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Abstract
 The dairy industry is the fourth largest in the food sector in Brazil, posing substantial environmental risks due to the dis-
charge of dairy wastewater (DWW) into environmental waters. The numerous small-sized dairy facilities (500 − 30,000 L 
of milk processed day− 1) in the country are particularly concerning as they are subjected to less stringent environmental 
regulations. This study presents a comprehensive ecotoxicological analysis of DWW from a small dairy industry by 
exploring acute and chronic effects of the wastewater to test-organisms from various trophic levels and discussing results 
in light of current national and State-level regulations. Sampling was conducted during the dry and wet seasons. Acute 
and chronic toxicity were assessed for Aliivibrio fischeri (bacteria), Raphidocelis subcapitata (algae), Daphnia similis 
(crustacean), and Danio rerio (fish) larvae and adults. Acute toxicity tests revealed that DWW was toxic to all organisms 
in the following order: Daphnia similis (Toxicity Factor (TF) = 32) > Danio rerio (larvae) (TF ≥ 16) > Danio rerio (adult) 
(TF = 2). Bioassays with Aliivibrio fischeri showed great variability, probably due to matrix turbidity and color effects upon 
luminescence measurement, thus being the least appropriate species among those tested. Chronic toxicity tests showed the 
following outcomes: Raphidocelis subcapitata (TF = 32) > Danio rerio (larvae) (TF ≥ 16). Bioassays were also conducted 
with surface water from the DWW receiving pond and indicated a hormesis effect to bacteria and algae. Raphidocelis sub-
capitata and Daphnia similis were the most adequate organisms for chronic and acute ecotoxicity assessment, respectively. 
Results underscore the need to raise data on the toxicity of DWW, particularly those submitted to simplified treatment, 
and provides insights into the sensitivity of test organisms to this matrix, thereby contributing to the development of a 
more specific approach in industrial wastewater discharge regulations.
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Introduction

Adverse environmental impacts caused by anthropogenic 
activities related to industrial production, including the 
dairy industry, are a subject of concern regarding pollution 
control measures. The primary environmental impact of the 
dairy industry is the intensive use of water, leading to a sig-
nificant volume of wastewater (Akansha et al., 2020, Guer-
reiro et al. 2020). The dairy industry is the fourth-largest 
food sector in Brazil (Carvalho and Costa 2015), accounting 
for 27.6% of the total number of industries. Among Brazilian 
states, Minas Gerais (MG) is the leading producer of dairy 
products in the country. In 2022 and 2023, dairy industries 
in Minas Gerais processed 5,861,961 L and 5,786,613 L of 
raw milk, respectively (IBGE, 2024).

Dairy wastewater (DWW) discharge may cause public 
health issues and environmental quality impairment due to 
high nutrients and organic loads (Daneshvar et al. 2019). 
Besides, it is associated with dissolved oxygen depletion, 
strong odors, foam formation, fat layers, proliferation of 
disease vectors, and toxicity to aquatic species (Guerreiro 
et al. 2020). Even though, only a limited number of stud-
ies have analyzed the ecotoxicological effects of DWW to 
aquatic species, and data are even more scarce for small-
sized industries, defined as those with production ranging 
from 500 − 30,000 L of milk processed day− 1 which are often 
eligible for simplified environmental licensing (Registration 
or Simplified Environmental Report - SER). This implies 
in less stringent procedural requirements than typically 
applied to large dairy facilities (Minas Gerais, 2017), such 
as simplified DWW treatment prior to discharge. Although 
self-monitoring and direct discharge of dairy wastewater 
(DWW) to receiving waters should only be allowed after 
due treatment, it may be waived for sources defined as low 
pollution potential, such as small-sized dairy facilities, by 
the competent environmental authority (Brasil, 2011).

Internationally, ecotoxicological screening has long been 
embedded in wastewater regulation to control ecological 
and human health risks of industrial wastewater discharge 
(Norberg-King et al., 2018). In the United States of Amer-
ica (USA), Whole Effluent Toxicity (WET) testing under-
pins discharge control by requiring standardized bioassays 
that capture the integrated effects of complex mixtures, 
rather than relying only on chemical-by-chemical limits 
(EPA, 2000). A similar rationale is supported in the Euro-
pean Whole Effluent Assessment (WEA), which combines 
lines of evidence to evaluate mixture toxicity in effluents 
and receiving waters (Convention for the Protection of the 
Marine Environment of the North-East Atlantic OSPAR 
Commission, 2007). In general, these frameworks opera-
tionalize compliance through dilution-based testing with 
multiple organisms and both acute and chronic endpoints, 

often reporting results as toxicity units (TU). Canada also 
advances in this logic by adopting sector-oriented pro-
grams, defining monitoring and testing schemes that better 
reflect the dominant stressors of specific industries, thereby 
improving sensitivity and interpretability (Goverment of 
Canada, 2012).

In Brazil, Directive No. 430/2011 establishes ecotoxicity 
testing with organisms from at least two trophic levels and 
states that effluents must not cause, nor have the potential to 
cause, toxic effects in receiving waters (Brasil, 2011), while 
Directive No. 357/2005 explicitly requires the absence of 
chronic toxicity for waters intended for species conserva-
tion (Brasil, 2005). However, current Brazilian directives 
remain comparatively generic regarding ecotoxicological 
assays and test-organisms to be used for wastewater from 
different industrial sources. Thus, it is critical to raise data 
to support the selection of the most appropriate assays for 
wastewater from different industrial sources aiming to avoid 
bias from tolerant organisms, as highlighted here for DWW 
(Alves et al. 2024).

Ecotoxicological assays evaluate acute or chronic effects 
of isolated substances and/or mixtures (i.e. effluents) on 
laboratory-cultured model organisms under controlled 
exposure conditions (Luan et al. 2020). Acute toxicity 
assays assess lethal effects reported as Effect Concentra-
tion (EC50) or Lethal Concentration (LC50) to 50% of the 
exposed population, or by Toxicity Factor (TF), defined as 
the dilution factor of the least diluted test concentration at 
which no effect was observed relative to the control (or No 
Observed Effect Dilution (NOED), typically reported as an 
integer Dilution Factor, DF) (Costa et al. 2008). Conversely, 
chronic toxicity refers to sublethal effects, such as morpho-
logical, reproductive, and behavioral changes, quantified by 
the Lowest Observed Effect Concentration (LOEC), Non-
Observed Effect Concentration (NOEC), or TF.

In this context, considering: (i) the potential impacts of 
DWW discharge to aquatic biota, particularly for small-
sized industries; (ii) the ecotoxicological approaches that 
enable the evaluation and quantification of acute or chronic 
effects of pollutants/effluents to aquatic biota; and (iii) the 
need to improve industrial wastewater discharge regulations 
in Brazil, this study performs a comprehensive character-
ization of acute and chronic ecotoxicity of DWW from a 
small-sized facility and surface water from the receiv-
ing pond. Observed toxic effects are clearly articulated 
with current regulations related to ecotoxicological crite-
ria imposed to industrial wastewater discharge in Brazil, 
particularly for dairy wastewater. Due to limited access to 
wastewater from various facilities, the investigation was 
conducted as an in-depth case study of a small-sized dairy 
plant subjected to simplified licensing and discharge proce-
dures, among the many operating under similar regulatory 
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circumstances in Minas Gerais. Seasonal field sampling 
combined with a multi-trophic battery of acute and chronic 
bioassays provides a structured baseline to interpret DWW 
toxicity, identify sensitivity hierarchy patterns among test 
organisms, and evaluate matrix-related constraints affecting 
assay performance. By maintaining internal methodological 
consistency across sampling campaigns, the study allows 
for robust comparison of organism response and seasonal 
variability within the same operational context. Finally, by 
integrating ecotoxicological endpoints with the Brazilian 
regulatory framework for industrial wastewater discharge, 
this study translates field-based toxicity data into discharge-
compliance scenarios, thereby contributing with technically 
sound data to improve the dialogue between academia and 
environmental authorities and support the refinement of 
ecotoxicity-based discharge regulations for DWW.

Materials and methods

Case study: diary industry

DWW and surface water from the receiving pond were 
sampled in a small-sized dairy industry located in Esmeral-
das/MG, Brazil. The dairy industry has been operating for 
ten years and processes 1,200 L of milk per day to produce 
fresh cheese and yogurt (seasonal production). Its main 
production stages for cheese and yogurt manufacturing and 
principal wastewater generation points are presented in the 
Supplementary Material (SM) (Figure S1).

The average generation of DWW by dairy industries with 
similar production processes ranges from 0.2 to 10 L kg− 1 
of processed milk (Akansha et al., 2020; Giner Santoja et al. 
2019; Guerreiro et al. 2020). For this industry, DWW gen-
eration was estimated at approximately 3,083.16  L day− 1 
(calculation details in the SM, Eq. S1). As this is a small 
industry classified as a low-pollution potential facility, it is 
subjected to less stringent pollution control requirements. 
Hence, the wastewater treatment consists of a standalone oil 
and grease chamber, followed by wastewater discharge in a 
pond (2,325 m2, surface water Class 2 (Brasil, 2005). This 
is the main treatment applied in similar small-sized dairy 
facilities in the state of Minas Gerais.

Two sampling campaigns were conducted, one on August 
9, 2023 (during the dry season, April – September) and the 
other on January 31, 2024 (during the rainy season, October 
– March). A grab sampling scheme was applied for DWW 
(output of the oil and grease chamber) to achieve a represen-
tative sample, with hourly subsamples collected from 9:00 
am to 12:00 pm during cheese manufacturing cycles. Sur-
face water sampling from the pond that receives the DWW 
was carried out as a discrete sample at the DWW discharge 

point. Both samples were collected on the same day follow-
ing the Standard Methods for the Examination of Water and 
Wastewater (APHA, 2023).

