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AbstractAbstractAbstractAbstract    
    
Water deficit is one of the main abiotic stressors in crop production. The development of strategies to 

improve plant tolerance to water deficits has gained importance. Biochar application can be considered an 
alternative to mitigate abiotic stress. The use of coffee pulp to produce biochar could be a novel strategy for 
improving drought tolerance in coffee crops. Coffer plants cv. ‘Castillo’ were grown in pots or PVC pipes filled 
with silt loam soil in two separate experiments to evaluate the effect of coffee pulp biochar application on 
physiological responses under water deficit conditions. Four different biochar doses (0, 4, 8, and 16 t · ha-1) were 
used. A water deficit was imposed through progressive reduction irrigation (25%, 50%, 75%, and 90% of water 
lost via evapotranspiration). The leaf gas exchange, maximum quantum yield of PSII (Fv/Fm), biomass, and 
water status were measured. Reduced irrigation negatively affected the Fv/Fm, leaf gas exchange, biomass, and 
water status. Biochar (8 t ha-1) increased photosynthesis in both well-irrigated plants (6 µmol m-2 s-1) and with 
reduced irrigation (3.5 µmol m-2 s-1) compared to 0 t ha-1 biochar (reduced irrigation: 1.8 µmol m-2 s-1 and well 
irrigated: 3.9 µmol m-2 s-1). In conclusion, 8 t ha-1 biochar can be a recommended practice for coffee production, 
not only to capture carbon and reintroduce it to the soil, but also to alleviate the effects of moderate water 
deficit. In future investigations, biochar application can be evaluated as an alternative to soil management or 
coffee plant nutrition, and its interaction with drought stress scenarios. 

    
Keywords:Keywords:Keywords:Keywords: biochar application; coffee; drought; oxidative stress; stomatal conductance 
Abbreviation:Abbreviation:Abbreviation:Abbreviation: BC, biochar; WI, well-irrigated; RI, reduced irrigation; gs, stomatal conductance; Pn, net 

photosynthetic rate; Ci, intercellular CO2 concentration; WUE, water use efficiency; Chl, leaf relative 
chlorophyll content; Fv/Fm, maximum photochemical efficiency of PSII; Kr, root hydraulic conductivity; DQE, 
decrease in Fv/Fm; UAE, unit area efficiency. 
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IntroductionIntroductionIntroductionIntroduction    
 
Coffee is one of the most important crops grown in Colombia and Coffea arabica L. is the most 

cultivated species in the country. In 2020, this species reached 834,400 tons, covering an area of 844,743.78 ha 
(Federación Nacional de Cafeteros de Colombia, 2021). Colombia is considered the third-largest producer in 
the world, with approximately 15 million 60-kg bags, after Brazil and Vietnam (Organización Internacional 
del Café, 2016). 

Coffee cultivation generates several by-products such as fresh pulp (Montilla, 2006). For each million 
60-kg bags of green coffee exported by Colombia, 162,900 t of fresh pulp was obtained (Rodríguez and 
Zambrano, 2010). If not processed properly, large quantities of these by-products can lead to environmental 
pollution (Echeverria and Nuti, 2017), as well as losses of organic matter that could instead be used to increase 
the amount of organic carbon in the soil. However, the appropriate handling of these products is frequently 
associated with high energy costs and is thus disposed of in ways that do not permit the efficient use of these 
carbon sources (Rodríguez-Frómeta et al., 2020). Additionally, the presence of phytotoxic substances and 
organic acids in coffee by-products has been documented and can affect soil and water quality, as well as restrict 
crop growth if not properly handled (Dadi et al., 2019). The accumulation of these pollutants has motivated 
the search for value-added products from coffee residues, with a focus on solving some of these environmental 
problems and reducing carbon emissions (Gonçalves et al., 2013). In this context, the use of fresh coffee pulp 
for biochar (BC) production has been tested as a promising alternative because it can be incorporated into the 
soil to improve its physical, chemical, and microbiological characteristics, while increasing crop yields (Lehman, 
2009; Jeffery et al., 2016; Hussain et al., 2019). BC is a carbon-rich product that originates from the pyrolysis 
of biomass, generally of plant origin. It is obtained via pyrolysis, that is, the transformation of organic matter 
exposed to high temperatures in an atmosphere with low oxygen availability (Sohi, 2012). 

BC can be applied to crops (directly to the soil) as an amendment, together with fertilizers (Steiner et 

al., 2007; Van Zwieten et al., 2010). Biochar can also be used as an alternative to potting substrates (Zulfiqar et 

al., 2019). Some studies have found that soil properties such as water retention (Amoakwah et al., 2017), pH 
(Sorrenti et al., 2016; Zulfiqar et al., 2021), hydraulic conductivity, and nutrient availability increase with the 
application of BC (Ch’ng et al., 2015; Ahmad et al., 2017). Additionally, BC applications have shown positive 
effects on plant physiological variables, such as greater germination (Sun et al., 2017), root growth, dry matter 
accumulation (Olmo et al., 2014), and photosynthesis rate (Batool et al., 2015). 

In Colombia, coffee is generally planted on the slopes of the Andes Mountain range (Ocampo-López et 

al., 2017). The Andean region is affected by climatic variability (ENSO phenomena), which generates 
reductions in rainfall patterns and increases in temperature (Ruiz and Pabón, 2013). Forecasts on water 
limitation in coffee production indicate that it will increase in several important coffee regions because of 
climate change (Bunn et al., 2015; Tounekti et al., 2018). Drought is the main environmental stress that 
negatively affects coffee production, decreasing the yield by up to 80% in very dry seasons (DaMatta et al., 
2018). 

