteria
used to include the studies were the use of only one
bacterial species per experimental group, description of
inoculation and growth methods, and inclusion of a
control group for treatment. The exclusion criterion was
the use of sterilized soil or substrate.

A meta-analysis requires independent datasets;
thus, in cases where multiple sampling dates were
reported in a study, only data from the most recent time
point were employed. When several studies reported data
from the same trial, the study with the most complete
dataset was preferred. In all cases, we extracted the grain
yield from the papers, as well as their associated
variances. In studies that used microcosms as models, we
extracted the volume and number of plants. Data from the
papers were extracted from the text and tables when
available, or  from images  using Imagel
(https://imagej.nih.gov/ij/). A total of 78 studies with 410
observations were included in the meta-analysis, and the
detailed process is presented in a PRISMA flow diagram
(Figure 1). References used for the meta-analysis can be
found in the Zenodo repository (doi: 10.5281/zenodo.
15743130).
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Data Analysis: Data were primarily grouped by crop
type into the following categories: wheat (Triticum
aestivum L.), rice (Oryza sativa), maize (Zea mays L.),
chickpea (Cicer arietinum L.), and barley (Hordeum
vulgare), although the overall analysis considered all
studies. We performed a weighted meta-analysis using a
random-effects model, due to expected heterogeneity
across studies, to calculate the effect size (ES) for each
observation. The ES was measured in terms of Hedges' g
(g), chosen because it provides a standardized mean
difference corrected for a small sample size bias.

First, the pooled standard deviation (spooled)
was calculated for each study.

. _Jm@—n§+o%—n§
pooled —

n, +n,— 2
where n. and n. are the sample sizes and s, and s. are the
standard deviations of the experimental (inoculated
group) and control groups, respectively. The standardized
mean difference (Cohen's d) was calculated as follows:

Xe_Xc

Spoolcd
where X"e and X'c represent the mean values for the
experimental and control groups, respectively. Hedges' g
(g) was computed by applying a small sample correction
factor (J), as follows:

Jx1-
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The approximate variance (vg) for each Hedge’s g value
was estimated as follows:
n, +n,
vy =

gZ

nen,  2(ng +ng)
The effect size was considered significant if the 95% CI
value was not zero, and the effects were considered
different when their respective CI did not overlap. The
95% confidence interval (95% CI) was calculated using
the following equation:
95 % CI = Ipooled t Zp975 X SEgpooled

For studies that did not report SD, we estimated
the SD to be 10% of the mean (Luo et al., 2006). In order
to explore the effects of NFB on individual crops and
study the effects of the inoculation method on crop yield
we conducted subgroup analyses. Finally, to explore the
association between crop yield in microcosms studies and
the volume, number of plants, and number of plants per
kilogram of soil in the microcosm, we conducted a
weighted meta-regression analysis (Greenland, 1987).

Publication Bias and Robustness Analysis: To check
for publication bias, we conducted a visual examination
of the funnel plot of effect sizes versus standard errors.
This visual analysis was followed by Egger's regression
test for detecting asymmetry in the funnel plot and Begg's
rank correlation test. To assess the robustness of the
overall findings and evaluate the influence of individual
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studies, we conducted a leave-one-out sensitivity
analysis. This process involved methodically omitting
one study at a time and recalculating the overall pooled
effect size to determine if any individual study had an
excessive influence on the results.

RESULTS

Overall effect of nfb inoculation and heterogeneity:
The overall meta-analysis, encompassing 410
observations and employing a random-effects model,
revealed a positive and statistically significant effect of
nitrogen-fixing bacteria (NFB) inoculation on crop yield
(Pooled Hedges' g = 1.05, 95% CI = 0.96-1.15, P <
0.001). A fixed-effects model also indicated a significant
positive effect (pooled Hedges' g = 0.87, 95% CI = 0.82—
0.93, P < 0.001). Significant heterogeneity was observed
among the studies (Cochran's Q = 1058.61, df =409, P <
0.001; I = 61.36%; 12 = 0.5116), supporting the use of
the random effects model for subsequent analyses.

