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Abstract 
Background and aims  Implementing sustainable 
crop management to improve soil health can bolster 
plant and soil resistance to drought stress. This study 
evaluated the long-term impact of sustainable soil 
management on soil health in tropical coffee agroeco-
systems, focusing on how these practices influenced 
plant yield and quality, as well as soil microbiome 
composition and function under drought treatment.
Methods  Plots were selected from a long-term 
experiment established in January 2016 in Lavras 
municipality, Minas Gerais State, Brazil, and treat-
ments had been in place for 7 years by the end of the 

current study. Soil management treatments included: 
(i) annual coffee husk residue amendment within 
rows + permanent signal grass (Urochloa decumbens) 
cover between rows (CHUD), (ii) annual agricultural 
gypsum amendment within rows + permanent signal 
grass cover between rows (GUD), and (iii) a control 
consisting of coffee monoculture with bare soil.
Results  Combining coffee husk + signal grass man-
agement improved chemical, physical, and biologi-
cal soil health indicators compared to bare soil man-
agement. These practices were also associated with 
higher coffee yield and superior beverage quality. Soil 
fungal and bacterial communities responded to both 
management and water availability, and soil func-
tional indicators assessed by enzyme activity showed 
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greater resistance to the drought treatment under cof-
fee husk + signal grass management.
Conclusion  Overall, this study indicates that com-
bined residue amendment and soil cover may enhance 
long-term soil and crop responses in this tropical cof-
fee agroecosystem, with evidence of greater resist-
ance of soil functional indicators to the drought treat-
ment used in the incubation assay.

Keywords  Coffea arabica L. · Cover crops · Soil 
amendments · Sustainable management · Drought 
resistance

Introduction

Drought negatively affects farming worldwide, a 
challenge increasingly exacerbated by climate change 
and water shortages (Sá et  al. 2011; IPCC 2021). 
Such adverse conditions can disrupt vital soil func-
tions including nutrient cycling and water retention, 
ultimately compromising coffee yield and beverage 
quality (Voltolini et al. 2022). Enhancing soil health 
is a critical strategy to mitigate these challenges, as 
it supports ecosystem resilience and sustains produc-
tivity even under environmental stress (Naylor and 
Coleman-Derr 2018; Lal 2020a; Lehmann et al. 2020; 
Davis et al. 2023). The provision of water is a crucial 
service provided by healthy soils. Soil water content 
impacts several physical, chemical, and biological 
properties and processes, which in turn affect nutrient 
uptake, crop growth, quality, yield, and health (Silva 
et  al. 2019; Lehmann et  al. 2020; Voltolini et  al. 
2022; Davis et  al. 2023; Ghimire et  al. 2023; Vilela 
et  al. 2023, 2024). Developing management strate-
gies that improve soil health and water dynamics is 
essential for creating climate-smart, drought-resilient 
agricultural systems, particularly in coffee-growing 
regions increasingly exposed to combined drought 
and heat stress (Borgo et al. 2025).

Combining management practices such as cover 
cropping and soil conditioners can enhance soil health 
and water availability, improving agricultural sustain-
ability and resilience to climate extremes (Silva et al. 
2019, 2021; Barbosa et  al. 2020; Castanheira et  al. 
2022; Vilela et  al. 2023, 2024). For instance, cof-
fee husk, a by-product of coffee hulling, can improve 
soil moisture, nutrient availability, and soil organic 
matter (SOM) when used as a residue amendment 

(Castanheira et al. 2022; Voltolini et al. 2022; Vilela 
et  al. 2024). Agricultural gypsum promotes deeper 
plant rooting by neutralizing aluminum toxicity and 
aiding plant development under water deficit (Car-
ducci et  al. 2015; Silva et  al. 2015; Voltolini et  al. 
2020). Urochloa species increase SOM and soil poros-
ity and may retain up to 40 m3 ha−1 of water into the 
0—20  cm soil layer when intercropped with coffee 
plants (Rocha et al. 2014; Galdos et al. 2020). Coffee 
intercropped with signal grass (Urochloa decumbens) 
has also been shown to increase phosphatase enzyme 
activity, leading to improved phosphorus (P) cycling 
(11.5 kg ha−1) (Baptistella et al. 2022).

Agricultural management practices and soil prop-
erties, such as pH, nutrient content, texture, water 
content, and temperature, are primary drivers of 
soil microbial composition and function (Kavamura 
et  al. 2013; Naylor and Coleman-Derr 2018; Paula 
et al. 2014; Veloso et al. 2023; Wang et al. 2023; De 
Silva et  al. 2025). Although research indicates that 
these practices enhance specific soil health metrics 
such as SOM (Lehmann and Kleber 2015; Lehmann 
et  al. 2020), it is essential to comprehend their long-
term impact on the soil microbiome, especially under 
drought stress. No-till and cover crops can favor bac-
terial (e.g., Acidobacteria and Firmicutes) and fungal 
(e.g., mycorrhizal) communities (Wulanningtyas et al. 
2020; Singh et  al. 2023; Veloso et  al. 2023; Vilela 
2024). Minimizing soil disturbance leads to an increase 
in microbially-produced extracellular enzymes such 
as β−1,4-glucosidase, which breaks down SOM into 
more stable forms of carbon, and phosphatase, which 
makes organic phosphorus available for plant uptake 
(Singh et al. 2023). The living component of the soil 
actively supports nutrient cycling, SOM decomposi-
tion and promotes plant growth, contributing to the 
development of drought-tolerant and resilient crops 
(Kavamura et al. 2013; Paula et al. 2014; Lehmann and 
Kleber 2015; Naylor and Coleman-Derr 2018; Wang 
et  al. 2023). Since specific microorganisms are often 
recruited from soil by plants to help mitigate drought 
stress, it is important to understand how microbiomes 
are altered under drought conditions (Wang et al. 2023; 
Petermann et al. 2024). Soil microbiomes can exhibit 
consistent responses to extreme events and manage-
ment can influence drought resistance and resilience 
of microbial communities (Knight et  al. 2024; Kost 
et al. 2024). In coffee systems, farm management has 
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also been shown to shape soil microbiome composition 
(Kutos et al. 2024; Veloso et al. 2023).

Combining conservation management practices 
enhances soil health and microbial activity beyond 
the additive effect of individual practices (Lehman 
et  al. 2019). In addition to yield and quality gains, 
improved soil health may bolster resistance to 
drought, a stressor that increasingly threatens cof-
fee production even in high-rainfall systems. Brazil, 
the world’s leading coffee producer and exporter, has 
faced significant yield losses in recent years due to 
drought during coffee blossoming (CONAB, 2023). 
However, coffee-specific evidence integrating long-
term management effects on soil health, microbiome 
composition, agronomic performance, and drought-
related soil functional responses remains limited. To 
address this gap, this study aimed to assess: 1) the 
long-term impact of conservation soil management 
on soil health and microbiomes in tropical coffee 
agroecosystems; 2) the effect of soil health on cof-
fee yield and beverage quality; and 3) the influence of 
long-term conservation management on the drought 
resistance of soil microbiome composition and func-
tion. We hypothesized that: 1) amendment combi-
nations designed to increase living soil cover and 
supplement soil carbon would significantly enhance 
long-term soil health; 2) these improvements in soil 
health would lead to higher coffee yield and better 
beverage quality; and 3) increased soil health would 
contribute to greater drought resistance in soils condi-
tioned by long-term conservation practices. By inte-
grating a long-term field experiment with soil health, 
microbiome, yield, beverage-quality, and controlled 
drought-response assessments, this study provides a 
broader evaluation of how conservation management 
may shape the resilience of tropical coffee soils and 
production systems.

