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Abstract
Purpose The effect of different initial carbon to nitrogen (C/N) ratios on the prevalence of Salmonella spp., fecal coliforms 
and helminth eggs over composts produced from several mixtures of maize straw (S) and dairy manure (M) was investigated.
Methods Four C/N ratios (21, 22, 27, and 38) were evaluated, including one with manure only (C/N 21). The composting 
process was performed under field conditions in northern Mexico.
Results The process lasted 51 days; Salmonella spp. was reduced 1–2 log (> 94%) in most treatments, except for the C/N 
ratio of 27 which achieved < 1 log reduction (about 35%). Fecal coliforms elimination was 3–4 log (> 99%) in all treatments 
while helminth eggs achieved < 1 log (72–87%, depending on treatment). In this study, the mixture with initial C/N ratio of 
22 (25% S + 75% M), which had the lowest amount of straw, resulted in the highest elimination of Salmonella spp., fecal 
coliforms, and helminth eggs. This mix complied with current Mexican sanitary regulations for compost use. The composts 
produced from the other C/N ratios complied only with the limits for one or two of the microorganisms that were analyzed.
Conclusions The initial C/N ratios in compost from straw and manure influences microbial reduction. The final C/N of the 
mixes ranged from 14 to 16, indicative of stable compost. Compared to fecal coliforms, Salmonella spp. and helminth eggs 
were more resilient.
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Introduction

Concentrated animal feeding operations (CAFOs), each 
defined as a farm operation which has over 1000 animal 
units confined for over 45 days a year (USEPA 2001), pro‑
duce large amounts of waste mainly in the form of manure. 
In northern Mexico, the area known as “La Laguna” 
(25°33′00″ N, 103°26′00″ W) is home to almost 600,000 
cows (SAGARPA 2016) distributed in both CAFOs and 
smaller farms which produce milk and beef meat. Accord‑
ing to Nennich et  al. (2005), a lactating cow produces 
9.7 kg day−1 of dry manure. Assuming that 75% of the heard 
size is in the production stage, the amount of solid waste 
generated in the area is estimated at 5450 ton day−1 (nearly 
2.0 million ton  year−1) of dry manure.

Among the biological processes available for organic 
waste treatment, such as manure, are anaerobic digestion 
(AD) and composting. AD requires the use of vessels or 
containers with an impermeable cover to avoid oxygen to 
get into the reactors. AD usually also requires more moni‑
toring and maintenance (e.g. leaks detection and use of the 
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biogas produced) for proper operation. On the other hand, 
composting is an effective means of recycling organic waste 
for agricultural use and an accepted waste treatment method 
(Raj and Antil 2011). In addition to manure, materials often 
used as substrates for composting include yard waste, the 
organic fraction of municipal solid waste, other wastes such 
as animal carcasses (Shepherd et al. 2010), and/or combina‑
tions of them. Typical disposal methods for animal manure 
in Mexico include the application of raw (untreated) manure 
on agricultural land and, to a lesser extent, composting. 
Direct application of raw manure to farmlands has the poten‑
tial to create human and animal health risks and cause con‑
tamination of surface and groundwater (Ogunwande et al. 
2008) and the spread of manure pathogens is also of concern 
(Millner et al. 2014). Composting is a feasible alternative to 
minimize the potential adverse effects on the environment 
and public health related to disposal of raw manure on land 
and agricultural fields.

A successful composting process depends primarily on 
the adequate control of variables such as temperature, mois‑
ture content, aeration, pH, carbon to nitrogen (C/N) ratio, 
and feedstock mixtures (Gao et al. 2010). The optimum con‑
ditions of the compost pile include temperature 55–60 °C 
(during the thermophilic stage), moisture content in the mix‑
ture 40–60%, pH 5.0–8.0, and initial C/N ratios between 20 
and 40 (Neklyudov et al. 2008). However, Vochozka et al. 
(2017) mention that international technical standards require 
a C/N range of 20–30. Dadi et al. (2019) have identified the 
C/N ratio as one of the major factors affecting the quality of 
compost. High ratios make the process very slow as there is 
an excess of degradable carbon for the microorganisms, but 
low C/N ratios indicate an excess of nitrogen which may be 
lost from the process (Antil et al. 2014). Therefore, inade‑
quate C/N ratios may need to be corrected by adding another 
material to get a balanced content of both elements. Relative 
proportions of manure and carbon amendments in compost 
may also affect the metabolic response of indigenous com‑
post microflora and, in consequence, the survival of zoonotic 
pathogens (Erickson et al. 2009). Another reason why the 
C/N balance is important in composting is the optimization 

of bulking materials which in some areas may be of limited 
availability.

