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The objective of this study was to examine two different biochars as a component
of compound feed regarding their effects on nutrient digestibility and performance
parameters in growing pigs. A total of 18 male, intact piglets (N = 18) with 26 days
of age and an initial bodyweight of 6.88 kg were divided into three homogeneous groups
of six animals each (n = 6). Treatments were control (CON, no addition of biochar), 2%
biochar 1 (BC 1, diet containing 2% biochar 1), and 2% biochar 2 (BC 2, diet containing
2% biochar 2). Before the start of the trials, the biochars were characterized regarding
Brunnauer-Emmet-Teller (BET) surface area, surface energy, humidity, and ash content.
During the first trial (weeks 1-6) a 3 x 3 Latin square was used to determine the apparent
total tract digestibility (ATTD) of all three feed in each animal (N = 54, n = 18). By start
of the second trial on day 42, three new homogenous groups were formed with two
animals from each of the previous groups. Each group received one of the three diets
for 4 weeks. In the first trial, the ATTD of dry matter, organic matter, ether extract, crude
fiber, and N-free extract was higher (p < 0.05) in pigs fed the biochar diets (BC1 and
BC2) than in those animals fed the control diet. The greatest difference was found for
ATTD of crude fiber, which was increased by 19.8 and 23.8%, respectively (CON: 30.8°
+ 13.4%; BC 1: 38.42 + 8.2%; BC 2: 40.42 4+ 12.2%). ATTD of crude protein was only
higher in BC 2 compared to CON (CON: 81.0° + 4.1%; BC 1: 82.43° + 3.6%; BC 2:
84.2% + 3.4%). In both trials, the different treatments revealed no effects on ADFI, ADWG
or G:F (p > 0.05). The results indicate that no negative effects can be expected when
2% biochar is included in the feed for growing pigs.

Keywords: biochar, nutrient digestibility, piglet, performance parameter, feed efficiency

INTRODUCTION

In order to withstand economic pressure, modern livestock farming must become increasingly
efficient (De Clercq et al., 2018; Isermeyer, 2020). Simultaneously, society as well as politics demand
a change toward sustainable agriculture (Darnhofer et al., 2016; Frankova and Cattaneo, 2018).
These problems are a burden not only on agriculture in general but also on pork production in
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particular. Adding biochar to the complete feed for pigs could
be beneficial for various reasons such as improvement of animal
health, binding of feed contaminants (Schmidt et al., 2019)
and reduction in greenhouse gases by applying the manure
containing the biochar to the soil (Lehmann et al., 2006; Fowles,
2007). Biochar is a carbon-rich material produced by pyrolysis
of biomass at temperatures between 350 and 1000°C at low-
oxygen levels (EBC, 2012). In Germany, the use of biochar in
animal feed is permitted by the European Union (EU) Regulation
No. 68/2013 (European Commission, 2013), which lists “vegetal
carbon; [charcoal]” as feed material. In general, different kind of
(trunk) woods as well as other organic materials like rootstocks,
harvest leftovers, cotton fibers, and fermentation residues from
biogas plants can serve as such biomass (EBC, 2012; Chia et al,,
2015). The biochars used in this study were made of beech, larch,
spruce and oak (biochar 1) and oak (biochar 2). Taking into
account that processing pressure, heating rate, and residence time
at peak temperature are further variables in the course of biochar
production, the variety of biochars is enormous (Lehmann et al.,
2011; Ameloot et al., 2013; Wang et al., 2015; Xie et al., 2015).
Owing to the fact that properties of biochar seem to play an
important role in relation to their effects in animals and on
in vitro fermentation, respectively (Leng et al., 2013; Mcfarlane
et al.,, 2017), it is advisable to characterize biochars in order
to allow comparisons to be made between different studies. In
general, biochar has an immense internal surface area due to
its extremely porous structure, enabling biochar to absorb gases,
inorganic nutrients, and soluble organic matter (Thies and Rillig,
2009). The porous structure can also serve as a habitat for bacteria
and other microbes (Pietikdinen et al., 2000; Thies and Rillig,
2009). Furthermore, biochar influences the microbial activity
by serving as an electron mediator (Chen et al., 2014; Kappler
et al., 2014; Sun et al., 2017), and can also alter the microbial
composition (Teoh et al., 2019; Terry et al., 2019).