Material and methods

Experimental field system design and management

The long-term field experiment was established 
in January 2016 at the Department of Agriculture 
of the Universidade Federal de Lavras (UFLA), 
Lavras, Minas Gerais State, Brazil (−21.226797°S, 
−44.961208°W, 975 m above sea level), under open-
field conditions with natural rainfall and temperature 

regimes. By the final sampling in 2023, the experi-
mental plots and cropping system treatments had 
been maintained for 7  years. The region features a 
tropical climate with an average annual tempera-
ture of 19.4  °C and an average annual precipitation 
of 1558  mm. Local rainfall distribution and average 
temperature during the study period (2016 to 2023) 
is presented in Fig. 1. The soil in the study area has 
a clayey texture (Table 1) and is classified as Latos-
solo Vermelho-Amarelo (Brazilian Soil Classifica-
tion System) (Curi et  al. 2017; Santos et  al. 2018) 
and Typic Hapludox according to the U.S. System of 
Soil Taxonomy (Soil Survey Staff 2022). The grove 
was 0.324 ha and contained about 1,200 coffee plants. 
The coffee variety used in the experiment was Mundo 
Novo IAC-379—19 (Coffea arabica L.), which is the 
most widely cultivated cultivar in the South Minas 
Gerais region and represents the predominant com-
mercial production system in this area. The distance 
between trees in the row was 0.75  m and 3.6  m 
between rows. All trees in the grove were planted at 
the same time and received uniform management for 
fertilization and pest control (insecticides, herbicides, 
and fungicides throughout the year), using prod-
ucts registered for coffee crops, in accordance with 
sustainable agriculture guidelines (Reis and Cunha 
2010). All insecticides and fungicides were applied 
via foliar spray. In the coffee rows of all plots, we 
used integrated weed management to rotate between 
pre-emergent (e.g., a.i. oxyfluorfen, flumioxazin, and 
indaziflam) and post-emergent herbicides (e.g., a.i. 
clethodim, chlorimuron-ethyl, and glyphosate) based 
on the weed species present in the area. The herbi-
cides were applied 1.00 m wide on each side of the 
coffee row without interfering with the treatment 
application on each plot.

Experimental field treatments

The experimental field study system comprised 
three treatments comparing conservation man-
agement strategies implemented between the cof-
fee rows: CHUD = annual coffee husk amend-
ment + continuous cover of signal grass (Urochloa 
decumbens); GUD = annual agricultural gypsum 
amendment + continuous cover of signal grass; and 
Control = bare soil between coffee rows without 
vegetative cover, coffee husk, or gypsum (Fig.  2). 
For CHUD and GUD, signal grass seeds were sown 
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between the coffee rows in December 2015. This spe-
cies is a widely used tropical forage grass in Brazil, 
recognized for its capacity to provide permanent soil 
cover, which supports its use as a cover crop in coffee 
agroecosystems. The grass was planted at a distance 
of 1.00  m from each side of the coffee row, occu-
pying a total between-row width of 1.60  m. Grass 
cover was mowed before flowering, with biomass 
deposition under the coffee canopy. Along with the 
signal grass, coffee husk (CHUD treatment) residue 

and agricultural gypsum (GUD treatment) amend-
ments were used as soil conditioners. The CHUD 
and GUD treatments were selected as practical and 
low-cost conservation strategies that producers can 
feasibly adopt, using inputs such as coffee husk (a 
by-product generated on-farm), gypsum (a widely 
available and low-cost soil conditioner), and signal 
grass cover, which improves soil cover and is easy 
to manage as a cover crop, mainly due to its suscep-
tibility to most herbicides commonly used in coffee 

Fig. 1   Climatic characterization of the experimental site in 
South Minas Gerais, Brazil (2016–2023). (A) Monthly precipi-
tation (bars) and mean temperature (line, secondary axis). (B) 
Average daily sunshine duration. Dashed vertical lines indi-

cate key sampling campaigns: August 2021 (GWC), November 
2021 (enzymes, 16S, and ITS), and May 2023 (undisturbed 
soil cores for physical properties). Climatic data were obtained 
from the local weather station
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production systems. Both coffee husk and gypsum 
were applied annually between 2016 and 2021 (a total 
of six applications) and top-dressed under the coffee 
canopy within a 1.00 m area on either side of the cof-
fee row. The applications were carried out during the 
rainy season (October–November), after blossoming 
and before fruiting. Doses were 0.33 Mg ha−1 of cof-
fee husk and 3 Mg ha−1 of agricultural gypsum, with 
rates based on the soil nutrient testing within a 20 to 
40 cm subsurface depth and soil texture (Table 1) fol-
lowing Guimarães et  al. (1999) recommendations. 
In the Control treatment, bare soil was maintained 
within a 1.00 m strip on each side of the coffee row 
through weeding and herbicide applications, while 
spontaneous vegetation was allowed between rows, 

with no amendments added. This management repre-
sents the conventional practice most widely adopted 
by coffee producers in South Minas Gerais, the lead-
ing coffee-producing region of Brazil, and therefore 
provides a realistic baseline for comparison.

Plant analyses

Crop yield

We collected coffee berries from all plants within 
each plot annually to evaluate the weight and vol-
ume of the harvested coffee. Samples containing 3 L 
of harvested coffee were dried until reaching 11.5% 
moisture and weighed before and after processing. 
The data were used to calculate the average yield for 
the 2020/2021 biennium in kg ha−1. Because cof-
fee production exhibits biennial variability, averag-
ing the yields over two consecutive years provides a 
more accurate assessment of long-term management 
effects. We used the 2020/2021 biennium yield to 
assess the cumulative impact of six years of soil man-
agement on coffee production for the current study. 
The average yield of the 2018/2019 biennium after 
four years of management was 3450 kg.ha−1 in GUD, 
2160  kg.ha−1 in CHUD and 1320  kg.ha−1 in Control 
as reported in Voltolini et al. (2022).

Coffee sensory analysis

Sensory analysis was performed following the Spe-
cialty Coffee Association (SCAA, 2013) protocol, 
which is the international standard for evaluat-
ing coffee beverage quality. This method is widely 
applied in both research and industry to assess con-
sumer-relevant attributes, providing a robust and 
integrative measure of beverage quality. Three inde-
pendent 300  g green coffee samples per plot were 
used. The beans were roasted and ground according 
to the SCAA (2013) protocol prior to evaluation. 
Three quality graders (Q-graders), who were profes-
sionally trained coffee tasters at the Coffee Quality 
Institute, conducted a sensory analysis of the coffee 
harvested in 2021. Coffees were assessed for fra-
grance, sweetness, flavor, acidity, uniformity, clean 
cup, body, aftertaste, balance, overall score evalua-
tion, and global score. The global score was used to 
represent beverage quality in this study, as it reflects 
the average of all evaluated attributes and therefore 

Table 1   Soil’s chemical and physical characteristics previous 
to the experiment installment in 2015

pH soil pH in water, P soil phosphorus content, K soil exch. 
Potassium, Ca soil exch, Calcium, Mg soil exch, Magnesium, 
Al soil aluminum content, CEC cation exchange capacity at 
pH 7.0, BS base saturation, m aluminum saturation, SOM soil 
organic matter, Zn soil zinc content, Fe soil iron content, Mn 
soil manganese content, Cu soil copper content, B soil boron 
content, S soil sulfur content

Indicator (unit) Depth (cm)

0—20 20—40

pH (water) 5.0 4.6
P (mg dm−3) 4.5 1.4
K (mg dm−3) 104 48
Ca+2 (cmolc dm−3) 1.5 0.5
Mg2+ (cmolc dm−3) 0.5 0.2
Al+3 (cmolc dm−3) 0.2 0.5
H + Al (cmolc dm−3) 3.5 4.4
SB (cmolc dm−3) 2.3 0.8
CEC (cmolc dm−3) 5.7 5.1
BS (%) 39.6 15.9
m (%) 8.1 37.8
SOM (g kg−1) 21 -
Zn (mg dm−3) 2.9 0.7
Fe (mg dm−3) 102.7 93.5
Mn (mg dm−3) 22.9 10.6
Cu (mg dm−3) 4.1 3.2
B (mg dm−3) 0.3 0.5
S (mg dm−3) 35.9 60.7
Clay (g.kg−1) 440 -
Silt (g.kg−1) 90 -
Sand (g.kg−1) 470 -
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provides a robust measure of beverage quality 
(SCAA, 2013).