The microorganisms needed for composting are found 
in compost feedstocks, maintaining an active microbial 
population during the process (Karnchanawong and Nis‑
saikla 2014). However, sanitation and biosecurity issues 
related to the safe use of composts are a concern. Although 
indicator bacteria do not necessarily cause illness, they are 
abundant in human waste where other organisms such as 
pathogenic bacteria, viruses, and parasites (e.g. helminth 
eggs) are also likely to exist. Among the most frequently 
used indicators of fecal contamination are total coliforms 
(TCs), fecal coliforms (FC), and enterococci (Noble et al. 
2004). However, due to the cost of monitoring equipment 
and compost analyses, the process may not be adequately 
monitored or controlled. For instance, in Mexico compost‑
ing practices are often carried out by small farmers and at 
family‑size facilities which lack of mechanical and process‑
control equipment. Therefore, it is often performed using 
static piles which are passively or manually aerated by turn‑
ing and mixing the materials periodically with the use of 
shovels or other rudimentary instruments. Consequently, 
the quality and sanitation of the final product may remain 
unknown and a concern to final users. With the purpose of 
guaranteeing the hygienic safety of composts, many coun‑
tries have defined quality criteria (Brochier et al. 2012). The 
most common criteria for pathogen presence are Salmonella 
and E. coli; helminth ova is another parameter included in 
some European Member States regulations (Cesaro et al. 
2015). Examples of regulations applicable to biosolids (i.e., 
sludge and solids generated from wastewater treatment pro‑
cesses) and compost are presented in Table 1. In current 
Mexican regulations, fecal coliforms content (not E. coli) is 
used as the indicator of fecal contamination.

As previously mentioned, the C/N ratio is a key factor in 
compost production. The effect of C/N ratio on decomposi‑
tion after amendment with individual types of waste and 
their mixes has been studied extensively, but less is known 
about the effect of highly decomposed organic materi‑
als such as manures on interactions in mixes (Truong and 

Table 1  Regulations related to microbial content in biosolids and composts

MPN most probable number, TS total solids

Applicability and references Limits

Salmonella spp. Fecal coliforms Helminth eggs

Biosolids, United States (40 CFR Part 503) < 3 MPN per g TS < 1000 MPN per g TS < 1 in 4 g TS
Vermicompost, all Mexico (NMX‑FF‑109‑SCFI‑2007) 3 MPN in 4 g TS ≤ 1000 MPN per g dry base 

(E. coli)
1 in 4 g TS

Sludge and biosolids, all Mexico (NOM‑004‑SEMARNAT‑2002) < 3 MPN per g TS < 1000 MPN per g TS < 1 per g TS
Compost, State of Mexico, Mexico (NTEA‑006‑SMA‑RS‑2006) < 3 MPN per g TS < 1000 MPN per g TS < 10 per g TS
Compost, Mexico City, Mexico (NADF‑020‑AMBT T‑2011) < 3 MPN in 4 g TS < 1000 MPN per g TS <1 in 4 g TS
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Marschner 2018). The C/N ratio has shown to influence 
pathogen survival during composting (Chen et al. 2018). 
Millner et al. (2014) found that the use of straw to increase 
aeration, self‑heating capacity, and heat retention in manure 
piles enhanced pathogen die‑off and reduced the risk of envi‑
ronmental spread when manure is applied to land. However, 
their work was based on a single C/N ratio of 23. The objec‑
tives of this research were: (1) to evaluate the effect of the 
initial C/N ratio on the occurrence of Salmonella spp., fecal 
coliforms, and helminth eggs in composts produced from 
different mixtures of dairy manure (M) and maize straw (S); 
(2) to determine the conditions (most effective C/N ratio) 
under which the compost that was produced complied with 
current sanitary conditions for its use and sale in Mexico.

