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Abstract

This study evaluated the potential of red clover as a sole diet for house crickets (Acheta domesticus, AD) and the
effect of ensiling or drying red clover biomass on growth, survival and water consumption of AD. Wild AD were
caught near Uppsala, Sweden, and reared in a climate-controlled room under a 12-h light regime. One day-old
third-generation cricket nymphs (n=2,880) were used in a 56-day feeding trial. The experimental diets (n=8) were
early-cut (pre-bloom) and late-cut (late-bloom) red clover, preserved as frozen-fresh, dry-silage, haylage and hay,
and a control diet. All clover diets were fed as sole diets with salt block available ad libitum in every treatment.
Feed dry matter intake, feed conversion ratio (FCR, kg feed dry matter per kg weight gain), number and weight
of crickets and water consumption were recorded every five days. FCR was higher for late-cut than early cut-red
clover, but overall cricket weight and survival rate did not differ between cutting times (P=0.939). FCR, weight and
survival were not affected by forage conservation method. Total feed consumption was highest for red clover hay.
Crickets fed red clover diets had lower (P<0.01) weight and higher FCR than crickets fed the control diet, but their
survival rate was not different from that of control crickets during the first 25 days of life. Water consumption of
AD fed the control diet was about half that reported for pigs and poultry. Crickets fed on fresh red cover had lower
(P=0.04) water consumption compared with crickets fed dried or ensiled red clover, but ensiling did not reduce water
consumption compared with hay. Red clover cannot be recommended as a sole feedstuff for AD, but early and late-
cut red clover had similar effects. The possibility to partly include late cut red clover in cricket diets is interesting
from an ecosystem service perspective since the flowering crop will provide feed for declining populations of bees
and other pollinators.

Keywords: edible insects, water intake, forages, insect nutrition, flowering crop

1. Introduction

Introducing insects as human food is a rising trend in
Western cultures. The house cricket (Acheta domesticus,
AD) is a promising species for rearing as food for human
and animals, due e.g. to their high feed efficiency (Nakagaki
and DeFoliart, 1991; Wilkinson, 2011) and potentially
lower greenhouse gas emissions than other conventional
farm animals (Oonincx et al., 2010). AD have shown a
high-quality fatty acid and mineral composition (Finke,
2002; Finke and Oonincx, 2017) that meets most of the

nutrient requirements of adult humans (WHO, 2007).
Cricket protein is suggested to be of similar quality to soya
protein (Finke et al., 1989), with an amino acid profile
suitable for infants (Makkar et al., 2014). Adult AD has
similar concentration of crude protein compared to beef,
600 vs 550 g/kg, lysine 35 vs 45 g/kg methionine+cystine
15 vs 22 g/kg and iron 66 vs 60 mg/kg and higher fat 220
vs 40 g/kg and energy 4,523 vs 2,820 kcal/kg in dry matter
(Finke et al., 2002; Makkar et al., 2014). Since AD exist
naturally in Europe (https://www.gbif.org/species/1718308),
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they are likely to pose a low risk to local flora and fauna if
reared in large-scale facilities.

When investing in new food production systems, it is of
paramount importance not to use foodstuffs suitable for
humans as animal feed or create systems that rely heavily
on transportation and import of feeds (Berggren et al.,
2019). As AD can utilise food by-products and forages, it
is possible to rear this species in ways that do not compete
with humans for food sources (Caparros Megido et al.,
2016; Miech et al., 2016; Tyree et al., 1976). Field crickets
(Teleogryllus testaceus) reared in captivity and fed diets
including one single agricultural by-product (tops of
cassava, Manihot esculenta) or weed (purple cleome,
Cleome rutidosperma) displayed similar growth and feed
efficiency to individuals reared on poultry feed (Miech
et al., 2016). Poultry feed is commonly used in cricket
rearing, but cannot be regarded as a sustainable feed, as
this does not exploit AD’s ability to utilise lower value
organic materials (Berggren et al., 2019; Miech et al., 2016).
Tyree et al. (1976) has previously shown AD to grow well
on diets mainly consisting of grasses and legumes, namely
lucerne (Medicago sativa). The leguminous species red
clover (Trifolium pratense) is a commonly used ruminant
feed in Europe. Its nutritional profile (Sheldrick et al., 1987)
and the fact that AD is a generalist feeder indicate that
clover could also be suitable for crickets. For ruminants,
red clover is usually grown in mixture with grasses and
therefore harvested in early bloom for optimum nutritional
quality of the forage (Bosworth and Stringer, 1996). If AD
can utilise red clover harvested at a late growth stage, the
longer blooming period would provide feed for declining
populations of bees and other pollinators (Bommarco et
al., 2012) without losses in dry matter yield (Wilsie and
Hollowell, 1948) as the dry matter accumulation is at its
highest at 20-40% bloom stage (Wiersma et al., 1998). In
addition, use of ensiled forage, which has much higher
moisture content than dry concentrate feeds, could
reduce the need for providing additional drinking water
for crickets. Drinking water availability has been shown
to significantly influence cricket growth (McCluney and
Date, 2009), but available information about the water
requirement of AD and suitable measuring techniques are
scarce (Van Huis et al., 2013).