Soil sampling and analyses

Soil samples were collected for chemical, physi-
cal, and biological analyses. The selection of indi-
cators followed established soil health assessment 
frameworks that emphasize the integration of com-
plementary properties reflecting soil functionality 
and ecosystem services (Karlen et al., 1997; Nunes 
et al. 2020; Lehmann et al. 2020; Davis et al. 2023). 
Accordingly, we evaluated chemical indicators (pH, 
nutrient contents, and soil organic matter), physical 
indicators (bulk density, porosity, available water 
capacity, gravimetric and volumetric water con-
tents), and biological indicators (enzyme activities 
and microbial diversity) to capture the multidimen-
sional nature of soil health under long-term coffee 
management systems.

Soil chemical properties

Soil samples were collected for chemical characteri-
zation to a maximum depth of 20  cm at the begin-
ning of the rainy season in September 2015 (before 
the experiment was installed) and in September 
2021 after 6  years of experimental treatments. We 
collected two soil samples per plot below the cof-
fee canopy. For chemical analysis, samples were air-
dried and sieved (2  mm) prior to laboratory charac-
terization. Soil chemical measurements included soil 
organic matter (SOM), potassium (K), phosphorus 
(P), calcium (Ca), magnesium (Mg), aluminum (Al), 
pH, base saturation (BS), and aluminum saturation. 
The total accumulation of SOM and nutrients was 
assessed by subtracting 2021 and 2015 values. The 
annual SOM and nutrient accumulation were calcu-
lated by dividing the total accumulation over the six-
year experimental period.

The soil was prepared to assess SOM content by 
the loss-on-ignition method, in which the soil was 
heated to 400—550  °C for 4  h to oxidize organic 

Fig. 2   Schematic representation of the experimental design 
and methodology. Diagram shows the long-term coffee field 
experiment with three replicates (blocks) and the soil man-
agement treatments evaluated [Coffee husk + signal grass 
(CHUD), Agricultural gypsum + signal grass (GUD), and 

Control]. The scheme also illustrates the sampling timeline: 
enzyme activities and microbial diversity (2021), gravimetric 
water content (August 2021), and soil physical properties (May 
2023), as well as the drought incubation study
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matter (Silva 2009). Soil pH was determined in water 
(1:1 soil/water ratio). P and K were extracted with 
Mehlich−1 solution (consisting of 0.0125  mol L−1 
H2SO4 and 0.05  mol L−1 HCl) at a 1:10 (v/v) soil/
solution ratio and measured by flame emission spec-
troscopy. Exchangeable Ca and Mg were extracted 
with a KCl 1 mol L−1 1:10 v/v soil/solution and deter-
mined by atomic absorption spectrophotometry with 
air–acetylene flame and 5% lanthanum solution to 
prevent interference. Exchangeable aluminum (Al3⁺) 
was extracted with 1 mol L⁻1 KCl (1:10 v/v soil-to-
solution ratio) and quantified by titration with stand-
ardized NaOH solution (0.025  mol L⁻1) using phe-
nolphthalein as indicator. Potential acidity (H + Al) 
was extracted with Ca (OAc)2 0.5  mol L−1 buffered 
at pH 7. The sum of exchangeable basic cations 
(SB = Ca2+  + Mg2+  + K+), cation exchange capac-
ity at pH 7.0 (CEC = SB + H + Al) and base satura-
tion [BS = ((Ca + Mg + K + H + Al)/CEC) × 100] 
were then estimated. The assessments followed Silva 
(2009) methodology.

Soil physical properties

To measure gravimetric water content (GWC), the 
samples were collected in 2021 with three repetitions 
per treatment during the dry season (August) from the 
0–10  cm depth. The wet soil weight (g) was deter-
mined immediately after sampling, and the dry soil 
mass (g) was obtained after oven-drying at 105  °C 
until constant mass (Teixeira et al. 2017).

Undisturbed soil cores were also sampled in the 
0—10  cm depth with a metallic cylinder and ana-
lyzed directly. We assessed available water capacity 
(AWC), soil bulk density, total porosity, macropo-
rosity (> 0.05  mm) and microporosity (< 0.05  mm), 
and volumetric water content (VWC) (Teixeira et al. 
2017). The soil cores were collected in the dry sea-
son, in early May 2023, after the removal of the third 
experimental block. As a result, two samples were 
collected per block. Undisturbed soil cores were col-
lected later to complement the long-term dataset with 
physical indicators of soil quality.

Drought incubation experiment

The drought incubation experiment was conducted 
in the laboratory, using soil samples collected from 
the field plots. This experiment was designed to 

complement the long-term field study, following 
established methodology (Delgado-Baquerizo et  al. 
2017), in order to isolate drought as a stress factor and 
evaluate the resistance of microbial functions. The 
samples were used to assay the coffee microbiome’s 
response to drought (Delgado-Baquerizo et al. 2017). 
The soils from each treatment were incubated under 
two soil moisture conditions: 1) Control conditions, 
where samples were maintained at approximately 
35% water holding capacity (WHC) to sustain a con-
stant low level of microbial activity before harvest 
at 30  days, and 2) Drought conditions, where sam-
ples were initially wetted to 35% WHC for 15  days 
and then allowed to dry naturally for 15 days before 
rewetting and sample harvest. All soil samples were 
incubated for 30  days at a 25ºC temperature (Del-
gado-Baquerizo et  al. 2017). The Control treatment 
represents a minimally watered condition between the 
upper and lower levels of moisture experienced in the 
field based on prior soil moisture monitoring. In con-
trast, the Drought treatment represents an extended 
drying period.

Soil microbiome characteristics

Biological analyses were conducted after six years of 
treatment establishment to assess cumulative man-
agement effects on microbial community composi-
tion and nutrient-cycling functions. Soil samples for 
biological assessments were collected from 0—10 cm 
depth and lyophilized for 48  h in November 2021, 
then shipped on dry ice to the lab at Texas Tech Uni-
versity in Lubbock, TX, USA. Soil microbiome com-
position and function were assessed via amplicon 
sequencing and high-throughput extracellular enzyme 
assays before and after the drought incubation experi-
ment. Microbial nutrient cycling activities were 
assessed by assaying extracellular enzymes (β−1, 
4, glucosidase, leucine amino peptidase and β−1, 4, 
N-acetylglucosaminidase, and phosphatase) involved 
in C, N, and P-cycling, using a fluorescence-based 
microplate method (Saiya-Cork et  al. 2002; Dick 
et  al. 2018). The incubation temperature was 25ºC 
and buffer pH was 5.5, which were set to match the 
average soil pH and mean annual temperature of the 
site (DeForest 2009; Petermann et al. 2024).