Biochar has been shown to increase the digestibility of
feedstuff (Kim et al., 2017; Saleem et al., 2018). Kim et al. (2017)
found, using an in vitro design simulating the ileal environment
of pigs, an improvement in the digestibility of dry matter (DM)
and organic matter (OM) when adding 0.25% organic medical
charcoal to pig feed. In the same study, the addition of either
0.5% pyroligneous charcoal or 0.5% coconut tree charcoal did
not lead to increased digestibility. The effect of charcoal on the
digestibility of other nutrients is not mentioned in the study by
Kim et al. (2017). Adding biochar up to 2% to in vitro rumen
fermentation vessels increased the disappearance of DM (74.9
vs. 73.2%), OM (74.9 vs. 72.9%), crude protein (CP, 86.2 vs.
84.3%), acid detergent fiber (ADF, 36.8 vs. 29.9%), and neutral
detergent fiber (NDEF, 44.8 vs. 39.9%) compared to a control with
no biochar, respectively (Saleem et al., 2018). An increase in the
digestibility of DM, OM, and CP but not of NDF and ADF in

Abbreviations: ADFI, average daily feed intake; ADWG, average daily weight gain;
ATTD, apparent total tract digestibility; BC 1, feed containing 2% biochar 1; BC 2,
feed containing 2% biochar 2; BVL, Federal Office of Consumer Protection and
Food Safety; BW, body weight; CON, control feed; DM, dry matter; EE, ether
extract; FC, feeding cycle; G:F, feed efficiency; FP, fattening period; NfE, nitrogen-
free extract; OM, organic matter; SD, standard deviation; CF, crude fiber; CP, crude
protein.

vivo due to adding bamboo charcoal to a diet based on foliage
from Acacia mangium and Para grass was reported in growing
goats (Van et al., 2006). In terms of performance parameters,
studies report higher growth rates and improved feed conversion
rates that occurred either alone or both together in pigs (Chu
et al., 2013b; Sivilai et al., 2018) and poultry (Kutlu et al., 2001;
Majewska et al., 2002, 2009; Kana et al,, 2011) as well as in
ruminants (Van et al., 2006; Leng et al., 2012). Chu et al. (2013b)
assume that the improved feed efficiency that they observed in
pigs is a consequence of an increased villus height due to biochar
(Mekbungwan et al., 2004; Ruttanavut et al., 2009). Nevertheless,
not all studies with charcoal resulted in positive effects on
nutrient digestibility or performance parameters (Pereira et al.,
2014; Hinz et al., 2019). In cows that received good quality silage,
no improvement in digestibility and milk yield could be shown by
the addition of 20 and 40 g/d activated carbon. On the contrary,
the study showed a reduced feeding preference with increasing
carbon content of the feed (Erickson et al., 2011).

There are only very few studies focusing on the effects of
biochar in pigs and on their performance parameters. In fact,
to the best of the authors’ knowledge, to date, no study has
been conducted to examine the effect of biochar on nutrient
digestibility in pigs. The potential of biochar to have positive
effects on animals is undeniable, but given the contradictory
results of some studies, the aim of the present study was
to examine the effects of two different biochars on nutrient
digestibility and performance parameters in growing pigs.

MATERIALS AND METHODS

Characterization of Biochars

The biochars used in this study were both made of wood-based
feedstock. For biochar 1a mixture of beech, larch, spruce and
oak was used, while biochar 2 was produced only from oak. The
surface energy was determined in accordance with the model of
Owens, Wendt, Rabel, and Kaelble [Owens and Wendt, 1969].
This model is based on the measurement of the contact angle
between different liquids and the surface of the biochars. The
liquids used were water, formamide, ethanol, diiodomethane,
and n-hexane. Chemical elements were analyzed by means of
energy-dispersive-X-ray spectroscopy (EDX). Humidity and pH
were determined in accordance with the official compilation
of test methods by BVL (Renger and Stachel, 2010). Except
for the determination of BET surface area that was carried
out in an external laboratory (ZetA Partikelanalytik GmbH,
Mainz, Germany), the analyses of the biochars were performed
in the German Institute for Food Technologies (DIL e.V.,
Quakenbriick, Germany). The results are shown in Table 1.

Ethical Statement

Animal experiments were carried out in accordance with German
regulations and were approved by the Ethics Committee of
Lower Saxony for the Care and Use of Laboratory Animals
(LAVES: Niedersichsisches Landesamt fiir Verbraucherschutz
und Lebensmittelsicherheit; reference: 33.8-42502-05-18A334).
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TABLE 1 | Chemical and physical characteristics of biochar 1 and biochar 2.

