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Automated irrigation management system for tree species seedlings 
using weighing mini-lysimeters
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Conforto (3), 
Marinaldo Ferreira Pinto (1), 
Magali Ribeiro da Silva (4)

Due to the lack of irrigation management techniques, the application of water 
in forest nurseries is generally carried out without control, resulting in great 
waste.  This  study  aimed to  develop  and evaluate  weighing  mini-lysimeters 
(ML) to automate the irrigation system and determine the water demand and 
evaluation of the initial tree species seedling growth. The structure was built 
out of wood to fit a tray of 54 tubes measuring 280 cm³. It was equipped with 
a load cell with a nominal capacity of 10 kg, located in the center of the struc-
ture. The mass variations of the set were recorded on a micro SD card using an 
Arduino Mega board, which allowed for the automated irrigation management 
system through an algorithm. Two MLs were built, determining the water de-
mand  of  Dalbergia  nigra (DN)  and  Enterolobium  contortisiliquum  (EC) 
seedlings in the initial growth phase. After calibration, the MLs presented an 
absolute error and mean squared error below 1% of the total mass, allowing 
effective irrigation control. During the evaluation period, 1.47 L seedling -1 of 
DN and 1.45 L seedling-1 of EC were applied, reaching 89 days after emer-
gence, height and stem diameter of 39.2 cm and 3.4 mm, and 19.3 cm and 4.6 
mm, respectively. The weighing mini-lysimeters developed demonstrated the 
ability  to  automate  the  irrigation  of  tree  species  seedlings,  reducing  the 
amount of water applied in forest nurseries.

Keywords:  Evapotranspiration,  Nursery,  Mini-lysimeters,  Dalbergia  nigra, 
Brazilian rosewood, Enterolobium contortisiliquum, Pacara earpod tree

Introduction
Due to the large area devastated in many 

ecosystems and also to sustainable forest 
management  programs,  reforestation/res-
toration processes  are  needed,  making it 
essential to produce high-quality and rustic 
seedlings,  which  are  above  all  influenced 
by  the  availability  of  water,  both  in  time 
and volume (Keffer et al.  2019).  Although 
forest nurseries focus on producing seed-
lings efficiently and economically,  there is 
growing interest  in  reducing environmen-
tal impacts, especially those caused by ex-
cess water in irrigation (Silva et al. 2020).

Historically, water consumption in forest 

nurseries has always been high for differ-
ent  reasons,  including  the  lack  of  knowl-
edge regarding the water demand of spe-
cies (Bueno et al. 2020) and the influence 
of their architecture on water capture (Del-
gado et al. 2022), the characteristics of pro-
duction  in  tubes,  such  as  the  spacing  of 
plants in the trays, in addition to the physi-
cal characteristics of the substrate and the 
irrigation system (Mathers et al. 2005).

In  tropical  climates,  the  average  water 
depth applied in forest nurseries is 14 mm 
day-1 (Silva & Silva 2016), reaching 20 mm in 
nurseries  with less  irrigation control.  This 
generates  a  large  waste  of  water,  which 

can  reach  72%  depending  on  the  species 
(Dumroese et al.  1995).  According to  Car-
valho et al. (2021), traditionally, irrigation in 
forest nurseries is carried out without any 
type of management, which harms the effi-
ciency of the system and the quality of the 
seedlings produced. As concerns about wa-
ter  use  are  growing  around  the  world 
(Fulcher  et  al.  2016),  it  is  essential  to  im-
prove  irrigation  efficiency  in  nurseries  to 
ensure  economic  and  environmental  sus-
tainability (Incrocci et al. 2014).

Hydrological  applications  by  irrigation 
systems  should  be  developed  based  on 
crop evapotranspiration (ET), which is the 
amount of water transferred from the soil 
and plants to the atmosphere,  in  a  given 
time  step  (Pereira  et  al.  2015).  ET  is  the 
most active variable in the hydrological cy-
cle and the main component in the water 
balance in agricultural ecosystems (Carva-
lho et  al.  2015),  and can be estimated by 
mathematical models or measured directly 
by electronic instruments and sensors, and 
by  weighing  lysimeters  (Kohfahl  et  al. 
2019).  When  designed  on  a  small  scale, 
they are called mini-lysimeters and are ef-
fective in monitoring ET and automatic irri-
gation  scheduling  (McCauely  &  Nackley 
2022).

