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Carrot by-product fermentation quality and aerobic spoilage 
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Vegetable by-products could potentially be suitable to be used as feeds in animal diets, which in general would 
strengthen the sustainability of both food and feed systems. Two experiments were performed with the objective to 
evaluate the aerobic spoilage via visual inspection and short term ensiling process of carrot by-products with silage 
additives (lactic acid bacteria [LAB] inoculants or formic acid [FA]). In the first experiment (Exp. 1), carrot by-prod-
uct was treated with five additives including a control without additive, two commercial LAB inoculants (heterofer-
mentative and homofermentative), an in-house isolated LAB mixture and a commercial FA based product. Second 
experiment (Exp. 2) used a 2 × 3 factorial design (type of raw material [carrot by-product with or without pieces] 
and additive treatment [control, heterofermentative LAB inoculant or FA based product]). Use of FA restricted lac-
tic acid fermentation indicated by the high residual water soluble carbohydrate concentration while simultaneously 
stimulating ethanol production. LAB inoculants were not able to efficiently affect quality of ensiled carrot by-prod-
ucts. Use of FA also delayed the spoilage of the fresh carrot by-product particularly in Exp. 1.
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Introduction

Incremental demand in consumer choices and growth of population result in large quantities of biowaste world-
wide (Karak et al. 2012). There is a requirement for a more sustainable production in the food industry, where 
many by-products become biowaste along the process chain. The food waste is an economic and ethical prob-
lem, and it also diminishes the natural resources, which are limited in the environment. According to Stenmarck 
et al. (2016), about 88 million tons of food waste is generated in the entire food chain of Europe including both 
edible food and inedible parts associated with food. This waste represents about 20% of the total food produced 
and the sectors contributing the most to food waste are households and processing. When it comes only to fruit 
and vegetable industry, the waste is even greater and according to FAO (Wadhwa and Bakshi 2013, Bakshi et al. 
2016) it can reach nearly 50%, with losses occurring during agricultural production, processing, distribution and 
in households. The production of vegetables is typically seasonal, and in many cases they are processed by small 
or medium size companies resulting in rather small batches of side streams, which makes efficient utilization of 
them challenging.

Food by-products have been an important source of feed for livestock throughout history and interest in even more 
efficient use of by-products and side streams is encouraged by economic and environmental incentives. Vegeta-
ble by-products could potentially be suitable to be used as feed in animal diets, which in general would strength-
en the sustainability of both food and feed systems. According to Vasta et al. (2008), the inclusion of agro-indus-
trial by-products in ruminant diets may be of interest for reducing feeding costs and diminishing environmental 
impacts associated with by-product accumulation. Two options for enhancing availability of feedstuffs are, firstly, 
efficient use of available feed resources and secondly, enlargement of the feed resource base, especially focus-
ing on those feed resources that do not compete with human food (Bakshi et al. 2016). Schader et al. (2015) also 
suggested several strategies to increase sustainability in livestock production, including the reduction of the use 
of food-competing feed components in livestock rations, which also affects the availability of livestock products. 
This strategy shifts the focus from livestock’s role in the food system as a source for high-quality protein, to an-
other role, such as to use resources that cannot otherwise be used for food production.

Vegetable residues can be composted and used as soil amendment, or used in biogas production, but they re-
sult in only limited added value to the end product. A higher added value option would be to use them as animal 
feeds. This is challenging as vegetable residues are typically wet, easily perishable and prone to fast deterioration, 
which poses problems for the use of them as fresh as well as for preservation (Meneses et al. 2007, Vasta et al. 
2008, Arco-Pérez et al. 2017). 
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In farm conditions, the farmers would typically take the by-product from the company and almost immediately 
use it. It is not a type of material that will be preserved for long periods, such as in the case of grass silage be-
cause the supply of by-products is rather constant along the year, contrary to grass production. The extension of 
the shelf life up to one month is already very reasonable in terms of providing time for farmers to use it as animal 
feed. Furthermore, the most intense fermentation and possibly spoilage happens in the beginning of the storage 
period, so improvement of stability is needed especially during the first weeks of storage. 