The main aims of this study were to: (1) evaluate the
potential of using early-cut and late-cut red clover as a single
feed for AD; (2) evaluate the effect of red clover preservation
method (hay, haylage, silage or fresh frozen) on AD growth
and survival; and (3) estimate water consumption of AD fed
fresh red clover and red clover preserved as hay, haylage
or silage.

2. Materials and methods
Feeds and crickets

Wild house crickets (Acheta domesticus) were collected
from a location near Uppsala, Sweden, and reared at
Swedish University of Agricultural Sciences facilities under
climate-controlled conditions. Captured adult crickets were
individually grouped and reared to sufficient numbers over
3-4 generations. To prevent inbreeding, male and female
breeding animals raised in different family groups were
mixed for every new generation. Eggs for the experiment
were collected from a total of 120 females and 120 males,
by pairing one female and one male from different family
groups (n=20) in individual plastic boxes (W12 x D12 x H6
cm) that contained small containers with moist sand for
egg laying. The sand containers were kept in the boxes for
three days, after which the container was removed, capped
and left to incubate at 32 °C for 11 days.

Red clover (Phleum pratense, cv. Yngve) was harvested
from experimental fields at Robécksdalen research station,
Ume3, Sweden (63°35'N, 20°45E). Early-cut red clover
was harvested on 27 June at boot stage (before blooming
occurred) and late-cut on 31 July 2017 at late flowering
stage (end stage of blooming). The forage was cut by electric
handheld gardening shears and then chopped with a garden
shredder (Bio Master 2200; Stiga S.p.A, Castelfranco
Veneto, Italy). The chopped red clover was stored fresh
(frozen at -18 °C) or as wilted silage, haylage or dried hay.
Due to rainy weather at the harvesting times, both early-
cut and late-cut red clover had to be dried indoors for
silage, haylage and hay making. One portion of chopped
fresh forage was packed in 1-1 plastic ziplock freezer bags
and stored at -18 °C. The rest of the chopped forage was
wilted in a forced air cabinet at 50 °C to reach the required
dry matter (DM) concentration of approximately 40% for
silage and 55% for haylage. The latter two fractions were
ensiled without additives in 1-1 glass jars with a rubber
airlock. For hay, the forage material was dried for three
days in a forced air cabinet at 50 °C. After 100 days, the
silages were removed from the jars, packed into polythene
grip-seal bags and kept frozen at -20 °C. The aim was to
have silage and haylage from both harvests, but the late-cut
red clover silage and haylage ended up with similar DM
content and fermentation quality (pH, ammonia and VFA
concentration), and therefore only the haylage from the
late cut was used in the feeding experiment. The chemical
composition of the diets is shown in Table 1. Early-cut and
late-cut haylage had a similar DM content, but the pH was
slightly lower and the ammonia nitrogen (N) concentration
higher in early-cut haylage. The early-cut red clover had
higher crude protein (CP) and soluble CP concentrations,
but lower neutral detergent fibre (NDF) and acid detergent
fibre (ADF) concentrations, than late-cut red clover. The
control diet was in pelleted form (cold-pressed) and
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prepared from commercial wheat flour, oat bran, wheat bran
(Lantminnen Cerealia, Stockholm, Sweden), rapeseed meal
(Expro 00SF), calcium carbonate (CaCO,) and vitamin-
mineral premix (Lantménnen Lantbruk, Malmo, Sweden;
Table 2; Supplementary Material Table S1 and S2).

Experimental design and management

The experimental set-up comprised the control diet and
seven different red clover-only diets (Table 1): (1) early-
cut frozen fresh; (2) early-cut frozen silage; (3) early-cut
frozen haylage; (4) early-cut hay; (5) late-cut frozen fresh;
(6) late-cut frozen haylage; and (7) late-cut hay. There were
six replicates per diet, with each replicate consisting of 60
nymphs from 30 different parents. This resulted in nymphs
from every parent being represented in every replicate.
The nymphs were collected within a day after hatching,
using a handheld vacuum insect catcher (glass jar with two
silicone tubes attached to the lid, one for sucking out air
from the jar and the other sucks insects into the jar). The
experimental period lasted 56 days, which was when the
first nymphs reached adulthood. The study was terminated
and all live crickets were collected and frozen on day 62.
Two nymphs from all samples were collected on day 45 for
determining microbial communities and viral strains for
food safety analysis (Fernandez-Cassi et al., unpublished).

