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Abstract

1. Herbivores adopt foraging strategies to maximize efficiency in diverse, resource-constrained environments. However, the
effectiveness of these strategies may be more constrained by their capacity for energy cost rather than their ability to acquire
resources. The swift utilization of resources during acquisition is crucial for optimizing energy conversion efficiency in animals.
Nonetheless, the energy expended in this process inherently limits food conversion efficiency (FCE), an aspect that remains
insufficiently explored in current research. 2. In this study, we introduced a concept framework that integrates harvest rate (HR)
and energy expenditures (EE) into evaluating herbivore FCE. Utilizing high-resolution tri-axial accelerometry within a grazing
treatments platform, we analyzed the behaviors of herbivores (Ovis aries) to determine the energy costs and time allocation
for both lamb and dry ewe groups. 3. Our analysis demonstrated an inverse correlation between HR and EE, exhibiting both
positive and negative influences on FCE. Notably, the impact of EE was more pronounced in larger-sized grazers (dry ewes),
while HR significantly influenced smaller-sized grazers (lambs). However, the interaction effects between these variables tended
to neutralize the variations in FCE observed across both groups. 4. Our research highlights how the behavioral patterns of
grazers, in terms of resource acquisition and relative energy costs, are pivotal in determining resource utilization efficiency.
Additionally, it reveals the trade-offs in these behaviors, which transition from being beneficial to restrictive as the body
grows. This finding substantiates the theory that the behavior of herbivores is a reliable predictor of their efficiency in resource
utilization.
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Abstract

Herbivores adopt foraging strategies to maximize efficiency in diverse, resource-constrained environments.
However, the effectiveness of these strategies may be more constrained by their capacity for energy cost
rather than their ability to acquire resources. The swift utilization of resources during acquisition is crucial
for optimizing energy conversion efficiency in animals. Nonetheless, the energy expended in this process
inherently limits food conversion efficiency (FCE), an aspect that remains insufficiently explored in current
research. In this study, we introduced a concept framework that integrates harvest rate (HR) and energy
expenditures (EE) into evaluating herbivore FCE. Utilizing high-resolution tri-axial accelerometry within a
grazing treatments platform, we analyzed the behaviors of herbivores (Ovis aries ) to determine the energy
costs and time allocation for both lamb and dry ewe groups. Our analysis demonstrated an inverse correlation
between HR and EE, exhibiting both positive and negative influences on FCE. Notably, the impact of EE was
more pronounced in larger-sized grazers (dry ewes), while HR significantly influenced smaller-sized grazers
(lambs). However, the interaction effects between these variables tended to neutralize the variations in
FCE observed across both groups. Our research highlights how the behavioral patterns of grazers, in terms
of resource acquisition and relative energy costs, are pivotal in determining resource utilization efficiency.
Additionally, it reveals the trade-offs in these behaviors, which transition from being beneficial to restrictive
as the body grows. This finding substantiates the theory that the behavior of herbivores is a reliable predictor
of their efficiency in resource utilization.

Keywords: harvest rate, energy expenditure, food conversion efficiency, tri-axial accelerometry, foraging
strategy

Introduction

Understanding the mechanisms underlying food conversion efficiency (FCE) is crucial in determining how
herbivores convert ingested resources into energy for growth, reproduction, and maintenance (Belovsky,
1986; Illius and Gordon, 1992; Oonincx et al., 2015; Roehe et al., 2016). A key aspect of this process is how
resource availability supplements the energy harvested by herbivores (Sollenberger et al., 2012; Vallentine,
2000; Venter et al., 2019). The uneven distribution of resources has prompted territorial herbivores to develop
time-minimizing strategies to balance physiological constraints from handling and digestion (Bergman et al.,
2001a; Zubieta et al., 2021). Thus, for field-grazing or wild herbivores, the time spent foraging becomes a
limiting factor in resource acquisition rates, subsequently impacting the rate at which food can be converted
into energy consumption. However, herbivores are not only limited by their ability to rate of acquiring energy
but also by their capacity to expend it efficiently (Hudson, 2018; Speakman et al., 2021). Thus, how both
harvest rate (HR) and energy expenditure (EE) collectively influence FCE in herbivores remains unclear
(Fig. 1).