Additives can be added to materials to preserve and/or enhance the quality, such as increasing aerobic stability 
(Orosz and Davies 2015). Furthermore, the use of vegetable by-products as animal feed should bring benefits in 
terms of nutrient utilization, level of production reached, and provide safe feed to protect animal health, occu-
pational health of the animal caretakers and finally the well-being of consumers using the animal products. How-
ever, developing an economically efficient process including logistic costs may be challenging (Adler et al. 2017). 
To be able to recycle these residues back into the food chain requires high hygienic quality of the products and 
good stability to allow efficient logistics.

Carrots are widely used as food and remarkable amounts of carrot by-products, such as peels and discarded car-
rots are generated. They are rich in sugar making them very palatable and traditionally, they have been used as a 
supplemental feed for horses. They are also readily consumed by ruminants and fit well e.g. in total mixed ration 
(TMR) for growing cattle. Muller et al. (1984) reported several on-farm examples where carrots were fed success-
fully to lactating dairy cows. Antone et al. (2015) studying the effect of feeding seven kg per day of carrots to dairy 
cows found an increase in carotene concentration in blood as well as 30% higher α-tocopherol concentration and 
more intense yellow colour of butter resulting in improved cow health and product quality. Nalęcz-Tarwacka et 
al. (2003) reported an increase of Vitamin A and conjugated linoleic acid concentrations in milk of cows fed five 
kg of carrot daily. Carrots were included at 40% on dry matter (DM) basis in the diet of steers without adverse ef-
fects (Rust and Buskirk 2008).

The lack of knowledge in extension of shelf life of fresh carrot by-products as well as of preservation of them by 
fermentation motivated this research. Our hypothesis was that shelf-life of fresh carrot by-products can be pro-
longed and fermentation quality of preserved carrot by-products improved with the use of silage additives. Two 
experiments were performed with the objective to evaluate the stability of fresh carrot by-product and the ensil-
ing process with or without commercial silage additives (lactic acid bacteria [LAB] inoculants and formic acid [FA] 
based additives) on chemical composition, fermentation pattern and aerobic spoilage.

Materials and methods
Experiment 1

In the first experiment (Exp. 1), washed and heated carrot by-product from steam-peeling was ensiled within 8 
hours after processing. Five additive treatments were used including a control without additive, two commercial 
lactic acid bacteria (LAB) inoculants (heterofermentative [LAB1]; Bonsilage alfa, 2.5 × 105 cfu g-1; Schaumann, 
Pinneberg, Germany) and homofermentative [LAB2]; Josilac Classic, 6 × 105 cfu g-1; Kleinheubach, Germany), 
an in-house isolated LAB mixture [LAB3]; Luke, ca. 1 × 106 cfu g-1; Jokioinen, Finland) and a commercial formic  
acid-based additive (FA; AIV2 Plus, 5 l ton-1; Eastman Chemical Company, Oulu, Finland). Details of the additives 
are presented in Table 1.

The carrot mass was ensiled in 3 replicates in 1.5-l glass jars (average weight of fresh carrot mass 1685 g/jar), 
which were allowed to ferment for 28 days. Further, 100 ml glass bottles (average weight of fresh carrot mass 
118 g/bottle) were used to evaluate dynamics of fermentation. Three replicates for each additive treatment 
were prepared for 0 (use as fresh), 2, 6, 14 and 28 day fermentation periods to evaluate aerobic spoilage at  
different time points. Microbiological quality was evaluated in the raw material (day 0), in the bottles (days 2, 6 
and 14) and in the jars (day 28). Additional three replicates were used to manually measure gas production from 
the bottles using a syringe to produce cumulative gas production curves over the 28-day ensiling period. All silages 
were kept in a temperature controlled room at 20 °C. After opening the 1.5 l jars, solid and liquid fractions of the  
ensiled carrot by-product were separated by free draining using a funnel, where no force was applied to separate 
fractions, but only the gravity.
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Experiment 2
The second experiment (Exp. 2) had a factorial 2 × 3 design, where first factor was the type of raw material (car-
rot by-product with pieces and without pieces) and the second factor was the additive treatment (control without 
additive, LAB1 and FA). Carrot by-product contained peels and discarded pieces of carrot (with pieces) and also 
raw material with pieces removed was studied (without pieces). The carrot without pieces was processed the day 
before while the carrot with pieces was ensiled immediately after processing.