Materials and methods

Materials

The organic wastes used in this research, dairy manure 
(M) and maize straw (S), are available in large quantities 
in La Laguna. Manure (M) was collected from feedlot piles 
(< 6 months old) from a local dairy farm and transported 
to the research site located in northern Mexico (25°35′ 
N, 103°27′ W; 1120 m above mean sea level). As a gen‑
eral practice in arid regions, manure is typically removed 
from open feedlots every 6 months for final disposal. Thus, 
this research used manure of the same age. Straw (S) was 
obtained from a local farm and chopped to particles < 10 cm 
long. The composting process was performed under field 
conditions using static piles manually aerated.

Composting

The experimental design consisted of randomized blocks 
with four treatments (Table 2) and four replicates each. Ini‑
tially, the experimental static piles consisted of 1.2 m × 0.8 m 
plots, about 0.40–0.45 m high, depending on the type of 
mixture. Aeration was achieved by periodically mixing the 
piles using a shovel to promote aeration and homogeneity. 
A recent study conducted at a small composting operation 
also used static piles of about the same size as in this study, 

but air was supplied through a perforated pipe and a blower 
(Omrani and Samavat 2017). Temperature in the compost 
piles was measured and recorded every other day at a depth 
of 25–30 cm at three different points: (1) top of the pile; 
(2) lateral at one side of the pile; and, (3) center of the pile 
(inside the pile after removing some material from a side to 
get to the center). Compost temperatures were averaged to 
include the three sampling points in each pile and the repli‑
cates of each treatment.

Sampling

Samples were collected following the procedures established 
in the manual Recommended Methods of Manure Analysis 
(Peters et al. 2003) and Mexican regulation NOM‑004‑SE‑
MARNAT‑2002 (SEMARNAT 2002). This regulation is 
based on some of the analytical methods established by the 
United States Environmental Protection Agency (EPA) and 
the Standard Methods for the Examination of Water and 
Wastewater (authored by APHA, AWWA, WPCF. 1992, 
18th edn), among other international analytical protocols. 
Samples were taken at four different stages of the compost‑
ing process: (1) day 1 (initial); (2) day 15 (thermophilic 
phase); (3) day 30 (about the middle of the process); and, 
(4) day 50 (final product). At each sampling time, four sub‑
samples were collected from different parts and depths of the 
pile and mixed thoroughly into a single composite sample. 
The samples were refrigerated at 4 °C until microbiologi‑
cal analyses were performed (< 72 h after collection). To 
minimize variability, bias, and error, the same person col‑
lected and analyzed all the samples through the duration of 
the research.

Physicochemical analyses

Total solids (TS) and moisture content were determined by 
oven‑drying 50 ml of sample at 70 °C until constant weight 
was attained (Peters et al. 2003). For pH and electrical con‑
ductivity (EC) determinations (Thermo Electron, Corp. pH 
and EC meters, respectively), a water extract was prepared 
with the as‑received sample by adding one part of solid sam‑
ple to three parts of distilled water (v/v). To calculate the 
C/N ratio, organic carbon (OC) was determined in a muffle 
furnace through the loss on ignition (LOI) method at 550 °C 
for 2 h. Total Kjeldahl nitrogen (TKN) was analyzed by dis‑
tillation followed by titration with sulfuric acid and nitrate 
content was determined by distillation.

Microbiological analyses

For Salmonella spp. and fecal coliforms analyses, 36 ml of 
distilled water were added to the equivalent of 4 g TS. Sam‑
ples were incubated at 37 °C for 24 h. Successive dilutions 

Table 2  Experimental treatments and initial C/N ratio

S straw (maize), M manure (dairy)

Treatment Mixture (v/v) Initial C/N

T1 25% S + 75% M 22
T2 50% S + 50% M 27
T3 75% S + 25% M 38
T4 100% M 21
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were performed to a final 1/10,000. All samples were analyzed 
in triplicate and enumerated by the three‑tube most probable 
number (MPN) procedure according to Mexican federal regu‑
lation NOM‑004‑SEMARNAT‑2002 (SEMARNAT 2002).

Salmonella spp.