Cultivated plants show adverse effects in terms of growth and physiological parameters when subjected 
to water deficits (Lobell and Gourdji, 2012; Merlaen et al., 2019). Plants modify their water relations to reduce 
water loss through processes such as transpiration and a decrease in the maximum photochemical efficiency of 
PSII (Fv/Fm), which can cause a reduction in the accumulation of biomass (Anjum et al., 2011; Marques et al., 
2017; Zandalinas et al., 2018). In coffee, severe and prolonged drought conditions negatively affect cell 
metabolism, which is associated with greater oxidative stress (Dubberstein et al., 2018). Therefore, early leaf 
senescence is stimulated, resulting in a decrease in total leaf area (DaMatta et al., 2018) and a subsequent 
reduction in yield (Dubberstein et al., 2018). 
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Biochar favors water retention in soil because of its high specific surface area (Jeffery et al., 2016; 
Rajapaksha et al., 2016). Karhu et al. (2011) observed that the water retention capacity of agricultural soils 
increased with the incorporation of 9 t ha-1 of BC. Keshavarz-Afshar et al. (2015) found that the application of 
1% and 2% (w/w) BC in Silybum marianum L. Gaertn plants under moderate and severe drought stress 
conditions improved the water retention capacity of the soil. However, the magnitude of this effect is 
insufficient to influence plant growth and development. In contrast, Saleem-Akhtar et al. (2014) found that 
tomato (Solanum lycopersicum L.) plants grown in a soil mixture with BC (5% w/w) under drought conditions 
showed higher stomatal conductance than plants without BC and under the same stress conditions. Zoghi et 
al. (2019) also found that application of 30 g kg-1 of BC to Quercus castaneifolia C.A.M. plants under reduced 
irrigation conditions (40% field capacity) increased the photosynthetic rate and stomatal conductance by 38% 
and 39%, respectively, causing an increase in plant height, diameter, and dry matter accumulation. Fischer et al. 
(2019) observed that BC can increase the yield of tomato crops, which is associated with an increase in water 
use efficiency. 

Crop production is closely linked to root development, adequate nutrition, soil structure, and texture. 
These factors are mainly associated with a good plant water status and the amount of plant-available water in 
the soil (Sadeghian and Jaramillo, 2016; Morales et al., 2020). Currently, climate change is a significant concern 
in coffee production, threatening the survival of this crop worldwide (Poltronieri and Franca-Rossi, 2016). 
These conditions affect bean yield and quality (Silva et al., 2019), generating a need to modify or create 
agronomic practices to prevent risks (Poltronieri and Franca-Rossi, 2016). These strategies should focus on 
innovative actions that promote the efficient use of water stored in the soil (Silva et al., 2019) and resource 
conservation. In this sense, this study sought to evaluate a strategy for utilizing the transformed byproduct of 
coffee production (pulp) as a soil amendment. The hypothesis of this study was that coffee pulp biochar 
application mitigates the negative effects of drought stress as a result of reduced irrigation levels in coffee plants, 
as evidenced by stomatal and non-stomatal limitations of photosynthesis. In addition, our study allowed 
evaluated a progressive drought condition and its effects on physiological variables of coffee plants The specific 
objective of this study was to evaluate the effects of the soil application of BC obtained from coffee pulp on the 
physiological behavior of coffee plants under water deficit conditions. The information obtained in this study 
can be used by community scientists in future investigations of the physiological behavior of coffee plants under 
drought stress and biochar application. In addition, coffee farmers can be included in coffee pulp biochar 
applications as a strategy for drought stress mitigation. 

 
 

Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
Plant material and growth conditions 

Two separate experiments were conducted between March and August 2019 in a greenhouse at the 
Faculty of Agricultural Sciences of the Universidad Nacional de Colombia, Bogotá Campus (4°35'56″ " N and 
74°04'51"″ W, altitude 2,556 masl). Three-month-old coffee plants (stage 14 according to the BBCH scale 
(Arcila-Pulgarín et al., 2002)) of the Castillo variety were purchased from a local nursery and used in two 
experiments. Fifty-six uniform plants were selected from each batch. In the first experiment, 32 plants were 
transplanted into 3-L plastic pots to study root hydraulic conductivity. In the second experiment, 24 plants 
were transplanted into PVC pipes (Protucol PVC S.A.S., Bogotá, Colombia) with 8.84-L capacity (15 cm in 
diameter and 50 cm in height) to study the responses of roots to the treatments (Shashidhar et al., 2012) and 
leaf gas exchange parameters. The soil used for both experiments was collected from a coffee farm located in 
the municipality of Chaparral, Department of Tolima, Colombia (3°49’39.2″ N, 75°34’07.1″ W). The physical 
and chemical characteristics of the soil were the following: silt loam texture: 20% sand, 54% silt and 26% clay; 
chemical characteristics: total N: 0.49%, Ca: 9.95%, K: 0.48%, Mg: 2.56%, Na: 0.14 meq 100 g-1, Cu: 0.81 mg 
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kg-1, Fe: 20 mg kg-1, Mn: 46 mg kg-1, Zn: 4.10 mg kg-1, B: 0.07 mg kg-1, and P: 8.70 mg kg-1; pH: 5.56; effective 
cation exchange capacity (ECEC):13.1 meq/100 g; and electrical conductivity (EC):0.16 dS m-1. 

