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Abstract

Broad- and fine-leaved woody species respond to seasonal changes from wet to dry season
differently. For example, broad-leaved species shed their leaves earlier, while fine-leaved
species, especially acacias retain green foliage well into the dry season. These differences
are expected to result in variation in selection of broad- and fine-leaved woody species as
browse by free-ranging goats. We tested the hypothesis that free-ranging goats select
broad-leaved woody species more than fine-leaved species during wet (growth) season and
fine-leaved woody species more than broad-leaved species during dry season. In addition,
we tested if broad- and fine-leaved woody species had different foliar dry matter digestibility
and chemical composition (crude protein, neutral detergent fibre, acid detergent fibre, total
phenolics and condensed tannins concentration). Free-ranging goats were observed forag-
ing on broad- and fine-leaved woody species over a two-year period (2014 and 2015) during
three seasons: early wet (October/November), late wet (February/March) and dry (May/
June). Ivlev’s selectivity or Jacob’s index (E;) was calculated for five woody species (two
broad-leaved and three fine-leaved) browsed by goats during wet and dry season. Jacob’s
selectivity index was higher for broad—leaved (Ziziphus mucronata and Searsia (Rhus)
tenuinervis) than fine-leaved woody species (Acacia nilotica, Acacia karroo and Dichrosta-
chys cinerea) during wet season. However, the trend was reversed during dry season with
fine-leaved species having higher Jacob’s selectivity index than broad-leaved species. Leaf
dry matter digestibility and chemical composition was similar between broad- and fine-
leaved woody species throughout the year. We conclude that goats selected broad-leaved
woody species during wet season when browse was plentiful and then switched to fine-
leaved species which retained leaves during dry season.

Introduction

Woody species play an important role as browse for goats in semi-arid and arid savanna eco-
systems in southern Africa. Semi-arid and arid savanna ecosystems are characterized by dis-
tinct wet and dry seasons. The transition from wet to dry season or vice versa is associated with
loss and production of new tree leaves, respectively [1]. Therefore, browse is readily available
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in wet (growth) season and becomes scarce during dry season as woody species shed their
leaves [2,3]. Both broad- and fine-leaved woody species mostly sprout during wet season and
shed leaves during dry season. However, broad-leaved woody species shed almost all their
leaves during dry season [4], while fine-leaved species, especially acacias largely retain green
foliage well into the dry season [3]. Goats as opportunistic feeders are expected to exploit the
contrasting leaf phenology patterns of broad- and fine-leaved woody species. Mellado [5]
reported goats as effectively exploiting forage resources in rangelands through their flexible,
broad-scale and opportunistic behaviour. Thus, goats should select broad-leaved species more
during wet season to exploit their higher foliar mass than fine-leaved species [4], and then
switch to fine-leaved woody species that retain most of their leaves during dry season [6]. This
prediction need to be tested because foraging habits of goats are highly variable particularly in
response to ecological and seasonal variation in browse availability and quality [7,8].

Goats actively select plant parts and species to consume, implying that their foraging is not
arandom process [9]. Goat browse selection is mainly considered to be driven by foliar nutri-
tive value and anti-nutritional factors [10]. For instance, goats select parts of plant species with
high nutritive value in terms of high crude protein (CP) content and digestibility [11,12], low
fibre content [13], and low phenolics [12], to maximize nutrient intake [14] and minimize
anti-nutrient intake [15]. However, when browse resources in the rangeland are of similar
nutritive quality, goats are expected to use other selection criteria in their forage choices. The
nutritive value of broad- and fine-leaved woody species has not been compared limiting our
ability to understand goat foraging choices on these important browse species. Woody plant
leaf chemical components such as CP, fibre (neutral and acid detergent fibre), total phenolics
(TP) and condensed tannins (CT) concentrations are important proxies for browse nutritive
value [6,10,15-18]. Dry matter digestibility (DMD) is also a good proxy for browse nutritive
value as it is a measure of forage energy value [10]. However, use of leaf chemical components
to predict browse nutritive value is not always conclusive [19]. Crowell et al. [20] suggested
that CP and fibre were poor predictors of nutritive value of browse of generalist browsers.
Crude protein content of most woody species is generally within a narrow range [4], presum-
ably contributing to it being a poor predictor of browse nutritive value for goats. However,
Mphinyane et al. [8] reported a positive relationship between CP and browse nutritive value.

High foliar fibre content negatively affects browse nutritive value [9,21,22], because it con-
strains digestibility [23]. Hence, foliar fibre content (both neutral and acid detergent fibre) can
be used to predict browse nutritive value for goats [9]. Similarly, browse with low phenolics
content [24], is expected to have high nutritive value as it does not reduce digestibility of
browse through inhibiting microbial action in the gastrointestinal tract [25]. Condensed tan-
nins also affect browse nutritive value and in turn reduce its intake thereby negatively affecting
animal performance [26]. However, condensed tannins are considered beneficial at levels
below 5% of diet as they improve utilization of forage [27], and also reduce internal parasitic
loads [28] and methane emissions [29]. Interestingly, Mellado [5] found no evidence that
browse choice by goats was biased towards plants with low secondary compounds.