Lysimetry  has  been  used  extensively  to 
provide  data  for  developing,  calibrating 
and validating ET determination methods. 
However, the effectiveness of the method 
is related to the scale in which this equip-
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ment is used as the extrapolation of data 
obtained inside the lysimeter  can lead to 
ET estimative errors (Allen et  al.  2011).  In 
weighing lysimetry,  mass variations result 
in variations in the electrical signal of the 
load cell and are related to the ET process, 
providing information on water consump-
tion  by  the  crop  (Mccauely  &  Nackley 
2022). Lysimeters can also be connected to 
microcontrollers,  enabling  the  collection 

and analysis of ET data and even the auto-
matic  activation  of  the  irrigation  system, 
applying  water  in  adequate  quantity  and 
time, according to the crop water demand 
analysis  in  real  time.  Thus,  water  is  re-
placed autonomously, maintaining the hu-
midity of the soil/substrate in the lysimeter 
at adequate levels for crop development.

This study aimed to develop and evaluate 
an  automated  irrigation  system  for  tree 

species  seedlings  using  weighing  mini-ly-
simeters,  as  well  as  determine the  water 
demand and initial seedling growth in the 
Atlantic Forest biome.

Material and methods

Development and evaluation
The present study was carried out at the 

Hydraulics and Irrigation Laboratory at the 
Engineering Department of the Federal Ru-
ral  University  of  Rio de Janeiro  – UFRRJ, 
Brazil (22° 48″ 00″ S, 43° 41″ 00″ W; altitude: 
30  m  a.s.l.).  The  weighing  mini-lysimeter 
(ML) was made out of wood and based on 
the  model  proposed  by  Carvalho  et  al. 
(2007), being small in size and easy to in-
stall, and designed to assess the water re-
quirement of  seedlings  of  tree species  in 
forest nurseries.

The  structure,  measuring  0.70  × 0.49  × 
0.138 m, can fit a seedling tray of 54 tubes 
of 280 cm3 (Fig. 1A). It has articulated trans-
verse bars to concentrate the bulk (tray + 
seedlings) in a load cell with a nominal ca-
pacity of 10 kg, located in the middle of the 
structure (Fig. 1B).

A data collection system was developed 
to store information on a micro SD card us-
ing  the  Serial  Peripheral  Interface  (SPI) 
module (Sharma et al. 2017), generating an 
output report in text file format (txt) con-
taining the following information every 10 
min: date, day of the week, time, mass of 
the set, and mass of water applied to irriga-
tion (if any). For data collection and stor-
age, an Arduino Mega 2560 electronic pro-
totyping  board  (Arduino,  Somerville,  MA, 
USA)  was  used,  which  operates  with  a 
nominal voltage of 5.0 or 3.3 V and has 54 
digital  input/output  pins,  15  of  which  can 
be used as Pulse with Modulation (PWM) 
outputs and 16 analog inputs. The board’s 
microcontroller  is  based  on  the  8-bit  AT-
mega2560  and  the  processor  operates 
with a 16 MHz crystal oscillator, and SPI, In-
ter-Integrated  Circuit  (I2C)  and  Universal 
Synchronous  Asynchronous  Receiver 
Transmitter (UART) communication proto-
cols.

The ML was calibrated according to the 
methodology presented by  Carvalho et al. 
(2007) and  Vilela et al.  (2015).  To do this, 
tubes with substrate were added and re-
moved from the tray in 5 loading and un-
loading cycles. At each mass variation, the 
signal from the load cell was recorded and 
transformed  into  mass  values  for  micro-
controller readings.