The growth conditions in the greenhouse during the evaluations were as follows: 25/20 °C day/night 
temperature, relative humidity of 60 to 80%, and a natural photoperiod of 12 h, with photosynthetically active 
radiation (PAR) of 800-1200 µmol m-2 s-1 at noon, depending on weather conditions. Five days after 
transplanting (DAT), the plants were fertilized with 7 g of an 18-46-0 NPK compound fertilizer (DAP®, Yara, 
Bogotá, Colombia) as an N and P source, and 3 g of a simple N fertilizer (UREA®, Yara, Bogotá, Colombia). In 
Colombia, it is recommended to apply 7-16 g of N, 4-6 g of P2O5, and 10 g of K2O between the first 2-4 months 
(Salamanca-Jiménez, 2017). However, K was not applied because the levels found in the soil for this element 
were considered adequate for the growth stage in which the experiment was conducted (Sadeghian, 2008). 

 
Biochar characteristics and treatments 

The BC used was obtained from coffee pulp, which had a medium-level pyrolization at 500 °C for 20 
min using a rotatory kiln (6 m long x 0.7 m internal diameter, Tecsol, Bogotá, Colombia). The BC had the 
following characteristics: pH: 9.42; electrical conductivity: 19.4 dS m-1; organic carbon (OC):46.4%; ashes: 
220.8%; N: 2.81%; P: 1.11%; Ca: 0.97%; K: 4.37%; Mg: 0.43%; Cu: 53.5 mg kg-1; Fe: 2795 mg kg-1; Zn: 110 
mg kg-1; B: 99.3 mg kg-1; Cationic Exchange Capacity: 103 meq/100g; OC/N ratio: 16.5. BC treatments were 
established at the time of transplanting the coffee plants by mixing the soil with four different doses of BC in 
both experiments. The doses of BC used were 0 g/plant (B0), 5 g/plant (B4), 10 g/plant (B8), and 20 g/plant 
(B16) for the trial in pots, and 0 g plant (B0), 17 g plant (B4), 34 g plant (B8), and 68 g plant (B16) for the trial 
in PVC pipes. These rates corresponded to field rates of 0, 4, 8, and 16 t ha-1, which were selected based on 
agronomic responses observed in other cultivated species (Sánchez-Reinoso et al., 2020). 

 
Water deficit treatment application  
At the end of the acclimatization period of 20 DAT, half (4) of the pots and half (3) of the pipes of each 

BC rate were assigned to WI (well-irrigated) and half to RI (reduced irrigation). The reduced irrigation 
treatment was induced by a progressive decrease in irrigation water over four periods of 10 days each. Water 
reduction was approximately 25, 50, 75, and 90% of the water requirement of coffee plants, which was 
calculated by measuring the daily water loss due to evapotranspiration of each plant in its respective container. 
The volume of water applied during each irrigation period was as follows: i) 25% reduction between 20 and 30 
DAT (WI pots: 55 mL/plant vs. RI pots: 40 mL/plant; WI pipes: 110 mL/plant vs. RI pipes: 85 mL/plant); 
ii) 50% reduction between 30 and 40 DAT (WI pots: 55 mL/plant vs. RI pots: 28 mL/plant; WI pipes: 110 
mL/plant vs. RI pipes: 55 mL/plant); iii) 75% reduction between 40 and 50 DAT (WI pots: 55 mL/plant vs. 
RI pots: 15 mL plant; WI pipes: 110 mL/plant vs. RI pipes: 30 mL/plant); and iv) 90% reduction between 50 
and 60 DAT (WI pots: 55 mL/plant vs. RI pots: 6 ml/plant; WI pipes: 110 mL/plant vs. RI pipes: 12 
mL/plant). Irrigation was performed on days 0 and 5, at the beginning of each period. The experiments lasted 
for 60 d from DAT. The treatments were set up in a completely randomized factorial design, where the first 
factor was the water deficit condition (WI and RI), and the second factor was the BC dose (0, 4, 8, and 16 t ha-

1) for a total of eight treatments. The test was carried out in pots with four replicate plants per treatment for a 
total of 32 plants. The test was carried out in PVC pipes with three replicates per treatment for a total of 24 
plants. 

 
Leaf gas exchange parameters 

Stomatal conductance (gs) was measured in both experiments at the end of each irrigation period (30, 
40, 50, and 60 DAT) on the second fully expanded leaf from the upper part of the canopy using a steady-state 
porometer (SC-1; Decagon Devices Inc., Pullman, WA). Total plant transpiration (E) was estimated only for 
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the experiment in pots on the same dates as gs using the gravimetric technique described by Díaz-Leguizamón 
et al. (2016), which consists of measuring the difference in the weight of plants in their pots every 24 h. 

The net photosynthesis rate (Pn) and intercellular CO2 concentration (Ci) were measured at the end of 
the last irrigation period (90%) in the test carried out in pipes only. Similar to gs, measurements were taken on 
the second fully expanded leaf of the upper part of the canopy using a portable photosynthesis meter (LI-COR 
6200, Lincoln, NE, USA). The chamber conditions during the measurements were as follows: PAR of 800 
μmol m-2 s-1, leaf temperature of 24 ± 5 °C, and a leaf-to-air vapor pressure difference of 1.8 ± 0.5 kPa. gs and Pn 
were measured between 800 and 1100 h (Rodrigues et al., 2018). Carboxylation efficiency was calculated as the 
ratio of Pn to Ci (Alvarado-Sanabria et al., 2017). Finally, water use efficiency (WUE) was calculated using the 
method described by Raviv and Blom (2001), which estimates the ratio between the total dry weight of the 
plant and the total amount of water each seedling received during the development of the experiment. 