Comparison of field vs. microcosm studies: A
subgroup analysis was conducted to compare the effects
of NFB inoculation between field and microcosm
conditions using a random-effects model (Figure 2). NFB
inoculation resulted in a statistically significant increase
in crop yield in field studies (k = 328; Pooled Hedges' g =
1.02, 95% CI = 0.93-1.12, P < 0.001; I? = 56.62%; 12 =
0.3977). Similarly, a statistically significant positive
effect was observed in microcosm studies (k = 82; Pooled
Hedges' g = 1.25, 95% CI = 0.97-1.54, P < 0.001; I> =
73.35%; 12 = 1.1529). The test for subgroup differences
indicated that the difference in the pooled effect sizes
between the field and microcosm conditions was not
statistically significant (QM = 0.96, df =1, P = 0.326).

Influence of crop type and study conditions: Two-way
subgroup analysis was performed to investigate the
combined effects of crop type and study conditions. The
test for differences between these combined subgroups
was statistically significant (QM = 22.34, df = 9, P =
0.008). The detailed effect sizes for each crop in the field
and microcosm settings are presented in Figure 3. Among
these, wheat in microcosm studies showed a pooled
Hedges' g of 2.07 (k=34; 95% CI = 1.47-2.67, P < 0.001;
I2 = 79.34%). In field studies, maize yielded a pooled
Hedges' g of 1.15 (k=156; 95% CI = 0.98-1.32, P <
0.001; I? = 65.28%). Significant positive effects (all P <
0.0002) were also observed for barley, chickpea, rice, and
wheat in field studies. In microcosm studies, barley,
chickpea, maize, and rice also showed significant positive
effects (all P < 0.0405).

Influence of inoculation method and study conditions:
NFB inoculation method was assessed as a moderator.
Overall, soil inoculation yielded a pooled Hedges' g of
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2.24 (k=48; 95% CI = 1.72-2.76, P < 0.001; I* =
79.61%), while seed inoculation resulted in a pooled
Hedges' g of 0.98 (k=362; 95% CI = 0.89-1.07, P <
0.001; I* = 56.06%). The difference between these two
methods was statistically significant (QM = 6.46, df = 1,
P =0.011). A two-way subgroup analysis of inoculation
method and study conditions revealed significant
differences among the combined subgroups (QM = 17.48,
df = 3, P = 0.00056), with details presented in Figure 4.
Soil inoculation in microcosm studies resulted in a pooled
Hedges' g of 3.19 (k=5; 95% CI = 1.40-4.99, P = 0.0005;
I2 = 81.28%). Soil inoculation in field studies yielded a
pooled Hedges' g of 2.12 (k=43; 95% CI = 1.58-2.66, P <
0.001; I» = 79.04%). Seed inoculation also produced
significant positive effects under both field (Hedges' g =
0.96, P < 0.001) and microcosm conditions (Hedges' g =
1.14, P <0.001).

Meta-regression analysis of microcosm study
variables: Mixed-effects meta-regression analyses were
conducted on microcosm studies (k values vary per
analysis, using overall 12 from the full dataset in weights)
to investigate the associations between experimental
design parameters and NFB effect sizes. A statistically
significant negative association was found between the
kilograms of soil per pot and effect size (coefficient = -
0.319, 95% CI = -0.542 to -0.096, P = 0.006; k=59), as
depicted in Figure 5b. This model had an R? of 12.6%
and significant residual heterogeneity remained (QE =
116.30, df=57, P < 0.001). A statistically significant
positive association was observed between the number of
plants per microcosm and effect size (coefficient = 0.452,
95% CI = 0.302-0.602, P < 0.001; k=59; Figure 5c). This
model had an R? value of 39.1%, and no significant
residual heterogeneity was detected (QE = 72.16, df=57,
P = 0.085). A statistically significant positive association
was also found between the number of plants per
kilogram of soil and the effect size (coefficient = 1.456,
95% CI = 0.789-2.123, P < 0.001; k=57; Figure 5a). This
model had an R? of 25.8%, with significant residual
heterogeneity (QE = 87.81, df=55, P =0.003).