The rearing facility was kept at a constant temperature
of 31+1 °C, relative humidity (RH) 50-60% and a 12-h
lighting regime. The crickets in each replicate were kept
in transparent plastic boxes (W21 x D17 x H15 cm) with a
square hole (10 x 4 cm) covered by stainless-steel mesh for
ventilation. The boxes were placed on two different shelves,
with half placed on the lower shelf and half on the higher
shelf. All treatments were represented on both shelves. The
temperature difference between shelves was 0.7 °C. Water
was provided in 10 cm long plastic vials (@ 14 mm) with
cotton at the opening and the vials were changed every

Rearing house crickets on red clover

15 days. Feed was provided in plastic petri dishes during
the first 30 days and thereafter in conical feeders made of
galvanised steel netting (mesh size 3 mm) attached to petri
dishes. The conical feeders were evaluated beforehand to
ensure that they allowed free access to the feed from below
(through the netting). Plastic straws (L ~5 cm) and tubes
made of black polyethylene water piping (@ 25 mm) (Vaga
et al., 2018) were placed in the boxes to provide hiding
places and to allow the crickets to express their natural
hiding behaviour. Feed refusals were removed and new
feed provided every five days. Natural mineral salt blocks
(Albert Kerbl GmbH, Buchbach, Germany) were freely
available for all crickets.

Chemical analysis

Dry matter concentration was determined in feeds before
the start of the experiment and in feed refusals. Feed
refusals from replicates were pooled for chemical analysis.
Preliminary DM concentration in fresh forage, silage and
haylage samples was determined by drying at 60 °C for 24 h
and corrected for volatile losses. Final DM concentration

Table 2. Ingredients of the control diet.

Item g/kg dry matter
Wheat bran 308

Qats bran 296

Wheat meal 224

Rapeseed meal’ 150

CaCO,4 17.9

Premix? 4.0

" Expro 00SF.

2 Trace elements + vitamin premix (Lantménnen Lantbruk, Malmd, Sweden).

Table 1. Chemical composition of the control diet and of the early-cut (EC) and late-cut (LC) red clover diets.!

DM (g/kg) glkg DM

Item Ash CP NDF
Control diet 962 59 192 208
EC fresh frozen 103 120 217 313
EC silage 336 128 214 342
EC haylage 525 131 218 334
EC hay 939 123 199 332
LC fresh frozen 137 91 128 476
LC haylage 547 94 143 491
LC hay 946 88 130 489

Soluble N Ammonia N pH
(9/kg N) (mg/l)
ADF Starch
80 376 564 NA NA
200 20 581 14.1 5.6
219 19 848 268 4.25
225 20 731 234 4.79
227 19 569 NA NA
342 21 406 255 5.69
335 20 396 224 5.13
352 22 338 NA NA

DM = dry matter, CP = crude protein, NDF = neutral detergent fibre, ADF = acid detergent fibre.
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was determined for all feeds by drying at 105 °C for 16 h
and ash concentration was determined after incinerating
samples at 500 °C for 4 h (AOAC, 1990). All feeds were
analysed for CP and buffer soluble N fractions of CP (soluble
CP) with Kjeldahl nitrogen methods (Nordic Committee
of Food Analysis, 1979) using a 2020 Digestor and a 2400
Kjeltec Analyser Unit (FOSS Analytical A/S, Hillerod,
Denmark). The feeds were analysed for NDF and ADF with
heat stable a-amylase and sodium sulphite (Mertens et al.,
2002), using the filter bag technique in an ANKOM?200 Fiber
Analyzer (Ankom Technology Corp., Macedon, NY, USA).
The frozen silage and fresh forage samples were thawed
and pressed, and the pH in the liquid was measured with
a calibrated pH meter (Metrohm, Herisau, Switzerland)
and further analysed for volatile fatty acids and lactic acid
(Ericson and André, 2010). Ammonium-N content in silage
was determined by direct distillation after adding MgO,
using a Kjeltec 2100 Distillation Unit (Foss Analytical A/S).

Calculations and statistical analysis

The crickets were weighed inside their box after removing
all other items (feeder, water tube, feed, frass) from the
box. The weight of the box was deducted and the total
weight of crickets was divided by the number of crickets
to get the average weight of individual crickets. Feed DM
consumption was calculated as the difference between
amount of feed DM administered and refusal DM after
every five days. The late-cut red clover hay had a high
proportion of fine particles that were difficult to completely
separate from faeces, resulting in small losses of feed, and
therefore the DM consumption values for this feed are
most likely overestimates. Natural logarithm of weekly
weight gain was plotted against time (days) and then the
slope multiplied by 100% to calculate crickets growth rate
as percentages per day. Feed conversion ratio (FCR) was
calculated as g feed DM consumed per g weight gain. Total
mean feed DM consumption was divided by mean cricket
weight at day 56 (day 45 for early-cut fresh red clover). The
ECR for each five-day period was calculated only for the
first 45 days for red clover treatments, due to low survival
and growth after this stage.