TABLE 3 | Energy content and chemical composition of the experimental diets.

Item Biochar 1 Biochar 2 Item Control feed 2% biochar 1 2% biochar 2

Surface energy total [MN/m] 26.3 22.5 Metabolizable  MJ per kg diet 13.55 13.52 13.59
Disperse 12.1 15.6 energy (ME?
Polar 14.2 6.80 Organic % DM 94.7 94.9 94.8

BET [m?/g] 503 174 matter

Chemical elements [%] Crude protein 19.4 18.0 17.7
Carbon 83.0 85.1 Lysine 1.42 1.28 1.28
Oxygen 109 126 Ether extract 4.29 4.1 4.13
Calcium 185 148 Crude fiber 4.65 4.55 4.37
Potassium 2.87 0.56 gftrr‘;gcte'(‘forE; 66.4 682 686
Magnesium 038 012 Caloium 0.792 0.777 0.806
Sulfur 0.30 0.02 Phosphorus 0.586 0.547 0.542

Humidity %] 223 °.88 Potassium 0.806 0.701 0.697

pH 103 9.87 Magnesium 0.233 0.199 0.198

Sodium 0.221 0.284 0.227
TABLE 2 | Composition [%] of the basis feed for the experimental diets. Iron ppm DM 366 402 366
Copper 28.9 25.5 24.3

Item Control BC-test Zinc 151 1592 155

Barley 35.0 357 Selenium 0.553 0.671 0.619

Wheat 16.0 20.8 aMetabolizable Energy (ME) calculated from the specified raw nutrient content.

Soybean meal* 15.0 17.0 PNitrogen-free extract (NfE) = dry matter — (ash + crude protein + ether extract +

Maize 15.0 92 crude fibef).

Waffle meal 4.0 4.1

Wheat bran 4.0 2.0

Beet pulp 1.0 1.1 as lying area until day 14 of the trial. Access to water and feed

Sunflower extraction meal 1.0 1.1 was provided by a nipple drinker and a 1 m long metal trough,

Fish protein concentrate 1.0 1.1 respectively. The lightning period was set from 07:00 to 19:00 h.

Premix** 8.0 7.9

*Soybean meal made from genetically modified soybeans. ~Contains fats and oils;
additives (per kg feed); nutritional additives: variant 1: vitamin A (10,000 IU), vitamin
D/vitamin D3 (1675 IU), vitamin E (80 mg), iron from iron-(ll)-sulfate monohydrate (104 mg),
copper from copper-(ll)-sulfate pentahydrate (8mg), copper from copper chelate of the
hydroxyl analog of methionine (4mg), manganese from manganese-(ll)-sulfate (46 mg),
manganese from manganese chelate of the hydroxyl analog of methionine (8 mg), zinc
from zinc sulfate monohydrate (67 mg), zinc from zinc chelate of the hydroxyl analog of
methionine (17 mg), iodine from calcium iodate anhydrous (1.7 mg), selenium from sodium
selenite (0.21 mg), selenium methionine from Saccheromyces cerevisiae (0.08 mg); variant
2: vitamin A (10,200 IU), vitamin D/vitamin D3 (1700 IU), vitamin E (81 mg), iron from iron-
(I-sulfate monohydrate (106 mg), copper from copper-(ll)-sulfate pentahydrate (9 mg),
copper from copper chelate of the hydroxyl analog of methionine (4 mg), manganese
from manganese-(ll)-sulfate (47 mg), manganese from manganese chelate of the hydroxy!
analog of methionine (9mg), zinc from zinc sulfate monohydrate (68 mg), zinc from
zinc chelate of the hydroxyl analog of methionine (17 mg), iodine from calcium iodate
anhydrous (1.7 mg), selenium from sodium selenite (0.21 mg), selenium methionine from
Saccheromyces cerevisiae (0.08 mg).

Animals and Housing

The study was carried out with 18 male, intact, mixed breed
pigs (dam line: db.victoria, sire line: db.77 of BHZP genetic)
with 26 days of age and an initial body weight (BW) of 6.88
£ 1.17kg. The pigs came from the Farm for Education and
Research in Ruthe, University of Veterinary Medicine Hannover,
Foundation, Germany. The pigs were housed individually in
3 x 1m boxes (reduced to 2 x 1m during fecal collection)
equipped with an infrared warming lamp and a 1 m” rubber mat

To meet animal welfare standards, (manipulable) materials were
provided. Visual contact as well as nose contact to other pigs were
possible the whole time.