The carrot mass was carefully mixed with the additive and packed tightly in plastic bags (10 kg fresh matter), 
which were placed in buckets. Two replicates per treatment were prepared and stored in room temperature with 
average of 25 °C. The plastic bags were tightly sealed and a gas valve was placed on top of the bag to allow the 
gas escape. The bags were opened after a 3-week preservation period. Deteriorated parts were discarded prior 
to mixing and sampling for analyses.

Chemical analyses and aerobic spoilage

The DM, pH, ash, CP, WSC, ethanol (Exp. 1), NDF, proportion of ammonia N in total N and fermentation acids were 
analysed as presented by Seppälä et al. (2016). The N content of the original material was used to express am-
monia-N proportions in total N after fermentation. For FA treated samples, ammonia was delivered in the form 
of ammonium formate. The added ammonia N was corrected for the ammonia N levels presented for ensiled car-
rot. Due to lack of material, water soluble carbohydrates (WSC) of the liquid fraction were analysed from samples 
combined across replicates. Carrot samples were analysed for enterobacteria, LAB, yeasts and moulds. For the 
microbiological analyses 25 g of sample was weighed, diluted with 225 ml of ¼ strength Ringer solution (Merck, 
Germany) and homogenized for 1 min at 260 rpm in a Stomacher 400 circulator (Seward Ltd, UK). Serial dilutions 
were plated on the respective cultivation media. Yeasts and moulds were enumerated on DRBC agar medium 
(Neogen, UK) supplemented with 50 μg ml-1 of oxytetracycline hydrochloride (AppliChem BioChemica, Germany) 
at 25 °C. Colonies were counted after 3 and 5 days of cultivation. Enterobacteria were determined on Violet red 
bile glucose agar (Neogen, UK) and cultivated for 1 day at 37 °C. The counts of lactic acid bacteria were enumer-
ated by cultivation on MRS medium (BD, France) anaerobically at 30 °C for 3 days. 

Visual inspection of aerobic spoilage

Aerobic spoilage was measured by placing a 2 cm layer of the carrot mass in a plastic container which was cov-
ered by a perforated plastic film and maintained at 20 °C. Aerobic spoilage was evaluated once daily by visually 
observing growth of yeasts and moulds on the surface of the carrot mass using a scale: 0 = no mould, 1 = slight 
mouldiness, 2 = mouldiness, 3 = severe mouldiness. Once the sample was deteriorated, it was removed and the 
time was recorded as a result of the stability in days. In Exp. 1, fresh carrot by-product was used (day 0) as well 
as ensiled material after 2, 6, 14 and 28 days of fermentation. For Exp. 2, aerobic spoilage was observed for fresh 
and ensiled (21 days) carrot by-products. 

Table 1. Description of the silage additives used in the carrot ensiling experiments

Abbr. Exp. Name Source Composition Amount used

LAB1 1 and 2 Bonsilage alfa Schaumann 
Eurotrading

1k2071 Lactobacillus plantarum (DSM 21762), 
1k2076, Lactobacillus paracasei (DSM 16245), 
1k2075 Lactobacillus buchneri (DSM 12856), 1k2082, 
Lactococcus lactis (NCIMB 30160)
In product at least 1.25·10¹¹ bacteria g-1

2 g ton-1

2.5 × 105 cfu g-1

LAB2 1 Josilac Classic Josera GmbH 
& Co.