The dynamics of foraging behavior and dietary intake in herbivores are intricately linked to the availability
and constraints of resources (Illius and Gordon, 1992; Pyke, 1984). This relationship plays a pivotal role in
shaping their energy acquisition strategies. In environments abundant with resources, herbivores primarily
focus on minimizing the time spent foraging, and optimizing their energy intake within the shortest possible
duration (Gross et al., 1995; Norberg, 2021). Conversely, scarcity of resources prompts a shift in strategy.
In this case, herbivores may extend their foraging time, thereby increasing their energy intake to meet the
necessary demands, albeit at the cost of reducing time for other vital activities (Bayliss and Choquenot, 2002;
Bergman et al., 2001a). Crucially, the adaptability of herbivores in altering their time strategy in response
to fluctuating resource availability is modulated by their energy consumption needs (Fig.1a). In each feeding
bout, grazers exhibit muscle contractions to sustain motion conservation, markedly affecting energy costs

2



P
os

te
d

on
19

A
pr

20
24

|T
he

co
py

ri
gh

t
ho

ld
er

is
th

e
au

th
or

/f
un

de
r.

A
ll

ri
gh

ts
re

se
rv

ed
.

N
o

re
us

e
w

it
ho

ut
pe

rm
is

si
on

.
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

au
.1

71
35

58
80

.0
03

43
42

9/
v1

|T
hi

s
is

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
-r

ev
ie

w
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

(Gleiss et al., 2011). The step-level foraging active (consuming energy cost) did not vary proportionally
to the time in foraging, as the intense and strength differed from thousands of biting activities each day
in response to the resources conditions (Fig. 1a), which accrued significant energetic cost over prolonged
period-ranging corrected to the interaction to the resources conditions (Shipley, 2007). Thus, the energy cost
not only consumes the physiological energy of herbivores but also reflects the strategies selection in response
to resource conditions which is linked to the how rate of grazers consume in the given time. However, how
the resource conditions varied in changing the relationship between EE and HR and further interaction on
FCE remains unclear.

The advent of bio-logging technology, specifically herbivores-borne bio-loggers, allows for the precise measure-
ment of movement and dynamic body acceleration on a fine temporal scale (Gleiss et al., 2011). Consequently,
this enables researchers to develop indices of EE that are directly tied to body movement (Gregorini et al.,
2008), as well as to calculate absolute values of EE that correlate with specific animal behaviors (Williams
et al., 2014).

Our research was conducted on a controlled grazing platform, tailored to minimize dispersal effects and focus
on the intrinsic dynamics of grazing (Bonte et al., 2012; Van Dyck and Baguette, 2005). We first examine
the relationship between HR and EE. It is hypothesized that a negative correlation exists between these two
variables; we anticipate that herbivores expend less energy and time harvesting when resources are abundant.
Conversely, we expect a rise in EE with diminished resource availability, reflecting increased foraging effort
(Fig. 1a). Our second objective was to investigate the influence of both HR and EE on FCE, considering
the physiological states of our two subject groups: lambs and dry ewes. We hypothesized that FCE in the
dry ewe group is more significantly impacted by EE with the assumption that energy costs scale linearly
with the metabolic body weight of herbivore ungulates (Hudson et al., 2013; Nagy, 2005). Despite facing
similar resource conditions in the grazing plots, we proposed that HR presents a greater challenge for the
lamb group, given the comparative inexperience and lower resource-harvesting efficiency of these younger
animals (Fig. 1b).

Materials and Methods

2.1 Study area

The present study was conducted in the northeast of Eurasian steppes, Xilinhot City, China. The area
experiences continental precipitation with an average of 350 mm (200-500 mm) over 30 years, with 60 to
70% falling between July and August. The average monthly temperature varies from -21.6 in January to 19.0
in July, annual mean temperature of 0.3. Approximately 150 to 180 days per year are considered favorable
for plant growth (Bai et al., 2010). The most prevalent plant species in the area are Stipa grandis P.A.
Smirn., and Leymus chinensis (Trin.) Tsvel. (Li et al., 2015).