The amplification of  the electrical  signal 
and  the  conversion  to  digital  signal  was 
performed by the HX711 module, allowing 
to  relate  the  electrical  signal  of  the  load 
cell  to mass values,  after calibration.  This 
module  has  two  power  supply  pins  (VCC 
and GND), two load cell power supply pins 
(E+ and E-)  and 4 load cell  signal  reading 
pins (A+, A-, B+, B-). The DT and SCK pins 
are  data  and  clock  output  pins,  respec-
tively.

Using the calibration data,  the precision 
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Fig. 1 - Wooden 
mini-lysimeter 

structure (A) and 
seedling tray with 
the position of 14 

tubes and irriga-
tion system (B).

Fig. 2 - Flowchart 
of programming 

logic for automa-
tion of irrigation 

via lysimetry.
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and accuracy of the ML were evaluated by 
correlation analysis and by calculating the 
standard deviation, coefficient of variation, 
besides  the  Mean  Absolute  Error  (MAE), 
Root Mean Square Error (RMSE) and per-
centage bias (PBIAS – Moriasi et al. 2007).

Automated irrigation
Concerning automated irrigation, an algo-

rithm  was  implemented  in  the  microcon-
troller that (at 5:00 am) calculates the dif-
ference on a daily basis in mass relative to 
two consecutive readings on the LM (Fig.
2), serving as a reference for irrigation. This 
time was chosen due to the lower occur-
rence  of  environmental  factors  such  as 
wind and high temperatures, which could 
cause deviations in the mass calculated by 
the load cell. Therefore, irrigation was pro-
grammed  to  trigger  daily,  in  response  to 
mass variation in the ML.

The  irrigation  system  consisted  of  drip-
pers  (Netafim,  PCJ-LCNL)  with  a  nominal 
flow of 2.0 L h-1, with 1 emitter per seedling, 
totaling 14 emitters per lysimeter. The flow 
evaluation  indicated  the  uniformity  of 
emitters above 97%.

At the entrance to the irrigation system, a 
solenoid valve (Emicol/12V, class H) was in-
stalled, normally closed, activated by a re-
lay module connected to a digital port of 
the  microcontroller.  When  the  calculated 
mass difference value is positive, the algo-
rithm  emits  an  electrical  signal  activating 
the relay. At this moment, the energization 
promotes  the  opening  of  the  solenoid 
valve, allowing automatic irrigation of the 
seedlings.

The irrigation time (t) was calculated by 
the ratio between the daily mass variation 
(Δ) and the dripper flow rate (q).  Before 
starting the ML monitoring, the tubes were 
soaked long enough to start draining. After 
percolation  was  completed,  the  tubes 
were distributed in the tray and the initial 
mass of the set was determined, serving as 
a reference for the first week of the experi-
ment.

Water demand of tree species seedlings
The  evaluation  of  the  ML  programming 

and functioning and, simultaneously, deter-
mining the water requirement of the seed-
lings in the initial growth phase were car-
ried out for two tree species of the Atlantic 
Forest  biome:  Dalbergia  nigra (Vell.)  Alle-
mão ex Benth (DN) and Enterolobium con-
tortisiliquum (Vell.)  Morong  (EC),  and  for 
that, 2 ML were built.

The  seedlings  were  sown  in  280  cm3 

tubes  filled  with  pure  biosolid,  and  irri-
gated by microsprinklers up to 14 days af-
ter  emergence  (DAE),  when  they  were 
placed in the MLs measuring, on average, 
6.36 and 7.55 cm in height and 1.12 mm and 
1.28 mm in diameter,  respectively,  for DN 
and  EC.  These  variables  were  monitored 
periodically. The tubes were spaced in the 
tray corresponding to a population density 
of 33 seedlings per square meter, so that 
there  was  no  competition  among  the 

seedlings, and to guarantee enough physi-
cal space to grow better.

The  initial  masses  registered  in  the  ML 
were 6132.801 g for DN and 7660.228 g for 
EC.  The MLs were assembled on a bench 
covered by commercial, black-colored poly-
olefin  agricultural  nets  (Sombrite®),  with 
nominal  shading  of  30%,  and  with  plastic 
sheeting to prevent the seedlings from be-
coming wet due to rainwater.