Water consumption of the crickets was calculated by
measuring the total water disappearance from the water
vials in the treatment boxes and subtracting the water
lost by evaporation. The water vials were weighed every
five days, at the same time as the feed and the crickets.
As evaporation controls, eight water vials were placed
separately in plastic boxes without crickets and these
boxes were placed between the treatment boxes. The
evaporation control vials were weighed daily and changed
every 15 days, at the same time as the water vials were
changed in the cricket boxes. The daily reduction in water
from the evaporation control vials was used to estimate
normal evaporation rate. The coefficient of variation (CV)

of evaporation rate from control water tubes measured
daily was 18.7%. All weighing (feed, water, cricket boxes,
etc.) was performed on the same balance (+2 mg; OHAUS™
Explorer™; Thermo Fisher Scientific Inc., Gothenburg,
Sweden).

The data were analysed by ANOVA, using the MIXED
procedure in SAS (version 9.4, SAS Institute Inc., Cary,
NC, USA). Least square means of survival rate, weight,
feed and water consumption and FCR between diets at
day 45 and 62 were estimated using the statistical model:
Yij = o+ Fj 5+ dit ey

where Y, is a dependent variable and p is the overall mean
of observations, F; is the effect of diet, s; is the random
effect of box location on the shelf (location of the cricket
box in the room: lower or upper shelf), d is the random
effect of sampling day and ey is the random residual error.
Comparisons of red clover cutting times and treatment
effects on survival rate, cricket weight, feed and water
consumption and FCR were made using the statistical
model:

Yi=u+ C + Tj + CiTj + 5+ e
where Y, is a dependent variable and p is the overall mean
of observations, C; is the effect of cut, T;is the effect of
preservation method of feed (fresh, silage, haylage or hay),
CTjis the interaction effect of cut and treatment method,
s, is the random effect of box location on the shelf and €k
is the random residual error. The model was corrected for
multiple comparisons by Tukey-Kramer adjustment. The
overall effects of feed cutting time and conservation method
on survival rate and weight gain were compared by the
same statistical model, with time points treated as repeated
measurements. Least square means of CP, sCP, NDF and
ADF concentrations in feed refusals were compared against
concentrations in original diets (day 0) using ANOVA and
Tukey contrast (models included day and diet). Differences
were declared statistically significant at P<0.05.

3. Results
Feed intake and refusals

Daily DM intake per cricket was not different between red
clover diets during the first 40 days (Figure 1). However,
both harvesting time and conservation method had an
effect on total feed DM intake.

By day 56, total DM intake was lower (P<0.001) with early-
cut red clover than with late-cut, and it was lower (P=0.001)
with silage than with hay (Table 3). For the control diet,
daily DM intake was consistently (P<0.001) higher than
for the other diets from day 9. During the first 20 days, the
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Figure 1. Average daily dry matter (DM) intake of crickets fed
a control diet, early-cut red clover (EC) and late-cut red clover
(LC) and red clover diets conserved as fresh (frozen), silage,
haylage or hay.

five-day FCR (g feed DM/g weight gain) was on average
1.9 (SD=1.11), with no differences between red clover diets
(Figure 2). After day 20, the FCR increased rapidly to an
average of 5.5 (SD=2.79) for all red clover diets. The FCR
for the control diet was on average 0.9 (SD=0.13) during
the first 25 days, but increased to on average 1.8 (SD=0.27)
from day 30 to day 56. Overall, total FCR for red clover
forage was 4.6 by day 56, whereas with the control diet it
was 1.5 (Table 3).

Chemical concentration of diets and feed refusals was
measured in pooled samples and therefore statistical
comparison was not performed for individual diets, but only
between diets and refusals (Table 4). On average over all
diets, the feed refusals from first 20 days and 20-45 days had
similar CP concentration as original diets (day 0). Soluble
CP concentration was on average 13% lower (P=0.001) in
feed refusals compared to original diets. The NDF and ADF
concentrations in feed refusals were on average 31% and

Rearing house crickets on red clover
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Figure 2. Average feed conversion ratio (FCR; g feed dry matter
(DM) per g cricket liveweight produced) for consecutive five-
day periods in crickets fed a control diet, early-cut (EC) and
late-cut (LC) red clover-only diets conserved as fresh (frozen),
silage, haylage or hay.

22% greater (P<0.001), respectively, than in the original
diets. On three occasions, visible mould was observed on
feed refusals on early cut fresh red clover samples.

Growth

Already from day 9, the average cricket weight was higher
(P<0.001) in the control group than in the red clover diet
groups (Figure 3). At day 56 the average weight of control
crickets was 145 mg (SD=55) whereas the average weight
of crickets fed red clover diets was 29 mg (SD=16), with
crickets fed late-cut fresh red clover being heavier (40 mg;
P<0.001) than crickets fed the other red clover diets. During
the first 20 days, the average growth rate of crickets fed
red clover diets remained steady (R=0.99) at 11%/day
(SD=7.0), compared with 14%/day with the control diet
(Figure 3). However, after 20 days the average daily growth
rate decreased to a steady (R=0.99) average of 4.5%/day

Table 3. Total dry matter intake (DMI, mg/cricket), weight gain (WG, mg/cricket) and feed conversion ratio (FCR, g/g) in Acheta
domesticus fed early-cut or late-cut fresh or conserved red clover-only diets for 56 days.