Total genomic DNA was extracted and puri-
fied from the soil of each treatment using commer-
cial extraction kits (DNeasy PowerSoil Kit, Qiagen, 
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Germantown, MD). DNA purity and concentration 
were quantified using fluorescence-based assays on 
a Qubit 2.0 fluorometer (Life Technologies Hold-
ings Pte Ltd, Singapore) and BioTek Synergy HTX 
microplate reader (BioTek Instruments, Inc., Win-
ooski, VT). DNA from each sample was prepared for 
next-generation metagenomic sequencing using the 
Illumina MiSeq platform at the Texas Tech Univer-
sity Center for Biotechnology and Genomics (TTU 
CBG). Bacterial communities were characterized by 
amplifying the V3–V4 region of the 16S rRNA gene 
using primers 16S-V3F (5′-TCG​TCG​GCA​GCG​TCA​
GAT​GTG​TAT​AAG​AGA​CAG​CCT​ACGGGNGGC​
WGC​AG-3′) and 16S-V4R (5′-GTC​TCG​TGG​GCT​
CGG​AGA​TGT​GTA​TAA​GAG​ACA​GGA​CTACH-
VGGG​TAT​CTA​ATC​C-3′). Fungal communities were 
characterized by amplifying the internal transcribed 
spacer regions (ITS1 and ITS2) using primer pairs 
ITS1F (5′-TCG​TCG​GCA​GCG​TCA​GAT​GTG​TAT​
AAG​AGA​CAG​GAT​GAA​GAA​CGY​AGY​RAA-3′) 
and ITS1R (5′-GTC​TCG​TGG​GCT​CGG​AGA​TGT​
GTA​TAA​GAG​ACA​GTC​CTC​CGC​TTA​TTG​ATA​
TGC​-3′), and ITS2F (5′-TCG​TCG​GCA​GCG​TCA​
GAT​GTG​TAT​AAG​AGA​CAG​TAG​AGG​AAG​TAA​
AAG​TCG​TAA​-3′) and ITS2R (5′-GTC​TCG​TGG​
GCT​CGG​AGA​TGT​GTA​TAA​GAG​ACA​GTT​YRC​
TRC​GTT​CTT​CATC-3′).

Statistical analyses and bioinformatics

All statistical analyses were performed in R version 
4.2.1 (R Development Core Team 2020). The field 
experiment was established in a randomized block 
design. A randomized block design was used, with 
management as a fixed effect and block as a random 
effect for ANOVA (ExpDes package) (Ferreira et al. 
2021). The data were tested for the assumptions of 
analysis of variance, with normality assessed using 
the Shapiro–Wilk test and homogeneity of variances 
evaluated using the Bartlett test. Residuals were 
also inspected to verify model adequacy. For vari-
ables obtained from the drought incubation assay, the 
analysis included soil management treatment, water 
regime, and their interaction. When significant effects 
were detected, means were compared using Tukey’s 
test at P < 0.05.

For microbiome analyses, soil microbiome com-
position and functioning were assessed in two data-
sets: (i) field-collected samples analyzed before the 

laboratory incubation experiment, representing the 
three long-term soil management treatments; and 
(ii) samples analyzed after the incubation experi-
ment, representing the same soil management 
treatments under two water regimes (control and 
drought). Raw reads from microbiome sequencing 
were processed by removing adapters and primers 
with Cutadapt (Martin 2011), followed by denois-
ing, chimera removal, and amplicon sequence vari-
ant (ASV) inference using DADA2 in QIIME2 
(Callahan et  al. 2016; Bolyen et  al. 2019). Tax-
onomy was assigned using the SILVA 138 data-
base for bacteria and the UNITE database for fungi 
(Quast et al. 2013; Nilsson et al. 2018). ASVs clas-
sified as mitochondria or chloroplasts were removed 
before downstream analyses. For field samples, the 
final number of sequences per sample ranged from 
30,670 to 117,369 for 16S rRNA gene libraries and 
from 26,969 to 78,548 for ITS libraries. For incu-
bation-trial samples, the final number of sequences 
per sample ranged from 16,746 to 69,198 for 16S 
rRNA gene libraries and from 10,646 to 184,526 for 
ITS libraries. Rarefaction was performed to equal 
sampling depth across samples. Alpha-diversity 
metrics were calculated using the microeco pack-
age (Liu et  al. 2021), beta diversity was evaluated 
by principal coordinates analysis (PCoA) based on 
weighted Bray–Curtis distance, and beta-diversity 
differences among treatments were tested by PER-
MANOVA. Alpha-diversity comparisons were per-
formed using the Kruskal–Wallis rank-sum test. 
Differential abundance analysis was performed 
using metagenomeSeq in R (Paulson et  al. 2013). 
Statistical significance for the microbiome analyses 
was assessed at P < 0.05.

In addition, microbial abundance, diversity, and 
enzyme activity measured under control and drought 
conditions were used to calculate resistance indices 
(RS) according to Orwin and Wardle (2004), in order 
to assess the resistance of each parameter to drought 
within each soil management treatment (Eq. 1).

RS	� Resistance Index,

(1)RS = 1 −
2|D0|

(C0 + |D0|)
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D0	� Difference between the control (C0) and the dis-
turbed soil (drought conditions).

Results

Soil health and microbiome responses from 
long‑term field plots

Management impact on chemical soil health 
indicators and soil organic matter

Both CHUD and GUD significantly enhanced the 
chemical soil health indicators, improving extract-
able nutrients over the course of the study period 
(Table  2). In contrast to bare soil conditions (Con-
trol), the use of CHUD resulted in a 30% increase in 
Cation Exchange Capacity (CEC), a 900% rise in pH, 
and a 113% decrease in aluminum (Al). Moreover, 
GUD treatment increased CEC by 91%, elevated pH 
by 200%, and reduced Al by 75%.

In CHUD management, there was an increase 
(p < 0.05) in soil phosphorus (P) and magnesium 
(Mg) levels (Table  2). This treatment significantly 
raised the soil P content by 107% and Mg content 
by 648% compared to the Control. Additionally, 
the potassium (K) content in the soil under CHUD 
increased by approximately 360% compared to the 
Control. Similarly, GUD led to a 104% increase in 
K content compared to the Control. Furthermore, 
CHUD and GUD practices substantially enhanced the 
calcium (Ca) soil content by 475% in average com-
pared to the Control.

Regarding soil organic matter (SOM) (0—20  cm 
layer) (Table  2), CHUD management enhanced the 
SOM accumulation, being 11 times higher than the 
Control plot, where SOM levels instead declined 
between 2015 and 2021. Conversely, coffee crops 
managed with GUD demonstrated a moderate SOM 
accumulation, increasing by 533% in contrast to the 
Control.

Management impact on physical soil health 
indicators

Changing soil management impacted the gravimet-
ric (GWC) (sampled in August 2021) and volumetric 
water content (VWC) in soils that were sampled fol-
lowing the study period in 2023 to provide a snapshot Ta
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assessment of cumulative treatment effects on mois-
ture dynamics from the continuing experimental man-
agement systems (Table 3). CHUD led to a 31% and 
41% increase in the GWC and VWC, respectively, 
compared to the bare soil (Control) at the time of 
sampling (Table 3). GUD management resulted in the 
highest soil total porosity (Table 3), 23% greater than 
the Control, followed by CHUD. Control exhibited 
the lowest soil porosity (0.53 m3 m−3). There were no 
significant differences in plant-available water content 
(AWC) across the long-term treatments (p > 0.05), 
around 0.12 m3 m−3. Soil bulk density remained con-
sistent across different soil management compared to 
the Control (p > 0.05), with an average of 1.29 g.cm−3.