Physicochemical characterization

Samples were stored at 4 °C until characterization, which 
was carried out within 24  h of sampling. Physicochemi-
cal characterization was performed following the Standard 
Methods for the Examination of Water and Wastewater 
(APHA, 2023) for alkalinity (2320-B), biochemical oxygen 
demand (BOD, 5210-B), true color (2120-C), chemical oxy-
gen demand (COD, 5220-D), dissolved oxygen (4500-O-G), 
hardness (2340-C), pH (4500-H+-B), orthophosphate (4500-
P-E), total nitrogen (4500-N-C), total solids (TS, 2540-B), 
total dissolved solids (TDS, 2540-C), total suspended solids 
(TSS, 2540-D), turbidity (2130-B). Following characteriza-
tion, samples were frozen before ecotoxicological assays 
according to NBR 15,469 (ABNT, 2021).

Ecotoxicological assays

Ecotoxicological assays were performed based on guide-
lines from the Brazilian Association of Technical Guide-
lines (ABNT) presented in Table 1.

Raphidocelis subcapitata – chronic toxicity

The green algae Raphidocelis subcapitata was granted 
by SENAI Center of Innovation and Technology (Minas 
Gerais, Brazil) and bred in the lab. The chronic effect ana-
lyzed in this assay is the inhibition of algae biomass growth 
compared to the control. For the ecotoxicity analysis, bio-
assays were carried out in triplicates of blanks (0% of the 
sample) and eight different dilutions of DWW with culture 
medium Oligo (100%, 50%, 25%, 12.5%, 6.25%, 3.125%, 
1.562%, 0.781%, v: v) in glass Erlenmeyer flasks (150 mL). 
The assay was inoculated with resuspended cells, and all the 
test recipients were placed in a horizontal shaker under stan-
dard and constant rotation conditions (150 rpm), tempera-
ture (25  °C), and luminosity (4500  lx–24 h), for 72 ± 2 h. 
After removing samples from the shaker, they were isolated 
in encoded containers and preserved with a Lugol solution 
(4 g of Metallic Iodine: 6 g of Potassium Iodide) within a 
week. An aliquot (50 µL) of sample from each dilution was 
taken and placed in a Neubauer chamber under an optical 
microscope (Nikon i50) for cell counting to allow for bio-
mass calculation as detailed in the Supplementary Material 
(Eq. S2). Data was analyzed using ToxStat software and 
results were reported as NOEC and TF. Sensitivity Assays 
were carried out with Sodium Chloride (NaCl) solutions, 
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oxygen (5 mg L− 1), and hardness (10–60 mg CaCO3 L− 1) 
and a photoperiod of 12  h/12  h. Sensitivity Assays were 
carried out with Sodium Chloride (NaCl) solutions and 
the control chart is available in the Supplementary Mate-
rial File (Figure S4). For the assay setup, healthy fish were 
selected, and ten of these organisms were randomly added 
to each of the quadruplicates of blanks (0%) and five sample 
dilutions of DWW with reconstituted water (100%, 50%, 
25%, 12.5%, 6.25%, v: v), and a positive control with NaCl 
(lethal concentration). The bioassay was carried out for 48 h 
following the standard conditions applied for cultivation. 
Organisms were fed twice a day with commercial feedstuff 
(45% protein) and recently hatched Artemia sp. Mortality, 
behavioral, and morphological changes were assessed daily. 
Data were analyzed using R software, and results were 
reported as NOEC and TF.

Danio rerio (larvae) – acute and chronic toxicity

Sensitivity Assays were carried out with Sodium Chloride 
(NaCl) solutions as shown in the control chart available in 
the Supplementary Material File (Figure S5). A day before 
the assay was carried out, Danio rerio male and female were 
segregated in a continuous renovation flow system in a ratio 
of 2 males per female (2:1) during the night. Deposited 
eggs were collected the following morning, cleaned with 
reconstituted water, and set in a petri dish to be selected for 
ecotoxicological assays with a stereoscopic magnifier (≥ 80 
x). Fertilized larvae were set in an incubator (Scienlabor, 
Zebrafish LARVAE UV) with a 14 h light/10 h dark pho-
toperiod. After hatching, larvae were segregated again and 
those which presented abnormalities were discarded. Bioas-
says were carried out in quadruplicate (250 mL) of blanks 
(0%), and five sample dilutions of DWW with reconstituted 
water (100%, 50%, 25%, 12.5%, 6.25%, v: v), and positive 
control with NaCl (lethal concentration as ecotoxicologi-
cal control chart). Conductivity, pH, and dissolved oxygen 
were measured before the bioassay and ten larvae (< 24 h) 

and the Control chart is available in the Supplementary 
Material File (Figure S2).

Daphnia similis – acute toxicity

The microcrustacean Daphnia similis was granted by 
the SENAI Center of Innovation and Technology (Minas 
Gerais, Brazil) and bred in the lab. Organisms were cul-
tured in glass containers with MS medium Under controlled 
temperature (20 ± 2  °C) and photoperiod (16  h light/8  h 
dark) keeping a density of 0.025 org/mL. Organisms were 
fed daily with Raphidocelis subcapitata and weekly with 
yeast and solubilized fish feed. For the bioassay, neonates 
(maximum 24 h old) were collected from a stock of daphnid 
clones. Ecotoxicity analysis was carried out in quadrupli-
cates (10 mL) of blanks (0% of the sample) and six dilu-
tions of DWW with the culture medium (100%, 50%, 25%, 
12.5%, 6.2%, 3.1%, v: v). Afterward, pH and dissolved 
oxygen were measured for each replicate. Five neonates 
(≤ 24  h) were added to sterile centrifuge tubes of plastic 
containing each sample, and these flasks were incubated in 
the dark at 20 ± 2  °C. Replicates were visually monitored 
after 24 and 48 h of exposure to count the number of immo-
bile organisms. Sensitivity assays were conducted using 
sodium chloride (NaCl) solutions, and the control chart is 
presented in the Supplementary Material (Figure S3). Data 
were analyzed using OriginPRO software through the Dose 
Response and Trimmed Spearman-Karber methods, and 
results were reported as 48 h LC50 and TF for sensitivity 
and DWW, respectively.

Danio rerio (adult) – acute toxicity

The adult Danio rerio (Zebrafish) were granted by CETESB 
and bred in the lab. Danio rerio (2.0 ± 1.0 cm) were culti-
vated in polycarbonate aquariums filled with reconstituted 
water at a ratio of 1 g of organism L− 1 under standard con-
ditions of pH (6.5–7.5), temperature (23  °C), dissolved 

Table 1  Standard assays used for ecotoxicological characterization of dairy wastewater and surface water collected at the wastewater discharge 
point in the receiving water body
Standard Test organism Trophic 

level
Exposure 
period

Endpoint

ABNT. NBR 12,648/2023: Aquatic ecotoxicology – Chronic toxicity – Test 
with algae (Chlorophyceae)

Raphidocelis 
subcapitata

Producer From 72 to 
96 ± 2 h

Reproduction 
and morphology

ABNT. NBR 12,713/2022: Aquatic ecotoxicology – Acute toxicity – Test with 
Daphnia spp (Cladocera, Crustacea)

Daphnia 
similis

Primary 
consumer

24 and 48 h Mobility inhibi-
tion and lethality

ABNT. NBR 15,088/2022: Aquatic ecotoxicology – Acute toxicity – Test with 
fish (Cyprinidae)

Danio rerio Secondary 
consumer

48 h Mobility inhibi-
tion and lethality

ABNT. NBR 15,411/2021: Aquatic Ecotoxicology – Inhibitory effect on Vib-
rio fischeri bioluminescence Part 3: method using lyophilized bacteria

Aliivibrio 
fischeri

Decomposer 5, 15 and 
30 min

Bioluminescence 
decay

ABNT. NBR 15,499/2022: Aquatic Ecotoxicology: Short term chronic toxic-
ity – Test with fish

Danio rerio Secondary 
consumer

72 and 
168 h

Growth and 
mobility inhibi-
tion, and lethality
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based on TF values from acute toxicity responses (Equation 
S8).

Results and discussion

Physicochemical characterization of dairy 
wastewater and surface water samples

Table  2 presents the physicochemical characterization of 
DWW and surface water sampled at the small-sized dairy 
industry located in Esmeraldas/MG compared to typical 
values reported in the literature (Patil and Kurhekar 2021; 
Tabelini et al. 2023; and CETESB and FIESP 2006), and 
maximum values imposed for wastewater discharge into 
water bodies (Minas Gerais, 2022).

The DWW is white in color and shows visual signs of 
oil and grease. COD values for DWW sampled in the rainy 
season were 32,31 to 92,60% lower than the values typi-
cally reported in the literature for this wastewater. Despite 
lower values, COD concentrations in the dry season sam-
ple were within the usual range reported by CETESB and 
FIESP (2006). However, COD values did not comply with 
the maximum concentration (≤ 180 mg L− 1) established by 
the state regulation (Minas Gerais, 2022). COD and BOD5 
levels indicate a high presence of organic pollutants which 
may result in oxygen depletion when discharged into sur-
face water, as observed for the rainy season. This outcome 
can contribute to increased toxicity levels (Diaz-Sosa et al. 
2020). Besides, the BOD5/COD ratio (< 1) calculated for the 
DWW in both seasons indicates that the effluent is biode-
gradable (Herrera et al. 2024). Considering the estimated 
flow of DWW discharge (3,083 L per day− 1), the input load 
of total nitrogen and phosphorus in the receiving water body 
corresponds to 174.51 g per day− 1 and 132.88 g per day− 1, 
respectively. These loads may contribute to the eutrophica-
tion of the receptor water body (Wang et al. 2020), a condi-
tion that may affect ecosystem functioning and toxicity to 
aquatic biota.

BOD5: Biochemical Oxygen Demand measured over five 
days; COD: Chemical Oxygen Demand; CODsoluble: Solu-
ble Chemical Oxygen Demand; TSS: Total Suspended Sol-
ids; TDS: Total Dissolved Solids; TS: Total Solids; NTU: 
Nephelometric Turbidity Unit; PtCo: Platinum-Cobalt color 
unit; CETESB: Environmental Company of the State of São 
Paulo; FIESP: Federation of Industries of the State of São 
Paulo; COPAM: Environmental Policy Council of Minas 
Gerais; CERH: State Water Resources Council; CONAMA: 
National Environment Council of Brazil; DWW: Dairy 
Wastewater.