For the quantitative analysis of Salmonella spp., test portions 
of the serial dilution previously described were inoculated into 
tubes containing selenite‑cystine broth and incubated at 41 °C 
for 24 h. Samples taken from positive tubes were spread onto 
brilliant green and Salmonella–Shigella (SS) agar plates. After 
incubation, colonies that were suspected positive were streaked 
on triple sugar iron (TSI) and lysine iron agar (LIA) plates for 
biochemical confirmation.

Fecal coliforms

The MPN test was used for fecal coliforms determination. 
Three‑test tubes series were incubated at 44.4 °C for 24 h. 
Positive tubes where those which showed gas production in 
the Durham tubes.

Helminth eggs

Quantification of helminth eggs was performed on 2 g of 
sample (dry weight) following the flotation/settling proce‑
dures established in Mexican regulation NOM‑004‑SEMAR‑
NAT‑2002 and then observed under the microscope (Carl 
Zeiss, Mod. Axio Scope A1) using a Sedgwich‑Rafter cell 
(SEMARNAT 2002).

Statistical analysis

The normality of the data was established with the test of 
Shapiro–Wilks. Analysis of variance (ANOVA) was used to 
compare the means of Salmonella spp., fecal coliforms, and 
helminth eggs among treatments considering composting time 
as variation factor. To determine the overall efficiency of the 
composting process on the reduction of the three microorgan‑
isms, the ANOVA test was conducted taking initial concentra‑
tions (day 1) as the base and comparing them to final concen‑
trations. The Tukey test was also conducted at p < 0.05 to test 
statistically significant differences among treatments and/or 
composting time. The statistical analysis was carried out using 
SPSS software (version 21).

Results and discussion

Composting process

At the end of the composting process (51 days), the prod‑
uct showed granular and uniform appearance without dis‑
tinction between the initial individual components, except 
for the manure only treatment (T4) where small lumps 
and aggregates were formed over time. This character‑
istic shows the importance of using bulking materials 
to promote aeration among the particles and to improve 
compost consistency and homogeneity. The color of all 
the piles was dark brown and had no foul odor. Moisture 
content varied according to the mixture of substrates. Con‑
sidering all the piles: initial (t = 0) was 61% average, 75% 
maximum and 55% minimum. Final was 53% average, 74% 
maximum, and 43% minimum. Among the environmental 
parameters of importance for composting, temperature is 
critical to evaluate process effectiveness and the degree of 
stabilization (Bueno et al. 2008). Figure 1 shows ambient 
temperatures which were in the range of 23–30 °C and 
averaged 28 °C during the composting process. The dif‑
ference between local ambient temperatures and the com‑
posting piles at the beginning of the process (days 1–20) 
is noticeable. Conventional composting includes a thermo‑
philic phase (45–65 °C) during which labile organic matter 
is rapidly degraded by thermophilic microflora (Haynes 
and Zhou 2016). Initial temperatures for T1 and T2 
were > 60 °C, compared to slightly lower (> 55 < 60 °C) 
for T3 and T4; average temperatures through the duration 
of the process were 48.9 °C (T1), 46.2 °C (T2), 44.8 °C 
(T3), and 48.2  °C (T4). The decrease in temperature 
recorded on days 6 and 22 of the process was due to rain‑
fall. However, temperatures increased rapidly after these 
rain events. The natural fluctuation of the temperature in 
the compost pile over time shown in Fig. 1 is related to 
consumption of organics by microorganisms. As the con‑
centration of organic matter and nutrients decreases, there 
is less active biomass and temperature drops. As shown in 
Fig. 1, there was a significant rain event on day 45, but it 
had a minor impact on temperature as most of the organics 
were consumed by then. The recovery in temperature after 
rainfall was minor compared to what occurred in previous 
events early during the composting process.