2.2 Grazing treatments and plant survey

The manipulative experiment was conducted with all 15 plots consisting of three herd compositions: lamb
plots with light, moderate, and heavy grazing intensities, mixed lamb and dry ewe, dry ewe plots (Fig. 2a,
c). We individually fitted sensors to one lamb and one dry ewe in each lamb and ewe grazing plot, while
both a lamb and a dry ewe were fitted with sensors in each mixed plot. We monitored the accelerations of
17 sheep, comprising 11 lambs and 6 dry ewes, for a total of 53,280 tri-axis accelerations per sheep using
accelerometer loggers to collect the behavioral data of grazers.

To monitor vegetation resources quality and quantity, the above-ground biomass (AGB), five quadrats of 1
m2 were randomly placed within each plot on June 20th, August 15th, and September 10th, 2022. In addition,
the aboveground plants were collected and then oven-dried at 105 °C for 15 min and then at 65 degC for 48
h until constant weight. The nitrogen content in the dried plant samples was measured using the Kjeldahl
method and then multiplied by a conversion factor of 6.25 to obtain the crude protein content (CP) of the
plants (Sanna et al., 2019).

3
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2.3 Herbivores behavior monitoring

We selected sheep (Ovis aries; one of the most extensively kept livestock breeds in the grassland of Mon-
golia Plateau) attached with sensors to monitor the strength of actives (Fig. 2d). The accelerations
of sheep were monitored using accelerometer loggers from Druid Technology Co., Ltd (Chengdu, China;
https://www.ecotopiago.com). The collars were programmed to record three-axial acceleration at a fre-
quency of 25 Hz for 1.5s every minute (i.e., 37 data points per axis and 111 data points per ACC burst)
during the grazing period between the end of July and September. We conducted a correlation analysis
between the frequency tri-axial of acceleration obtained for 1.5 seconds and those obtained by the device
automatically calculating the values for every 6 seconds. The results showed a significant correlation, indi-
cating that the 1.5-second frequency can represent the animal’s behavior within that minute (Supplementary
Fig. 2).

The data obtained from the study were stored in a device containing an nRF52840 SoC (system on a chip)
that boasts a 64 MHz microprocessor, 1 MB Flash, and 256 kB RAM. The SoC features BLE (Bluetooth
Low Energy), which facilitates data transfer between the logger and personal cell phones over a range of
70 m. The device also incorporates a 3G module for data communication via the mobile network, as well
as sensors for capturing temperature and light intensity in addition to the three-axial ACC sensor. A solar
panel was fitted onto the logger to recharge a 200 mAh rechargeable lithium battery.

The acceleration data initially collected in millivolts was converted into gravitational acceleration units
(g), which represent the rate of change of velocity concerning gravity, using tag-specific calibration values.
Subsequently, each of the three signals was subject to individual smoothing through running means over a
period of 1.5 seconds. Following this, the corresponding smoothed data were subtracted from the unsmoothed
data for each axis. The resulting sum of all three axes yielded a value for the Overall Dynamic Body
Acceleration (ODBA) experienced by the animal given by

ODBA = |Dynamic acceleration (x)| + |Dynamic acceleration (y)| + |Dynamic acceleration (z)|

2.4 Behaviors classification

We utilized the XGBoost algorithm, a boosting ensemble algorithm that efficiently implements the Gradient
boosting decision tree algorithm (Van Soest, 2018), to classify sheep behaviors about energy expenditure
and foraging strategies. Specifically, we classified behaviors into grazing (feeding, walking-feeding, walking)
and nongrazing behaviors (standing, lying, ruminating-standing, ruminating-lying), as the ODBA was more
accurately related to the active status of animals. During the grazing period, actual observed behaviors
were conducted for 3-5 days every month, and we eliminated data with multiple behaviors or behavioral
changes within 1 minute to ensure the monotonicity of behavioral data (Wang et al., 2020). Ultimately, 2500
individual behavior segments (each segment lasting more than 30 s) were included for analysis.