Lactobacillus plantarum LSI (NCIMB 30083 /1k20736), 
Lactobacillus plantarum L256 (NCIMB 30084 /1k20737), 
Pediococcus acidilactici P11 (DSM 23689 /1k1011), 
Pediococcus acidilactici P6 (DSM 23688 /1k1010)
Enzyme 43 000 HET g-1 fresh matter: Xylanase from 
Trichoderma longibrachiatum MUCL 39203 (EC 3.2.1.8) 
(1k)

6 g ton-1

6 × 105 cfu g-1

LAB3 1 Luke Luke A mixture of strains isolated from vegetables by Luke ca. 1 × 106 cfu g-1

FA 1 and 2 AIV® 2 Plus Eastman 
Chemical 
Company

76% formic acid, 5.5% ammonium formate, 18.5% water 5 l ton-1
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Statistical analyses

Data was analysed using a MIXED procedure (SAS Inc. 2002-2012, Release 9.4; SAS Inst., Inc., Cary, NC) of SAS at 
5% of probability with treatment as fixed effect and replicates were taken as a random effect into the model. In 
Exp. 1 the sum of square was further partitioned into contrasts: control versus all LAB treatments; control versus 
FA; and all LAB treatments versus FA. In Exp. 2 the sum of square was partitioned into contrasts: raw material ef-
fect (carrot with pieces versus carrot without pieces); control versus LAB1; control versus FA; and LAB1 versus FA. 
Aerobic spoilage was presented as descriptive data.

Results
Experiment 1

The carrot by-product contained less DM (87 vs. 120 g kg-1) and ash (48 vs. 80 g kg-1 DM) than the reference values in 
the Feed Tables (Luke 2019), but crude protein (CP; 93 vs. 100 g kg-1 DM) concentration was quite similar (Table 2).

After 28 days ensiling period, the DM concentration of the solid fraction of ensiled carrot was on average 84.3 and 
that of the liquid fraction 60.5 g kg-1 (Table 3). The focus was on the preservation quality so we only measured WSC 
and some fermentation end-products from the two fractions and they represented 0.108 of solid fraction DM and 
0.328 (both out of 1) of the liquid fraction DM in the control and LAB treated samples, respectively. For FA treated 
carrot, the analyses recovered 0.413 of solid fraction DM and for liquids the recovery was 1.048.

In general, there were very few differences between LABs and the control treatment (Table 3), but somewhat low-
er lactic (p<0.01), acetic (p=0.03) and butyric (p=0.02) acid concentrations were found in the liquid fraction of LAB 
compared to the control, and higher pH (p<0.01) in the solid fraction. Also DM contents of both solid (p=0.01) and 
liquid (p<0.01) fractions were higher in LAB treated than in control samples.

Treating the material with FA resulted in a totally different type of fermentation (Table 3), which was more restrict-
ed and dominated by ethanol formation (p<0.01) with virtually no lactic acid (p<0.01) but limited amount of ace-
tic acid (p<0.01) being produced. A sizeable amount of WSC was present after 28 days of fermentation (p<0.01) 
in the solid fraction of FA treated carrot mass in comparison to the other additive treatments. Lower proportion 
of ammonia N in total N (p<0.01) was obtained in silages treated with FA after correction for the amount contrib-
uted by the additive.

IVOMD = In vitro organic matter digestibility - pepsin-cellulase method calculated with the general equation of Huhtanen et al. (2006); MP 
= metabolizable protein; PBV = protein balance in the rumen (Luke 2019); cfu =  colony forming units

Table 2. Composition and microbial quality of the carrot by-products before ensiling