Diets and Feeding Concept

Diets were formulated to meet or exceed nutrient requirements of
three-13-week-old pigs [Gesellschaft fiir Erndhrungsphysiologie
(GfE), 2006]. Two granulated feed (control and BC-test) served
as the basis for the three diets used in the trials (composition
listed in Table 2). Control required no further processing and
served as control diet (CON). The experimental diets (BC 1
and BC 2) contained 2% (w/w) of biochar 1 or biochar 2,
respectively. The basis of the two experimental feeds (BC-
test) was a slightly concentrated form of the control feed, so
that after adding the biochar, the different diets were virtually
iso-energetic (Table 3). Mixing of the biochars into the basis
feed was performed by a plowshare mixer (Gebriider Lodige
Maschinenbau GmbH, Paderborn, Germany) at the Institute for
Animal Nutrition, University of Veterinary Medicine Hannover,
Foundation, Germany. The diet was offered ad libitum. Fresh
feed was given every morning. Feed refusals were removed
each morning (trial one) or at the end of each experimental
week (trial two), respectively, and weighed after drying at
103°C so the quantity could be measured as accurately
as possible.
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FIGURE 1 | Scheme of the test procedure. CON, control diet (no addition of biochar); BC 1, Biochar 1 (diet containing 2% biochar 1); BC 2, Biochar 2 (diet containing

Experimental Procedure

The study was split into two trials (see Figure 1). The first trial
consisted of three feeding cycles (FC 1-3), each lasting 14 days.
The animals were divided into three groups (groups 1, 2, 3)
according to BW and litter affiliation. By using a 3 x 3 Latin

square-design, each group was assigned once to each diet (CON,
BC 1 or BC 2, respectively) in one of the three FC for 10 days,
followed by 4 days of CON for all groups in every FC. Within each
FC, a digestibility study was performed modified in accordance
with Schiemann (1981) and Drochner et al. (2005). The first 5
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days of feeding served as an adaption period, whereas during
the following 5 days (days 6-10; days 20-24; days 34-38), feces
were collected completely and individually. During the day, feces
were refrigerated at 6°C. At the end of the day, the feces were
weighed for each animal before freezing at —18°C until further
processing. The feces that were collected over a 5-day period
were pooled for each animal. After determining the dry matter
content in an aliquot by oven drying, the remains of the fecal
samples were freeze-dried and ground through a 0.5 mm sieve.
The samples were analyzed for ash, CP, ether extract (EE), and
crude fiber (CF) as well as for calcium, phosphorus, iron, copper,
zing, and selenium. Apparent total tract digestibility (ATTD) was
calculated using the following equation:

_ Xi — Xf
ATTD, = x 100

Xi

where x is the variable (e.g, DM, OM or CP), i stands for
individual intake and f for the amount excreted with the feces.
To calculate ATTD, the difference between nutrient intake and
its fecal excretion was divided by the amount of nutrient intake.
ATTD was given in percent [%]. BW was measured before
adaption period as well as before and after the collection period
and feed intake was determined daily.

By the start of trial two (T2), the 18 animals were divided into
three new groups (groups A, B, C). This time, not only BW and
litter affiliation were taken into account, but also that there were
two animals from each previous group in each of the new groups.
Every group was fed one of the three experimental feeds for the
following 4 weeks. During this time, feed intake and BW were
quantified weekly.

Analytical Procedures

Diets and feces were analyzed by standard procedures in
accordance with the official methods of the VDLUFA (Naumann
and Bassler, 2012). To determine DM, samples were dried at
103°C until weight constancy. Ash was analyzed by means of
incineration in the muffle furnace at 600°C for 6 h. To determine
total nitrogen content the DUMAS combustion method (Vario
Max®, Elementar, Hanau, Germany) was applied. To calculate
the CP content total N was multiplied by a constant factor of
6.25. The determination of EE contents was carried out after acid
hydrolysis in the Soxhlet apparatus. The CF content was analyzed
through washing the samples in dilute acids and alkalis, while
an enzymatic determination (UV method, R-Biopharm AG,
Darmstadt, Germany) was used to detect the content of starch.
Minerals were determined by atomic absorption spectrometry
after dry ashing of the samples (Unicam Solaar 116, Thermo,
Dreieich, Germany).