 
Chlorophyll content and fluorescence 

Leaf relative chlorophyll content (Chl) and maximum photochemical efficiency of PSII (Fv/Fm) were 
measured in the second fully expanded leaf from the upper part of the canopy at the end of each irrigation 
period in both experiments. The chlorophyll content was determined using a chlorophyll meter (At-leaf, FT 
Green, Wilmington, DE, USA). Chlorophyll fluorescence parameters were measured using a continuous 
excitation fluorometer (Handy PEA; Hansatech Instruments, Kings Lynn, UK). After the leaves were allowed 
to dark-adapt for 30 min using the instrument’s leaf clips, minimum fluorescence (F0), maximum fluorescence 
(Fm), and maximum photochemical efficiency of PSII (Fv/Fm) were recorded. The F0 was recorded with low 
intensity-modulated light (<0.1 µmol m-2 s-1) without affecting the fluorescence variable. Fm was measured 
using a saturating light pulse of 0.8 s (3000 µmol m-2 s-1). Variable fluorescence was calculated as the difference 
between F0 and Fm. The Fv/Fm ratio was obtained from the Fv and Fm. Additionally, the decrease in Fv/Fm (DQE) 
was calculated for each treatment according to the methodology described by de Oliveira et al. (2020), such 
that DQE (%) = [(control Fv/Fm − water de^cit Fv/Fm)/(control Fv/Fm) × 100]. Finally, the treatments were 
classified into four categories: DQE ≤ 25, good tolerance; 26 ≥ DQE ≤ 41, moderate tolerance; 42 ≥ DQE ≤ 
55, low tolerance; and DQE ≥ 56, sensitive. 

 
Root hydraulic conductivity and root variables 

Root hydraulic conductivity (Kr) and root variables were quantified only in plants grown in the pipes at 
the end of the last drought stress period (60 DAT). Hydraulic conductivity was estimated between 800 and 
1100 h using a hydraulic conductance flow meter (Gen 3; Dynamax, Houston, TX, USA). Readings were 
performed by cutting the stems of the plants at a height of 5 cm above the ground, keeping the roots within the 
pipes. The stem diameter ranged between 4 and 5 mm, and the equipment attachment was adapted to this 
diameter to record measurements in the upper part of the roots. The stem hydraulic conductivity was measured 
using the transient measurement mode, which rapidly increased the applied pressure and simultaneously 
measured the corresponding flow (Tyree et al., 1995). Degassed deionized water was forced through the root 
stem under increasing pressure until it reached 300 kPa. Instantaneous flow and pressure were recorded every 
2 s. Hydraulic conductivity (kg s-1 kPa-1) was calculated from the linear regression slope between the pressure 
and flow. The root volume was determined according to the water displacement method, whereas the root 
length was determined from the crown to the tip of the root and expressed in centimetres according to the 
techniques described by Shashidhar et al. (2012). 

 
Leaf area and dry matter accumulation 

At 60 DAT, all plants from both experiments were harvested and destroyed, and the total leaf area, dry 
matter of organs (leaves, stems, and roots), and total dry matter were measured. Leaf area was calculated from 
digital images obtained   using a photographic camera (D3300; Nikon Corp., Tokyo, Japan). Subsequently, the 
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photos were analyzed using Java image-processing software (Image J; National Institute of Health, Bethesda, 
MD, USA). The unit area efficiency (UAE) was also estimated and expressed as the quantum of yield produced 
over a unit land area for a specific period of crop growth as follows: UAE = (yield in dry weight/soil area) × 
(1/duration of the crop). Finally, the tissues were dried in a compressed dry air oven (Thelco Mod 27, Chicago) 
at 80 °C for 48 h to obtain the total dry weight of the plant. 

 
Statistical analysis  

Repeated measures analysis of variance was performed. When significant differences were observed, 
Tukey’s comparative test of means was used at P ≤ 0.05. Data were analysed using Statistix v. 9.0, software 
(analytical software, Tallahassee, FL, USA). Additionally, principal component analysis was performed using 
the InfoStat 2016 program (Di Rienzo et al., 2016).  

 
ResultsResultsResultsResults    
 
Differences in gs were observed in both experiments from 50 to 60 DAT (Figure 1). At 50 DAT, RI 

plants showed a significant decrease in gs, especially with doses of BC < 8 t ha-1 of BC, compared to WI plants 
in the pot test (Figure 1A). The values of this variable also showed a reduction of approximately 53% and 21% 
for the RI treatments (65 and 110 mmol m-2 s-1 for B0 and B4 at 50 DAT, respectively) compared to WI plants 
(140 mmol m-2 s-1 in B0 plants) in plants grown in pipes (Figure 1B). The application of B8 in RI plants caused 
an increase of approximately 49% and 13% in gs, registering values closer to those of WI plants and not treated 
with BC in both tests (pots: 59 vs. 88 mmol m-2 s-1; pipes: 136 vs. 120 mmol m-2 s-1, respectively) at 60 DAT. 
Overall, the different BC doses did not cause a significant variation in gs in WI plants at different sampling 
points in either experiment. 

 

 
Figure 1.Figure 1.Figure 1.Figure 1. Effect of the application of different doses of biochar (0, 4, 8, and 16 t ha-1) and reduced irrigation 
(25, 50, 75, and 90% of the evapotranspiration needs) on stomatal conductance (gs) in leaves of coffee 
plants established in pots (A) and pipes (B) at four sampling points (30, 40, 50, and 60 days after 
transplanting (DAT)) 
WI: well-irrigated plants; RI: plants subjected to reduced irrigation. Bars represent ± standard error (pots n = 4; pipes 
n = 3). Capital letters refer to differences between irrigation level under each irrigation reduction period. Lowercase 
letters refer to differences between biochar doses under each irrigation reduction period. The same letters indicate that 
means are not statistically different according to Tukey’s test at P ≤ 0.05.     