Exp. 1 Exp. 2

Carrot by-product Carrot with pieces Carrot without pieces

Dry matter (DM), g kg-1 87 76 70

In DM, g kg-1

   Ash 48 69 71

   Crude protein 93 65 68

   Water soluble carbohydrates 501 282 106

   Neutral detergent fibre 177 220 290

Feed values for ruminants

   IVOMD, g g-1 0.877 0.926 0.914

   Metabolizable energy, MJ kg-1 DM 13.4 13.8 13.6

   MP, g kg-1 DM 94 94 93

   PBV, g kg-1 DM -50 -74 -70

Lactic acid bacteria, cfu g-1 8.6×107 2.1×106 1.8×107

Enterobacteria, cfu g-1 1.0×103 6.2×104 7.8×105

Yeasts, cfu g-1 6.6×105 1.1×105 1.5×106

Moulds, cfu g-1 6.4×103 8.2×103 1.0×105
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The free-drainage method for liquid-solid separation of ensiled carrot was not very efficient, but FA treatment 
resulted in higher liquid separation than LAB. The differences in DM content of solid and liquid fractions were 
rather small (Table 3).

The cumulative production of fermentation gases clearly illustrates the differences in the type of fermentation 
among treatments (Fig. 1). All LAB treatments increased rate and final volume of gas produced compared to the 
control, while formation of gas from FA treated material had a longer lag phase, higher final volume of gas and 
did not reach a plateau during the 28-day observation period.

Hygienic quality of samples was evaluated by determining enterobacteria (Fig. 2), moulds (Fig. 3) and yeasts  
(Fig. 4) from the fresh product and after 2, 6, 14 and 28 days of ensiling. Microbial counts clearly decreased with 
time for all treatments. After 14 days, counts of all samples were below detection limit. Likewise, lower counts of 
yeasts were detected after ensiling.

For treatment explanations, see Table 1. SEM = Standard error of the mean; C LAB = Control versus all LAB treatments; C FA = Control versus 
Acid; LAB FA = all LAB treatments versus Acid; DM = dry matter; WSC = water soluble carbohydrate; cfu = colony forming units; 1)On fresh 
matter basis; 2)Corrected for the amount of ammonia in the additive, the uncorrected values were 85 and 161 g ammonia N per kg total N 
in the solid and liquid fractions, respectively; 3)Moulds and Enterobacteria were below detection limits of 1.0×103 and 1.0×101, respectively.

Table 3. Gas production (GP) during fermentation, and composition and fermentation quality of the solid and liquid fractions of 
ensiled carrot by-products in Experiment 1 (1.5 l jars) after 28 days of fermentation