Management impact on biological soil health 
indicators

The activities of microbially-produced soil extracel-
lular enzymes were affected by management (Fig. 3) 
based on field-collected freeze-dried samples analyzed 
prior to conducting the laboratory drought assay. The 
combined use of signal grass cover with either cof-
fee husk (CHUD) or agricultural gypsum (GUD) led 
to increased activities of β−1, 4, glucosidase (BG) 
(Fig.  3a), leucine aminopeptidase (LAP) (Fig.  3b), 
and β−1, 4, N-acetylglucosaminidase (NAG) (Fig. 3c) 
enzymes. Under CHUD and GUD management, BG, 
LAP, and NAG activities were significantly higher, 
190%, 435%, and 62%, respectively, than the Control. 
Regarding phosphatase activity (Fig. 3d), CHUD man-
agement showed an increase in this enzyme activity 
compared to other treatments (167% above Control).

From the same field-collected freeze-dried sam-
ples analyzed prior to conducting the laboratory 

drought assay, bacterial richness and diversity (PER-
MANOVA test) were stable across soil management 
systems (Table  4). Notably, there were differences 
in fungal richness (Table  4) and diversity (Fisher) 
(Table 4) based on soil management. Specifically, the 
fungal richness and diversity were lower in bare soil 
management (Control) than in CHUD and GUD man-
agement practices (Table 4).

Bacterial community composition evaluated by 
comparing the relative abundance of different phyla 
represented between treatments remained consist-
ent across various soil management practices (Figure 
S1A), as observed with alpha metrics assessments. 
There were also no changes in bacterial relative abun-
dance at the family level (Fig. 4A) with different soil 
management. The ten most abundant families were 
found in relatively low proportion, accounting for less 
than 30% of the total relative abundance (Fig. 4A).

Most fungi observed at the phylum level (Fig-
ure S1B) belonged to Ascomycota, although a small 
presence of Glomeromycota was noted in the GUD 
management. In the analysis of the fungal commu-
nity at the family level (Fig.  4B), the Hypocreaceae 
family (e.g., Trichoderma spp.) was present only in 
the CHUD management. Additionally, we observed 
the presence of Chaetomiacea family in the GUD 
management.

To assess the microbial taxa with significant differ-
ences regarding management, we performed a differen-
tial abundance test. In the bacteria community (Fig. 5A), 
most species that significantly differed between treat-
ments were more abundant with CHUD. The CHUD 
treatment may therefore favor Paenibacillus spp and 
other species from Acidobacteria and Firmicutes phyla. 
The fungi species with significant differential abundance 

Table 3   Soil gravimetric water content (GWC, g g⁻1), meas-
ured in August 2021, and volumetric water content (VWC, m3 
m⁻3), available water capacity (AWC, m3 m⁻3), total porosity 

(m3 m⁻3), and soil bulk density (g cm⁻3), measured in May 
2023, in coffee crops under different soil management in the 
long-term field experiment

Data represent mean ± standard deviation. Means followed by the same letter do not differ by Tukey (p < 0.05). ns: non-significant at 
95% probability according to Tukey test. CHUD Coffee husk + signal grass, GUD Gypsum + signal grass

Soil management GWC​ VWC AWC​ Soil total porosity Soil bulk density

CHUD 13.1 ± 1.9 a 17.5 ± 2.9 a 0.13 ± 0.01 ns 0.58 ± 0.02 b 1.30 ± 0.03 ns
GUD 11.8 ± 0.3 b 14.6 ± 0.8 b 0.14 ± 0.01 ns 0.65 ± 0.02 a 1.30 ± 0.11 ns
Control 10.0 ± 0.1 c 12.4 ± 0.9 c 0.08 ± 0.01 ns 0.53 ± 0.01 c 1.28 ± 0.08 ns
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were relatively rare taxa within the community that 
were affected by soil management practices (Fig.  5B). 
The CHUD management led to significant increases in 
Arthrographis, Bifusarium, Kernia, Fusidium, and Arx-
iella. In the GUD management, we observed higher 

abundance of Arthrographis, Fusidium, Atractiella, and 
Roussoella. Conversely, the Control favored other species 
such as Naganishia, Myrmecridium, Tylopilus, and Rous-
soella. When comparing CHUD management with oth-
ers, multiple species had varying abundances (Fig. 5B).

Fig. 3   β−1,4-glucosidase (BG) (a), leucine aminopeptidase 
(LAP) (b), β−1,4-N-acetylglucosaminidase (NAG) (c), and 
phosphatase (PHOS) (d) enzyme activities of soils from coffee 
crop under different soil management. Samples were collected 
in 2021 from the long-term field experiment. Data represent 

mean ± standard error of n = 3 independent blocks. Coffee 
husk + signal grass (CHUD), agricultural gypsum + signal 
grass (GUD). Bars followed by the same letter do not differ by 
Tukey (p < 0.05)
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Table 4   Alpha diversity metrics for 16S and ITS ASV richness (observed, Chao1, ACE) and ASV diversity (Shannon, Inverse 
Simpson, and Fisher)

Data represent mean ± standard error of n = 3 independent blocks. Treatments with the same letter do not differ at a 95% significance 
level (Kruskal–Wallis Rank Sum Test). CHUD: Coffee husk + signal grass; GUD: Gypsum + signal grass
Samples were collected in 2021 from the long-term field experiment

Soil management Bacterial Richness Bacterial Diversity
Observed Chao1 ACE Shannon InvSimpson Fisher

CHUD 565 ± 50 a 575 ± 53 a 577 ± 54 a 5.7 ± 0.06 a 227 ± 11 a 99 ± 10 a
GUD 535 ± 49 a 548 ± 47 a 545 ± 49 a 5.7 ± 0.18 a 229 ± 24 a 92 ± 10 a
Control 668 ± 172 a 681 ± 179 a 678 ± 177 a 6.0 ± 0.5 a 330 ± 86 a 123 ± 38 a

Fungal Richness Fungal Diversity
Observed Chao1 ACE Shannon InvSimpson Fisher

CHUD 297 ± 5.8 ab 301 ± 8.9 ab 301 ± 5.1 ab 4.1 ± 0.16 a 27.4 ± 5.2 a 46.8 ± 1.1 ab
GUD 327 ± 25 a 331 ± 26 a 330 ± 26 a 4.3 ± 0.08 a 27.3 ± 4.4 a 52.4 ± 4.8 a
Control 249 ± 26 b 250 ± 16 b 250 ± 15 b 4.1 ± 0.05 a 27.0 ± 1.8 a 38.0 ± 2.7 b

Control CHUD GUD
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Fig. 4   Relative abundance of the 16S  and ITS  family level 
in each treatment,  showing the taxonomic composition of the 
bacterial community and the taxonomic composition of the 
fungal community. Only the fifteen more abundant taxa are 

shown. Samples were collected in 2021 from the long-term 
field experiment. Coffee husk + signal grass (CHUD), agricul-
tural gypsum + signal grass (GUD)
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Drought response from soils under conservation 
management

Resistance of microbial soil functions and diversity 
to drought

There were significant differences in the resistance 
index (RS) of enzyme activities (p < 0.05) (Fig.  6; 
Table S2) calculated from measured activities in soil 
samples incubated in Control vs. Drought conditions 
in the laboratory assay. Regarding BG enzyme activ-
ity (Fig. 6a), CHUD and GUD management practices 
promoted a more drought-resistant environment than 
Control. CHUD resulted in a higher resistance index 
for LAP (Fig. 6b) and phosphatase (Fig. 6d) enzymes, 

while there were no significant differences in the 
NAG resistance index (Fig. 6c).