TSS values exceeded environmental standards in both 
sampling campaigns, indicating the need for solids removal 

were randomly distributed in each replicate. The assay was 
carried out for 168 ± 1 h in an incubator at 25 ± 2 °C and a 
photoperiod of 14 h light/10 h dark. Mortality and morpho-
logical abnormalities were assessed daily and expressed as 
percentages for each sample. Test solutions were renewed 
twice, and for each renewal, conductivity, pH, and dissolved 
oxygen were measured for previous and new test solutions 
prior to larvae recipient rearrangement. Data were analyzed 
using R software, and results were reported as NOEC and 
TF.

Aliivibrio fischeri – acute toxicity

Lyophilized bacteria Aliivibrio fischeri were acquired from 
Modern Water. The test setup began with sample salinity 
adjustment with NaCl to ≥ 20% (m: v). The bioassay was 
carried out using the Microtox® LX analyzer (Modern 
Water). The sample was prepared by a dilution series in 
duplicates of blanks (0%) and nine different dilutions of 
DWW with NaCl solution at 2% (m: v) in glass cuvettes 
(81.9%, 40.95%, 20.475%, 10.237%, 5.118%, 2.559%, 
1.279%, 0.639%, 0.319%, v: v). Finally, samples were ana-
lyzed for bacteria bioluminescence inhibition at 5-, 15-, and 
30-min. Data were analyzed using the Microtox Analyzer 
Software, and results were reported as EC50. Sensitivity 
assays of the stock culture organisms were conducted using 
potassium dichromate (K2Cr2O7, purity ≥ 93,5%) as a refer-
ence substance. The control chart is available in the Supple-
mentary Material File (Figure S6).

Critical analysis of current toxicity standards

Results obtained from ecotoxicological assays performed in 
this study were expressed as NOEC, TF, LC50, and EC50 
and discussed in light of current national (Brazil) and state 
level environmental requirements related to ecotoxicity of 
industrial wastewater and surface water. Briefly, directive 
CONAMA No. 430/2011 (Brasil, 2011) establishes two 
methodologies for assessing the maximum concentration 
of wastewater allowed in freshwater bodies. These meth-
odologies rely on the reported NOEC values for chronic 
toxicity, and TF and/or LC50 for acute toxicity. For water 
bodies classified as Classes 1 and 2 (Brasil, 2005), the maxi-
mum wastewater concentration (Equation S3) allowed must 
be less than or equal to the NOEC derived from a chronic 
toxicity test. For acute toxicity assessment, Equations S4 
and S5 determine the maximum wastewater concentration 
allowed. However, for Class 3 freshwater bodies (Brasil, 
2005), Equations S6 and S7 are used to assess the maximum 
allowable wastewater concentration. Additionally, Directive 
FATMA No. 17/2002 (Santa Catarina, 2002) determines the 
maximum wastewater concentration in freshwater bodies 

1 3

Page 5 of 16  102



M. L. Albuquerque et al.

Ta
bl

e 
2 

Ph
ys

ic
oc

he
m

ic
al

 c
ha

ra
ct

er
iz

at
io

n 
of

 d
ai

ry
 w

as
te

w
at

er
 a

nd
 re

ce
iv

in
g 

su
rf

ac
e 

w
at

er
 sa

m
pl

ed
 d

ur
in

g 
dr

y 
an

d 
ra

in
y 

se
as

on
s f

ro
m

 a
 sm

al
l-s

iz
ed

 d
ai

ry
 in

du
st

ry
 in

 M
in

as
 G

er
ai

s, 
B

ra
zi

l, 
ty

pi
ca

l 
va

lu
es

 re
po

rte
d 

in
 th

e 
lit

er
at

ur
e,

 a
nd

 n
at

io
na

l a
nd

 st
at

e 
re

gu
la

tio
n 

st
an

da
rd

s
Pa

ra
m

et
er

s
D

ai
ry

 w
as

te
w

at
er

Su
rf

ac
e 

w
at

er
D

W
W

(d
ry

 se
as

on
)

D
W

W
(r

ai
ny

 se
as

on
)

Pa
til

 a
nd

 
K

ur
he

ka
r 

(2
02

1)

Ta
be

lin
i e

t 
al

. (
20

23
)

C
ET

ES
B

 a
nd

 
FI

ES
P 

(2
00

6)
C

O
PA

M
/C

ER
H

 
N

o.
 0

8/
20

22
(C

la
ss

 2
 w

as
te

w
a-

te
r d

is
ch

ar
ge

)

Su
rf

ac
e 

w
at

er
 (d

ry
 

se
as

on
)

Su
rf

ac
e 

w
at

er
 

(r
ai

ny
 se

as
on

)
C

O
N

A
M

A
N

o.
 

35
7/

20
05

(C
la

ss
 2

)
A

lk
al

in
ity

(m
g 

C
aC

O
3 L

-1
)

6.
00

 ±
 3.

20
0.

0
-

-
-

-
4.

13
 ±

 1.
38

38
2.

50
 ±

 5.
30

-

B
O

D
5 (

m
g 

O
2 L

-1
)

68
9.

17
 ±

 5.
43

29
3.

47
 ±

 8.
55

64
1

19
14

45
0–

47
90

≤ 
60

63
.3

7 ±
 1.

58
33

.3
3 ±

 2.
14

≤ 
5

C
O

D
so

lu
bl

e
(m

g 
O

2 L
-1

)
79

1.
00

 ±
 87

.7
0

33
8.

42
 ±

 0.
74

20
26

45
75

50
0–

45
00

≤ 
18

0
1,

79
8.

75
 ±

 65
.4

1
92

9.
90

 ±
 0.

43
-

B
O

D
5/C

O
D

0.
87

0.
86

-
-

-
-

-
-

-
C

ol
or

(m
g 

Pt
C

o 
L-1

)
11

4.
50

 ±
 0.

70
29

.5
0 ±

 2.
12

-
-

-
-

10
0.

00
 ±

 2.
83

23
3.

50
 ±

 28
.9

9
≤ 

75

H
ar

dn
es

s (
m

g 
L-1

)
90

.4
3 ±

 21
.7

3
98

.2
4 ±

 6.
41

-
-

-
-

59
.4

5 ±
 8.

55
72

.0
4 ±

 2.
14

-
D

is
so

lv
ed

 o
xy

ge
n 

(m
g 

L-1
)

-
-

-
-

-
-

4.
56

0.
48

≥ 
5

pH
4.

4
4.

3
7.

7
-

5.
3–

9.
4

5–
9

6.
8

6.
3

6–
9

O
rth

op
ho

sp
ha

te
 (m

g 
L-1

)
53

.1
0

56
.6

0
-

15
.6

-
44

.5
0

40
.2

0
-

To
ta

l N
itr

og
en

 (m
g 

L-1
)

52
.1

5
43

.1
0

-
13

9
15

–1
80

-
31

.4
0

23
.8

0
~ 

13
TS

S 
(m

g 
L-1

)
17

90
.0

0 ±
 33

.0
0

18
62

.5
0 ±

 66
.1

7
29

3
24

–5
70

0
≤ 

10
50

19
3.

33
 ±

 10
.1

4
≤ 

10
0

-
TD

S 
(m

g 
L-1

)
52

0 ±
 11

.4
2

31
7.

50
 ±

 38
.8

9
10

78
-

-
66

0.
30

 ±
 18

.9
9

-
≤ 

50
0

TS
 (m

g 
L-1

)
2,

35
1.

00
 ±

 22
.6

3
2,

19
8.

50
 ±

 7.
99

14
21

13
5–

85
00

≤ 
39

38
1,

04
9.

50
 ±

 13
.9

2
-

-
Tu

rb
id

ity
 (N

TU
)

29
8.

00
 ±

 5.
66

29
3.

00
 ±

 4.
24

80
8

25
8.

50
 ±

 2.
12

≤ 
15

30
-

-
≤ 

10
0

B
O

D
5:

 B
io

ch
em

ic
al

 O
xy

ge
n 

D
em

an
d 

m
ea

su
re

d 
ov

er
 fi

ve
 d

ay
s; 

C
O

D
: C

he
m

ic
al

 O
xy

ge
n 

D
em

an
d;

 C
O

D
so

lu
bl

e:
 S

ol
ub

le
 C

he
m

ic
al

 O
xy

ge
n 

D
em

an
d;

 T
SS

: T
ot

al
 S

us
pe

nd
ed

 S
ol

id
s; 

TD
S:

 T
ot

al
 

D
is

so
lv

ed
 S

ol
id

s; 
TS

: T
ot

al
 S

ol
id

s; 
N

TU
: N

ep
he

lo
m

et
ric

 T
ur

bi
di

ty
 U

ni
t; 

Pt
C

o:
 P

la
tin

um
-C

ob
al

t c
ol

or
 u

ni
t; 

C
ET

ES
B:

 E
nv

iro
nm

en
ta

l C
om

pa
ny

 o
f t

he
 S

ta
te

 o
f S

ão
 P

au
lo

; F
IE

SP
: F

ed
er

at
io

n 
of

 
In

du
st

rie
s 

of
 th

e 
St

at
e 

of
 S

ão
 P

au
lo

; C
O

PA
M

: E
nv

iro
nm

en
ta

l P
ol

ic
y 

C
ou

nc
il 

of
 M

in
as

 G
er

ai
s; 

C
ER

H
: S

ta
te

 W
at

er
 R

es
ou

rc
es

 C
ou

nc
il;

 C
O

N
A

M
A

: N
at

io
na

l E
nv

iro
nm

en
t C

ou
nc

il 
of

 B
ra

zi
l; 

D
W

W
: D

ai
ry

 W
as

te
w

at
er

1 3

102  Page 6 of 16



Ecotoxicity assessment of dairy wastewater: environmental risks and regulatory needs

the production of toxic sulfur compounds (i.e. H2S) pro-
duced via anaerobic pathways (Guan et al. 2023).

Ecotoxicity of dairy wastewater and surface water 
samples

Table  4 presents acute and chronic ecotoxicity responses 
obtained from the exposure of test organisms from different 
trophic levels to DWW and receiving surface water sampled 
during dry and rainy seasons from a small-sized industry in 
the state of Minas Gerais.