Publication bias and robustness: Visual inspection of
the funnel plot suggested some asymmetry. Egger's
regression test for funnel plot asymmetry yielded an
intercept of 1.42 (SE = 0.22, P < 0.001). Begg's rank
correlation test indicated a Kendall's Tau of 0.57 (P <
0.001). Leave-one-out sensitivity analysis was also
performed. The overall random-effects pooled estimate
(1.05, 95% CI = 0.96-1.15) remained relatively stable
upon removal of individual studies, with resulting pooled
estimates ranging from 0.98 to 1.10. The removal of no
single study altered the statistical significance of the
overall positive effect of NFB inoculation.
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Figure 1. PRISMA flow diagram illustrating the literature search and study selection process. The initial search
of Scopus (n=181) and Google Scholar (n=300) yielded 481 records. After removing duplicates and
screening records based on title and eligibility criteria, 78 studies were ultimately included in the final
meta-analysis.
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Figure 2. NFB inoculation significantly increased the overall crop yield, with comparable mean effect sizes in field
(Hedges' g = 1.02) and microcosm (Hedges' g = 1.25) studies (P=0.326 for subgroup difference). Data
points represent pooled Hedges' g with 95% ClIs; Numbers accompanying data points indicate total
observations, with the number of contributing studies in parentheses.
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Figure 3. The beneficial effect of NFB inoculation on crop yield was significantly moderated by the interaction of
crop type and study condition (QM=22.34, P=0.008), with wheat in microcosm studies exhibiting a
notably large positive effect (Hedges' g = 2.07). Data points represent pooled Hedges' g with 95% ClIs;
Numbers accompanying data points indicate total observations, with the number of contributing studies

in parentheses.
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Figure 4. Soil inoculation (overall Hedges' g = 2.24) led to a significantly larger NFB-induced enhancement in
crop yield than seed inoculation (overall Hedges' g = 0.98) (P=0.011 for method difference), and this effect
was particularly pronounced in microcosm settings (soil inoculation Hedges' g = 3.19). Data points
represent pooled Hedges' g with 95% CIs; Numbers accompanying data points indicate total
observations, with the number of contributing studies in parentheses.
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Figure 5. Meta-regression analysis of microcosm studies revealed significant associations between NFB effect size
(Hedges' g) and the following experimental design parameters: (a) a significant positive relationship with
the number of plants per kg of soil (coefficient = 1.456, P<0.001 ), (b) a significant negative relationship
with Kilograms of soil per pot (coefficient = -0.319, P=0.006 ), and (c) a significant positive relationship
with the number of plants per pot (coefficient = 0.452, P<0.001 ). Circles represent individual studies with
their 95 % ClIs.
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DISCUSSION

The objective of this study was to evaluate the
effectiveness of nitrogen-fixing bacteria (NFB)
inoculation on crop yield in both field and microcosm
environments and to identify the principal factors that
influence these outcomes. The results enhance the
understanding of the applicability of NFB research across
varying experimental scales, and offers valuable insights
for future research and practical applications.

The meta-analysis accounted for substantial
inter-study heterogeneity (I> = 61.36%), confirming a
significant and positive overall effect of NFB inoculation
on crop yield (Hedges' g = 1.05). This reinforces the
potential of NFB as a wvaluable tool in sustainable
agriculture to enhance productivity (Mahapatra et al.,
2022). A central objective was to compare the results
from NFB inoculation between field and microcosm
settings. Our results indicated that NFB inoculation
significantly enhanced crop yield in both field (Hedges' g
= 1.02) and microcosm studies (Hedges' g = 1.25), with
no statistically significant difference in their average
efficacy (P = 0.326). This suggests that, on average,
microcosms can provide a relevant preliminary
assessment of NFB performance, reflecting the general
direction and broadly comparable magnitude of effects
observed in the field. This aligns with the view that
despite their inherent simplifications, microcosm studies
can offer valuable initial insights (Kizilkaya, 2008;
Zabihi et al., 2011; Banik et al., 2019; Sheirdil et al.,
2019). However, the numerically larger mean effect and
wider confidence interval for the overall microcosm
pooled estimate indicated that, while broadly comparable,
results from microcosm studies might exhibit greater
variability, a point that warrants consideration when
extrapolating effect magnitudes.