We acquired 27 features from motion sensors using the ’rabc’ package (Yu and Klaassen, 2021), including
mean, variance, standard deviation, max, min, range, and ODBA for each ACC axis separately (denoted with
prefixx, y, z in the output data frame), except for ODBA. After filtration, we used 70% of the data combined
with actual observed behavior data to develop the behaviors classification model based on the XGBoost
algorithm. The remaining 30% was used to validate the classification filter and report the classification
accuracy. The results showed more than 90% accuracy for behavior classification (Supplementary Fig. 1a).
Similarly, using only ODBA as a classification criterion, we were able to accurately classify feeding behavior
(> 0.1 g) and non-feeding behavior (< 0.1 g) (Supplementary Fig. 1b).

2.5 Derivation of foraging parameters

2.5.1 Calculating the dry matter intake (DMI)

Sheep were weighed on June 20th, August 15th and September 10th to calculate DMI and energy expenditure.
We estimated the daily DMI of collared sheep by using the measured live body weight and previously derived

4
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relationships between live body weight data and daily intake from experimental trials of various studies for
farm ruminant animals (Van Soest, 2018), which was given by

DMI = M0.75(CF )

Where DMI is the dry matter intake (kg/day), M (kg) is the live body weight of the sheep, and CF is
a constant factor that represents the intake coefficient, which depends on the sheep’s physiological stage,
breed, sex, and environmental factors. Generally, the CF was selected as 3% of the body weight of sheep
(Van Soest, 2018). We computed the FCE by dividing the dry matter intake (DMI) by the body weight
gain. FCE is a measure of how efficiently an animal converts feed into body weight gain.

2.5.2 Calculating the energy expenditure

We calculated the EE of collared sheep using previously derived relationships between triaxial accelerometer
data and animals’ energetics from experimental trials of various types of animal species as well as farm
ruminant animals (Halsey et al., 2011; Miwa et al., 2015). The link between sheep energetics and collar data
is given by

VO2 = 15.139M0.794 + 38.467M0.835(ODBA)

r2 = 0.908

here VO2 (ml/min) amount of oxygen consumed over 1 min, and overall dynamic body acceleration ODBA
(g ) is the sum of the absolute value of each accelerometer axis summed over 1 min (Miwa et al., 2015).
Oxygen consumption was then converted to kilojoules expended per 20.46 J /ml (McLean, 1972). We then
estimated the sum of energy expenditure (kilojoules) as the sum of kilojoules expended per minute over each
1-min period between successive data collection.

2.5.3 Calculating the harvest rate

In this study, the rate of energy acquisition by grazers is quantified using the product of the harvest rate, as
described by Holling’s disc equation (a type II functional response), and the energy content of the harvested
resources (Brown et al., 2017). The formula for this calculation is given as

H =
αΕΡ

english(1+αR)

where α represents the probability of encounter, denotes handling time, R symbolizes resource abundance,
and E signifies the energy yield per unit of food. Considering the relatively small size of the grazing plots
(2 hectares), it is assumed that each herbivore individual encounters resources with uniform probability.
However, total resource availability varies, as the number of sheep units differs across plots (Fig. 2c).
Consequently, the resource abundance per plot (Rplot) is modified to:

Rplot =
1

SU
R

5
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Here, E is represented by the crude protein percentage (CP%) of herbage, and resource abundance is indicated
by the above-ground biomass (measured in grams). The handling time () is quantified through the use of
tagged sensors that record foraging time (in seconds). This leads to the revised equation:

H =
ERplot

(1 +Rplot)

2.6 Statistical analysis

In this study, we employed Ridge Regression to explore the connections between HR, EE, and FCE, address-
ing the multicollinearity issue evident between HR and EE. Ridge Regression, chosen for its L2 regulariza-
tion, effectively manages predictor intercorrelations in our small sample size with multicollinearity. A key
methodological step was determining the optimal regularization strength (alpha) through cross-validation
using RidgeCV. This algorithm automatically tunes alpha, searching logarithmically scaled alpha values to
minimize Mean Squared Error (MSE). To ensure model robustness, we conducted a sensitivity analysis,
focusing on variations in Root Mean Squared Error (RMSE) across different alpha values, indicating model
stability under varying regularization levels. The final Ridge Regression models for the Lamb and Dry Ewe
datasets were refined using alpha values from cross-validation. Model performance was evaluated based on
RMSE, which measures the standard deviation of prediction errors. Our analyses utilized Python’s sci-
entific computing libraries: Pandas for data manipulation, Scikit-learn for machine learning modeling and
cross-validation, and Matplotlib for visualizations.