 
Trends similar to those registered for gs were also obtained for E from 30 to 60 DAT in the pots (Figure 

2A). In general, WI plants did not exhibit major variations in transpiration with the four BC doses throughout 
the experiment. At the end of the experiment (60 DAT), plants with RI and without BC (0 t ha-1) showed a 
reduction in E of 34% compared to WI plants with the same BC dose (3.75 vs. 5.71 g H2O plant-1 day-1, 
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respectively). The BC application at B8 in RI plants favored E. Regarding the root hydraulic conductivity, 
coffee plants with RI and B0 registered a reduction of 45% (12.71 x 10-7 kg s-1 MPa-1) compared to WI plants 
and the same BC dose (23.21 x 10-7 kg s-1 MPa-1) (Figure 2B). Conversely, the increase in BC doses favored Kr 
in RI plants at 60 DAT, obtaining a higher value with B8 (17.56 x 10-7 kg s-1 MPa-1). Overall, Kr did not show 
variations in WI plants, except for those treated with 16 t ha-1 BC, which showed a small reduction. 

 
 

Figure 2.Figure 2.Figure 2.Figure 2. Effects of the application of different doses of biochar (0, 4, 8, and 16 t ha-1) and reduced 
irrigation (90% of the evapotranspiration needs) in coffee seedlings.  
(A) Total transpiration through the experiment of plants grown in pots at four sampling points (30, 40, 
50, and 60 days after transplanting (DAT))  
WI: well-irrigated plants; RI: plants subjected to reduced irrigation. Points represent the mean of four plants ± 
standard error. Capital letters refer to differences between stress conditions under each period of irrigation reduction; 
lowercase letters indicate differences between biochar doses under each period of irrigation reduction. (B) Root 
hydraulic conductivity (K) at 60 DAT of plants grown in pipes. Bars represent the mean of three plants ± standard 
error. the same letters indicate that means are not statistically different according to Tukey’s test at P ≤ 0.05. 

 
In general, RI plants showed lower Pn and Pn/Ci values than WI plants, regardless of the tested BC dose 

(Figure 3). Plants grown in B0 and subjected to reduced irrigation had the lowest values for these parameters 
(Pn: 1.8 µmol m-2 s-1; Pn/Ci:0 .006 µmol m-2 s-1, respectively). However, the use of B8 showed an increase of 53% 
and 94% Pn in both WI plants (6 µmol m-2 s-1) and RI (3.5 µmol m-2 s-1) compared to B0 (RI: 1.8 µmol m-2 s-1 
and WI: 3.9 µmol m-2 s-1), respectively (Figure 3A). A similar trend was observed in carboxylation efficiency for 
all evaluated treatments (Figure 3B). 
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Figure 3.Figure 3.Figure 3.Figure 3. Effects of the application of different doses of biochar (0, 4, 8, and 16 t ha-1) and reduced 
irrigation (90% decrease in irrigation) on net photosynthesis (Pn) (A) and carboxylation efficiency (Pn/Ci) 
(B) in coffee plants grown in PVC pipes at 60 DAT 
Bars represent the mean of three plants ± standard error. WI: well-irrigated plants; RI: plants subjected to reduced 
irrigation. Bars with same letters indicate that means are not statistically different according to Tukey’s test at P ≤ 0.05.  

 
A progressive reduction in relative chlorophyll content with a reduction in irrigation volume was mainly 

observed in plants without BC in both tests (Figure 4A and Figure 4B). Plants with reduced irrigation and a 
dose of B0 showed the lowest relative chlorophyll content, reaching an approximate reduction of 37% in both 
experiments at 60 DAT. However, the higher doses of BC (B8 and B16) caused a noticeable increase in the 
relative chlorophyll content in RI plants, registering values similar to the WI plants with the different doses of 
BC at the end of the experiments (60 DAT) (pots: 73.8 and 76.1 At-leaf readings; pipes: 67.2 and 71.2 At-leaf 
readings of B8 and B16, respectively). Likewise, the relative chlorophyll content in WI plants did not vary with 
different doses of BC in either experiment. 

Differences in the Fv/Fm ratio began between the different treatment groups from 50 DAT in the pots 
and 40 DAT in the pipes (Figures 4C and 4D). At the end of the trial, RI plants grown with B0 showed 59% 
decline (Fv/Fm: 0.28) and 47% (Fv/Fm: 0.35) in pots and PVC pipes, respectively. Similarly, the progressive 
increase in BC in RI plants caused a slight increase in this ratio at this sampling point. In contrast, the Fv/Fm in 
well-irrigated plants treated with different doses of BC was ≈0.65 in both experiments. Finally, the DQE 
calculated for coffee plants grown in pots with 0 t ha-1 BC reached values close to 60% (sensitivity to drought); 
B4 registered a DQE of 44% (low tolerance to drought), and B8 and B16 had an average of 35% (moderate 
tolerance) (Figure 4E). In plants grown in pipes, the DQE for the B0 dose was significantly greater than that of 
the other doses (≈47% vs. ≈35%) (Figure 4F).  