There was no difference in resistance indices cal-
culated using bacterial and fungal alpha diversity 
(p > 0.05; Table  S3) measured from soil samples 
incubated in Control vs. Drought conditions in the 
laboratory assay. This lack of distinction in calculated 
resistance indices related to richness (bacterial ~ 0.5 
and fungal ~ 0.8) and diversity (bacterial ~ 0.4 and fun-
gal ~ 0.7) would indicate that both bacteria and fungi 
responded similarly to drought across the different 
field management treatments. However, consistent 
changes in the diversity and abundance of bacteria 
were observed between drought and control condi-
tions across management treatments. In soil samples 

Fig. 6   β−1,4-glucosidase (BG) (a), leucine aminopeptidase 
(LAP) (b), β−1,4-N-acetylglucosaminidase (NAG) (c), and 
phosphatase (PHOS) (d) enzyme resistance index of soils 
under different management. Samples were from the drought 
incubation study. Data represent mean ± standard error of 

n = 3 independent blocks. The resistance index is an absolute 
value calculated from wet vs. drought soils. Coffee husk + sig-
nal grass (CHUD), agricultural gypsum + signal grass (GUD). 
Bars followed by the same letter do not differ by Tukey 
(p < 0.05)
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collected from each management system drought sig-
nificantly reduced bacterial diversity and richness 
(Fig.  7). Soil management significantly affected fun-
gal richness and diversity (Fisher) (Fig.  8) regardless 
of water availability. According to Fisher, the high-
est increases in fungal richness and diversity were 
observed with CHUD and GUD management practices 
(Fig. 8).

Changes in microbial composition and abundance 
by drought

When water availability changed, the bacterial 
communities were significantly affected (Fig. 9A). 
In the fungal communities, besides being affected 
by drought, the relative abundance also changed 

among the different soil managements, which was 
easier to visualize when comparing treatments from 
the same block (Fig.  9B). There were significant 
differences in the differential abundance test of fun-
gal and bacterial communities (p < 0.05) (Figs.  10 
and 11). Different communities emerge in dry envi-
ronments, with notable changes occurring in the 
bacterial families Streptomycetaceae and Bacil-
laceae and the fungal family Nectriaceae. Strepto-
myces spp. was present in all management, with a 
significantly higher abundance in drought condi-
tions compared to control samples (Fig. 10). More 
bacterial species were significantly influenced by 
drought in the CHUD treatment (Fig. 10) than the 
others, indicating that changes in soil management 
may increase the variety of bacteria present that 
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Fig. 7   Alpha diversity metrics for 16S ASV richness 
(observed, Chao1, ACE) and ASV diversity (Shannon, Inverse 
Simpson, and Fisher). Samples from the wet (W) vs. drought 
(D) soils in incubation study. Coffee husk + signal grass 

(CHUD), agricultural gypsum + signal grass (GUD). Treat-
ments with the same letter do not have a difference at a 95% 
statistical significance level of the Kruskal Wallis Rank Sum 
Test
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are responsive, both positively and negatively, to 
drought. Azospirillum spp. (Proteobacteria phylum) 
was observed only in the CHUD treatment and 
significantly decreased under drought conditions, 
while Paenibacillus spp. was increased by drought 
conditions in CHUD treatments (Fig. 10).

In contrast, the fungal community was largely 
unresponsive to drought as assessed by differential 
abundance analysis, with only one significant dif-
ference detected in the CHUD treatment (Fig.  11). 
In the CHUD management, the only species that 
changed regarding water availability was Fusarium 
sp., with significantly increased abundance in drought 
conditions.

Coffee yield and quality beverage

Increasing soil health due to sustainable soil manage-
ment improves soil functions and ecosystem services, 
positively affecting plant yield and beverage quality 
of the crop harvested at the end of the study in 2021 
following six years of conservation management 
(Fig.  12). Soil management with signal grass + cof-
fee husk (2367  kg.ha−1) or gypsum (2684  kg.ha−1) 
resulted in a yield approximately 70% higher than 
the Control treatment (1475  kg.ha−1) (Fig.  12A). 
Regarding beverage quality, the CHUD management 
(84 points) scored higher than GUD and Control (82 
points average) (Fig. 12B).
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Fig. 8   Alpha diversity metrics for ITS ASV richness 
(observed, Chao1, ACE) and ASV diversity (Shannon, Inverse 
Simpson, and Fisher). Samples from wet (W) vs. drought (D) 
soils in the incubation study. Data represent mean ± standard 

error of n = 3 independent blocks. Coffee husk + signal grass 
(CHUD), agricultural gypsum + signal grass (GUD). Treat-
ments with the same letter do not differ at a 95% significance 
level (Kruskal–Wallis Rank Sum Test)
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Discussion

The findings of this study indicate that combining cover 
crops and soil amendment conditioners into coffee fields 
significantly enhances soil chemical, physical, and bio-
logical attributes that lead to healthier soils, increased 
coffee yield and quality, and improved resistance 
of soil functions to drought stress (Silva et  al. 2015, 
2019, 2021; Barbosa et al. 2020; Voltolini et al. 2022; 
Veloso et al. 2023; Vilela et al. 2023, 2024).

Long‑term effects of intercropping and soil 
conditioners on soil health

Chemical indicators

Adding chemical amendments such as gypsum, 
organic materials like coffee husk, and keeping the 
soil covered with live plants or crop residues (e.g., 
signal grass) while minimizing soil disturbance 
enhances chemical (fertility), physical, and biological 

soil properties within the soil profile (Voltolini et al. 
2020, 2022; Vilela et al. 2023, 2024). Such manage-
ment built up a favorable environment for plant root 
and development, improving overall soil health and 
potentially reducing the need for chemical inputs 
(Carducci et al. 2015; Jiang et al. 2015; Withers et al. 
2018; Voltolini et  al. 2020; Castanheira et  al. 2022; 
Vilela et al. 2024).

Most of the highly-weathered soils found through-
out the tropics, which are frequently classified as Oxi-
sols, have naturally poor fertility resulting from low 
pH, high Al toxicity, low SOM content, and nutri-
ent availability (Sanchez 2019; Moreira et al. 2023). 
Management strategies that add SOM can increase 
CEC and P availability due to the carboxylic and 
phenolic radicals, as observed in the treatments with 
increased SOM content (CHUD and GUD) in the cur-
rent study (Withers et al. 2018; Li et al. 2019; Volto-
lini et al. 2020; Zavaschi et al. 2020). Increased SOM 
positively impacts soil health and crop yield (Lal 
2020b). Conversely, in the Control treatment, SOM 
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incubation study. Coffee husk + signal grass (CHUD), agricul-
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accumulation was negative, indicating the bare soil 
contribution to SOM degradation, which impairs soil 
health due to CO2 release (Lavallee et al. 2020).

Besides enhancing SOM, the combination of 
signal grass with coffee husk or gypsum increased 
extractable soil nutrients. Coffee husk is a rich source 

of K, largely supplying the coffee needs of this nutri-
ent (Castanheira et  al. 2019; Fernandes et  al. 2020; 
Voltolini et  al. 2020; Vilela et  al. 2024). Gypsum, a 
subsurface soil conditioner, reduces Al toxicity and 
provides Ca in deeper layers of the soil which favors 
plant rooting capacity, especially when combined 
with signal grass due to the improvement of nutri-
ent cycling (Ramos et al. 2013; Carducci et al. 2015; 
Moraes et al. 2016; Baptistella et al. 2020). Addition-
ally, signal grass intercropped with coffee trees may 
improve P cycling, contributing to the supply of this 
nutrient (Baptistella et al. 2022).