Item Control Early-cut Late-cut SEM! P-value?
Fresh Silage Haylage Hay Fresh Haylage Hay CvsRC ECvsLC Silage Haylage
vshay  vshay
DMI (mg) 219 NAS 77 84 100 135 17 164 195  <0.001 <0.001 0.001 0.016
WG (mg) 145 NA 24 30 31 40 22 25 9.7  <0.001 0.939 0.722 0.839
FCR (g/g) 1.5 NA 42 3.1 4.7 35 6.1 6.1 0.77  0.001 0.013 0.241 0.373

1 Standard error of mean (n=36).

2 vs RC = significance of effect between control and red clover diets; EC vs LC = effect of harvest time (early vs late cut); significance of effect due to conservation

method (silage vs hay or haylage vs hay).

3 Data not available. Treatment ended at day 45 due to low survival rate and data for day 56 can therefore not be presented.
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Table 4. Mean concentration of crude protein (CP), soluble crude
protein (SCP), neutral detergent fibre (NDF) and acid detergent
fibre (ADF) in diets (day 0) and in feed refusals on day 20 and
45. Values presented are g/kg dry matter.

Item Diets Feed refusals SEM! P-value?
Day 20 Day 45 Diet vs
refusals
Crude protein (CP) 180 178 182 1.3 0.991
Soluble CP 554 479 482 325  0.001
NDF 373 481 495 20.2  <0.001
ADF 248 298 308 236  <0.001

1 Standard error of mean (n=24).

2 Significance of difference between least squares means of diets and feed
refusals on days 20 and 45.

160
140 -

——EC fresh

——EC silage
EC haylage
EC hay

—=—LC fresh

1 ——LC haylage

{ —=LC hay

| — Control

Weight (mg/cricket)
sl s EE

0

0 5 10 15 20 25 30 35 40 45 50 55
Days
Figure 3. Weight (mg) of crickets fed a control diet, early-cut

(EC) and late-cut (LC) red clover-only diets conserved as fresh
(frozen), silage, haylage or hay.

(SD=0.55) with red clover diets and 6.5%/day growth with
the control diet until day 56. Only in the control group some
crickets (~4%) had reached maturity by day 56.

Survival

Mortality was highest in the beginning of the experiment,
with 17-41% of the 60 nymphs per sample lost within the first
five days (Figure 4). During the first five days, crickets fed
early-cut fresh red clover had a lower survival rate (P<0.001),
and crickets fed early-cut silage and control diet had a higher
survival rate (P<0.05), than crickets fed the other red clover
diets.

Between days 5 and 30, the survival rate remained at 83% per
five-day period, with no differences between diets (2>0.05).
From day 30, the survival rate in all red clover diets decreased
to 49-76% per five-day period. The early-cut fresh diet was

100
——EC fresh  —=—LC fresh

80 ——EC silage ——LC haylage
= EC haylage ——LC hay
?B/ 60 EChay  — Control
©
S
= 404
>
(7p)

20

o
0 5 10 15 20 25 30 35 40 45 50 55
Days
Figure 4. Survival rate (%) of crickets fed a control diet and

early-cut (EC) and late-cut (LC) red clover diets conserved as
fresh (frozen), silage, haylage or hay.

terminated at day 45, when only 443 crickets per replicate
were still alive. On average, only 2-4 crickets per replicate
fed the red clover-only diets (not counting the two crickets
per replicate removed on day 45) survived until day 56. In
comparison, the survival rate of crickets in the control group
was on average 92% (SD=5.1) for every five-day period during
the whole study and an average of 22+2 crickets remained
alive on day 56. No difference (P=0.552) was found in average
survival rates, calculated for every five-day period, between
early-cut (77%, SE=3.8) and late-cut red clover (76%), or
between different conservation methods (P=0.57).

Water consumption

Daily water consumption per cricket was lower (P=0.012)
with fresh red clover compared with hay (Figure 5). On
average during the first 45 days, the daily water consumption
(per g cricket liveweight) with red clover diets was 0.72 ml/g
(SD=0.59).

——EC fresh  —=—LC fresh
=25 ——ECsilage ——LC haylage
EC haylage ——LC hay

EC hay — Control

DWC (ml/g liveweight
o

0 5 10 15 20 25 30 35 40 45 50 55
Days

Figure 5. Daily water consumption (DWC, ml) per g liveweight

by crickets fed a control diet and early-cut (EC) and late-cut

(LC) red clover-only diets conserved as fresh (frozen), silage,
haylage or hay.
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However, crickets fed late-cut fresh red clover and control
diet had lower (P<0.05) daily water consumption compared
with those fed the other red clover diets (0.47 and 0.41 ml/g
liveweight, SD=0.35, respectively). In total, by day 56, the
crickets fed the red clover-only diets consumed on average
20 ml (SD=9.3) and crickets fed the control diet 1.76 ml
(SD=0.37) of water per g liveweight (Table 5). Total water
consumption (ml/g liveweight) by AD was not different
between early-cut and late-cut red clover (P>0.05).