Data  collection was  carried  out  over  55 
days, from April 8th, 2022 to May 29th, 2022. 
The  temperature  and  relative  humidity 
were  recorded  inside  the  bench  using  a 
digital  thermo-hygrometer  (IMPAC/IP-747 
RH).  Depending  on  the  seedling  growth, 
the reference mass in each ML is changed, 
thus,  the  mass  value  of  the  set  (tray  + 
tubes) in the post-irrigation condition (field 
capacity) was updated weekly in the sched-
ule.

Cost of automatic system components
Aiming to evaluate the viability of the de-

veloped  automatic  system  for  controlling 
irrigation in forest seedling nurseries, a sur-
vey  of  the  market  prices  of  the  compo-
nents  used was  carried  out.  It  should  be 
noted that this is only the cost of acquiring 
components, not considering costs related 

to the process of development and assem-
bly of the system.

Results and discussion

Evaluation of the precision and 
accuracy of the mini-lysimeter

The results obtained in the ML calibration 
were satisfactory, indicating a high correla-
tion between the values estimated by the 
HX711  and  the  actual  mass  of  the  tubes 
(Fig. 3). Therefore, the R2 value associated 
with the mean values of standard deviation 
(49.89 and 20.78 g), coefficient of variation 
(3.16% and 1.98%), MAE (0.060 and 0.090 g) 
and  RMSE  (27.24  and  19.01  g)  corre-
sponded to less than 1% of the total mass 
on the MLs, indicating good accuracy and 
precision of the model in determining the 
mass.  According  to  Mccauely  &  Nackley 
(2022), with this level of precision and ac-
curacy, the ML can effectively control irri-
gation,  with  negligible  errors.  The  PBIAS 
values found were expressively low (close 
to zero), indicating that there was no ten-
dency  to  overestimation  or  underestima-
tion of the data (Moriasi et al. 2007).

Water demand evaluation of seedlings
During  the  evaluation  period,  57  irriga-

iForest 17: 222-228 224

Fig. 3 - Calibration 
curve of mini-
lysimeters used in 
the automation of 
irrigation of Dal-
bergia Nigra (A) 
and Enterolobium 
contortisiliquum 
(B) seedlings. 
(MAE): Mean 
Absolute Error; 
(RMSE): Root 
Mean Square 
Error; (PBIAS): per-
centage bias.
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tions were recorded for DN (Fig. 4A) and 
55 irrigations for EC (Fig. 4B), which totaled 
20.53 and 20.30 L of water per tray, respec-
tively. On average, the total water demand 
was 1.47 L seedling-1 and 1.45 L seedling-1 in 
DN and EC,  respectively.  Using automatic 
irrigation management, Bueno et al. (2021) 
evaluated the growth of DN seedlings and 
found a value of 3.1 L per seedling, with 37 

and  58%  shading.  Despite  evaluating  the 
same  species,  the  study  developed  by 
Bueno et al. (2021) was carried out for 110 
days, and the seedlings reached, on aver-
age,  height  and  stem  diameter  greater 
than  45.0  cm  and  4.0  mm,  respectively. 
Furthermore, most of the experimental pe-
riod occurred in the spring period, with ref-
erence  evapotranspiration  reaching  7.7 

mm day-1.
During part of the equipment evaluation 

period, temperature and relative humidity 
data were also collected (Fig. 5), which also 
influenced the  water  demand by  species. 
The highest temperature was recorded on 
April 16th (48.1 °C) providing the highest irri-
gation depth in the DN seedlings.

The largest  water  volumes applied daily 
per tube in response to the evaporimetric 
demand  were  691  mL  (DN)  on  April  17th, 
and 647.7 mL (EC) on March 27th.  On the 
following days, measurements were taken 
of  the  height  and  stem  diameter  in  the 
seedlings, which presented mean values of 
18.25 cm and 1.43 mm (DN) at 47 DAE and 
10.40 cm and 1.79 mm (EC) at 27 DAE, re-
spectively.