Dairy wastewater ecotoxicity

All acute toxicity assays performed with DWW presented 
effects at some dilution factors, except for Aliivibrio fischeri 
in the dry season sample, probably due to incompatibility 
between sample physicochemical characteristics and testing 
endpoint. Among the four test organisms used for acute tox-
icity bioassays, higher toxicity was observed for Daphnia 
similis in both campaigns as effects to this organism were 
observed up to concentrations of 3.125% DWW. Effects on 
Danio rerio larvae were still observed at 6.25% DWW, the 
most diluted sample evaluated in these bioassays (ABNT, 
2022). On the other hand, no effects upon adult Danio rerio 
were observed at concentrations below 50%.

Regarding Aliivibrio fischeri, DWW sample obtained 
in the dry season was not toxic, yet the wet season sam-
ple was highly toxic (Table  3). This variability did not 
occur for any of the other tests and may be related to the 
physiochemical profile of the matrix, as the sample from 
the dry season showed high color and turbidity and these 
features may influence luminescence measurements com-
promising the bioassay (Ma et al. 2014). In addition, the 
sample used for this toxicity assay is prepared in 2% NaCl 
to mimic a seawater environment for the marine bacteria 
used as test-organism. Gao et al. (2012) discuss that saline 
adjustment conditions during preparation may change the 

from DWW prior to discharge. This may be a consequence 
of the simplified wastewater treatment (oil and grease 
chamber only) applied in the facility, as pollution control 
requirements are less stringent for small-sized dairy facili-
ties which present low pollution potential. However, sus-
pended solids may lead to effects on filtrating organisms 
(Weltens 2000) and fish by promoting the clogging of gills 
(Montoya et al. 2024). In addition, DWW was more acidic 
(pH 4.4 and 4.3) compared to other studies and does not 
comply with wastewater discharge standard set by Minas 
Gerais (2022), suggesting the need for neutralization prior 
to discharge as water pH is a critical factor for protein activ-
ity as well as contaminants bioavailability, thus influencing 
aquatic life (Zhao et al. 2024; Di Russo et al. 2012).

Despite the discharge of DWW, the receiving water pH 
remained near neutral (Table 2), indicating its capacity to 
buffer wastewater’s acidity. The decline in dissolved oxy-
gen levels in the surface water of the receiving pond during 
the rainy season is potentially associated with the discharge 
of organic matter present in DWW. Additional loads may 
also contribute to surface water alkalinity increase during 
the rainy season, due to the intake of Mg2+ and Ca2+, as 
reflected in alkalinity and hardness values shown in Table 2 
(Middelburg et al. 2020). Other parameters followed the 
usual values observed in the literature for DWW.

Considering the physicochemical characterization of 
DWW and surface water shown in Table 2, the main con-
cerns for ecotoxicity are related to total nitrogen and 
phosphorus, for which high concentrations were reported 
elsewhere (Abbas et al. 2018). These nutrients may lead to 
surface water eutrophication, a state that increases toxic-
ity due to the possibility of toxic algae blooms (Paerl et al. 
2001). In addition, the cascade of events following nutri-
ent increase may contribute to oxygen depletion and pH 
decrease, especially in the deep waters and at night. These 
conditions impact groups that are sensitive to low oxygen 
concentrations, such as fish, and increase the solubility and 
bioavailability of toxic compounds (i.e. metals), as well as 

Table 3  Ecotoxicological characterization of dairy wastewater and receiving surface water sampled during dry and rainy seasons campaigns from 
a small-sized dairy industry in Minas Gerais, Brazil according to the toxicity factor
Sample Acute toxicity (TF) Chronic toxicity (TF)

Aliivibrio 
fischeri(a)

Daphnia similis Danio rerio 
(adult)

Danio rerio (Larvae) Raphidocelis subcapitata Danio 
rerio 
(Larvae)

DWW
dry season

NT 32 2 ≥ 16 32 ≥ 16

DWW
rainy season

0.86 32 2 ≥ 16 32 ≥ 16

Surface water
dry season

NT (b) (b) (b) 16 (b)

Surface water
rainy season

NT NT NT 8 128 8

DWW: Dairy Wastewater; TF: Toxicity Factor; NT: Non-toxic. (a)Results reported as EC50(%) – 30 min. (b)Bioassays were not carried out

1 3

Page 7 of 16  102



M. L. Albuquerque et al.

Across trophic levels, the highest sensitivities were 
observed for primary producers (Raphidocelis subcapitata) 
and primary consumers (Daphnia similis), a pattern that is 
consistent with studies showing that nutrient-rich industrial 
effluents often exert disproportionate stress at the base of the 
food web. Because algae and cladocerans form the founda-
tion of aquatic trophic networks, their sensitivity suggests 
that DWW discharge, even after partial dilution, may alter 
primary productivity, grazing dynamics, and energy trans-
fer efficiency, potentially propagating indirect effects to 
higher trophic levels. As Daphnia similis (acute toxicity) 
and Raphidocelis subcapitata (chronic toxicity) were the 
most responsive organisms for DWW evaluation regarding 
both acute and chronic endpoints, the inclusion of lower-
trophic-level organisms as early-warning indicators in 
WET-based monitoring frameworks is recommended. This 
may avoid the underestimation of ecotoxicological risks by 
relying solely on bacterial luminescence assays or adult-fish 
mortality.

From a regulatory perspective, DWW ecotoxicity results 
obtained in this study demonstrate that organism selection 
and dilution design are not merely methodological deci-
sions but determining factors in compliance classification 
under toxicity-based standards. Depending on which organ-
ism drives the lowest no-effect dilution, the same effluent 
may be categorized differently under state-level TF thresh-
olds. Therefore, ecologically informed organism selection is 
essential for regulatory assessment and should be explored 
in the improvement of wastewater discharge policies to sup-
port environmental risk control.

Moreover, to ensure conclusive ecotoxicity assessments, 
it is essential to include organisms from multiple trophic 
levels, as responses can vary widely depending on the eco-
logical and seasonal context. Overall, the sensitivity pattern 
observed herein supports a precautionary interpretation of 
WET data for DWW in which endpoints driven by primary 
producers and cladocerans may provide earlier signals of 
ecological impairment than bacterial bioluminescence or 
adult-fish survival alone. Therefore, organism selection and 
dilution design should not be seen as mere methodologi-
cal choices, but as regulatory determinants as they directly 
influence decision making on discharge scenarios compli-
ance under toxicity-based standards.

Surface water from the recipient pond ecotoxicity

Two test organisms were used to assess the toxicity of sur-
face water sampled from the pond where the DWW is dis-
charged in the rainy season (Table 3), while four organisms 
were used for samples obtained in the wet season. No acute 
toxicity of surface water was observed for Aliivibrio fischeri 
in any of the seasons, and no acute effects were detected for 

characteristics of the tested sample by decreasing metals 
bioavailability and the solubility of organic substances. 
Hence, even though Aliivibrio fischeri is highly recognized 
by environmental agencies worldwide and has been used to 
determine the acute toxicity of pesticides (Tóth et al. 2019), 
metals (Tsiridis et al. 2006), pharmaceutical drugs (Santos 
et al. 2024), industrial wastewater (Butarewicz et al. 2019), 
and municipal wastewaters before and after advanced treat-
ments (Rodrigues-Silva et al. 2024), it was considered 
unsuitable for the ecotoxicological evaluation of this DWW.

Despite the fast and practical operation of the Aliivibrio 
fischeri assay, its use as a standard test organism for waste-
water discharge requires further investigation on a case-
by-case basis, especially considering colorful effluents. A 
study by Ramírez-Morales et al. (2024) also reported vari-
able sensitivity between test organisms in the assessment 
of DWW toxicity. While their study reported that Aliivibrio 
fischeri was more sensitive to DWW, our findings highlight 
its unsuitability for ecotoxicological evaluation of DWW 
samples. This discrepancy suggests that sample physico-
chemical characteristics can significantly influence toxic-
ity outcomes, requiring further research on the toxicity of 
DWW produced across different conditions, and empha-
sizing the need case-by-case evaluation. Non-monotonic 
responses have also been reported for bioluminescent bac-
teria exposed to industrial wastewater, where low-level 
exposure to complex environmental samples can stimulate 
luminescence before inhibition occurs (Agathokleous et al. 
2024). These hormesis patterns are thought to arise from 
interactions between test chemicals and luciferase biochem-
istry as well as from the influence of nutrient and ion com-
position on enzyme activity.

Regarding chronic toxicity, Raphidocelis subcapitata 
was the most sensitive test organism, showing the highest 
toxicity values for DWW matrix in both sampling cam-
paigns. Concentrations greater than 3.125% of DWW can 
cause growth inhibition and morphological alterations in 
this species. Similarly, Ramírez-Morales et al. (2024) also 
demonstrated the effect of DWW on producers, therein rep-
resented by Lactuca sativa, for which there was high inhibi-
tion of seed germination (> 90%).

DWW sampled in both seasons promoted measurable 
effects on Danio rerio larvae at concentrations ≥ 6.25%, 
whereas adult fish exhibited lower sensitivity. This onto-
genetic difference aligns with ecotoxicological evidence 
that early life stages are more vulnerable to complex con-
taminant mixtures due to incomplete physiological devel-
opment, higher metabolic rates, and reduced detoxification 
capacity (Kovrižnych et al. 2013). Larval sensitivity has 
implications beyond individual-level endpoints, as impair-
ment during early developmental stages may compromise 
recruitment success and long-term population stability.
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availability, contaminant speciation, and physicochemi-
cal conditions (e.g., pH, conductivity) interact to influence 
bioavailability and ecotoxic dynamics. Within the eutrophic 
receiving pond, continuous nutrient enrichment from DWW 
discharge likely modulates toxicity expression across sea-
sons, partially explaining the variation in TF values between 
campaigns. These dynamics reinforce the relevance of sea-
sonal testing and caution against extrapolating toxicity from 
single-event sampling. Overall, the integration of trophic-
level sensitivity, ontogenetic vulnerability, seasonal vari-
ability, and regulatory threshold interpretation presented 
herein demonstrates how field-derived WET data can 
support the refinement of industrial wastewater discharge 
guidelines.