The efficacy of NFB inoculation was
significantly moderated by crop type when interacting
with study settings (QM = 22.34, P = 0.008); however,
wider confidence intervals were generally observed in
microcosm studies. This could be attributed to several
factors, including typically smaller numbers of studies
within specific microcosm subgroups, a potentially
higher underlying methodological heterogeneity among
different microcosm experiments despite control within
each (I* values often >60% for microcosm crop
subgroups), or perhaps a greater diversity of NFB strains
and experimental objectives in initial microcosm
screenings.

While most crops (barley, chickpea, maize, and
rice) exhibited broadly comparable mean effect sizes
between field and microcosm conditions, wheat was a
notable exception. For wheat, the beneficial effect of
NFB inoculation was substantially greater in the
microcosm studies (Hedges' g = 2.07) than in the field
studies (Hedges' g = 0.98), with non-overlapping 95%
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confidence intervals, indicating a significant difference in
the response magnitude between the two environments,
specifically for this crop.

We hypothesized that the significantly higher
yield response of wheat to Nitrogen-Fixing Bacteria
(NFB) inoculation under microcosm conditions is driven
by a combination of several factors. First, wheat has
lower water requirements than crops such as maize
(Mehta and Pandey, 2015). The consistent and optimal
water supply in microcosms removes the potential water
stress that might occur in the field, which is a critical
factor, especially during the seedling stage causing a
decrease in yield (Song et al., 2019). Second, microcosms
are often conducted in controlled environments, which
may have provided conditions favoring photoperiod and
vernalization cues known to significantly influence wheat
flowering and subsequent yield (Rodrigues et al., 2014).
With water and potentially optimized flowering
conditions, the nitrogen supplied by NFB becomes the
key driver of yield increases. The impact of NFB-
supplied nitrogen is likely amplified in the microcosms
for two main reasons. First, the contained systems
prevent nitrogen loss through runoff and leaching, which
can occur under field conditions. Second, wheat has a
relatively low nitrogen requirement compared to crops
such as maize (He et al., 2013), which also leads to a
higher contribution of N fertilizers to wheat yield (Liu ef
al., 2010). Consequently, the additional nitrogen provided
by NFB leads to a more pronounced effect on yield than
that observed in more nitrogen-demanding crops. This
underscores the importance of designing microcosm
experiments to reflect the key resource limitations
anticipated in the field and ensure that the findings can be
more accurately translated to agricultural practice.

In addition, we found that the inoculation
method significantly influenced NFB efficacy and its
interaction with the study conditions (QM = 17.48, P =
0.00056). Soil inoculation demonstrated a markedly
stronger effect (Hedges' g = 2.24) than seed inoculation
(Hedges' g 0.98), and this difference was most
pronounced under microcosm conditions (Hedges' g =
3.19). This is consistent with previous studies where soil
inoculation has been associated with higher yields
(Schiffmann and Alper, 1968; Habish and Ishag, 1974).
The higher effect in microcosms than in field conditions
could be attributed to a reduction in mesofauna diversity,
which was associated with an increase in available
nitrogen in microcosms (Cole et al., 2004)., together with
the controlled environmental parameters characteristic of
microcosm settings, which stand in contrast to the greater
ecological complexity and variability inherent to field
studies (Dadzie et al., 2024).

Our examination of the elements affecting NFB
effectiveness in controlled environments showed that the
size of the soil and the density of the plants played a
significant role in altering the NFB effect sizes observed.