Compost characteristics

Initial and final values for pH, EC, and C/N ratio are pre‑
sented in Table 3. All treatments showed higher final pH 
and EC values compared to the initial. According to some 
researchers, during the initial stages of the composting 
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process pH tends to be slightly acidic, but towards the end 
it turns slightly basic due to the changes in humic acids 
content (Venegas‑González et al. 2005). However, in the 
region where the research was carried out, both groundwa‑
ter and dairy manure have high pH. Consequently, produc‑
ing compost with pH near the neutral range is neither com‑
mon in the region, nor expected in this study. Other studies 
show the effectiveness of pH management (increase in it) 
as a modulator of viral reproduction in composts (Auffret 
et al. 2019). EC also showed an increase in the final prod‑
uct. This may be related to the quality of the water that 
was added to the compost, which in this region is naturally 
high in conductivity due to the presence of salts and min‑
erals (alkaline water). Regarding the C/N ratio, the range 
of values observed among treatments showed a significant 
decrease from initial 21–38 to final 14–16 (Table 3). This 
is due to the consumption of organic carbon during com‑
posting. Dadi et al. (2019) also reported a decline of C/N 
with time which indicates that a stable product is formed. 
Regardless of the initial C/N, final values were similar to 
the 10–15 reported by Vázquez and Soto (2017), indicative 
of an advanced process of composting and a good retention 

of the nitrogen content which favors the conservation of 
nitrogen as nutrient.

Microbial populations

According to Heck et  al. (2013), temperatures reached 
through the composting process play an important role to 
effectively reduce pathogen content. As shown in Fig. 1, all 
mixes showed a thermophilic stage at the beginning of the 
process, reaching 55–64 °C. In the study by Fournel et al. 
(2019), with temperatures from 45 to 65 °C, they were effec‑
tive in the reduction of bacterial growth. In a study con‑
ducted by Lafond et al. (2002) it was observed that pathogen 
survival was closely related to the C/N ratio. Other research‑
ers have reported that in C/N ratios > 20, as in this research, 
the carbon content is enough to stabilize the nitrogen con‑
tent, a factor that has an influence on the production of bac‑
tericide agents which reduce or eliminate pathogens loads 
during composting (Park and Diez‑Gonzalez 2003).

The concentrations of Salmonella spp. through the 
composting process are shown in Fig. 2 (t = 0 is the initial 

Fig. 1  Temperature during com‑
posting (T1 = 25% S + 75% M, 
T2 = 50% S + 50% M, T3 = 75% 
S + 25% M, T4 = 100% M)
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Table 3  Initial and final 
compost characteristics

a T1 = 25% S + 75% M, T2 = 50% S + 50% M, T3 = 75% S + 25% M, T4 = 100% M

Treatmenta pH EC (µs cm−1) C/N ratio

Initial Final Initial Final Initial Final

T1 8.75 9.64 4153 5210 22 14
T2 8.85 9.47 3621 4129 27 16
T3 8.60 9.32 1967 2384 38 16
T4 8.53 9.65 5930 6035 21 15
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concentration). The highest concentration was recorded in 
T3 which had the highest initial C/N ratio (C/N 38). How‑
ever, the statistical analysis only showed a significant differ‑
ence (p < 0.05) at the beginning of the process (day 1). The 
influence of C/N on Salmonella spp. inactivation in cow 
manure mixtures composted in a bioreactor under controlled 
conditions was studied by Erickson et al. (2009). They found 
that for a C/N 20 Salmonella was inactivated in 2.8 days at 
temperatures < 50 °C, but when the C/N was 40, longer time 
(3.6 days) and higher temperature (> 55 °C) were needed. 
The results of this study are comparable to their findings; 
however, this investigation was performed under field condi‑
tions, not in a bioreactor.

Fecal coliforms content is another microbial parameter 
of importance in compost quality and biosecurity. In this 
study, significant differences (p < 0.05) were found among 
the composting times at least in one of the treatments. As 

presented in Fig. 3, the initial (t = 0) fecal coliforms content 
was high in all treatments but showed a rapid reduction. 
Wichuk and McCartney (2007) found that E. coli in com‑
post was eliminated in 25 days at temperatures between 45 
and 55 °C; our results for fecal coliforms are comparable to 
theirs. Other studies reported > 99.9% elimination of fecal 
coliforms and E. coli within the first 7 days of cattle manure 
composting between 33.5 and 41.5 °C (Larney et al. 2003). 
In our study, a significant decrease of fecal coliforms in all 
treatments was observed for process temperatures 33 to 
64 °C, but it took about 30 days to achieve that reduction. 
Regarding C/N, Lafond et al. (2002) studied the elimination 
of fecal coliforms and fecal streptococcus in duck excreta 
enriched with wood shavings. They reported elimination in 
enclosed composting systems which had initial 32.9 C/N, 
but only a reduction in concentration in those with initially 
high C/N (67.5) during the 32 days of their process. In our 

Fig. 2  Salmonella spp. concen‑
tration hrough the composting 
process. T1 = 25% S + 75% M, 
T2 = 50% S + 50% M, T3 = 75% 
S + 25% M, T4 = 100% M
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Fig. 3  Fecal coliforms concen‑
tration through the composting 
process. T1 = 25% S + 75% M, 
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S + 25% M, T4 = 100% M
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study, a reduction of fecal coliforms was achieved within 30 
days of composting in all treatments for initial C/N ratios 
between 21 and 38.