4. Discussion
Red clover as feed for AD

The main aim of this study was to evaluate the potential of
red clover-only diets to AD. Despite high feed intake and
relatively high CP concentration (>200 g/kg DM) in early-
cut red clover, the growth of AD on all red clover diets was
lower than on the control diet. Similarly, Tyree et al. (1976)
found that AD fed timothy or alfalfa as sole feeds for 28 days
had lower survival rate and lower average weight than
crickets fed a mixed diet. On the other hand, Miech et al.
(2016) showed that cassava tops and purple cleome (Cleorme
rutidosperma) can work as sole feed for field crickets. For
the first 25 days of life only small differences in survival rate

Table 5. Total water consumption per cricket (ml/g liveweight)
and water-consumption-to-feed ratio (W:F; feed dry matter) in
Acheta domesticus fed early-cut (EC) and late-cut (LC) fresh or
conserved red clover-only diets for 56 days. Means * standard
deviation.

Diet Water (ml/g liveweight) W:F ratio
Control 1.840.4 1.320.3
EC fresh’ NA NA
EC silage 19.547.6 BL1=2.3
EC haylage 15.7£15.3 34423
EC hay 29.1425.2 6.3£3.0
LC fresh 7.63.0 2.6+1.6
LC haylage 33.6+26.8 5.7+3.1
LC hay 20.3+18.2 2.5+1.3
SEM? 6.88 0.86
P-value®
Control vs red clover  0.010 0.002
Early vs late cut 0.295 0.377
Fresh vs haylage 0.041 0.052
Fresh vs hay 0.046 0.074
Silage vs hay 0.418 0.431

1 Data not available.
2 Standard error of mean.

3 Significance of effect between control diet and red clover diets due to harvest
time (early vs late cut) or conservation method (fresh vs haylage; fresh vs
hay; silage vs hay).

Rearing house crickets on red clover

were observed between the control diet and most of the red
clover diets (Figure 1). This indicates that red clover could
be included as a feed ingredient in the early growth period.
The exact growth-limiting factors in red clover as a feed for
AD require further study, but Tyree et al. (1976) found that
even 10% inclusion of concentrate feed in a forage-based
diet was sufficient to give same or even higher survival rate
and growth as in AD fed a concentrate only diet.

Although FCR was lower for early-cut red clover than for
late-cut, there were no significant differences in growth
and survival between the early-cut and late-cut red clover
diets. This shows that red clover used for feeding AD can be
harvested after the flowering stage. The CP concentration
was significantly lower in late-cut red clover than in early-
cut (Table 1), but was still above 13% of DM. McFarlane
(1964) found that growth of AD was not affected by CP level
with diets containing 10-50% CP. This adds an additional
value to red clover as a feed crop, as the flowering plants
can also provide feed for pollinators. The declining use
and early harvesting of red clover in modern agriculture
is contributing to loss of flowering habitats for insects
(Bommarco et al., 2012; Girdenfors, 2010). It is therefore
important to utilise any opportunity for late harvesting in
feed production. From an animal production perspective,
for AD it seems a viable option as there are benefits (or
no negative effects) of late-harvested feedstuffs for animal
growth, health or survival. Later harvesting generally also
means higher DM vyields and lower risk of rainfall during
harvest in Scandinavia (www.smhi.se; www.yr.no).

Effect of ensiling red clover

Ensiling is the dominant method for preserving forages over
winter for animal feed in most parts of the world. However,
production of organic and volatile fatty acids during the
fermentation process in ensiling decreases the pH and can
change the palatability of plant material (Chamberlain,
1987). This may explain the lower feed intake by AD fed
silage and haylage compared with individuals fed hay and
fresh diets (Table 3). Despite the lower DM intake, weight
gain was not significantly lower with silage and haylage,
leading to similar or even lower FCR than for red clover
hay. In addition, silage and late-cut haylage gave the highest
AD survival rate of all the red clover diets during the early
growth stage of AD (Figure 4). Degradation of material
during silage fermentation could make some nutrients more
easily digestible for the crickets. Ensiled forage has higher
concentration of soluble N, including free amino acids,
peptides and ammonia-N (Purwin et al., 2015), microbial
N and yeast (Elferink et al., 2000; Rooke and Hatfield, 2003)
than dried red clover hay. This indicates that fermented
silage, and possibly even highly degraded silage, could be
utilised as feed for AD. However, in this study there was
no apparent benefit of conservation methods with pre-
digestion (i.e. haylage or silage) on feed intake or FCR.
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The AD in this study seemed to eat selectively, since the
proportion of soluble CP was lower and NDF and ADF
were higher in feed refusals than in the original diet (Table
4). This means that softer and less fibrous parts (leaves) of
the red clover were eaten to a greater extent than stems.
Such selective eating behaviour would result in feeding
management issues, with the higher-quality parts of the
plants consumed first and the rest left as waste. In cattle
and other domestic animals, total mixed ration feeding is
practised partly to reduce selective feeding (Nielsen et al.,
2016). This method could also be useful in feeding crickets,
but would require relatively fine milling and possibly
pelleting of the feed mixture. These procedures might
also make nutrients in red clover stems more accessible
and improve utilisation. Despite the higher concentration
of soluble N in silage than in the other diets (Table 1), the
soluble N concentration in silage refusals did not differ from
that in the original diet (Table 4). This may indicate better
availability of non-soluble N fractions in fermented feed
or possible continued degradation of silage proteins after
exposure to air (Pahlow et al., 2003). Higher availability
of non-soluble nutrients in silage could therefore reduce
selective feeding and feed waste compared with dried
forages.