Statistical Analysis

Analyses were performed with the statistical software SAS (SAS
Institute, Cary, NC, USA), using SAS enterprise Guide 7.1. Data
were tested for normal distribution. If normal distribution was
given, one-way analysis of variance (ANOVA) was used for the
parameters BW, average daily weight gain (AWDG), average
daily feed intake (ADFI), and feed efficiency (gain-to-feed ratio,

TABLE 4 | Body weight (BW, mean =+ SD), average daily weight gain (ADWG,
mean + SD)', average daily feed intake (ADFI, mean & SD)', and feed efficiency
(G:F, mean + SD)' during feeding cycle 1 (FC1).

Item CON? BC 12 BC 22 p-Value
BW dO kg 6.95 + 0.88 6.83 £ 1.57 6.87 £ 1.17 0.986
BW di11 9.58 + 1.20 9.85 £ 2.23 9.52 +£ 1.39 0.935
ADWG g/d 239 + 51.3 274 + 64.1 244 + 47.2 0.319
ADFI 257 +£ 67.4 297 + 65.9 281 £+ 38.1 0.500
G:F® kg/kg 0.861 +£0.128 0.734 + 0.102 0.715 £ 0.041 0.692

"Mean value over the first 10 days of FC1.
2Number of animals per treatment n = 6.
3Feed efficiency calculated as gain per feed.

G:F). For non-normal distributed data, initially, the Kruskal-
Wallis-test was used and in case of significant differences between
the groups, the Wilcoxon-test was performed for pairwise
comparison between two groups. Statistical evaluation of the
parameters ATTD of nutrients and DM content in feces was
carried out by using two-way ANOVA. Differences were taken
to be statistically significant when p < 0.05.

RESULTS

Average Daily Feed Intake, Average Daily
Weight Gain, and Feed Efficiency

Feed intake and body weight increased continuously throughout
the trials in all groups, from an average of 278 4 57.7 to 1997
=+ 312 g/d and from 6.96 + 1.21 to 62.3 £ 8.07 kg, respectively.
Tables 4-7 show mean BW, mean ADWG, mean ADFI, and
mean G:F of the groups for feeding cycles 1 to 3 (FC1-3) and trial
2. BW did not differ significantly throughout the trials. Only in
the fourth week of the fattening period was ADWG significantly
higher for both biochar groups (group B + 25.8%, group C +
34.7%) compared to the CON, but considered over the entire 4
weeks, the ADFI between the groups did not differ significantly
(CON: 1022 + 233 g/d; BC 1: 1118 £ 221 g/d; BC 2: 1118 £ 227
g/d). No significant differences were found in relation to ADFI
either. In trial 2, the ADFI was 1676 + 466 g/d (CON), 1801 +
239 g/d (BC 1), and 1835 + 160 g/d (BC 2), respectively. The
results of the G:F appeared to be inconsistent but do also not
differ significantly. The G:F in trial 2 was 0.550 & 0.036 (CON),
0.550 + 0.015 (BC 1), and 0.547 =£ 0.020 (BC 2), respectively.

Apparent Total Tract Nutrient Digestibility

The evaluation of the digestibility study revealed that ATTD
of DM, OM, EE, CE and NfE was higher in both biochar
groups than in the control group. Particularly ATTD of EE
(CON: 70.8°%, BC 1: 75.8°%, BC 2: 77.7°%; p < 0.001) and CF
(CON: 30.8°%, BC 1: 38.4%%, BC 2: 40.4*%; p = 0.004) were
significantly lower in CON. ATTD of CP was higher for BC
2 compared to CON, but in BC 1, it was neither significant
different to CON nor to BC 2 (CON: 81.0°%; BC 1: 82.4%°%; BC 2:
84.2%%; p = 0.023). For the ATTD of major and minor elements,
namely phosphorous, calcium, iron, copper, zinc, and selenium,
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TABLE 5 | Body weight (BW, mean =+ SD), average daily weight gain (ADWG,
mean + SD)', average daily feed intake (ADFI, mean + SD)', and feed efficiency
(G:F, mean + SD)" during feeding cycle 2 (FC2).