Results

The HR and EE show a negative corrected relationship in lamb group (Y = -3E-06X + 1.3112; R² = 0.6613;
p < 0.001; Fig. 3) and dry ewe group (Y = -1E-06X + 1.5233; R² = 0.8539; p < 0.001; Fig. 3).

The FCE was negatively correlated with EE across all studied herbivores (Y = -7E-07X + 0.4145; R² =
0.8098; p < 0.001; Fig. 4a), and negatively correlated with EE in dry ewe group (Y = -4E-07X + 0.2963;
R² = 0.7152; p < 0.001; Fig. 4a), there was no significant association relationship in lamb group. The FCE
positively correlated with harvest rate in the lamb group (Y = 0.2266X + 0.0906; R² = 0.4214; p< 0.001;
Fig. 4b) and in the dry ewe group (Y = 0.3349X - 0.1943; R² = 0.8376; p < 0.00; Fig. 4b).

Using the ridge regression model, we found that FCE was more positively affected by the HR than negatively
affected by energy expenditure, and the interaction effects show slightly negative effects on FCE in the lamb
group (Fig. 5a). In the dry ewe group, we found that FCE more negatively affected by energy expenditure
than positively affected by the harvest rate, and the interaction effects show slightly negative effect but more
than that in lamb group (Fig. 5b)

Discussion

Grazing or wild herbivores meet their physiological requirements for growth and survival by rapidly harvesting
resources (Mysterud, 2006; Stigter and Van Langevelde, 2004), which serve as substrates for digestible and
utilizable energy (Kamra et al., 2012; Van Soest, 1996). Our study extended beyond merely assessing the
behavioral rate of resource acquisition to also include an evaluation of the functional costs associated with the
foraging process. Typically, the home range within which animals acquire resources is limited by their energy
expenditure (Fagan et al., 2013). By restricting the diffusion process using experimental exclusion plots,
grazers effectively minimized energy losses associated with searching for food. Consequently, our focus shifted
to examining the influence of individual behavioral characteristics on resource acquisition and corresponding
energy expenditures, specifically in terms of the feed conversion efficiency. Most vertebrates possess a digestive
storage organ like the stomach or crop to balance rapid food intake with slower energy utilization, indicating
that energy food harvest from their environment at a much faster rate than they can process and utilize it
(Speakman and Król, 2010).

6
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4.1 The contrasting relationship between HR and EE

Our findings confirm the hypothesis grazers increased energy investment in foraging results in a lower harvest
rate from available resources (Fig. 3), when herbivores optimize their harvest rate, akin to time-minimizing
grazers that prioritize high energy gain within shorter handling times (Bergman et al., 2001a; Hazen et al.,
2015), they also demonstrate a preference for energy efficiency. This is exemplified by the foraging behaviors
of wood bison, which balance residence time and patch quality for efficient energy utilization (Bergman et
al., 2001). The novelty of our study lies in illustrating that grazers’ foraging strategies encompass not only
a preference for harvest rate efficiency but also for optimizing energy expenditure.

The observed as the harvest rate increase a more pronounced decrease in energy expenditure in larger
herbivores compared to smaller ones (Fig. 3). Despite the lack of significant size-related differences in harvest
rates among grazers, larger sheep demonstrate notably higher energy consumption during foraging than their
smaller counterparts, ODBA does not directly measure variation in physiological performance “capacity” but
rather the combination of intrinsic physiological constraints and behavioral decisions made in a dynamic
environment (Payne et al., 2016), likely due to their overall posture and activity patterns (Chimienti et al.,
2020; Halsey et al., 2011). Furthermore, the impact of energy expenditure on harvest rate is markedly greater
in larger sheep, implying that smaller sheep exhibit higher foraging efficiency (Fig. 4). This conclusion is
drawn from observable differences in harvest rate and energy costs, highlighting behavioral distinctions in
foraging efficiency. Although, our study did not delve into physiological aspects such as digestive efficiency
in grazers, where higher basal metabolic rates might lead to increased energy consumption and thus reduced
foraging efficiency (Nagy, 2005; White et al., 2009). Regarding the differences of biting behaviors in response
to resources conditions larger herbivore due to their capacity for larger bite sizes, generally consume more
food (Spalinger and Hobbs, 1992; Wilmshurst et al., 2000). However, smaller grazers exhibit a higher relative
consumption compared to their larger counterparts in low-biomass grasslands. Smaller animals have shown
greater proficiency in maintaining high food intake in environments where resources are limited or dispersed
(Fortin, 2006). This efficiency is particularly notable in low productivity or patchy environments, where
smaller herbivores can sustain higher food intake levels more effectively than larger herbivores (Fortin, 2006).
This finding underscores the adaptive foraging strategies of smaller herbivores in resource-scarce ecosystems.