Lopez-Arredondo et al.,

This finding is key for understanding translatability, as
we identified a clear trend: smaller soil volumes and
higher plant densities were consistently associated with
larger NFB-induced yield enhancement. This strongly
suggests that common laboratory setups, often
prioritizing convenience or resource constraints, might
inadvertently create conditions that inflate the perceived
benefits of NFB inoculation compared with field
scenarios. For instance, restricted soil volumes can lead
to more rapid nutrient depletion (Salamanca et al., 1998),
thereby making the crop more reliant on, and responsive
to, NFB-supplied nitrogen. Similarly, higher plant
densities can heighten interplant competition for
resources(Dukes, 2001), making the contribution of NFB
more substantial. Additionally, small microcosm
dimensions can simplify soil ecological dynamics
(Spencer and Warren, 1996; Gustafson and Casper,
2004), leading to reduced ecological challenges and
potentially amplifying the perceived NFB benefits
relative to the field. These findings strongly imply that, to
improve the translatability of microcosm research,
experimental designs should aim to mimic field-relevant
soil volumes and plant densities. Furthermore, detailed
reporting of these parameters is essential for interpreting
the results and improving cross-study comparisons
(Heinze et al., 2016; Schittko et al., 2016; Forero et al.,
2019).

This meta-analysis has several limitations that
warrant discussion. A formal quality assessment of
individual studies was not performed, as standardized
quantitative quality appraisal tools are less established
and not yet widely adopted in agricultural research
compared to other disciplines(Philibert et al., 2012).
Additionally, publication bias tests (Egger's P < 0.001;
Begg's P < 0.001) indicated a significant potential for
publication  bias. This finding  suggests an
overrepresentation of studies reporting positive and
significant effects, which may have inflated the overall
pooled effect size. Although our leave-one-out sensitivity
analysis shows that the statistical significance of the
overall positive NFB effect is robust, the magnitude of
this effect should be interpreted with this potential bias in
mind. Second, despite the inclusion of numerous studies,
considerable heterogeneity persisted, even within
subgroups (I? values often >50%). While we explored
several key moderators, other unmeasured variables
related to specific environmental conditions, soil types,
NFB strains, or co-applied treatments likely contributed
to this variability. The frequent lack of detailed reporting
of such factors in primary studies limits the exhaustive
exploration of the source of heterogeneity (Lin, 2018).
Furthermore, the microcosm category itself encompasses
a diverse range of experimental setups, and while our
meta-regression addressed some design features, residual
variability linked to unquantified aspects of microcosm
design is probable.
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Conclusion: The objective of this meta-analysis was to
critically assess the effects of inoculation with nitrogen-
fixing bacteria (NFB) on crop yield within both field and
microcosm experimental frameworks. We found that
NFB inoculation significantly enhanced crop yield in
both settings, with an average magnitude of enhancement
that was broadly comparable. However, nuanced
distinctions are observed. The analysis confirmed the
context dependency of NFB efficacy, demonstrating
significant moderation by interactions between the
experimental setting and key biological factors, whereby
distinct crop types and bacterial genera exhibited
differential  response  magnitudes across these
environments. Furthermore, NFB inoculation method was
found to be influential, with inoculation techniques
interacting with study conditions, thereby affecting both
perceived efficacy and congruence of outcomes between
experimental scales. This meta-analysis identified that
reduced soil volumes in microcosms and increased plant
numbers per pot were significantly correlated with larger
NFB-induced yield enhancements. This observation
underscores the principal conclusion that such controlled
experimental systems may inherently lead to an
overestimation of NFB efficacy, thereby limiting the
direct translatability of the findings to agricultural
practice. Consequently, a salient implication of this
research is that enhancing the predictive validity of
microcosm-derived data for field agriculture necessitates
rigorous consideration of these experimental design
parameters to emulate field conditions more accurately,
thereby fostering a more robust translation of NFB

research  into  tangible  sustainable  agricultural
applications.
Acknowledgements: This paper is part of the

requirements for obtaining a Doctoral degree at the
Posgrado en Ciencias Biologicas, Universidad Nacional
Autonoma de México (UNAM) of E. J. Lopez-
Arredondo. E. J. Lopez-Arredondo acknowledges the
doctoral scholarship received from CONACYT.