The difference in TF values between sampling campaigns 
is notably associated with a hormesis effect to algae, dem-
onstrating how it affects traditional toxicity assessments, 
challenges standard dose-response models, and reinforces 
the need for alternative analytical methods and the use of 
multiple ecotoxicological assays. Despite complications 
promoted by nutrients present in surface water in the bioas-
say with microalgae, this organism is still more sensitive 
than Danio rerio (adult and larvae).

Current wastewater discharge regulation and dairy 
wastewater toxicity: insights from the case-study

Ecotoxicity requirements for industrial wastewater dis-
charge are heterogeneously implemented across Brazil, with 
only 6 of 27 federal units establishing previsions that extend 
beyond the general national framework (Table  4). While 
most state regulations formally adopt Directive CONAMA 
No. 430/2011 requirements that establish the use of acute 
and/or chronic bioassays for at least two organisms from 
different trophic levels (Brasil, 2011), they rarely provide 
typology-oriented guidance for selecting test organisms 
according to wastewater characteristics. This regulatory gap 
limits inter-study comparability hampers the development 
of harmonized toxicity databases and weakens the scientific 
basis for refining discharge criteria. In contrast, some Bra-
zilian states incorporate operational elements, such as dis-
charge-volume-based sampling frequency (e.g., Rio Grande 
do Sul) or predefined test-organism lists and TF thresholds 
(e.g., Rio de Janeiro and Santa Catarina), including sector-
specific references to DWW. However, such instruments 
vary considerably in scope, terminology, and stringency. 
Table  4 summarizes the applicable federal and state-level 
frameworks, designated test organisms, and relevant tox-
icity thresholds to contextualize the ecotoxicological out-
comes observed in this study.

Among the state-level instruments, Paraná and São Paulo 
provide the most structured guidance for organism selection. 

Daphnia similis nor adult Danio rerio for samples obtained 
in the rainy season. In contrast, acute toxicity to Danio rerio 
larvae (TF = 8; no effect observed at 12.5% of the surface 
water sample) was observed for this sample.

Chronic toxicity of surface water samples was assessed 
using Raphidocelis subcapitata in both seasons and Danio 
rerio larvae for the rainy season sample. The microal-
gae bioassay revealed non-monotomic (hormesis-like) 
responses in both sampling campaigns. According to 
Agathokleous et al. (2025), hormesis is defined as a bipha-
sic dose-response characterized by low dose stimulation and 
high-dose inhibition. In the context of wastewater-impacted 
receiving waters, hormesis-like responses may arise from 
compensatory growth stimulation at moderate dilutions 
where nutrients remain bioavailable but inhibitory con-
taminants are partially diluted. Chapman (2002) associates 
the hormesis effect in toxicity assays with the presence of 
high nutrient levels in surface water samples. This is the 
case of the pond receiving DWW in this case-study, as it 
is a eutrophic ecosystem (nitrogen: 23.80–31.40 mg L− 1; 
phosphorous: 40.20–44.50 mg L− 1). Under such conditions, 
nutrient assimilation may stimulate algal growth at inter-
mediate dilutions, whereas higher concentrations introduce 
inhibitory effects associated with organic load, ammonia, 
or other components present in the mixture. This interac-
tion between nutrient-driven stimulation and contaminant-
induced inhibition complicates conventional monotonic 
dose–response modeling. From a regulatory standpoint, 
these findings suggest that single dilution testing or reliance 
on a single endpoint may fail to capture ecologically mean-
ingful responses in eutrophic systems. Thus, multi-dilution 
designs and multi-endpoint approaches should be required 
to characterize ecotoxicological risks in such complex sys-
tems. Besides, it should be recognized that the hormesis 
effect detected in this bioassay corresponds to the over-
growth of producers, which affects the ecological balance in 
the receiving waterbody.

Statistical analysis of algae biomass growth during expo-
sure to the DWW sample showed that lower dilution fac-
tors in the dry season resulted in chronic toxicity (TF = 2; 
50% of the sample). In contrast, dilution factors of 4 (25% 
of the sample), 16 (6.25% of the sample), and 32 (3.12% 
of the sample) showed no significant difference (⍺ = 0.05) 
when compared to the test control, and a dilution factor of 8 
(12.5% of the sample) resulted in chronic toxicity (Fig. 1A). 
This was also verified for samples obtained in the rainy sea-
son, for which a dilution factor of 16 was toxic (TF = 16; 
6.25% of the sample), yet dilution factors of 32 (3.12% of 
the sample) and 128 (0.78% of the sample) showed no tox-
icity, and the dilution factor of 64 (1.56% of the sample) 
resulted in chronic toxicity (Fig.  1B). Such patterns are 
characteristic of mixture-exposure systems where nutrient 
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in freshwater Classes 1–3. Collectively, these provisions 
indicate that DWW discharge should not induce measurable 
toxicity in receiving waters. Compliance with this require-
ment would vary for the DWW analyzed in this study 
according to (i) the bioassay used to assess matrix toxic-
ity, (ii) tested dilution factors, and (iii) seasonality sampling 
scheme. This reinforces the importance of selecting appro-
priate test-organisms and interpreting organism sensitivity 
patterns and TF thresholds in light of matrix-specific limita-
tions identified in this study.

Figure 2 illustrates the maximum concentrations of 
DWW allowed in freshwater bodies as determined by the 

Paraná establishes sector-oriented acute and chronic effect 
requirements and sets TF = 2 as a regulatory threshold for 
DWW, whereas São Paulo adopts case-specific evaluation 
under CETESB technical standards, recommending Daph-
nia similis (acute) and Ceriodaphnia dubia (chronic) as 
test-organisms along with complementary assays (Aliivibrio 
fischeri and Raphidocelis subcapitata) depending on waste-
water characteristics. In parallel, surface water governance 
in Brazil (Brasil, 2005) establishes class-dependent toxicity 
restrictions (chronic toxicity prohibited in Classes 1 and 2; 
acute toxicity prohibited in Class 3), and Minas Gerais fur-
ther requires the absence of both acute and chronic toxicity 

Fig. 1  Average Raphidocelis subcapitata 
cell density after exposure to surface water 
from the receiving pond sampled in the (A) 
dry and (B) rainy seasons, compared to the 
control (mean ± standard deviation, n = 3). 
Statistical analysis was performed using 
Dunnett’s test (α = 0.05) in the software 
ToxStat. Coefficient of variation ≤ 0.1
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The main concern regarding national regulation (Brasil, 
2011), and state regulations in Minas Gerais (Minas Gerais, 
2022), and Rio Grande do Sul (Rio Grande do Sul, 2017) 
is the lack of specific guidance regarding industrial typol-
ogy concerning test organism selection and their respec-
tive toxicity factor threshold. This allows for the choice of 
ecotoxicological assays with resistant organisms, such as 
Danio rerio (adult) in the case of DWW analyzed in this 
case-study, potentially resulting in allowable DWW con-
centrations that are higher than protective levels. US and 
European directives show the same drawback as they do not 
specify toxicity tests that must be used for wastewater from 
each industry (EPA, 2000; OSPAR Commission, 2007).

Although more comprehensive, the CONEMA No. 
86/2018 (Rio de Janeiro, 2018) directive and Decree 
FATMA No. 17/2002 (Santa Catarina, 2002) are still insuf-
ficient to control ecotoxicological risk from wastewater 
discharge. Both regulations propose specific test organ-
isms and establish acute ecotoxicity limits for wastewater 
discharge. The Rio de Janeiro directive lists Danio rerio, 
Pimephales promelas, Daphnia spp., Aliivibrio fischeri as 
test organisms with a maximum TF = 4, while the Santa 
Catarina legislation sets Daphnia magna (TF = 2) and 
Aliivibrio fischeri (TF = 4) for acute toxicity testing prior 
to discharge. However, these regulations allow for higher 

toxicity values from the case study for each test organism. 
These values were calculated based on the guidelines estab-
lished in national regulations (Brasil, 2011). Disregarding 
the bioluminescent bacteria due to the incompatibility with 
DWW matrix, Daphnia similis was identified as the most 
restrictive test organism. The maximum concentration of 
DWW allowed in freshwater bodies (Classes 1 and 2, Bra-
sil (2005) for Daphnia similis is 0.94%, meaning that the 
mixture must be diluted to 0.94% of the original effluent 
concentration (approximately a 106-fold dilution, v/v) to 
prevent acute effects. For Class 3 (Brasil, 2005) freshwater 
bodies, the minimum required dilution is 92.88%.

Moreover, as Classes 1 and 2 (Brasil, 2005) must not 
exhibit chronic toxicity (Brasil, 2011), the maximum per-
missible concentration of DWW to prevent chronic effects 
to Raphidocelis subcapitata is 3.12%, requiring a dilution 
factor of 96.86%. In the case of Class 3 (Brasil, 2005) fresh-
water bodies, no minimum dilution is required since there 
is no restriction for chronic toxicity (Brasil, 2011). How-
ever, under Directive No. 08/2022 (Minas Gerais, 2022), 
the maximum DWW concentration for Class 3 is aligned 
with those from Classes 1 and 2 (Brasil, 2005), indicating 
that state legislation is more protective of aquatic fauna than 
national directives.

Table 4  National and state regulations that enforce ecotoxicity standards for industrial wastewater discharge into surface water in Brazil
Country/State Regulation Test organisms Main points
Brazil Directive CONAMA No. 

357, 17/03/2005
Not specified Requires the absence of acute (Class 1, 2, 3) and chronic 

(Class 1, 2) toxicity in surface water
Directive CONAMA No. 
430, 05/13/2011

Organisms from at least two 
trophic levels (not specified)

The effluent should not promote acute or chronic toxicity to 
the receiving water body as according to its classification

Minas Gerais Joint Normative Delib-
eration COPAM/CERH 
No. 08, 11/21/2022

Organisms from at least two 
trophic levels (not specified)

Freshwater bodies classified as classes 1, 2 or 3 must not 
exhibit acute nor chronic ecotoxicity

Rio Grande do Sul Decree FEPAM No. 66, 
12/19/2017

Organisms from at least two 
trophic levels (not specified)

Introduces criteria for sampling frequency based on the 
volume of wastewater discharge

Rio de Janeiro Directive CONEMA No. 
86, 12/07/2018

Danio rerio, Pimephales prome-
las, Daphnia spp., Aliivibrio 
fischeri

Outlines test organisms for acute toxicity; set a threshold 
for Toxicity Factor (TF > 4)

Santa Catarina Decree FATMA No. 017, 
04/18/2002

Daphnia magna, Aliivibrio 
fischeri

Defines maximum acute toxicity for each industrial sector; 
sets threshold values for DWW toxicity based on Daphnia 
magna (TF = 2) and Aliivibrio fischeri (TF = 4).