The  difference  between  the  water  vol-
umes used during the data collection pe-
riod  can  be  explained  by  climatic  varia-
tions,  the  stage  of  development  of  the 
seedlings and the ecological characteristics 
of the species. According to Monteiro et al. 
(2016),  generally,  the  water  demand  for 
forest seedlings increases according to the 
solar  radiation,  but the water demand of 
the plant is also related to its development. 
Using  a  mini-lysimeter,  Liyanage  et  al. 
(2022) also observed variations between ir-
rigation events and associated these differ-
ences with plant size,  as  the larger seed-
lings  use  substrate  water  more  quickly 
than the smaller ones. Therefore, the spe-
cies growth must be known to better un-
derstand these  variations  in  consumption 
as observed in the present study.

The average water volumes applied were 
16.9, 19.5 and 21.3 mL day-1 seedling-1 of DN, 
respectively, in March, April and May, cor-
responding to 19.6, 39.8 and 40.6% of the 
total volume applied. For EC, the volumes 
were 22.4, 22.9 and 13.7 mL day-1 seedling-1, 
in the respective months, corresponding to 
26.3, 47.3 and 26.4% of the total volume ap-
plied. Therefore, there is a variation in the 
water consumption of seedlings in the dif-
ferent species.

Evaluation of seedling development
The evaluation of seedlings in height and 

stem diameter as a  function of  DAE (Fig.
6A,  Fig. 6C) and water volume applied per 
tube (Fig. 6B, Fig. 6D) demonstrates differ-
ent  growth  rates  between  species.  DN 
seedlings showed increasing rates of devel-
opment, reaching the dispatch standard at 
83  DAE  (Fig.  6A),  measuring  36.0  cm  in 
height and 3.0 mm in diameter (Davide et 
al.  2015).  At  89  DAE,  the  seedlings  were 
39.2 cm and 3.4 mm, respectively. On the 
other  hand,  EC  seedlings  showed  stable 
and, subsequently, decreasing rates of de-
velopment, reaching 19.3 cm in height and 
4.6 mm in diameter at the end of the same 
period (Fig. 6C). It is worth mentioning that 
the time for producing seedlings in the nur-
sery varies, depending on the species and 
environmental  conditions.  Souza Junior & 
Brancalion  (2016) reported  that  EC  seed-
lings  acquire  a  commercial  standard  and 
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Fig. 4 - Masses of water applied and accumulated in trays with 14 tubes of Dalbergia 
nigra (A) and Enterolobium contortisiliquum (B).

Fig. 5 - Temperature (°C) and relative humidity (%) values in part of the growth period 
and evaluation of the seedlings.
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are  ready  to  be  taken  to  the  field  when 
they reach heights of 30-60 cm and stem 
diameter of 2-3 mm.

Fig. 6B and Fig. 6D confirm the difference 
in the water demand of the species (Fig. 4) 
as a function of growth in height and diam-
eter, with positive (DN) and negative (EC) 
parameters for the quadratic term of the 
models. At 55 DAE, DN seedlings reached 
54.3% of their growth in height (21.34 cm) 
and diameter (1.84 mm), while EC seedlings 
reached  84.5%  of  their  height  (16.32  cm) 
and 79.6% of the diameter (3.65 mm) in the 
same period.  EC seedlings were collected 
when the mean diameter was greater than 
4.5 mm, while the mean height was lower 
than that of DN seedlings.

The differences observed in Fig. 6 are as-
sociated  with  the  species  growth  habits 
evaluated in this study. The classification of 
Enterolobium contortisiliquum in ecological 
groups is discussed by several authors, be-
ing  classified  from  pioneer  to  initial  sec-
ondary  with  a  tendency  to  climax,  with 
great  ecological  plasticity,  being found in 
several  phytoecological  regions  (Carvalho 
2003). Its growth characters show substan-
tial variation between progenies (Sant’Ana 
et al. 2013) which may have contributed to 
the  species  presenting  a  slow  growth  in 
height  in  the  month  of  May.  Thus,  the 
greatest  growth in diameter (Fig.  6C and 
Fig. 6D) can be a strategy for resistance to 
environmental factors, both in the field (Pi-
neda-García et al. 2012) and in the nursery 
phase (Turchetto et al. 2020, Zavistanovicz 
et al. 2020).