Author contribution: Conceptualization, S.R-Z, N.C, E-
L-A. Methodology, E-L-A. Software, E-L-A. Validation,
E-L-A. Formal analysis, E-L-A. Investigation, E-L-A.
Resources, S.R-Z, NC, E-L-A. Data curation, E-L-A.
Writing-original draft, E-L-A. Writing-review & editing,
S.R-Z, NC, E-L-A. Visualization, E-L-A. Supervision,
S.R-Z, N.C. Project administration, S.R-Z, N.C, E-L-A.
Funding acquisition, S.R-Z, N.C, E-L-A. All co-authors
reviewed the final version and approved the manuscript
before submission.

REFERENCES

Banik, A., G. K. Dash, P. Swain, U. Kumar, S. K.
Mukhopadhyay and T. K. Dangar (2019).
Application of rice (Oryza sativa L.) root



Lopez-Arredondo et al.,

endophytic diazotrophic Azotobacter sp. strain

Avi2 (MCC 3432) can increase rice yield under

green house and field condition. Microbiol. Res.

219: 56-65. DOI: 10.1016/j.micres.2018.11.004

K. M. Dromph, V. Boaglio and R. D. Bardgett

(2004). Effect of density and species richness of

soil mesofauna on nutrient mineralisation and

plant growth. Biol. Fertil. Soils. 39(5): 337-343.

DOI: 10.1007/s00374-003-0702-6.

Dadzie, F. A., A. T. Moles, T. E. Erickson, N. Machado
de Lima and M. Mufoz-Rojas (2024).
Inoculating native microorganisms improved
soil function and altered the microbial
composition of a degraded soil. Restor. Ecol.
32(2): €14025. DOI: 10.1111/rec.14025

Dukes, J.S. (2001). Productivity and complementarity in
grassland microcosms of varying diversity.
Oikos. 94(3): 468-480. DOI: 10.1034/j.1600-
0706.2001.940309.x

Forero, L. E., J. Grenzer, J. Heinze, C. Schittko and A.
Kulmatiski (2019). Greenhouse- and field-
measured plant-soil feedbacks are not correlated.
Front.  Environ. Sci. 7: 184. DOL
10.3389/fenvs.2019.00184

Greenland, S. (1987). Quantitative methods in the review
of epidemiologic literature. Epidemiol. Rev.
9(1): 1-30. DOI:
10.1093/oxfordjournals.epirev.a036298

Gustafson, D. J. and B. B. Casper (2004). Nutrient

addition affects AM fungal performance and

expression of plant/fungal feedback in three

serpentine grasses. Plant. Soil. 259(1-2): 9-17.

DOI: 10.1023/b:pls0.0000020936.56786.a4

H. A. and H. M. Ishag (1974). Nodulation of

legumes in the Sudan III. Response of haricot

bean to inoculation. Exp. Agric. 10(1): 45-50.

DOI: 10.1017/s0014479700006402

He, P, Z. Sha, D. Yao, S. Xing and W. Zhou (2013).

Effect of nitrogen management on productivity,

nitrogen use efficiency and nitrogen balance for

a wheat-maize system. J. Plant Nutr. 36(8):

1258-1274. DOI:

10.1080/01904167.2013.784982

J., M. Sitte, A. Schindhelm, J. Wright and J.

Joshi  (2016). Plant-soil  feedbacks: a

comparative study on the relative importance of

soil feedbacks in the greenhouse versus the field.

Occologia. 181(2): 559-569. DOI:

10.1007/s00442-016-3591-8

Kizilkaya, R. (2008). Yield response and nitrogen
concentrations of spring wheat (Triticum
aestivum)  inoculated  with  Azotobacter
chroococcum strains. Ecol. Eng. 33(2): 150-156.
DOI: 10.1016/j.ecoleng.2008.02.011.

Lin, L. (2018). Bias caused by sampling error in meta-
analysis with small sample sizes. PLoS One.