Physical indicators

The adopted management practices also improved 
physical soil health indicators. In the current study, 
we observed that practices that favored SOM accu-
mulation also contributed to an increase in soil 
water content. Both SOM (Table  2) and soil water 
content (Table  3) increased following the order 
Control < GUD < CHUD, highlighting the contribu-
tion of coffee husk in enhancing SOM and conse-
quentially increasing soil moisture (Voltolini et  al. 
2020; Castanheira et  al. 2022; Vilela et  al. 2023, 
2024). Combining signal grass with organic soil 
amendments further enhanced soil moisture, mak-
ing it available for uptake by coffee plants (Castan-
heira et al. 2022; Vilela et al. 2023).

Urochloa species can improve soil porosity and 
water retention due to their aggressive root system 
and the formation of root-associated bio-pores, 
which enhance water infiltration (Franco et  al. 
2020). Furthermore, the synergistic effect of gyp-
sum and the plant root system increases soil poros-
ity, especially in deeper layers, through Ca input 
and clay flocculation (Serafim et  al. 2013; Ramos 
et  al. 2013; Rocha et  al. 2014; Silva et  al. 2015; 
Barbosa et al. 2020).

Climatic conditions at the time of sampling are 
relevant for interpreting soil water availability. The 
undisturbed soil cores for physical analyses were 
collected in early May 2023, at the onset of the 
dry season. Rainfall in May 2023 was comparable 
to that observed in August of previous years (e.g., 
2020 and 2021). This similarity likely contributed 
to the absence of significant differences in AWC 
among treatments, as short-term climatic effects 
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may have masked treatment-related variability and 
indicate that the measured values largely reflect 
long-term management.

Soil bulk density did not change between the 
soil management treatments and the Control, which 
aligns with expectations due to the intrinsic charac-
teristics of Oxisols, such as their highly weathered 
clay mineralogy (Azevedo et al. 2022; Pessoa et al. 
2024). Long-term changes in soil management lead-
ing to increased soil physical quality may not result 
in differences in soil bulk density and AWC (Silva 
et al. 2021). The average soil bulk density (1.29 g.
cm−3) is far from the critical threshold for root and 
water limitation (1.53  g  cm−3 for 440  g  kg−1 clay 
Oxisol) and close to the beneficial range for crops 
(1.3 g  cm−3 for 440 g  kg−1 clay Oxisol) according 
to standards obtained for Oxisols under cropping 
systems in the Brazilian Cerrado (Severiano et  al. 
2011). These values also align with those previ-
ously reported in other Oxisols with coffee inter-
cropped with Urochloa spp. (Silva et  al. 2015). 
Because noticeable declines in AWC generally 
occur only when bulk density approaches such criti-
cal thresholds, our results support the interpretation 
that, under the climatic conditions of May 2023, 
AWC did not differ significantly among treatments, 
despite observed differences in soil porosity.

Biological indicators

Integrated conservation management impacts soil func-
tionality, particularly through the SOM input, which 
contributes to the increase in enzymes related to carbon 
cycling from organic residues, such as β-glucosidase 
(Singh et  al. 2023). The intercropping of signal grass 
with coffee plants can increase organic P cycling by 
boosting phosphatase activity (Baptistella et al. 2022). 
The enhanced SOM due to coffee husk may also help 
reduce soil P fixation, which may explain the higher 
phosphatase activity observed in the combination 
of signal grass and coffee husk (Voltolini et  al. 2020; 
Castanheira et al. 2022; Singh et al. 2023). Techniques 
that increase SOM have also been associated with 
enhanced N cycling, which may explain the higher 
activity of N-cycling enzymes in the treatments that 
promoted SOM accumulation due to conservation man-
agement (Veloso et  al. 2023; Petermann et  al. 2024), 
which is consistent with broader evidence that soil 
microbial communities and their functions are highly 
responsive to changes in water availability, organic 
inputs, and management history (De Silva et al. 2025).

Soil conservation management affected the fungal 
community without significantly altering bacterial 
richness and diversity, which supports previous find-
ings that bacterial communities are less sensitive to 

Fig. 12   Yield (2020/2021 biennium) (A) and sensory analy-
sis based on Specialty Coffee Association (SCA) protocol (B) 
in coffee crops under different soil management. Data repre-
sent mean ± standard error of n = 3 independent blocks. Cof-

fee husk + signal grass (CHUD), agricultural gypsum + signal 
grass (GUD). Bars followed by the same letter do not differ by 
Tukey (p < 0.05)
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management changes than fungal communities (Lau 
and Lennon 2011). Management without using con-
servation techniques (e.g., cover crop, no-till), with 
disturbed soils, may contribute to the reduction of 
fungal diversity and soil functionality (Veloso et  al. 
2023; Wang et  al. 2023). Although diversity dif-
ferences were not detected between treatments, the 
enzyme data indicated reduced functionality in the 
control (bare soil) compared to signal grass with cof-
fee husk or gypsum treatments. This pattern is also 
consistent with recent studies showing that soil man-
agement can shape coffee-associated soil microbi-
omes even when responses differ among taxonomic 
groups and diversity metrics (Kutos et al. 2024).

The fungal community in conservation manage-
ment was dominated by Ascomycota, with some 
Glomeromycota observed in the GUD treatment. 
Glomeromycota, which includes arbuscular mycor-
rhizal fungi, are generally known to enhance the soil 
volume explored by roots and increase water and P 
uptake by the plants (Veloso et al. 2023). Many fungi 
under conservation management are linked to biolog-
ical control, suppressing soil-borne pathogens (Köhl 
et al. 1995). For instance, the CHUD treatment con-
tained Hypocreaceae (e.g., Trichoderma spp.), known 
for their role in biological control, while the GUD 
treatment favored Chaetomiacea, with Chaetomium 
spp. being reported as a biocontrol agent for foliar 
diseases in coffee (Köhl et  al. 1995; Laborde et  al. 
2019). These observations suggest that conservation 
management may favor fungal groups associated with 
biologically active and potentially more functionally 
balanced soils, although direct biocontrol activity was 
not evaluated in the present study.

The differential abundance test identified taxa that 
were significantly affected by the treatments (Paul-
son et  al. 2013). Coffee arabica cultivation, influ-
enced by moisture levels, has been shown to drive 
selection of specific soil microbiome communities 
and networks (Veloso et al. 2023). CHUD treatment 
promoted bacteria related to biological control, such 
as Paenibacillus spp., and others from the Acido-
bacteria and Firmicutes phyla, which are commonly 
found in environments with high SOM and moisture 
(Köhl et  al. 1995; Singh et  al. 2023). The increase 
in these bacterial phyla in our study may be associ-
ated with enhanced enzyme activities involved in C, 
N and P-cycling, reflecting improved soil health and 

microbial function (Nunes et  al. 2020; Davis et  al. 
2023; Singh et al. 2023; Petermann et al. 2024). More 
broadly, recent evidence suggests that soil micro-
biomes can show consistent responses to environ-
mental extremes, although the magnitude and func-
tional implications of these responses remain context 
dependent across management systems (Knight et al. 
2024; Kost et al. 2024).