Feed conversion ratio

Due to low growth and survival of AD fed on red clover,
the high (>5) final FCR values cannot be compared with
those obtained for the control diet or to previous studies
(Table 3). Importantly however, the FCR of 1.5 in crickets
fed the control diet is comparable to that in other livestock
such as salmon, poultry and pigs (FCR 1.3, 1.8 and 3.0,
respectively) (Smil, 2002; Tacon and Metian, 2008) and
shows that AD can be reared with the same efficiency. A
slightly higher FCR of insects compared with other livestock
can be environmentally and economically sustainable if
it is achieved by feeding ecologically beneficial and low-
cost feeds (Collavo et al., 2015; Lundy and Parrella, 2015),
instead of using resources suitable for human food. It is
possible that AD can efficiently utilise a wide range of
organic materials, including weeds and food waste (Makkar
et al., 2014; Miech et al., 2016). During the first 25 days of
cricket development in our study, the FCR for red clover
diets (2.08) was around twice as high as for the control
diet (0.95). This supports the use of red clover as a dietary
ingredient for crickets, but detailed studies are needed to
understand the right the level of supplementation. While
FCRis good in comparing different diets, it does not inform
us about the sustainability of the feed. Other aspects such as
animal nutritional values, water consumption (Halloran et
al,, 2017) and ethical questions around mortality rates are all
highly relevant for cricket rearing. Low FCR can sometimes
be found with diets that have unacceptably high mortality
rates (Miech et al., 2016). The calculations in our study
did not take into account he dietary contribution resulting

cannibalism. Cannibalism is unlikely to have a large effect
since there were no significant differences in survival rate
between red clover and control diet during the first 30
days. Dietary ingredients and diet chemical composition
have strong effect on AD development, yet these effects
are poorly studied compared to other livestock. Lundy and
Parrella (2015) found strong correlation (R=0.96) between
AD growth and feed quality (based on protein and fibre
ratio and fat content), but in other studies correlations
between diet composition and crickets’ growth or survival
has not been clearly identified (Miech et al., 2016; Oonincx
et al., 2015; Orinda, 2018). Besides two studies where
sustainable cricket growth was achieved on plant-only
diets (Caparros Megido et al., 2016; Miech et al., 2016),
best growth results have been seen with broiler feed, food
waste or mixed diets containing animal proteins (Lundy
and Parrella, 2015; Nakagaki and DeFoliart, 1991; Patton,
1978). In our study the control diet was cereal based and
without any animal proteins. This may explain the slightly
longer development and lower final cricket weight in our
study compared to the previous studies. In addition, the
AD individuals used in our study reached a similar average
weight as in the study by Lundy and Parrella (2015), but
had a longer development time. The longer development
time and lower final weight compared with many other
studies (Oonincx et al., 2015; Orinda, 2018) can also be
partly explained by that crickets used in our study were
wild crickets not yet adapted for controlled climate and
feeding regime conditions. After additional generations
in captivity and selective breeding, the FCR in the wild
Swedish AD would probably decline.

Mortality

The seemingly high initial mortality rate of crickets in this
study (17-41%) is similar to previous studies. The first days
after hatching are usually associated with high mortality, e.g.
rates exceeding 20% during the first 5-7 days are common
(Collavo et al., 2005; Miech et al., 2016; Morales-Ramos
et al., 2018). This should be taken into account when
planning studies involving newly hatched insects. The
reason for the low survival on early-cut fresh red clover in
the present study is unclear. Feed intake was comparatively
high on this diet, so nutrient intake was probably not the
limiting factor. One reason might be altered microbial
growth on the thawed fresh frozen material. Bacterial and
fungal growth occurs fast in moist forages, especially in
humid and warm conditions, and can be harmful to the
animals (McDonald, 2011) This could explain the visible
mould detected on some of the feed refusal samples and the
low survival rate of crickets on early cut fresh red clover.
However, the survival rate on late-cut fresh red clover
was not significantly different from other red clover diets.
Early-cut red clover has higher polyphenol oxidase activity
than in late cut red clover and in other legumes (Lee et al.,
2009) which may reduce digestibility and affect survival
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rate of crickets. AD fed on lucerne diets (feed with a low
oxidase activity) have been shown to have higher survival
rates than in our study (Jones et al., 1995; Tyree et al., 1976).