The change in helminth eggs content is illustrated in 
Fig. 4. Except for T2, all other treatments showed significant 
statistical differences (p < 0.05) from initial to final content 
of helminth eggs. However, in all cases the first substan‑
tial reduction occurred during the first two weeks (thermo‑
philic stage). Wichuk and McCartney (2007) reported that 
the time–temperature relationship was the key for pathogen 
elimination. A high temperature for short time can be as 
effective as a lower temperature for a long period of time. 
In the case of parasites, such as helminth eggs, Jones and 
Martin (2003) reported the elimination of Ascaris lumbri-
coides at 55 °C for 60 min. In the present study, all treat‑
ments reached temperatures > 55 °C and remained high for 

several days (Fig. 1); however, inactivation was not com‑
plete. Mensah et al. (2013) mention that helminth eggs have 
high resistance to chemical and physical conditions such as 
lime and temperature, and as such, they are the most resist‑
ant form of parasites.

Figure 5 shows the total reductions for Salmonella spp., 
fecal coliforms, and helminth eggs. At the end of the pro‑
cess, Salmonella spp. reduction was > 94% (1–2 log) in most 
treatments, except T2 which showed a significant difference 
(p < 0.05) and achieved only 35% (< 1 log) reduction. In 
this case, one of the samples (replicates) exhibited a high 
concentration, thus affected the average for the treatment. 
Except for T1, which complies with current regulations for 
Salmonella spp., the remaining compost mixtures did not 
meet the sanitary requirements shown in Table 1 for this 
pathogen. The final Salmonella spp. concentration in T1 was 

Fig. 4  Helminth eggs concen‑
tration through the composting 
process. T1 = 25% S + 75% M, 
T2 = 50% S + 50% M, T3 = 75% 
S + 25% M, T4 = 100% M
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3 MPN per 4 g TS which complies with the limits estab‑
lished in Mexican regulations (details provided in Table 1) 
for composts in the State of Mexico (< 3 MPN per g TS) and 
Mexico City (< 3 MPN per 4 g TS). Fecal coliforms elimina‑
tion was highly efficient (> 99%, 3–4 log) in all treatments. 
Fecal concentration in T1 was 3 MPN per 4 g TS, compared 
to compost quality in the State of Mexico and Mexico City 
which is < 1000 MPN per g TS. Regarding helminth eggs, 
the reductions achieved were between 72 and 87% (< 1 log), 
being the lowest for T2. However, no significant differences 
(p > 0.05) were found among treatments. T1 resulted in the 
lowest amount of helminth eggs and complies with Mexi‑
can limits for compost (State of Mexico < 10 per g TS and 
Mexico City < 1 in 4 g TS). The treatments and time as well 
as the statistical significance that were effective for bacterial 
reduction analyzed in this work are presented in Table 4. 

Conclusions

The C/N ratio is an important parameter in composting pro‑
cesses as it affects temperature, a key factor to achieve path‑
ogen reduction. Except for one treatment and sampling event 
(T4, 49 °C on day 6), all compost mixtures attained tem‑
peratures > 55 °C during the first eight days of the process. 
However, this did not result in the elimination of pathogens 
and indicator bacteria to the limits established in current 
regulations in all the composts. The initial C/N 22 (T1 = 25% 
S + 75% M), which initially attained temperature > 60 °C, 
was the most effective mixture to reduce the concentration 
of Salmonella spp., fecal coliforms, and helminth eggs. This 
compost complied with current Mexican sanitary regulations 
for those microorganisms. Composts prepared from initial 
C/N ratios of 21, 27 and 38 met at least the limits for one or 
two of the microorganisms analyzed in this investigation, 
being helminth eggs the most resilient.
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