Paraná Directive CEMA No. 81, 
10/19/2010

Daphnia magna, Aliivibrio 
fischeri, Ceriodaphnia dubia, 
Scenedesmus subspicatus

Defines acute and chronic test organisms according to the 
industrial sector; sets threshold values for DWW (TF = 2) 
for all test organisms

São Paulo Directive SMA No. 003, 
02/22/2000

Daphnia similis, Ceriodaphnia 
dubia, Aliivibrio fischeri, Raphi-
docelis subcapitata

Selects test organisms on a case-by-case basis, recom-
mends acute and chronic bioassays based on wastewater 
characteristics

Note: Surface water classes: Special (water supply, aquatic balance, and conservation areas); Class 1 (water supply after simplified treatment, 
aquatic protection, primary recreation, and irrigation), Class 2 (water supply after conventional treatment, aquaculture, and broader uses), Class 
3 (water supply after advanced treatment, and secondary uses), and Class 4 (for navigation and landscape aesthetics)
CONAMA: National Environment Council of Brazil; COPAM: Environmental Policy Council of Minas Gerais; CERH: State Water Resources 
Council; FEPAM: Rio Grande do Sul Environmental Protection Foundation; CONEMA: Rio de Janeiro State Environmental Council; FATMA: 
Santa Catarina Foundation for the Environment; CEMA: Paraná State Environmental Council; SMA: São Paulo State Secretariat for the Envi-
ronment; TF: Toxicity Factor; DWW: Dairy Wastewater
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the ecotoxicity of this wastewater matrix, as physicochemi-
cal characteristics of the wastewater (such as turbidity and 
color) influenced bioluminescence measurements. Con-
sequently, while these regulations may seem restrictive, 
they fall short of providing comprehensive protection. This 
agrees with international regulations which do not list Alii-
vibrio fischeri as a standard assay for wastewater toxicity 

concentrations of wastewater discharge in freshwater bod-
ies, particularly in Class 3 waterbodies (Brasil, 2005), than 
those assessed using the more sensitive organisms from this 
case study. This occurs because there is no requirement for 
chronic ecotoxicity assays, leaving only national directives 
to address this aspect. Moreover, according to this study, 
Aliivibrio fischeri is not a suitable test organism to assess 

Fig. 2  Maximum concentrations allowed for 
the discharge of the dairy wastewater under 
study considering limits established by 
Directives No. 430/2011 (Brasil, 2011) No. 
357/2005 and for Class 1, 2 and 3 (Brasil, 
2005): (A) acute ecotoxicity during the dry 
season, (B) acute ecotoxicity during the 
rainy season, and (C) chronic ecotoxicity 
during both rainy and dry season sampling 
campaigns
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DWW also contained high concentrations of total nitrogen 
and phosphorus, exacerbating eutrophication of the receiv-
ing pond. Among the four different test organisms used to 
assess the ecotoxicity of DWW, Daphnia similis (acute tox-
icity) and Raphidocelis subcapitata (chronic toxicity) were 
the most sensitive test organisms. Notably, no toxicity to 
Aliivibrio fischeri was observed for the dry season sample, 
while samples collected in the rainy season showed high 
toxicity. This discrepancy underscores the need for more 
precise regulations that specify appropriate test organisms 
for different industrial wastewater matrices as four of the 
most comprehensive regulatory frameworks in Brazil list 
this bacterium as an appropriate test-organism to test acute 
toxicity of industrial wastewater.

Regarding current regulations on the ecotoxicology of 
industrial wastewater in Brazil, despite specific guidance 
by Directive CONEMA No. 86/2018 (Rio de Janeiro, 2018) 
and Decree FATMA No. 017/2002 (Santa Catarina, 2002), 
they fail to include maximum discharge calculations for 
chronic ecotoxicity evaluations. This oversight could result 
in inadequate protection for aquatic environments, empha-
sizing the need for a revision of these regulations to incor-
porate chronic ecotoxicity criteria. In contrast, Directive 
CEMA No. 81/2010 (Paraná, 2010) establishes protocols 
for both acute and chronic ecotoxicity assessments, along-
side minimum toxicity factors for wastewater discharge into 
freshwater bodies. Such comprehensive measures may pro-
mote a more robust evaluation of DWW ecological impact. 
Directive SMA No. 003/2000 (São Paulo, 2000) offers a 
more comprehensive approach by requiring that each indus-
trial wastewater should be evaluated on a case-by-case 
basis, further enhancing the assessment of environmental 
risks. Other current regulations, including CONAMA No. 
430/2011 (Brasil, 2011) and COPAM/CERH No. 08/2022 
(Minas Gerais, 2022), impose limits based on chronic and 
acute effects. Nonetheless, they lack the specificity neces-
sary regarding the test organisms and allowable toxicity 
levels for each industrial wastewater matrix. This gap can 
lead to toxic conditions in surface waters and consequent 
ecological imbalances.

Findings obtained in this study underscore the urgent 
need to raise comprehensive data on acute and chronic tox-
icity to various test-organisms of DWW for the development 
and enhancement of regulatory standards that accommodate 
case-by-case analyses of wastewater impacts. By priori-
tizing the unique effects of DWW on sensitive organisms, 
regulatory frameworks can be improved to ensure effective 
environmental protection and the preservation of aquatic 
ecosystems. In summary, there is a critical need to update 
and refine environmental standards to meet the challenges 
posed by DWW, as well as other complex industrial waste-
water, ultimately safeguarding ecological integrity.

analysis (Norberg-King et al., 2018; EPA, 2000; Environ-
ment Canada, 2010; Goverment of Canada, 2012).

Finally, the Paraná and São Paulo directives are the most 
comprehensive among those listed in Table 4, establishing 
test organisms based on industrial wastewater typology for 
both acute and chronic ecotoxicity, as well as setting maxi-
mum TF required for wastewater discharge. The Paraná 
regulation CEMA No. 81/2010 (Paraná, 2010) specifies 
D. magna (TF = 2) and Aliivibrio fischeri (TF = 2) as test 
organisms for acute toxicity bioassays, while Ceriodaph-
nia dubia (TF = 2) and Scenedesmus subspicatus (TF = 2) 
are designated for chronic toxicity bioassays. Similarly, the 
São Paulo Directive SMA No. 003/2000 (São Paulo, 2000) 
defines Daphnia similis and Aliivibrio fischeri for acute 
toxicity assays, as well as Ceriodaphnia dubia and Raphi-
docelis subcapitata for chronic toxicity bioassays, while 
also stating that these should be determined on a case-by-
case basis depending on the physicochemical characteris-
tics of the wastewater. Although both regulations include 
Aliivibrio fischeri in their ecotoxicological assessments, 
they also require testing with other organisms, ensuring a 
more thorough evaluation of wastewater ecotoxicity. This 
approach allows for a more reliable ecotoxicological profile, 
addressing potential limitations associated with Aliivibrio 
fischeri ecotoxicity assessment alone.

Conclusion

The dairy industry in Minas Gerais shows significant pollu-
tion potential to freshwater bodies due to the high number 
of facilities and substantial volumes of DWW discharged 
into watersheds. Environmental legislation is a critical tool 
for preventing and controlling pollution from anthropo-
genic activities, yet current Brazilian standards related to 
the ecotoxicity of industrial wastewater require updating to 
reflect the specific characteristics and ecological impacts of 
these discharges. The case study presented herein investi-
gated acute and chronic effects of DWW from a facility that 
is typical of small dairy plants operating under simplified 
environmental licensing conditions in Minas Gerais and 
the surface water from the receptor water body. Although 
results cannot be generalized to all dairies operating under 
similar conditions, they provide a baseline that underscores 
the need for broader ecotoxicological assessments across 
multiple facilities. The challenges we encountered in gain-
ing access to wastewater from multiple sites emphasize the 
importance of closer cooperation among academia, indus-
try and regulatory agencies to enable robust sampling cam-
paigns and to refine ecotoxicological assessment methods.

Physicochemical analysis revealed high values of COD 
and BOD5, indicating significant organic pollution potential. 

1 3

Page 13 of 16  102



M. L. Albuquerque et al.

References

Abbas M, Adil M, Ehtisham-ul-Haque S, Munir B, Yameen M, Ghaffar 
A, Shar GA, Tahir A, M., Iqbal M (2018) Vibrio fischeri biolumi-
nescence inhibition assay for ecotoxicity assessment: A review. 
Sci Total Environ 626:1295–1309. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​
t​​e​n​v​.​​2​0​​1​8​.​0​1​.​0​6​6

ABNT (2021) Associação Brasileira de Normas Técnicas - ABNT 
NBR 15469/2021 - Ecotoxicologia - Coleta, preservação e prep-
aro de amostras. In 15469/2021

ABNT (2022) Associação Brasileira de Normas Técnicas - ABNT 
NBR 15499/2022 - Ecotoxicologia aquática — Toxicidade 
crônica de curta duração — Método de ensaio com peixes. In 
ABNT NBR 15499 (15499/2022)

Agathokleous E (2025) Lighting up the environment: biolumines-
cence hormesis under chemical contamination. Sci Total Environ 
981:179579. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​2​5​.​1​7​9​5​7​9

Agathokleous E, Calabrese EJ, Barceló D (2024) Environmental hor-
mesis: New developments. Sci Total Environ 906:167450. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​2​3​.​1​6​7​4​5​0

Akansha J, Nidheesh PV, Gopinath A, Anupama KV, Suresh Kumar 
M (2020) Treatment of dairy industry wastewater by combined 
aerated electrocoagulation and phytoremediation process. Che-
mosphere 253:126652. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​h​e​​m​o​s​​p​h​e​r​​e​.​​2​
0​2​0​.​1​2​6​6​5​2