The sudden decline in survival rate and in weight gain
with all red clover diets after day 25 may indicate changes
in metabolism or nutrient requirements of AD at certain
development stages, and an inability of red clover to fulfil
these requirements. Despite the smaller size of our crickets,
the changes in growth and survival rates correspond well
with findings by Patton (1978), who observed the highest
growth rate in AD at 25-32 days and suggested that the
species has the highest nutritional requirements during
this period. He therefore emphasises the need to provide
high quality nutritional diets for this growth period. Since
there were no differences in cricket mortality between
early-cut and late-cut red clover diets, it is likely that the
CP and NDF concentrations were not limiting factors.
Miech et al. (2016) compared a variety of plants and food
industry by-products as feed for field crickets and found no
general correlation between main feed components such
as CP, crude fat and crude fibre and cricket survival rate or
weight gain. Simpson et al. (2006) found that mass-moving
Mormon crickets (Anabrus simplex) clearly preferred and
spent more time eating protein diets (42% and 21% CP)
than protein-free carbohydrate diets. In contrast, Orinda
(2018) found that AD and Gryllus bimaculatus consumed
five times more rice bran with a lower CP content (19%)
than blood meal with high CP (87%) when given a free
choice of these two diets. In this study we found no dead
crickets in the boxes, but we were unable to determine
whether the dead crickets were cannibalised after their
death or whether predation occurred. To understand how
diet effects the frequency of cannibalism in cricket rearing
situations, more studies are required.

Drinking water requirements

The water consumption of crickets in the control group was
similar to that reported in earlier studies on AD (Roe et al.,
1980; Woodring et al., 1977), and based on body weight,
comparable to that of growing pigs and broiler chickens
(NRC, 1998; Williams et al., 2013). Based on NRC (1998),
growing pigs (30-40 kg bodyweight) require approximately
100 ml water per kg bodyweight daily and older pigs require
about 60-80 ml/kg bodyweight. In AD fed the control diet,
the calculated equivalent daily water consumption was
on average 305 ml/kg bodyweight during the first 30 days
and 73 ml/kg from 30-56 days of age. However, the water
consumed to produce 1 kg of AD (liveweight) was 1.84:1 (56
days), whereas pigs reared for 22 weeks, to about 110 kg,
would require approximately 4.6 1 to produce 1 kg liveweight
(total of 500 1). When we compared water consumption in
AD and broilers, we used water to feed DM intake ratio
(W:F; Table 5). For broilers, the W:F ratio is about 1.90-
2.02 (Williams et al., 2013) whereas for AD reared on our
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control diet it was 1.12 (SD=0.323). These results confirm
that water consumption of AD is low compared with that
of conventional livestock (Van Huis et al., 2013). However,
with lower feed quality and increased growing time, the
need for water would increase. In addition, the total use
of water for rearing would increase if the crickets’ need
for high relative humidity (~50%) is taken into account
(Clifford and Woodring, 1990).

The method we used to measure water consumption proved
useful to estimate drinking water requirement, but it was
not sufficiently precise (CV=19%) to detect small differences
between diets. The crickets were expected to consume less
water when fed fresh or ensiled forage compared with hay
and haylage, but water use was only significantly lower
with fresh forage compared with hay. However, subjectively
the water consumption with fresh forages and silages was
noticeably lower during the first 1-2 days after feeding,
when the feed was still wet or moist. This indicates that
when moist feed is offered in small quantities and in warm
conditions, an external water source might still be needed.

5. Conclusions

The results of this study indicate that red clover as a sole
feedstuff is not suitable for rearing house crickets, although
only small reductions in survival and growth were observed
during the first 20 days. This indicates that red clover can
have potential as a feed ingredient in the early growth
period. There was no effect of cutting time of red clover
on growth and mortality of house crickets, so late-cut (post
flowering) red clover can be used in cricket diet. Harvesting
feed material late would provide a flowering resource for
pollinators and improve biodiversity in the agricultural
landscape. Cricket growth and mortality were not negatively
affected by ensiling the red clover. This means that there
is no need to change existing harvesting and conservation
methods such as ensiling or drying. House crickets seem
to have a lower water requirement than pigs and poultry,
and feeding moist forages can further reduce (but not
eliminate) water consumption compared with dry feeds
like hay and haylage.
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Table S2. Chemical composition of Premix ‘Vaga’
(Lantméannen, Lantbruk, Malmdo, Sweden).
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