Cole, L.,

Habish,

Heinze,

1487

J. Anim. Plant Sci., 35 (6) 2025

13(9): ¢0204056. DOI:
10.1371/journal.pone.0204056

Liu, J., H. Liu, S. Huang, X. Yang, B. Wang, X. Li and
Y. Ma (2010). Nitrogen efficiency in long-term
wheat-maize cropping systems under diverse
field sites in China. Field Crops Res. 118(2):
145-151. DOI: 10.1016/j.fcr.2010.05.003

Luo, Y., D. Hui and D. Zhang (2006). Elevated CO,
stimulates net accumulations of carbon and
nitrogen in land ecosystems: a meta-analysis.
Ecology. 87(1): 53-63. DOI: 10.1890/04-1724

Mabhapatra, D. M., K. C. Satapathy and B. Panda (2022).
Biofertilizers and nanofertilizers for sustainable
agriculture: phycoprospects and challenges. Sci.

Total Environ. 803: 149990. DOI:
10.1016/j.scitotenv.2021.149990
Martinez-Dalmau, J., J. Berbel and R. Ordoéiiez-

Fernandez (2021). Nitrogen fertilization. A
review of the risks associated with the
inefficiency of its use and policy responses.

Sustainability. 13(10): 5625. DOI:
10.3390/su13105625

Mehta, R. and V. Pandey (2015). Reference
evapotranspiration (ETo) and crop water

requirement (ETc) of wheat and maize in
Gujarat. J. Agrometeorol. 17(1): 107-113. DOI:
10.54386/jam.v17i1.984

Philibert, A., C. Loyce and D. Makowski (2012).
Assessment of the quality of meta-analysis in
agronomy. Agric. Ecosyst. Environ. 148: 72-82.
DOI: 10.1016/j.agee.2011.12.003

Rodrigues, O., M. C. C. Teixeira, E. R. Costenaro, L.
Vargas and R. Damo (2014). Influence of
vernalization and photoperiod on the duration of
stem elongation and spikelet fertility in wheat.
Agric.  Sci.  5(14):  1547-1557. DOI:
10.4236/as.2014.514166

Salamanca, E. F., N. Kaneko and S. Katagiri (1998).
Nutrient dynamics in decomposing forest leaf
litter: a comparison of field and laboratory
microcosm approach. J. For. Res. 3(2): 91-98.
DOI: 10.1007/b£02760308

Schiffmann, J. and Y. Alper (1968). Inoculation of
peanuts by application of Rhizobium suspension
into the planting furrows. Exp. Agric. 4(3): 219-
226. DOI: 10.1017/s0014479700004221

Schittko, C., C. Runge, M. Strupp, S. Wolff and S. Wurst
(2016). No evidence that plant—soil feedback
effects of native and invasive plant species under
glasshouse conditions are reflected in the field.
J. Ecol. 104(5): 1243-1249. DOI: 10.1111/1365-
2745.12603

Sheirdil, R. A., R. Hayat, X. -X. Zhang, N. A. Abbasi, S.
Ali, M. Ahmed, J. Zaman, K. Khattak and S.
Ahmad (2019). Exploring potential soil bacteria
for sustainable wheat (Triticum aestivum L.)



Lopez-Arredondo et al., J. Anim. Plant Sci., 35 (6) 2025

production. Sustainability. 11(12): 3361. DOI: Zabihi, H. R., G. R. Savaghebi, K. Khavazi, A. Ganjali

10.3390/su11123361 and M. Miransari (2011). Pseudomonas bacteria

Song, L., J. Jin and J. He (2019). Effects of severe water and phosphorous fertilization, affecting wheat

stress on maize growth processes in the field. (Triticum aestivum L.) yield and P uptake under

Sustainability. 11(18): 5086. DOI: greenhouse and field conditions. Acta. Physiol.

10.3390/sul1185086.DOI1:10.2307/3545882 Plant. 33(1): 145-152. DOI: 10.1007/s11738-
010-0531-9.

1488