Control LAB1 LAB2 LAB3 FA SEM
p-value

C LAB C FA LAB FA

GP, ml g-1 DM 13.7 23.9 20.0 19.0 21.4 1.09 <0.01 <0.01 0.77

Liquid proportion1) 0.027 0.015 0.020 0.015 0.039 0.0048 0.09 0.12 0.03

Solid fraction

DM, g kg-1 81.1 85.4 83.1 84.7 87.3 0.95 0.01 <0.01 0.02

pH 3.37 3.42 3.41 3.45 3.68 0.014 <0.01 <0.01 <0.01

Ammonia N, g kg-1 N 55 58 56 56 272) 2.0 0.61 <0.01 <0.01

In DM, g kg-1

   WSC 13.9 15.4 14.5 19.1 304.0 9.27 0.82 <0.01 <0.01

   Ethanol 36.6 38.3 38.3 40.1 95.7 4.22 0.65 <0.01 <0.01

   Lactic acid 172 158 175 152 1 80.9 0.22 <0.01 <0.01

   Acetic acid 40.0 40.6 38.7 32.6 7.7 1.18 0.08 <0.01 <0.01

   Propionic acid 1.7 1.9 1.7 1.8 4.1 0.10 0.60 <0.01 <0.01

   Butyric acid 0.9 0.8 0.8 0.9 0.9 0.02 0.42 0.11 0.01

Liquid fraction

DM, g kg-1 59.1 68.2 64.0 70.8 40.5 0.00 <0.01 <0.01 <0.01

pH 3.21 3.20 3.19 3.19 3.38 0.013 0.44 <0.01 <0.01

Ammonia N, g kg-1 N 79 79 73 63 392) 5.3 0.25 <0.01 <0.01

In DM, g kg-1

   WSC 4.7 5.4 4.5 7.8 823.0

   Ethanol 35.1 20.9 26.9 18.8 198.0 16.80 0.52 <0.01 <0.01

   Lactic acid 282 244 241 197 3 9.2 <0.01 <0.01 <0.01

   Acetic acid 63.0 55.2 52.6 49.5 16.3 3.61 0.03 <0.01 <0.01

   Propionic acid 0.2 0.1 0.1 0.1 6.4 0.30 0.75 <0.01 <0.01

   Butyric acid 0.8 0.5 0.6 0.6 1.0 0.08 0.02 0.25 <0.01

Yeasts3), cfu g-1 5.3×101 1.8×104 1.3×101 3.6×104 1.7×105 3.5×104 0.67 <0.01 <0.01
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The fresh untreated and LAB treated carrot by-products spoiled already after 2 days, but stability was greatly im-
proved by FA up to 10 days (Fig. 5). Ensiling slightly increased stability of control and LAB treated materials and 
slightly decreased that of FA resulting in a stability of 7 days for all treatments after a 28-day fermentation peri-
od, except for LAB3. 
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Fig. 1. Cumulative gas production curves from carrot by-product in Experiment 1 (100 ml 
glass bottles) using different additives during the ensiling process; n = 3
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Fig. 2. Enterobacteria (cfu g-1, logarithmic scale) of carrot by-product in Experiment 1 
(100 ml glass bottles) after different ensiling periods (days) and additive treatments
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Fig. 3. Moulds (cfu g-1, logarithmic scale) of carrot by-product in Experiment 
1 (100 ml glass bottles) after different ensiling periods (days) and additive 
treatments
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Experiment 2
In Exp. 2, the DM concentration of carrot by-products prior to ensiling was lower than those in Luke (2019) Feed 
Tables (73 vs. 120 g kg-1) containing less ash (70 vs. 80 g kg-1 DM) and CP (67 vs. 100 g kg-1 DM). Content of WSC 
was lower and neutral detergent fibre higher in Exp. 2 than in Exp. 1 (Table 2).

There was a higher concentration of ash, WSC, lactic, acetic (p<0.01) and propionic (p=0.03) acids for ensiled car-
rot by-product with pieces than in the carrot without pieces (Table 4). All treatments showed extensive fermenta-
tion with low pH (on average 3.71) after the 3-week fermentation period. Formic acid resulted in greater (p<0.01) 
DM and CP content of both carrot by-product types compared to other treatments. The use of FA efficiently re-
duced (p<0.01) conversion of WSC into lactic, acetic, propionic and butyric acids compared to control and LAB1, 
but resulted in very high (p<0.01) ammonia N proportion of total N. There was no effect (p>0.05) of LAB1 treat-
ment compared to control in the parameters evaluated except for weight losses (p=0.03), which increased with the 
addition of the inoculant. Ensiling had an effect on microbial quality of the silage since counts of yeasts, moulds 
and enterobacteria decreased for all treatments including control. Formic acid decreased LAB in ensiled carrot 
by-products compared to the other treatments (Table 4).

Fresh samples (before ensiling) deteriorated in two to three days during aerobic phase (Fig. 6). The stability of the 
FA treated materials was slightly prolonged, but all samples deteriorated quickly compared to Exp. 1. In the en-
siled materials, FA delayed spoilage up to 3 days; control and LAB1 were deteriorated more quickly.
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For treatment explanations, see Table 1. SEM = Standard error of the mean; R = Carrot with pieces versus Carrot without pieces; C LAB1 = Control versus LAB1; C FA = 
Control versus Acid; LAB1 FA = LAB1 versus Acid. DM = dry matter; CP = crude protein; WSC = water soluble carbohydrate; cfu = colony forming units. aCorrected for the 
amount of ammonia in the additive, the uncorrected values were 229 and 239 g ammonia N per kg total N for carrot by-products with and without pieces, respectively. 
1)Moulds and Enterobacteria were below detection limits of 1.0×103 and 1.0×101, respectively.