Dalbergia nigra is a semi-heliophilous spe-
cies,  which tolerates light  shading,  and is 
classified as secondary succession, produc-
ing better quality seedlings when subject-
ed  to  shading  (Bueno  et  al.  2021).  Its 
growth  ranges  from  moderate  to  rapid, 
and the greatest increase in height occurs 
in  production  environments  with  shading 
of up to 30%.

The  demand  for  light  in  forest  species 
and the variety of growth habits result in 

developing  stratified  communities,  in 
which one species presents greater devel-
opment of the aerial part (DN) when com-
pared to those cultivated in full  sun (EC). 
Fast growth in moderately shaded environ-
ments is an adaptive characteristic of sec-
ondary growth species,  which reflects on 
their  photosynthetic  capacity  in  environ-
ments of low light intensity (Pacheco et al. 
2013, Tang et al. 2021).

Cost analysis for developing the mini-
lysimeter

The cost analysis of the materials used for 
the developed mini-lysimeter is presented 
in Tab. 1. The cost to make the ML was US$ 
81.82, which is considered low when com-
pared to the water and energy savings that 
are spent on seedling production nurseries 
in general, mainly forest species. Other sys-
tems  were  evaluated  in  forest  nurseries, 
but without mentioning the installation/op-
eration cost.  Bueno et al (2020,  2021) and 
Silva et al. (2022) used an automatic irriga-
tion trigger to produce seedlings of differ-
ent tree species from the Atlantic  forest. 
The device was proposed by  Medici et al. 
(2010) and  operates  in  response  to  sub-
strate  water  tension  and  is  regulated  by 
the level difference between a ceramic mi-
cro-cup  (sensor)  and  a  pressure  switch. 

Dumroese et al.  (2015) presented a meth-
odology based on the periodic weighing of 
containers of seedlings, which despite us-
ing the same principle used in this study, 
requires great availability of labor.

Conclusions
The lack of irrigation management in for-

est  nurseries  implies  a  waste of  water  in 
seedling  production  systems,  which  may 
affect  their  quality.  The amount of  water 
applied by irrigation depends on the crop 
evapotranspiration  and  can  be  measured 
using lysimetry of weights. Here, we devel-
oped  and  evaluated  an  automated  irriga-
tion system for tree species seedlings using 
weighing mini-lysimeters,  and determined 
the  water  demand  and  initial  seedling 
growth of DN and EC. The proposed mini-
lysimeters showed adequate sensitivity, in-
dicating a high correlation between the val-
ues estimated by the HX711 module and the 
actual mass of the tubes. The mean abso-
lute error and mean square error were less 
than 1% of the total mass on the MLs, and 
were indicated for the evapotranspiration 
determination  of  tree  species  seedlings. 
The mini-lysimeters developed led to auto-
mated irrigation management and the wa-
ter demand evaluation of DN and EC seed-
lings in the initial growth phase, reducing 
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Tab. 1 - Prices of components used to develop the automated irrigation system. Quo-
tation of June 26th, 2023.

Material
Unit value

(US$)
Quantity

used
Value per mini-
lysimeter (US$)

Solenoide 4.37 1 4.37

Load cell 11.09 1 11.09

Relay Module 2.57 2 5.14

Arduino Mega 54.17 1 54.17

HX711 Module 2.57 2 5.14

Drippers 0.14 14 1.91

Total - - 81.82

Fig. 6 - Growth in height (cm) 
and diameter (mm) of the 

sample as a function of days 
after emergence and water 
volume applied per tube of 

D. nigra (A, B) and E. contor-
tisiliquum (C, D).
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the amount of water applied in forest nurs-
eries.  Although  the  volume  of  water  ap-
plied was similar,  around 1.45 L per seed-
ling after 89 days of monitoring, the seed-
lings presented a development compatible 
with the characteristics of the species.
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