Differences were found between the BC treatments, reduced irrigation, and their interaction with dry 
matter accumulation in roots, shoots, and total and water use efficiency (Table 1). In general, RI plants and 
plants without BC showed lower total dry weight (TDW) than WI plants in both experiments. RI plants 
without BC (dose 0 t ha-1) showed a lower total dry matter compared to their controls (pots: 5.0 g vs. 6.5 g; 
pipes 8.6 g vs. 9.9 g, respectively). However, the increase in the doses of BC favored biomass accumulation in 
RI plants, reaching values similar to those of WI plants at each dose. Likewise, no differences were found 
between the different doses of BC in WI plants in either test (Figure 5A and 5D). Dry matter accumulation in 
the shoots showed trends similar to those observed for the total biomass. RI plants and B0 had a lower weight 
compared to WI plants with the same BC dose for both tests (pots: 3.2 g vs. 4.6 g; pipes: 5.0 g vs. 6.7 g). It was 
also observed that different doses of BC caused a positive increase in the dry matter of the shoot in RI plants, 
whereas WI plants did not show variations (Figure 5B and 5E). The root dry weights showed different trends 
between the trials.  
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Table 1.Table 1.Table 1.Table 1. Summary of the analysis of variance of the effect of the application of different doses of biochar 
(0, 4, 8, and 16 t ha-1) and irrigation levels (100% evapotranspiration vs. reduced irrigation) on root 
hydraulic conductivity (K), total dry weight (TDW), root dry weight (RDW), shoot dry weight (SDW), 
water use efficiency (WUE), unit area efficiency (UAE), net photosynthetic rate (Pn), carboxylation 
efficiency (Pn/Ci), root volume, of coffee plants grown in two different types of containers (pots and PVC 
pipes) measured at a single sampling point in both experiments (at 60 DAT) 

Pot test 

Variable 
Source of variation 

Biochar Irrigation level Biochar × Water stress 
Root hydraulic conductivity NS *** z ** 

Total dry weight ** *** NS 

Root dry Weight *** * ** 

Shoot dry weight NS ** ** 

Water use efficiency ** *** * 

Unit area efficiency ** *** * 

Pipe test 

Variable 
Source of variation 

Biochar Irrigation level Biochar × Water stress 

Photosynthesis *** *** * 

Carboxylation efficiency *** *** ** 

Total dry weight ** ** * 

Root dry weight *** *** NS 

Shoot dry weight *** *** ** 

Water use efficiency ** *** ** 

Root volume * *** * 

Unit area efficiency ** ** ** 

z *, **, and *** are significantly different at the probability levels of 0.05, 0.01, and 0.001, respectively. NS, not significant. 
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Figure 4.Figure 4.Figure 4.Figure 4. Effect of the application of different doses of biochar (0, 4, 8, and 16 t ha-1) and reduced irrigation 
(25, 50, 75, and 90% of the evapotranspiration needs) on the relative content of chlorophyll expressed as 
At-leaf units (A and B), maximum photochemical efficiency of PSII (Fv/Fm) (C and D) and the decrease of 
the Fv/Fm ratio (DQE) at 60 DAT (90% decrease in irrigation) (E and F). Figures A, C, and E refer to plants 
grown in pots; figures B, D, and F represent those grown in pipes  
WI: well-irrigated plants; RI: plants subjected to reduced irrigation. Points or bars represent the mean of four plants 
from the pot test and three plants from the pipe test ± standard error. In figures A, B, C, and D, the capital letters refer 
to differences between the stress conditions under each period of irrigation reduction; lowercase letters indicate 
differences between biochar doses under each period of irrigation reduction. In Figures E and F, the same letters 
indicate that the means are not statistically different according to Tukey’s test at P ≤ 0.05 

 
WI plants grown in pots with the application of B4 and B8 registered an increase close to 90% in the 

root dry matter compared to plants without BC application (3.7 and 3.6 g vs. 1.9 g, respectively) (Figure 5C). 
In RI plants, greater dry matter accumulation in the root was observed with B8 and B16, with no differences 
between WI and RI plants. On the other hand, the incorporation of B16 showed the lowest values of dry matter 
in the root in WI and RI plants, compared to plants without BC under both irrigation conditions in the plants 
grown in pipes (B16 2.8 g and RI 3.0 g vs. B0 3.2 g and RI 3.5 g, respectively) (Figure 5F). 
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RI plants had higher WUE values than WI plants at 60 DAT in both experiments. However, the 
application of B8 induced an increase of 50% in the WUE in RI plants grown in pots (8.6 vs. 5.7 g dry matter 
L-1 H2O) and 36% in plants grown in PVC pipes (6.0%).   

 

 
Figure 5.Figure 5.Figure 5.Figure 5. Effect of the application of different doses of biochar (0, 4, 8, and 16 t ha-1) and reduced irrigation 
on the dry matter accumulation in different organs in coffee plants at 60 DAT (90% decrease in irrigation): 
A and D) Total dry weight; B and E) Dry weight of the shoot; C and F) Dry weight of the root. Figures A, 
C, and E represent the pot test; figures B, D, and F represent the test in pipes  
WI: well-irrigated plants; RI: plants subjected to reduced irrigation. Bars represent the mean of four plants from the 
pot test and three plants from the pipe test ± standard error. The same letters indicate that means are not statistically 
different according to Tukey’s test at P ≤ 0.05. 

 
RI plants showed higher values of WUE compared to WI plants at 60 DAT for both experiments. 

However, the application of B8 induced an increase of 50% in the WUE in RI plants grown in pots (8.6 vs. 5.7 
g dry matter L-1 H2O) and of 36% in the plants grown in PVC pipes (6.0 vs. 4.4 g dry matter L-1 H2O) (Figure 
6A and 6B, respectively). Likewise, RI caused a decrease in UAE in plants without BC application (pots: 281 
vs. 391 µg cm-2 day-1; pipes: 324 vs. 373 µg cm-2 day-1). However, the application of B8 also caused a higher UAE 
in RI plants in both experiments compared to plants with B0 under stress (pots: 420 µg cm-2 day-1; pipes: 383 
µg cm-2 day-1) (Figure 6C and Figure 6D). 