Item CON?2 BC 12 BC 22 p-Value
BWd14 kg 11.2 £ 2.32 10.6 £ 1.72 10.7 £ 113 0.824
BW d25 18.2 + 4.04 17.8 £ 2.30 17.0 £ 2.87 0.815
ADWG g/d 638 + 164 661 £+ 75.1 573 £ 173 0.562
ADF| 765 + 208 823 + 118 693 £+ 150 0.406
GF® kg/kg 0.758 £ 0.062 0.842 + 0.079 0.685 + 0.062 0.808

" Mean value over the first 10 days of FC2.
2Number of animals per treatment n = 6.
3Feed efficiency calculated as gain per feed.

TABLE 6 | Body weight (BW, mean =+ SD), average daily weight gain (ADWG,
mean =+ SD)', average daily feed intake (ADFI, mean =+ SD)', and feed efficiency
(G:F, mean + SD)' during feeding cycle 3 (FC3).

Item CON? BC 12 BC 22 p-Value
BW  d28 kg 205+ 306 187 +£287 205+ 471 0.644
BW  d39 208+ 380 288+ 4.41 316+6.90 0.665
ADWG g/d 850 + 166 918 £ 179 1006 + 231 0.400
ADFI 1171 £208 1147 £204 1318 £298  0.431
G:Fe kg/kg 0.645 4+ 0.080 0.732 + 0.048 0.801 + 0.128 0.188

" Mean value over the first 10 days of FC2.
2Number of animals per treatment n = 6.
SFeed efficiency calculated as gain per feed.

TABLE 7 | Body weight (BW, mean =+ SD), average daily weight gain (ADWG,
mean =+ SD), average daily feed intake (ADFI, mean + SD), and feed efficiency
(G:F, mean + SD) during trial 2 (T2).

ltem CON' BC 1! BC 2! p-Value
BW d?0 kg 316 +£718 31.8+278 326 +575 0.943
d28 60.2 £ 13.1 629 £3.88 63.6+509 0.761
ADWG T2 mean?® g/d 1022 + 233 1118 £+ 221 1118 £ 227 0.424
ADFI T2 mean 1676 + 466 1801 £+ 239 1835 + 160 0.576

G:F*  T2mean kg/kg 0.550 + 0.036 0.550 + 0.015 0.547 + 0.020 0.983

" Number of animals per treatment n = 6.
2d, experimental day of T2.

3T2 mean, mean value over the entire T2.

4 Feed efficiency calculated as gain per feed.

few significant differences were found. ATTD of phosphorous
and calcium was significantly higher in both biochar groups
compared to CON (p < 0.001 and p = 0.017, respectively) and
ATTD of zinc and iron was higher in BC 2 in contrast to the other
two feeding groups (p < 0.001 and p = 0.036, respectively).

The results of the digestibility study are shown in Table 8 and
Figure 2.

Dry Matter Content of the Feces
For calculating the digestibility, the DM content of the feces
(DM¢eces) was determined (Table 9). Results showed that DM,

TABLE 8 | Apparent total tract digestibility (ATTD, %) values of dry matter, organic
matter, macro, and micro nutrients in piglets (N = 54).

ATTD of CON! BC 1! BC 2! p-Value
DM 82.9° + 2.8 8572 £ 2.1 87.12 £ 24 < 0.001
oM 83.8° +2.8 86.5% £ 1.9 87.92 +£23 < 0.001
CP 81.0° + 4.1 82.4% 4 3.6 84.2% + 3.4 0.046
EE 70.8° + 3.6 75.8% + 3.1 77.7% £ 3.1 < 0.001
CF 30.8° + 13.4 38.4% + 8.2 40.42 +12.2 0.036
NfE 89.1° + 2.1 91.5° £ 1.3 92.6% + 1.5 < 0.001
P 71.68° £ 3.0 75.32 £ 5.0 77.3%2 +£43 < 0.001
Ca 79.9% + 6.2 84.12 £ 6.9 83.5%2 + 7.5 0.146
Fe 1262 £ 7.4 13.6% £ 9.0 19.8% £ 10.6 0.054
Cu 21.52 £ 6.3 16.12 £ 9.2 21.12 £ 10.8 0.141
Zn 14.4° + 9.3 18.3° + 7.1 26.08 + 11.9 0.002
Se 68.72 £ 8.0 7212 + 9.1 70.18 £ 13.7 0.626

" Number of replicates n = 18 per treatment.
ab.cSuperscripts indicate significance. Means in the same row with common superscripts
are not significantly different.

differed between CON and the BC treatments (CON: 25.3%%, BC
1: 27.9%%, BC 2:29.1*%).