Alves DPdaS, Teixeira FB, Teófilo MNG, Cotrim CFC, Silva JA, de 
Almeida P, L. M., Bailão EF (2024) L. C. Use of ecotoxicologi-
cal bioindicators in effluent monitoring — legal implications in 
Brazil. Engenharia Sanitaria e Ambiental, 29. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​5​9​0​​/​s​1​​4​1​3​-​4​1​5​2​2​0​2​3​0​0​5​4

APHA American Public Health Association (2023) In: Lipps WC, 
Braun-Howland EB, Baxter TE (eds) Standard Methods for the 
Examination of Water and Wastewater, 24th edn. APHA

Brasil (2005) Conselho Nacional de Meio Ambiente - Resolução 
CONAMA Nº 357, 17 de março de 2005 (357)

Brasil (2011) Conselho Nacional de Meio Ambiente - Resolução 
CONAMA No 430, 13 de maio de 2011 (430)

Butarewicz A, Rosochacki S, Wrzaszcz E (2019) Toxicity of Sew-
age from Industrial Wastewater Tratment Plants. J Ecol Eng 
20(2):191–199. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​9​1​​1​/​2​​2​9​9​8​9​9​3​/​9​9​0​6​0

Carvalho GR, Costa R (2015) The Impacts of Compulsory Crop Insur-
ance in the Brazilian Dairy Sector. Southern Agricultural Eco-
nomics Association’s 2015 Annual Meeting

 CETESB C S. A., FIESP F (2006) das I. do E. de S. P. GUIA TÉC-
NICO AMBIENTAL DE PRODUTOS LÁCTEOS - SÉRIE P + L

Chapman PM (2002) Ecological risk assessment (ERA) and hormesis. 
Sci Total Environ 288(1–2):131–140. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​
0​4​8​-​9​6​9​7​(​0​1​)​0​1​1​2​0​-​2

Costa CR, Olivi P, Botta CMR, Espindola ELG (2008) A toxicidade 
em ambientes aquáticos: discussão e métodos de avaliação. Quím 
Nova 31(7):1820–1830. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​9​0​​/​S​0​​1​0​0​​-​4​0​​4​2​2​0​​0​
8​​0​0​0​7​0​0​0​3​8

Daneshvar E, Zarrinmehr MJ, Koutra E, Kornaros M, Farhadian O, 
Bhatnagar A (2019) Sequential cultivation of microalgae in raw 
and recycled dairy wastewater: Microalgal growth, wastewa-
ter treatment and biochemical composition. Bioresour Technol 
273:556–564. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​i​o​​r​t​e​​c​h​.​2​​0​1​​8​.​1​1​.​0​5​9

Diaz-Sosa VR, Tapia-Salazar M, Wanner J, Cardenas-Chavez DL 
(2020) Monitoring and Ecotoxicity Assessment of Emerging 
Contaminants in Wastewater Discharge in the City of Prague 
(Czech Republic). Water 12(4):1079. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​w​1​​
2​0​4​1​0​7​9

Di Russo NV, Estrin DA, Martí MA, Roitberg AE (2012) pH-Depen-
dent Conformational Changes in Proteins and Their Effect on 
Experimental pKas: The Case of Nitrophorin 4. PLoS Comput 

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​6​4​6​-​0​
2​6​-​0​3​0​8​8​-​7.

Acknowledgements  The authors would like to thank FAPEMIG and 
IGAM for their financial support (APQ-01168-22). We also extend 
our gratitude to the case study dairy industry for providing access 
to the wastewater sampled, the Research Group on Environmental 
Applications of Advanced Oxidation Processes (GruPOA) from the 
Department of Environmental and Sanitary Engineering (DESA) at 
the School of Engineering, Universidade Federal de Minas Gerais 
(UFMG), for providing the infrastructure necessary to conduct the 
physicochemical analyses.

Author contributions  M.L.A. and F.R.-S. conceptualized the study, 
conducted the formal analysis and investigation, and contributed to 
methodology, validation, visualization, and writing of the original 
draft. A.R. contributed to formal analysis, investigation, methodology, 
validation, visualization, and original draft writing. C.C., G.S., and 
A.M. participated in formal analysis, investigation, methodology, and 
validation. C.C.A. funding acquisition, resources, and review & edit-
ing of the manuscript. M.C.V.M.S. contributed to conceptualization, 
formal analysis, funding acquisition, methodology, project administra-
tion, resources, supervision, validation, visualization, and both origi-
nal draft and review & editing of the manuscript. All authors reviewed 
the manuscript.

Funding  The Article Processing Charge (APC) for the publication 
of this research was funded by the Coordenação de Aperfeiçoamen-
to de Pessoal de Nível Superior - Brasil (CAPES) (ROR identifier: 
00x0ma614).

Data availability  No datasets were generated or analysed during the 
current study.

Declarations

Conflict of interests  The authors declare no competing interests.

Declaration of generative AI and AI-assisted technologies in the writ-
ing process  During the preparation of this work the author(s) used 
ChatGPT in order to review language. After using this tool/service, the 
author(s) reviewed and edited the content as needed and take(s) full 
responsibility for the content of the publication.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

1 3

102  Page 14 of 16

https://doi.org/10.1016/j.scitotenv.2018.01.066
https://doi.org/10.1016/j.scitotenv.2018.01.066
https://doi.org/10.1016/j.scitotenv.2025.179579
https://doi.org/10.1016/j.scitotenv.2023.167450
https://doi.org/10.1016/j.scitotenv.2023.167450
https://doi.org/10.1016/j.chemosphere.2020.126652
https://doi.org/10.1016/j.chemosphere.2020.126652
https://doi.org/10.1590/s1413-415220230054
https://doi.org/10.1590/s1413-415220230054
https://doi.org/10.12911/22998993/99060
https://doi.org/10.1016/S0048-9697(01)01120-2
https://doi.org/10.1016/S0048-9697(01)01120-2
https://doi.org/10.1590/S0100-40422008000700038
https://doi.org/10.1590/S0100-40422008000700038
https://doi.org/10.1016/j.biortech.2018.11.059
https://doi.org/10.3390/w12041079
https://doi.org/10.3390/w12041079
https://doi.org/10.1007/s10646-026-03088-7
https://doi.org/10.1007/s10646-026-03088-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Ecotoxicity assessment of dairy wastewater: environmental risks and regulatory needs

& Wilson, P. (2018). An international perspective on the tools and 
concepts for effluent toxicity assessments in the context of animal 
alternatives: Reduction in vertebrate use. Environmental Toxicol-
ogy and Chemistry, 37(11), 2745–2757. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​
e​t​​c​.​4​2​5​9 

OSPAR Commission. (2007). Practical guidance document on whole 
effluent assessment (Hazardous Substances Series, Publication 
No. 316/2007).

Paerl HW, Fulton RS, Moisander PH, Dyble J (2001) Harmful Fresh-
water Algal Blooms, With an Emphasis on Cyanobacteria. Sci 
World J 1:76–113. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​0​0​​/​t​s​​w​.​2​0​0​1​.​1​6

Paraná (2010) Conselho Estadual do Meio Ambiente - Resolução 
CEMA No 81, 19 de outubro de 2010

Patil NS, Kurhekar JV (2021) An investigation of monthly variation of 
different physicochemical parameters of dairy industry effluent. 
Sustain Agri Food Environ Res 9(3). ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​7​​7​7​0​​/​s​a​​f​
e​r​-​V​9​N​3​-​a​r​t​2​3​4​7

Ramírez-Morales D, Masís-Mora M, Montiel-Mora JR, Méndez-
Rivera M, Gutiérrez-Quirós JA, Brenes-Alfaro L, Rodríguez-
Rodríguez CE (2024) Pharmaceuticals, hazard and ecotoxicity 
in surface and wastewater in a tropical dairy production area in 
Latin America. Chemosphere 346:140443. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​
6​​/​j​.​​c​h​e​​m​o​s​​p​h​e​r​​e​.​​2​0​2​3​.​1​4​0​4​4​3

Rio de Janeiro (2018) Conselho Estadual de Meio Ambiente - Res-
olução CONEMA Nº 86, 07 de dezembro de 2018

Rio Grande do Sul (2017) Fundação Estadual de Proteção Ambiental 
- FEPAM No. 66, 19 de dezembro de 2017.

Rodrigues-Silva F, Santos CS, Marrero JA, Montes R, Quintana JB, 
Rodil R, Nunes OC, Starling MCVM, Amorim CC, Gomes AI, 
Vilar VJP (2024) Continuous UV-C/H2O2 and UV-C/Chlorine 
applied to municipal secondary effluent and nanofiltration reten-
tate: Removal of contaminants of emerging concern, ecotoxicity, 
and reuse potential. Chemosphere 361:142355. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​1​6​​/​j​.​​c​h​e​​m​o​s​​p​h​e​r​​e​.​​2​0​2​4​.​1​4​2​3​5​5

Santa Catarina (2002) Fundação do Meio Ambiente - Portaria FATMA 
No 017, 18 de abril de 2002

Santos CR, Rosa e, Silva GO, Valias C, de Santos F, L. V., Amaral 
MCS (2024) Ecotoxicological study of seven pharmaceutically 
active compounds: Mixture effects and environmental risk assess-
ment. Aquat Toxicol 275:107068. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​q​u​​a​t​
o​​x​.​2​0​​2​4​​.​1​0​7​0​6​8

São Paulo (2000) Secretaria do Meio Ambiente - Resolução SMA No 
3, 22 de fevereiro de 2000

Tabelini DB, Lima JPP, Borges AC, Aguiar A (2023) A review on the 
characteristics and methods of dairy industry wastewater treat-
ment in the state of Minas Gerais, Brazil. J Water Process Eng 
53:103779. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​w​p​e​.​2​0​2​3​.​1​0​3​7​7​9

Tsiridis V, Petala M, Samaras P, Hadjispyrou S, Sakellaropoulos 
G, Kungolos A (2006) Interactive toxic effects of heavy met-
als and humic acids on Vibrio fischeri. Ecotoxicol Environ Saf 
63(1):158–167. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​c​o​e​n​v​.​2​0​0​5​.​0​4​.​0​0​5

Tóth G, Háhn J, Kriszt B, Szoboszlay S (2019) Acute and chronic 
toxicity of herbicides and their mixtures measured by Alii-
vibrio fischeri ecotoxicological assay. Ecotoxicol Environ Saf 
185:109702. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​c​o​e​n​v​.​2​0​1​9​.​1​0​9​7​0​2

Wang Y, Kong X, Peng Z, Zhang H, Liu G, Hu W, Zhou X (2020) 
Retention of nitrogen and phosphorus in Lake Chaohu, China: 
implications for eutrophication management. Environ Sci Pollut 
Res 27(33):41488–41502. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​3​5​6​-​0​2​0​-​1​
0​0​2​4​-​7

Weltens RGSVPR (2000) Ecotoxicity of Contaminated Suspended 
Solids for Filter Feeders (Daphnia magna). Arch Environ Con-
tam Toxicol 39(3):315–323. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​4​4​0​0​1​0​
1​1​0

Biol 8(11):e1002761. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​c​b​i​.​1​0​0​2​7​
6​1

Environment Canada. (2010, March 20). Proposed Wastewater Sys-
tems Effluent Regulations. Canada Gazette, Part I, 144(12).