4.2 The effect of both EE and HR on FCE

In this study, we employed two indicators to assess the FCE of grazers. Our results demonstrate that FCE
increases with harvest rate but decreases with energy costs (Fig. 4). Notably, we defined foraging efficiency
as the ratio of harvest rate to energy costs, which significantly enhanced the FCE (Fig. 4). Both harvest and
energy expenditure are predictive of FCE. Of these, physical activity can cause the greatest variation in the
rate of energy expenditure (Wilson et al., 2018). For instance, foraging has been shown to elevate energy
consumption in wapiti and moose by 33% and 28-39%, respectively (Karasov, 1992), while an improved
harvest rate has been linked to increased body weight gain (Van der Graaf et al., 2005). In addition, our
findings reveal that estimating energy costs provides a more comprehensive prediction of FCE across both
groups, as opposed to the harvest rate, which only predicts FCE within each group individually (Fig. 4). This
suggests that the harvest rate is not directly proportional to energy consumption, pointing to underlying
physiological differences in energy expenditure. Our analysis further clarifies that FCE is more influenced
by harvest rate in the lamb group compared to the dry ewe group (Fig. 5), in the case of larger sheep,
harvest rate contributes to FCE but is offset by the energy expenditure required, leading to a contrasting
conclusion in the lamb group. The interaction effects in lambs neutralize the impact, although they do not
eliminate the negative effect (Fig. 5). Energy expenditure during foraging includes step-level feeding strategies
(Supplementary Fig. 1) and unique fluctuation patterns (gut throughput rate: foraging-ruminating), akin to
those observed such as the tail-beat oscillations of sharks during swaying, the wing-beat cycle of birds, and
the push-off by limbs in terrestrial animals (Gleiss et al., 2011).

Although our controlled experiments enabled us to assess the relationship between harvest and energy expen-
diture across different-sized animals and their impact on FCE, they did not fully capture the optimization of
behavioral strategies during the diffusion process (Benoit et al., 2020; Klarevas-Irby et al., 2021). The grazers
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may seek more efficient resources to improve their harvest rate or adopt more efficient diffusion strategies,
both of which can influence foraging efficiency. Therefore, we hypothesize that grazers in a free-ranging
environment may exhibit altered relationships between harvest rate and energy costs, subsequently affecting
FCE.

Conclusions

Our study introduces an ecological research framework that links observable foraging behaviors of herbivores
to their proficiency in converting resources into energy. The rapid utilization of resources during acqui-
sition is pivotal for optimizing energy conversion efficiency in animals. However, the energy expended in
this process inherently restricts the efficiency of resource acquisition. A significant finding of our study is
that animals of varying sizes demonstrate distinct differences in energy expenditure and resource acquisition
rates. Typically, smaller animals, such as lambs, are more heavily influenced in terms of resource acquisition
efficiency, whereas larger animals, like adult sheep, are predominantly affected by energy consumption. This
distinction provides a novel approach for inferring the internal physiological states of animals, including
foraging behavior and energy transformation, by observing their behavioral patterns. Conclusively, com-
prehending and forecasting the energy conversion efficiency of terrestrial herbivores is crucial for evaluating
their survival and development in ecological habitats. Furthermore, insights into the growth stages of these
animals enhance the precision of growth rate assessments.
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Supplementary Information

Supplementary Fig. 1. Confusion matrix plot of between grazing and non-grazing behavior cross-validation
results.