DISCUSSION

The use of biochar in livestock farming as a feed supplement
has been increased to improve animal health, increase nutrient
intake efficiency and thus productivity (Schmidt et al., 2019). Few
studies have reported the effect of biochar as a feed ingredient in
diets for pig production (Chu et al., 2013a; Kim et al., 2017; Sivilai
et al., 2018). In the present study, the effects of two different
biochars (produced from beech, larch, spruce, and oak and only
oak, respectively) on the performance, e.g., bodyweight gain, feed
intake, and feed efficiency as well as on the nutrient digestibility
in growing pigs were of particular interest. Biochars used as a feed
supplement in various studies are commonly derived from wood
and many other types of biomass (Schmidt et al., 2019). In order
to facilitate comparability with future and existing studies, the
biochars were characterized in advance regarding BET-surface
area, surface energy and C-content, inter alia. Regarding surface
energy the two biochars showed similar results (26.3 and 22.5
mN/m, respectively). Surface energy is a parameter describing
how well a surface is wetted by liquids. Therefore, it can be
assumed that the two biochars are distributed in the chyme
(liquid with a high viscosity) in a similar way.

When evaluating the performance parameters, the outcome
of the current study showed that ADWG, ADFI and G:F of the
groups (groups 1, 2, 3 and groups A, B, C, respectively) did
not differ significantly neither in trial 1 nor in trial 2. Similar
results were obtained by Kupper et al. (2015), who observed no
negative impact on growth performance when young pigs were
fed diets containing 3% commercial biochar for 28 days. The
biochar treatment did not reveal any significant differences in
daily weight gain, feed consumption, and feed conversion rate
compared to the control group that received the feed without
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FIGURE 2 | Apparent total tract nutrient digestibility (ATTD %) of DM, OM, and macro nutrients in growing pigs depending on the treatment (N = 54, n = 18). CON,
control diet (no addition of biochar); BC 1, Biochar 1 (diet containing 2% biochar 1); BC 2, Biochar 2 (diet containing 2% biochar 2). Different letters (a, b, c) show
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TABLE 9 | Dry matter content of feces (g/kg, mean + SD) in piglets (N = 54).

Treatment p-Value
CON' BC 1' BC 2!
2530 + 254 2792 + 33.2 2912 + 29.6 <0.001

1 Number of replicates n = 18 per treatment.
abgyperscripts indicate significance. Means in the same row with common superscripts
are not significantly different.

the biochar containing supplement. Whereas Chu et al. (2013b)
showed in finishing pigs (79kg BW to slaughter weight) an
increase in daily weight gain of 14.5 and 8.20% and an improved
feed efficiency of 14.9 and 11.7% when adding 0.3 and 0.6%
bamboo charcoal, respectively. Not only the lower charcoal
concentration but also the higher weight of the animals (79-
116 kg) and the use of bamboo charcoal which is said to have a
different structure of micropores than wood charcoal (Chungpin
et al., 2004), make a comparison between the studies difficult.
The ADFI, which was not different between the groups in both
trials, indicated that the two biochars did not negatively affect the
palatability of the fodder. This goes in line with several studies
in fattening pigs, where adding 0.3 and 0.6% charcoal to the diet
had no effect on ADFI (Choi et al., 2012; Chu et al., 2013a,b).
Nevertheless, contrary findings were observed by Erickson et al.
(2011) who showed a decreasing acceptance of the feed with
increasing concentrations of activated carbon in lactating cows.
However, the evaluation of the effects of the two biochars on
the performance parameters is also complicated by the lower
CP content of the biochar diets (CON: 19.4% DM, BC 1: 18.0%
DM; BC 2: 17.7% DM). In swine diets, not only the total protein
content but also the lysine content is of particular interest,
as lysine is the first limiting amino acid in pigs. The lysine
requirement is expressed as lysine intake per day (National

Research Council (NRC), 2012). In the present trials, the average
daily lysine intake (g/d) did not differ significantly in any period
between the groups, so that the different protein levels should be
negligible. Effects on digestibility due to differences in the diets
also have to be considered. The increased ATTD of CP in BC 2 by
3.80% compared to CON could have been caused by different CP
contents, as Li et al. (1993) found an increased ileal digestibility
of CP for decreasing dietary levels of CP from 25.5 to 16.5%.
Shi et al. (2018) confirmed this effect in terms of apparent fecal
protein digestibility in a diet containing 100 g/kg CP compared
to diets containing 130 and 160 g/kg CP, but found no differences
between the two diets higher in protein content. This indicates
that the higher ATTD of CP in this study is not attributed to
different dietary protein levels. With regard to OM, EE, CF, and
NfE contents, the three diets differ only marginally.