Consequences of increased soil health for soil 
functions and ecosystem services

Effects of intercropping and soil conditioners 
on drought resistance

Conservation management favors soil health and may 
increase the resistance of some soil functions to dis-
turbances such as drought (Delgado-Baquerizo et  al. 
2017). Management practices that maintain higher soil 
moisture and SOM content may improve the resist-
ance of soil functions to drought (Vilela et  al. 2023, 
2024; Wang et al. 2023). In the present study, the con-
trolled incubation assay was used as a complemen-
tary approach to isolate drought as a stress factor and 
compare soils with contrasting long-term management 
histories under standardized conditions. Treatments 
that initially promoted higher enzyme activity (Fig. 3) 
were those with higher drought resistance indices 
after the incubation trial (Fig.  6). These results sug-
gest that long-term conservation practices may have 
contributed to a soil environment better able to sustain 
some enzyme activities under drought than bare-soil 
management. This interpretation is consistent with 
recent evidence that soil microbial communities and 
functions can respond predictably to extreme events, 
although the magnitude of resistance and resilience 
depends on management context (De Silva et al. 2025; 
Knight et al. 2024; Kost et al. 2024).

The treatments with higher microbial diversity and 
richness did not necessarily show large declines in 
calculated resistance indices before and after drought 
disturbance (Delgado-Baquerizo et  al. 2017; Orwin 
and Wardle 2004). These results may be related to the 
"resistance trap," in which environments with already 
low diversity and richness do not decrease (resulting 
in a high calculated resistance index) but are not nec-
essarily in a positive state after drought disturbance, 
compared to treatments with higher abundance, 
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diversity, or activity that experience some loss under 
drought (Davis et  al. 2023). In this study, drought 
treatments consistently and significantly reduced bac-
terial richness and diversity, regardless of soil man-
agement, whereas fungal communities were largely 
unaffected, which has been observed in other studies 
(Wan et  al. 2023). Water availability plays a crucial 
role in regulating bacterial communities in complex 
microbiomes (Lau and Lennon 2011), while conser-
vation management supports increased richness and 
diversity of fungi communities (Lau and Lennon 
2011; Veloso et al. 2023), and drought responses may 
differ between bacterial and fungal groups according 
to their ecological strategies and resistance mecha-
nisms (De Silva et al. 2025).

There were more changes in the taxonomic com-
position of bacterial communities than in fungal com-
munities in response to drought. In Coffea arabica 
production, dry conditions may select for microbial 
communities with lower diversity than those in humid 
environments (Veloso et al. 2023). The most signifi-
cant changes in bacterial families (Streptomycetaceae 
and Bacillaceae) and fungal families (Nectriaceae) 
may be related to their development of resistance 
structures (e.g., exospores, endospores, and chla-
mydospores) which enable them to survive in drought 
conditions (Köhl et  al. 1995). Wet conditions may 
increase competition due to the germination of these 
resistance structures, which alters microbial networks 
and impacts soil functions (Köhl et al. 1995; Veloso 
et al. 2023; Wang et al. 2023).

The Chaetomiaceae family was stable across 
water-availability conditions and was not significantly 
affected by drought in this study. Members of this 
family have been reported as biological control agents, 
including against foliar disease pathogens such as Cer-
cospora coffeicola (Köhl et  al. 1995; Laborde et  al. 
2019). This interpretation is also consistent with pre-
vious results from the same experimental platform, in 
which coffee plants intercropped with signal grass and 
treated with coffee husk showed reduced incidence 
and severity of brown eye spot caused by Cercospora 
coffeicola, although the present study does not allow 
direct attribution of this response to specific microbial 
taxa (Resende et al. 2022b, a).

In the differential abundance test, each treatment 
selected specific microbial communities, with rare 
bacterial taxa influenced by soil management and 
drought. Bacterial species such as Streptomyces spp. 

increased under drought due to their ability to form 
resistant structures (e.g., exospores), enhancing their 
stability in dry conditions (Köhl et  al. 1995). The 
presence of Azospirillum spp. in the CHUD treatment 
highlights an environment conducive to growth-pro-
moting bacteria that may help plants resist drought 
stress (Fukami et  al. 2018). This species is also a 
nitrogen-fixing bacteria (NFB) commonly associ-
ated with grasses (Fukami et  al. 2018), which may 
be related to the improvement of enzymes related 
to N-cycling in the soil (Fig.  3B,C) (Petermann 
et  al. 2024). In addition, Paenibacillus, a biocontrol 
agent, was favored in drought conditions due to its 
endospores (Köhl et al. 1995). Overall, these findings 
suggest that drought did not eliminate the occurrence 
of taxa with reported growth-promoting or biocontrol 
potential in the signal grass with coffee husk or gyp-
sum treatments; however, the functional activity of 
these taxa under drought was not directly tested in the 
present study.

Only one significant shift in fungal taxa was 
observed, with an increase in Fusarium under the 
CHUD treatment under drought conditions. While 
Fusarium forms resistant structures (chlamydo-
spores) that give it an advantage in dry conditions, 
this species is less competitive in moist soils, allow-
ing other fungi to thrive (Pfenning and Martins 2000). 
Although this result prompts further questions regard-
ing the influence of drought on plant-soil pathogen 
interactions, we note that not all Fusarium species 
are pathogenic to coffee plants, so their presence may 
not necessarily indicate a threat (Pfenning and Mar-
tins 2000). Future studies should directly evaluate 
whether these compositional shifts are translated into 
measurable effects on soil functioning or plant health 
under drought.

Coffee yield and quality

The results of this study further indicate that long-term 
sustainable soil management may enhance coffee yield 
and support beverage quality through improvements in 
soil health, including chemical, biological, and physi-
cal attributes. Combined techniques that favor the soil 
covering (mainly signal grass) together with improve-
ments in soil health indicators (e.g., SOM) contributed 
to increasing coffee yield and reducing biennial vari-
ability (Lal 2020b; Voltolini et al. 2022).
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Many aspects affect coffee quality, which may be 
related to the environment, terroir, management in 
the field, and post-harvest techniques. In this study, 
the changes at the field level with sustainable man-
agement (CHUD) may have resulted in an environ-
ment that favored the improvement of coffee qual-
ity due to better plant nutrition and soil microbiome 
networks (Martinez et  al. 2014; Veloso et  al. 2023). 
These soil microbial communities may also influence 
the microbiome of coffee fruits, with potential impli-
cations for beverage quality (Veloso et al. 2023).

Conclusion

This six-year field study showed that soil manage-
ment combining coffee husk application with signal 
grass cover in coffee interrow was associated with 
improved soil chemical, physical, and biological 
indicators relative to bare-soil management in a rep-
resentative coffee-growing region of South Minas 
Gerais, Brazil. These responses were accompanied 
by higher coffee yield and beverage quality, and by 
greater resistance of some soil functional indicators 
to the drought treatment evaluated in the laboratory 
incubation assay. Among the management systems 
evaluated, the coffee husk + signal grass treatment 
showed the most consistent positive responses across 
soil health indicators and agronomic performance.

These findings should be interpreted in light of 
the study scope. A major strength of this work is the 
long-term field evaluation integrating soil health, 
microbiome, yield, and beverage-quality assessments 
under representative tropical coffee-growing condi-
tions. At the same time, the drought-related responses 
were assessed using a controlled laboratory incuba-
tion, which provides a useful comparative approach 
but does not capture the full complexity of field 
drought dynamics. In addition, the different data-
sets were collected as complementary components 
of the long-term assessment rather than as simulta-
neous measurements within a single sampling cam-
paign. Therefore, the results support the potential of 
combining residue amendment and permanent cover 
to improve soil functioning and coffee performance 
under the conditions evaluated, while broader valida-
tion across sites, years, and drought scenarios would 
further strengthen inference on transferability. Future 

studies should also directly test the functional rel-
evance of the microbial taxa associated with drought 
response and plant health.
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