Table 4. Type of raw material and additive effects on the composition and quality of ensiled carrot by-products in Experiment 2 (10 kg fresh matter per bucket) 
after 21 days in room temperature

Carrot with pieces Carrot without pieces
SEM

p-value

Control LAB1 FA Control LAB1 FA R C LAB1 C FA LAB1 FA

DM, g kg-1 60 61 75 60 64 75 0.9 0.46 0.17 <0.01 <0.01

Chemical composition, g kg-1 DM

   Ash 88 87 67 79 78 66 0.7 <0.01 0.47 <0.01 <0.01

   CP 72 73 78 71 71 82 0.6 0.95 0.62 <0.01 <0.01

   WSC 10 11 394 6 6 245 1.7 <0.01 0.89 <0.01 <0.01

pH 3.60 3.58 3.80 3.73 3.77 3.78 0.012 <0.01 0.73 <0.01 <0.01

Ammonia N, g kg-1 N 29 28 150a 29 28 165a 6.1 0.51 0.82 <0.01 <0.01

Fermentation acids, g kg-1 DM

   Lactic acid 192 190 2 139 141 6 3.0 <0.01 0.98 <0.01 <0.01

   Acetic acid 53.1 52.3 5.9 33.6 35.7 6.4 0.70 <0.01 0.61 <0.01 <0.01

   Propionic acid 4.7 4.5 0.9 4.0 4.2 0.9 0.09 0.03 0.92 <0.01 <0.01

   Butyric acid 0.34 0.33 0.27 0.33 0.31 0.27 <0.01 0.41 0.14 <0.01 <0.01

Weight loss, % 0.21 0.63 0.25 0.38 0.46 0.13 0.094 0.65 0.03 0.30 <0.01

Yeast1), cfu g-1 <1.0×103 4.8×103 6.1×103 2.8×103 <1.0×103 <1.0×103 1.2×103 0.05 0.42 0.20 0.59

Lactic acid bacteria, 
cfu g-1 2.0×108 2.2×108 1.8×104 1.5×108 1.1×108 3.1×105 2.7×107 0.06 0.77 <0.01 <0.01
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Discussion
The composition of the carrot by-product raw materials was rather well comparable to the reference values for 
whole carrots (Luke 2019). The lower content of DM in the carrot by-products is due to the processing of material 
including addition of water. Hygienic quality of the raw material in Exp. 1 was on average greater than in Exp. 2, pre-
senting lower amount of moulds, Enterobacteria and yeasts. In Exp. 2, the hygienic quality of carrots without pieces 
was poorer than that with pieces, probably due to the longer storage period of it prior to sampling and ensiling.

Carrots are highly palatable and digestible (Alabran and Mabrouk 1973, Bakshi et al. 2016), and large amount of 
the DM was in the form of WSC in both experiments. Such a material is readily fermentable, and indeed, the fer-
mentation of the untreated and LAB treated material was very strong and resulted in vigorous gas production in 
the beginning of the ensiling period, very low pH values and high concentrations of fermentation acids in the en-
siled material. The FA treatment resulted in a completely different fermentation profile of the carrot by-product 
silage compared to the other treatments. Basically, the fermentation was effectively restricted by FA with high 
concentration of residual WSC in the ensiled material during the short 3 to 4 week ensiling period. The cumula-
tive gas production measured in Exp.1 showed the restriction of fermentation at the beginning of ensiling period 
by FA treated silages, but the gas production increased gradually and final gas volume was higher than in other 
silages except LAB1. FA was the only treatment that did not reach a plateau during the observation period. On 
the other hand, FA resulted in a high formation of ethanol indicating a yeast type of fermentation, which is com-
mon in e.g. sugar cane silages also containing high amounts of WSC (Pedroso et al. 2005, Carvalho et al. 2014).