In general, the present results are in fair accordance with the
existing data on nutrient digestibility in piglets. Comparing the
values obtained by Slama et al. (2020), who fed a barley and soy
based diet to piglets, with the results of CON for ATTD of DM
(82.9 vs. 82.9%), OM (85.2 vs. 83.8%), and CP (80.5 vs. 81.0%)
there are only minimal differences. Likewise, the ATTD of Ca
and P in FC 2 (80.3 and 74.0%, data not shown) are in perfect
agreement with the results obtained by Dersjant-Li et al. (2017).
In their study, piglets with an initial BW of 11 kg digested 77.3%
of the calcium and 73.6% of the phosphorous in a wheat based
diet, and 81.3% of the calcium and 75.8% of the phosphorous in
a corn based diet, respectively.

To the best of our knowledge, the literature on the effects
of biochar on digestibility is limited. Kim et al. (2017) showed
that by using an in vitro design, that the supplementation of
0.25% organic medicinal charcoal to a pig feed improved the
digestibility of DM and OM in comparison to the basal diet
without charcoal by 4.9 and 3.9%, respectively. In the present
study, differences in the ATTD mainly existed for macronutrients
but only exceptionally for minor nutrients. The increased ATTD
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of OM, CP (only in BC 2), EE, CF, and NfE also led to
an increase in DM digestibility in BC 1 and BC 2 although
biochar as an inert substance cannot be digested (Cooney,
1995). Despite the fact that standardized ileal digestibility (SID)
of CP, which takes into account endogenous protein losses,
has a greater validity than the ATTD of CP in pig nutrition
(Sauer and Ozimek, 1986), only the ATTD could be referred
to due to the study design and lack of information regarding
basal endogenous protein losses in diets containing biochar.
However, the endogenous losses bias the digestibility especially
in the case of low protein levels (<170.7g CP/kg DM; Fan
et al.,, 1994) and, additionally, poor protein quality in particular
leads to differences between ileal and fecal digestibility values
(Mosenthin et al., 2000).

It can be assumed that biochar effects the digestive processes
in the large intestine, as it has been shown that biochar can
influence the intestinal microflora (Chu et al., 2013b; Kim et al.,
2017; Terry et al, 2019) and bacterial populations in general
(Pietikdinen et al., 2000; Thies and Rillig, 2009; Chen et al,
2014; Kappler et al., 2014). Furthermore, a comparison between
the processes in the (artificial) rumen and gastrointestinal tract
of pigs is possible as the microbes in the rumen and large
intestine of pigs, which are responsible for the breakdown of
plant fibers, are similar (Leser et al., 2002). In the study by
Saleem et al. (2018) on the effects of biocarbon on rumen
fermentation in an artificial rumen (RUSTIEC), the diet was
based on barley silage and treatments were 0, 0.5, 1, and 2%
biocarbon of substrate DM. With increasing biocarbon also the
disappearance of DM, OM, CP, ADF, and NDF linearly increased.
The greatest difference was found for the disappearance of ADF
from 29.9 to 38.2%, which is an increase of 21.7% between
the control and 2% biocarbon. The ATTD of CF in this study
could be improved by 23.8% due to the addition of 2% biochar
2. Chemically, the two parameters CF and NDF are similar.
The first includes insoluble parts of cellulose, hemicellulose
and lignin, the latter, soluble and insoluble cellulose and
lignin (Paloheimo, 1969; Van Soest et al., 1991). Anyway,
both describe fractions of cell wall components and cannot
be degraded by endogenous enzymes but only by microbial
processes (Van Soest et al., 1991).

Another effect of the biochar was noticeable in terms
of DMgs that was elevated by 9.31% (BC 1) and 13.1%
(BC 2), respectively. In male fattening turkeys 0.2% dietary
charcoal increased dry matter content in the litter by 6.81
percentage points (Hinz et al., 2019). Even though the underlying
mechanisms are not fully understood, it seems plausible that
biochar has been used successfully for centuries as a household
remedy against diarrhea (Schmidt et al., 2019).
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