The roots of WI-irrigated plants without the application of BC had an average biomass of 3.2 g, length 
of 39 cm, and volume of 21.3 mL (Figure 7). In contrast, RI plants with B0 showed shorter roots and lower 
volume, but a higher dry weight than WI plants (root length: 35.8 cm; root volume: 22.4 mL and RDW: 3.6 
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g). In contrast, the application of B8 increased root volume and weight in RI plants, reaching the highest values 
among all treatments (root volume: 27.6 mL and root length: 35 cm). 

 

 
Figure 6.Figure 6.Figure 6.Figure 6. Effect of the application of different doses of biochar (0, 4, 8, and 16 t ha-1) and reduced irrigation 
(25, 50, 75, and 90% of evapotranspiration needs) on the water use efficiency (WUE) (A and B) and the 
unit area efficiency (UAE) (C and D) in coffee plants at 60 DAT (90% decrease in irrigation) 
WI: well-irrigated plants; RI: plants subjected to reduced irrigation. Figures A and C refer to plants grown in pots; 
figures B and D to plants grown in pipes. Bars represent the mean of four plants in the pot test and three plants in the 
pipe test ± standard error. Bars values indicated by same letters are not statistically different according to Tukey’s test 
at P ≤ 0.05. 

 

 
Figure 7.Figure 7.Figure 7.Figure 7. Three-dimensional graph (root length, root dry weight, and root volume) for coffee plants under 
water deficit conditions of the experiment carried out in PVC pipes at 60 DAT (90% decrease in 
irrigation). B: biochar dose; WI: well-irrigated plants; WI: reduced irrigation plants. Data correspond to 
the mean of three data points 
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PCA1 and PCA2 represented 61.9 and 20.8% of the variation in the studied attributes, respectively 
(Figure 8). Based on the above, the vectors UAE, TDW, gs, shoot dry weight (ShDW), Pn, Pn/Ci, leaf dry weight 
(LDW), LA, and Fv/Fm showed angles close to the origin, indicating that there is a high correlation between 
the physiological behavior of coffee plants and these variables. The application of 8 t ha-1 BC to WI plants 
formed a unique group (V). In contrast, RI plants without the application of BC (group I) were located in the 
sector opposite to group V, indicating a negative effect of reduced irrigation on physiological variables. Three 
differential effects were also observed in the application of BC for the two irrigation conditions of coffee plants: 
i) RI plants with B4 and B16 behaved similarly to group I; ii) 8 t ha-1 BC (group III) had a less positive effect 
on the evaluated physiological variables of IR plants; and iii) WI plants with 0, 4, and 16 t ha-1 BC (group IV) 
had the best physiological response, showing behavior similar to that of group V. 

 

 
Figure 8.Figure 8.Figure 8.Figure 8. Principal component analysis (PCA) biplot of different physiological variables in coffee plants 
under conditions of well or reduced irrigation in the experiment carried out in PVC pipes measured at 60 
DAT 
The treatments are identified by points, while the variables are represented by vectors. RDW: root dry weight; RV: 
root volume; RL: root length; Chl: At-leaf chlorophyll content; SDW: stem dry weight; TDW: total dry weight; 
ShDW: shoot dry weight; gs: stomatal conductance; UAE: unit area efficiency; LDW: leaf dry weight; Pn: net 
photosynthesis; Pn/Ci: Carboxylation efficiency; LA: leaf area; Fv/Fm: maximum photochemical efficiency of PSII; WI: 
well-irrigated plants; RI: plants subjected to reduced irrigation. B0: biochar dose of 0 t h-1; B4: biochar dose of 4 t h-1; 
B8: biochar dose of 8 t h-1; B16: biochar dose of 16 t h-1. 

 
 
DiscussionDiscussionDiscussionDiscussion    
 
Biochar has been reported to be an alternative for the relief of abiotic stress in plants (Ali et al., 2017; 

Riaz et al., 2019). However, little is known regarding the effect of BC application on the physiological behavior 
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of coffee plants under water deficit conditions. In this study, the soil application of different doses of BC (0, 4, 
8, and 16 t ha-1) to plants of this species was evaluated under conditions of water deficit. It was found that the 
application of 8 t ha-1 of BC favored some physiological parameters such as Pn, gs, WUE, and Chl content under 
reduced irrigation conditions. Recent studies have shown that BC application mitigates the effects of water 
deficit in crops, such as corn (Romdhane et al., 2019), wheat (Abbas et al., 2018), and soy (Hafeez et al., 2017). 
These authors observed that BC improved growth, photosynthesis, and yield. It also reduced oxidative stress, 
possibly due to improvements in the physicochemical characteristics (pH, electrical conductivity, and content 
of nutrients in the soil) and water content of the treated soils. From a physiological point of view, BC 
applications buffer the effects of water deficit on leaf photosynthesis because BC can stimulate chlorophyll 
synthesis and a less pronounced reduction in stomatal conductance (Wu et al., 2023). 

The reduction in the assimilation of CO2 caused by drought may be due to stomatal limitations 
(Fracasso et al., 2016). Additionally, non-stomatal limitations have been recorded in the form of biochemical 
and structural damage under severe drought conditions (Keshavarz-Afshar et al., 2015; Drake et al., 2017). In 
the present study, a negative impact of RI on the gas exchange properties (Pn, gs, and E) was observed when the 
BC applications were low (B0 and B4). However, it has been proven that BC applications can help mitigate 
the damage associated with water deficits in plants (Abbas et al., 2018; Abideen et al., 2020) because BC helps 
to retain more water in the soil (Kuzyakov, 2009; Tayyab et al., 2018), decreases resistance to root penetration 
(Busscher et al., 2010), and improves the availability of nutrients to plants (Liang et al., 2006). The results 
showed that the application of 8 t ha-1 of BC mitigated the negative effects of RI in coffee plants and even 
stimulated photosynthesis in WI plants (Figure 3). This agrees with the findings of Lyu et al. (2016), who 
observed that application of 9 t ha-1 of BC improved the soil water content, generating a positive effect on water 
potential and photosynthesis in Pyrus ussuriensis Maxim. plants. Abideen et al. (2020) also reported that an 
advantage of BC application is the greater availability of water in the soil, allowing a moderate increase in gs and 
an increase in Pn. 