 EPA U.S. Environmental Protection Agency. (2000, July). Method 
guidance and recommendations for whole effluent toxicity (WET) 
testing (40 CFR Part 136) (EPA 821-B-00-004).

Gao Y, Lin Z, Chen R, Wang T, Liu S, Yao Z, Yin D (2012) Using 
Molecular Docking to Compare Toxicity of Reactive Chemicals 
to Freshwater and Marine Luminous Bacteria. Mol Inf 31(11–
12):809–816. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​m​i​​n​f​.​2​0​1​2​0​0​0​6​0

Giner Santoja G, Karlis P, STUBDRUP KR, BRINKMANN, T., 
ROUDIER S (2019) Best Available Techniques (BAT) Reference 
Document for the Food, Drink and Milk Industries

Government of Canada. (2012). Wastewater Systems Effluent Regula-
tions (SOR/2012-139). Published by the Minister of Justice.

Guan H, Chen X, Jin Y, Xie X, Zhao H, Yu L, Lin L, Xu S (2023) 
Hypolimnetic oxygen depletion by sediment-based reduced sub-
stances in a reservoir formerly affected by acid mine drainage. 
Ecol Ind 151:110301. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​c​o​​l​i​n​​d​.​2​0​​2​3​​.​1​1​0​
3​0​1

Guerreiro RCS, Jerónimo E, Luz S, Pinheiro HM, Prazeres AR (2020) 
Cheese manufacturing wastewater treatment by combined physi-
cochemical processes for reuse and fertilizer production. J Envi-
ron Manage 264:110470. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​e​n​​v​m​a​​n​.​2​0​​2​0​​
.​1​1​0​4​7​0

Herrera L, Sigcha P, Banchón C (2024) Boosting BOD/COD biode-
gradability of automobile service stations wastewater by electro-
coagulation. Water Sci Technol 90(9):2399–2412. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​2​​1​6​6​​/​w​s​​t​.​2​0​2​4​.​3​5​7

IBGE (2024) Instituto Brasileiro de Geografia e Estatística - Indica-
dores IBGE: estatística da produção pecuária. ​h​t​t​p​​s​:​/​​/​b​i​b​​l​i​​o​t​e​​c​
a​.​i​​b​g​e​​.​g​o​​v​.​b​​r​/​i​​n​d​e​x​​.​p​​h​p​/​​b​i​b​l​​i​o​t​​e​c​a​​-​c​a​​t​a​l​​o​g​o​?​​v​i​​e​w​=​d​e​t​a​l​h​e​s​&​i​d​=​
7​2​3​8​0

Kovrižnych JA, Sotníková R, Zeljenková D, Rollerová E, Szabová E, 
Wimmerová S (2013) Acute toxicity of 31 different nanoparticles 
to zebrafish (Danio rerio) tested in adulthood and in early life 
stages – comparative study. Interdisciplinary Toxicol 6(2):67–73. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​4​7​8​​/​i​n​​t​o​x​-​2​0​1​3​-​0​0​1​2

Luan X, Liu X, Fang C, Chu W, Xu Z (2020) Ecotoxicological effects 
of disinfected wastewater effluents: a short review of in vivo tox-
icity bioassays on aquatic organisms. Environ Science: Water Res 
Technol 6(9):2275–2286. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​9​​/​D​0​​E​W​0​0​2​9​0​A

Ma XY, Wang XC, Ngo HH, Guo W, Wu MN, Wang N (2014) Bioas-
say based luminescent bacteria: Interferences, improvements, and 
applications. Sci Total Environ 468–469:1–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​1​3​.​0​8​.​0​2​8

Middelburg JJ, Soetaert K, Hagens M (2020) Ocean Alkalinity, Buffer-
ing and Biogeochemical Processes. Rev Geophys 58(3). ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​9​​/​2​0​​1​9​R​G​0​0​0​6​8​1

Minas Gerais (2017) Conselho Estadual de Política Ambiental - Delib-
eração Normativa COPAM No 217, 06 de dezembro de 2017

Minas Gerais (2022) Conselho Estadual de Política Ambiental/Con-
selho Estadual de Recursos Hídricos de Minas Gerais Delib-
eração Normativa Conjunta COPAM-CERH/MG No 8, 21 de 
novembro de 2022.

Montoya XC, Thompson WA, Smith CM, Wilson JM, Vijayan MM 
(2024) Exposure to Total Suspended Solids (TSS) Impacts Gill 
Structure and Function in Adult Zebrafish. Bull Environ Contam 
Toxicol 113(2):14. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​1​2​8​-​0​2​4​-​0​3​9​2​2​-​w

Norberg-King, T. J., Embry, M. R., Belanger, S. E., Braunbeck, T., 
Butler, J. D., Dorn, P. B., Farr, B., Guiney, P. D., Hughes, S. A., 
Jeffries, M., Journel, R., Lèonard, M., McMaster, M., Oris, J. T., 
Ryder, K., Segner, H., Senac, T., Van Der Kraak, G., Whale, G., 

1 3

Page 15 of 16  102

https://doi.org/10.1002/etc.4259
https://doi.org/10.1002/etc.4259
https://doi.org/10.1100/tsw.2001.16
https://doi.org/10.7770/safer-V9N3-art2347
https://doi.org/10.7770/safer-V9N3-art2347
https://doi.org/10.1016/j.chemosphere.2023.140443
https://doi.org/10.1016/j.chemosphere.2023.140443
https://doi.org/10.1016/j.chemosphere.2024.142355
https://doi.org/10.1016/j.chemosphere.2024.142355
https://doi.org/10.1016/j.aquatox.2024.107068
https://doi.org/10.1016/j.aquatox.2024.107068
https://doi.org/10.1016/j.jwpe.2023.103779
https://doi.org/10.1016/j.ecoenv.2005.04.005
https://doi.org/10.1016/j.ecoenv.2019.109702
https://doi.org/10.1007/s11356-020-10024-7
https://doi.org/10.1007/s11356-020-10024-7
https://doi.org/10.1007/s002440010110
https://doi.org/10.1007/s002440010110
https://doi.org/10.1371/journal.pcbi.1002761
https://doi.org/10.1371/journal.pcbi.1002761
https://doi.org/10.1002/minf.201200060
https://doi.org/10.1016/j.ecolind.2023.110301
https://doi.org/10.1016/j.ecolind.2023.110301
https://doi.org/10.1016/j.jenvman.2020.110470
https://doi.org/10.1016/j.jenvman.2020.110470
https://doi.org/10.2166/wst.2024.357
https://doi.org/10.2166/wst.2024.357
https://biblioteca.ibge.gov.br/index.php/biblioteca-catalogo?view=detalhes%26id=72380
https://biblioteca.ibge.gov.br/index.php/biblioteca-catalogo?view=detalhes%26id=72380
https://biblioteca.ibge.gov.br/index.php/biblioteca-catalogo?view=detalhes%26id=72380
https://doi.org/10.2478/intox-2013-0012
https://doi.org/10.2478/intox-2013-0012
https://doi.org/10.1039/D0EW00290A
https://doi.org/10.1016/j.scitotenv.2013.08.028
https://doi.org/10.1016/j.scitotenv.2013.08.028
https://doi.org/10.1029/2019RG000681
https://doi.org/10.1029/2019RG000681
https://doi.org/10.1007/s00128-024-03922-w


M. L. Albuquerque et al.

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Zhao S, Zhao Y, Cui Z, Zhang H, Zhang J (2024) Effect of pH, Tem-
perature, and Salinity Levels on Heavy Metal Fraction in Lake 
Sediments. Toxics 12(7):494. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​3​3​​​9​0​/​​t​o​x​i​c​s​1​2​0​7​
0​4​9​4

1 3

102  Page 16 of 16

https://doi.org/10.3390/toxics12070494
https://doi.org/10.3390/toxics12070494

	﻿Ecotoxicity assessment of dairy wastewater: environmental risks and regulatory needs
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Case study: diary industry
	﻿Physicochemical characterization
	﻿Ecotoxicological assays
	﻿﻿Raphidocelis subcapitata﻿ – chronic toxicity
	﻿﻿Daphnia similis﻿ – acute toxicity
	﻿﻿Danio rerio﻿ (adult) – acute toxicity
	﻿﻿Danio rerio﻿ (larvae) – acute and chronic toxicity
	﻿﻿Aliivibrio fischeri﻿ – acute toxicity


	﻿Critical analysis of current toxicity standards
	﻿Results and discussion
	﻿Physicochemical characterization of dairy wastewater and surface water samples
	﻿Ecotoxicity of dairy wastewater and surface water samples
	﻿Dairy wastewater ecotoxicity
	﻿Surface water from the recipient pond ecotoxicity


	﻿Current wastewater discharge regulation and dairy wastewater toxicity: insights from the case-study
	﻿Conclusion
	﻿References