The higher ammonia concentration of the FA treated silages originated partly from the additive. When corrected 
for the amount of ammonia applied in the additive, the levels in Exp. 1 where decreased to a level even lower 
than in other treatments, but remained high in Exp. 2. It is possible that this method leads into over-correction 
because part of the added ammonia may evaporate during preparation of silages and processing of samples, but 
it is difficult to estimate the potential losses. Although the proportion of ammonia N in total N was very high and 
would result in judgement of poor preservation based on guidelines prepared for grass silage (Wilkinson 1990), 
it must be noted that the absolute amount of ammonia was not that high as the total N concentration in carrot 
material was relatively low. 

The possibilities to prolong aerobic stability by the use of additives have received a lot of attention in grass and 
maize silages. Heterofermentative LAB producing acetic acid has resulted in prolonged stability, but may simulta-
neously lead to increased DM losses during the ensiling period (Reich and Kung 2010). Although FA is not effective 
against yeasts, FA treatment has previously resulted in improved aerobic stability of grass silages (see e.g. Sep-
pälä et al. 2016). In the current experiment, the advantages of using FA disappeared by day 28 of fermentation, 
which may be related to accumulation of acetic acid in the other silages, as it is known to improve aerobic stability.

A general challenge with the carrot by-products is the dilute nutrient content due to high moisture content of 
them. Dewatering would be a logical first step in further processing of the by-products, and ensiling the dry resi-
due would probably be more successful than that of the original moist product. According to Bakshi et al. (2016), 
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after extraction of juice, approximately one-third of the raw material remains as pulp and contains CP concentra-
tion of 80 g kg-1 DM. Furthermore, according to Bakshi and Wadhwa (2013), the digestion kinetic parameters for 
DM revealed that about 97% of the carrot pulp is degradable, with very high effective and true degradabilities 
and low rumen fill, resulting in high potential DM intake. Companies therefore need to consider if it is profitable 
to invest in such processing, but in that case, markets need to be found for two rather than one by-product type. 

A practical solution could be to use fresh by-product for cattle, and to use acid-based silage additives to improve 
the stability for reduced delivery intervals. Carrot mass (fresh or ensiled) could also be a good source of digestible 
fibre for finishing pigs and gestating sows in extensive pig rearing systems. Liquid effluent from carrot mass could 
create a major practical problem. Co-ensiling carrots with some absorbents (Laflamme 1992, Adler et al. 2017) 
such as straw, hay, cereals or other dry by-products could alleviate this problem, but increased logistic costs and 
decreased feed value need to be considered although benefits in the ensiling process may be achieved.

A novel idea would be to prepare a liquid feed from fresh or ensiled carrot mass that could be used for pigs. Al-
though the liquid fraction has certain interesting qualities as a pig feed, it has a very low DM content and it may 
be difficult to ensure stable and sufficient supply to large pig units. In our experimental setting, the yield of liquid 
fraction remained very low, but that could be increased by technical solutions as demonstrated e.g. by Franco et 
al. (2019) in preparing juice from different quality grass silages using several pressing methods.

By-products such as carrot derived feed materials may also have positive effects in feeding of livestock as it is read-
ily consumed and is rich in e.g. carotene. In case of fermented products, LAB and added organic acids may stabi-
lize the liquid feed prepared for pigs and have positive effects in the intestinal health of pigs. If a vegetable com-
pany markets by-products as feeds, EU legislation requires them to register to ensure safety of the feed, which is 
the responsibility of the feed producer.

Conclusions

Ensiling of carrot by-products was very challenging due to high moisture and extensive fermentation, but the use 
of formic acid-based additive restricted the lactic acid fermentation during a short (less than 1 month) ensiling 
period and resulted in clearly higher residual water soluble carbohydrate concentration. However, at the same 
time formic acid stimulated ethanol production. Only minor effects could be detected from using different lactic 
acid bacteria inoculants compared to control. Spoilage of the fresh carrot by-product was remarkably delayed by 
applying formic acid-based additive particularly in Exp. 1.
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