Relative chlorophyll content values (At-leaf readings) and Fv/Fm ratio were considerably decreased by 
RI, especially in plants without BC application. However, increases in the content of photosynthetic pigments 
and Fv/Fm were registered with an increase in BC doses, indicating a positive effect on the mitigation of the 
water deficit impact. Keshavarz-Afshar et al. (2015) observed that edaphic applications of 1 and 2% (w/w) BC 
improved the synthesis of chlorophyll pigments through greater water retention in the soil of Silybum 

marianum L. plants under drought conditions. In contrast, Lyu et al. (2016) found that the kinetics of 
chlorophyll fluorescence was affected to a lesser extent in P. ussuriensis plants under drought stress and treated 
with BC. These authors also suggested that the better performance of plants treated with BC was due to a lower 
rate of decrease in the soil water level caused by BC, generating a positive effect on the leaf water potential. 
Gavili et al. (2019) reported that a higher level of photosynthetic pigments in soybean plants treated with BC 
was related to a higher concentration of foliar N than in plants without BC application. In addition, BC leads 
to a significant increase in chlorophyll content under normal and stressful conditions because BC-treated soils 
provoke Mg2+ uptake, which is considered a building block in the synthesis of chlorophyll. On the other hand, 
BC can improve N nutritional status, the photosynthetic electron transfer rate, and the proportion of open 
PSII reaction centers, causing full use of the light energy absorbed by leaves for photosynthesis and higher 
efficiency of photosystem II (Fv/Fm ratio) (Wang et al., 2021). 

In the present study, lower dry matter accumulation was observed in RI plants without BC application. 
Pranata-Erdiansyah et al. (2019) also observed a decrease in biomass in Coffea canephora L. plants under 
conditions of RI at 66% field capacity. However, the results obtained in this study showed that high BC 
application (> 8 t ha-1) favored dry matter accumulation under RI conditions. Similar trends were also observed 
by Gavil et al. (2019), who reported that an edaphic application of 1.25% (w/w) BC significantly increased the 
dry (35%) and fresh (27%) matter yields compared to the control (0% BC) in soybean plants with and without 
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water stress. Deng et al. (2019) also concluded that the benefits of BC application on plant growth in 
environments with water stress were due to an increase in the water retention capacity of the soil and an increase 
in the soil carbon content resulting from the dose of BC used. Additionally, BC application can optimize root 
length, root surface area, and root density and improve root cell viability, causing the root system to be a key 
pathway regulating aboveground plant growth under deficit irrigation conditions (Zhang et al., 2023) 

UAE and Kr also increased in RI plants, and B8. Kr can be influenced by factors such as root anatomy 
and architecture (Yin et al., 2014). In this study, the application of BC (8 t ha-1) increased the volume, length, 
and dry matter of the roots under reduced irrigation. Romdhane et al. (2019) and Abideen et al. (2020) 
observed higher root growth in maize and Phragmites karka (Retz.) plants treated with BC under drought 
conditions. These authors concluded that BC causes better dry matter accumulation in the roots because it can 
favor water and nutrient uptake. Finally, the greater water and nutrient uptake due to BC under water-deficit 
conditions can also explain why coffee plants with reduced irrigation and treated with B8 showed a higher 
UAE. Uzoma et al. (2011) also reported greater UAE in maize plants treated with BC from cattle manure. 

The results obtained in this study are important for the coffee sector because they show a series of 
advantages in the use of BC from physiological and crop management approaches. It is necessary to note that 
the incorporation of BC to the soil is an immediate and efficient strategy to reduce the negative effects of 
periods of water deficit in coffee, as concluded in studies on other species (Lyu et al., 2016; Hafeez et al., 2017; 
Gavili et al., 2019; Abidden et al., 2020). The analysis of physiological responses such as leaf gas exchange, water 
use efficiency, photosynthetic pigments, maximum photochemical efficiency of PSII, root hydraulic 
conductivity, and root parameters helped to understand the relationship between the mechanisms of 
acclimatization of coffee plants to drought and the effects of different BC doses applied. 

 
    
ConclusionsConclusionsConclusionsConclusions    
 
In conclusion, RI negatively affected different physiological processes, such as chlorophyll α 

fluorescence, leaf gas exchange, dry matter accumulation, and plant water status, indicating that coffee plants 
showed moderate susceptibility to water deficit, as evidenced by the DQE values. Additionally, BC produced 
from coffee pulp has a positive effect on several physiological parameters. This was mainly evidenced by the 
stimulation of photosynthesis and a better root system aimed at generating efficient use of water in coffee plants 
under optimal and reduced irrigation. These results allow us to recommend that the use of BC can be a 
promising agronomic management alternative to handle situations of moderate water deficit in coffee crops, 
mainly in variable climatic scenarios. The added advantage of using BC is given by the fact that it can be derived 
from the pulp generated from the wet-processing of coffee beans. This practice would help improve the 
sustainability of the coffee production system at multiple levels, since this BC amendment also has a positive 
impact on the plant-soil relationship, especially under water stress conditions (Lehman et al. 2009; Jeffery et al. 
2016). 
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