Supplementary Fig. 2. Correlation of recorded ODBA in the time window of 1.5 s and 6 s.

Figure legends

Fig. 1. Conceptual framework for the impact of harvest rate (HR) and relative energy expen-
diture (EE) on feed conversion efficiency (FCE).

(a) To compare herbivores’ activity levels using ODBA in three distinct types of grasslands located in Inner
Mongolia: meadow steppe, typical steppe, and desert steppe. At each of these sites, we selected sheep equipped
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with sensors to monitor their foraging activity. To ensure consistency, we maintained similar grazing densities
and body weights across all sites in the designated plots for each grassland treatment. The methodology for
calculating ODBA indicators was consistent with that outlined in the main manuscript, specifically in section
‘2.3 Herbivores Behavior Monitoring’.

(b) The dynamics of HR and EE relative to resource availability. When resources are scarce (represented
by a light green color, symbolizing low resource availability), HR decreases due to limited food availability,
alongside an increase in EE due to intensified foraging efforts. Conversely, in conditions of resource abundance
(illustrated with a deep green color, denoting high resource availability), HR increases with a corresponding
decrease in EE, as a result of reduced needs for extensive foraging.

Fig. 2. Grazing Plot Treatments and Herbivore Behavior Monitoring.

(a) Depiction of grazing plot treatments showcasing variations in grazing density and herd composition. (b)
Image showcasing the experimental grassland area utilized in the study. (c) Comparative analysis of grazing
densities expressed in sheep units (SU) across different treatment plots. (d) Dry ewes and lambs fitted with
tri-axis acceleration sensors for behavioral data collection. Grazing plot treatments: LL, light grazing plot
with lambs; LM, moderate grazing plot with lambs; LH, heavy grazing plot with lambs; Mix, mixed plot
with both lambs and dry ewes; E, ewe grazing plot with dry ewes; Note:Grazing densities are standardized
to a 50-kg sheep equivalent (SE) for uniformity in measurement.

Fig. 3. Relationships between harvest Rate (HR) and energy Expenditure (EE) in Lamb and
Dry Ewe groups.

Fig. 4. Herbivores’ FCE in relation to EE (a) and the HR (b).LL, Lambs in the light grazing plots;
LM, Lambs in moderate grazing plots; LH, lambs in the heavy grazing plots; Lmix, Lambs in the mixed
grazing plots; Emix, dry ewes in the mixed grazing plots; E, dry ewes in the ewe grazing plots.

Fig. 5 . Predicted effect of HR and EE on FCE. The effects on the Lamb group (a) and Dry ewe group
(b).

Figure 1

Hosted file

image1.emf available at https://authorea.com/users/614986/articles/856554-greater-impact-
of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-
grow

Figure 2

Hosted file

image2.emf available at https://authorea.com/users/614986/articles/856554-greater-impact-
of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-
grow

Figure 3

Hosted file

image3.emf available at https://authorea.com/users/614986/articles/856554-greater-impact-
of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-
grow

Figure 4

Hosted file

12

https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow


P
os

te
d

on
19

A
pr

20
24

|T
he

co
py

ri
gh

t
ho

ld
er

is
th

e
au

th
or

/f
un

de
r.

A
ll

ri
gh

ts
re

se
rv

ed
.

N
o

re
us

e
w

it
ho

ut
pe

rm
is

si
on

.
|h

tt
ps

:/
/d

oi
.o

rg
/1

0.
22

54
1/

au
.1

71
35

58
80

.0
03

43
42

9/
v1

|T
hi

s
is

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
-r

ev
ie

w
ed

.
D

at
a

m
ay

be
pr

el
im

in
ar

y.

image4.emf available at https://authorea.com/users/614986/articles/856554-greater-impact-
of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-
grow

Figure 5

Hosted file

image5.emf available at https://authorea.com/users/614986/articles/856554-greater-impact-
of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-
grow

13

https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow
https://authorea.com/users/614986/articles/856554-greater-impact-of-energy-expenditure-over-harvest-rate-on-resource-conversion-efficiency-as-herbivores-grow