The objective of this study was to determine if goats select broad- and fine-leaved woody
species differently during wet and dry season. In addition, we determined if broad- and fine-
leaved woody species had different foliar dry matter digestibility (DMD) and chemical compo-
sition. We hypothesized that: (i) free-ranging goats select broad-leaved more than fine-leaved
woody species during wet (growth) season and fine-leaved more than broad-leaved woody
species during dry season, (ii) broad- and fine-leaved woody species have different foliar DMD
and chemical composition [CP, neutral detergent fibre (NDF), acid detergent fibre (ADF), TP
and CT concentration].
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Materials and methods
Experimental area

The study was conducted for two consecutive years (2014 and 2015) at Riversdale newly reset-
tled farming area (19°14°S; 29°40’E; 1360m above sea level), a 30ha farm 25 kilometers north-
west of Gweru, central Zimbabwe. The annual rainfall was 961.9mm and 458.4 mm for 2014
and 2015 respectively (Fig 1), with a long term mean annual rainfall of 700mm, 80% received
between November and April, recorded over the last 50 years. For both January-February and
November-December periods, rainfall was higher in 2014 than in 2015 (447.4 and 452.2
against 119 and 161.9 mm, respectively) (Fig 1). Average minimum temperature in July was
12.8°C and maximum temperature in October was 21.5°C. The vegetation type is open south-
ern Miombo woodland dominated by Brachystegia spiciformis and Julbernadia globiflora with
Acacia nilotica, Acacia karroo, Dichrostachys cinerea, Searsia tenuinervis and Ziziphus mucro-
nata as the main browse species. The most abundant grasses are of the genera Hyparrhenia
and Andropogon.

Relative abundance of browse species. Relative abundance of woody species in the range-
land was determined in ten 50m x 30m quadrats in March 2014. In each quadrat woody plants
were identified to species level according to Coates-Palgrave [30] and van Wyk and van Wyk
[31] and the abundance of the woody species recorded. Each woody species was expressed as a
percentage calculated as: Total number of browseable plants of each species /Total number of
all browseable woody plants in the rangeland x 100 [5].

Acacia nilotica, A. karroo, D. cinerea, S. tenuinervis and Z. mucronata were the most impor-
tant browse species for the goats. Both A. nilotica and A. karroo are characterized by bipinnate
leaves with tiny leaflets mainly on old shoots, are deciduous and have long straight thorns [30].
Dichrostachys cinerea (L.) Wight & Arn. ssp. africana also has bipinnate leaves with tiny leaflets
borne on both new and old shoots, are deciduous and have long straight thorns of relatively
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Fig 1. Total monthly rainfall at Gweru Thornhill meteorological station for 2014 and 2015 (Source:
Meteorological Services Department of Zimbabwe).

https://doi.org/10.1371/journal.pone.0242231.9001
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low density [31]. Searsia tenuinervis is a deciduous species that has broad leaves and grows
new leaves on new shoots; the shoots are spineless [31]. Ziziphus mucronata Willd. subsp.
mucronata has broad leaves borne mainly on new shoots, is deciduous and has both hooked
and straight thorns [31]. Z. mucronata is an important browse species for many browsers [32].

Experimental flock and its management. Small east African Mashona goats from four
households were combined to form a flock of between 24 and 47 for the woody plant selection
study during a two year (2014-2015) period. The flock comprised of mature lactating and
non-lactating does, bucks and young stock. The goats from the four households were kept
together for at least four weeks before observations to get used to each other. Goats were
allowed to browse during the day and penned overnight. In the morning the goats were
moved out of their housing and allowed to freely range in the natural rangeland during the
day. A week before the study goats were subjected to a period of habituation to human pres-
ence resulting in the goats being approached to within 5 m without being disturbed. Ethical
approval was obtained from Midlands State University Research Board Ethics Committee,
approval number 2013/AWS0103.

Proportion of use of each woody species. Proportion of use of each woody species was
estimated by direct observation of free-ranging goats whilst browsing. The free-ranging goats
mostly foraged on woody plants. Each day, two different non-lactating adult female goats were
randomly selected from 16-18 non-lactating females in the flock for observation, allowed to
forage with others while being continuously observed from a distance of about 5m with mini-
mal disturbance. Observations were made twice a day for seven consecutive days in October/
November (early wet season), February/March (late wet season) and May/June (dry season).
Direct observation of goats results in shorter distances between observer and focal animal and
is very efficient in determining browse species consumed [33]. Each goat was observed forag-
ing on rangelands in the morning from 09:00 to 11:00 h and in the afternoon from 12:00 h
onwards until observations had been collected for at least 4 h per day for seven consecutive
days. Duration of each feeding bout and species of woody plant from which bites were cropped
was recorded. Feeding bout was defined as a 5-second period during which an animal fed con-
tinuously on a specific plant species. If the feeding bout lasted less than 5 seconds, the plant
species was considered to be avoided. Proportion of use of each woody species was calculated
as: total time spent on a woody species / total time spent on all species for each observation
day. Species on which goats spent less than five seconds were not included in the calculation of
proportion of use.

Jacob’s selectivity index. Ivlev’s selectivity or Jacob’s index (E;) was used to calculate the
selection of each woody species using the formula: E; = (U,—A;) / (Ui—Ai), where U, repre-
sents the proportion of use of woody species i and A; its proportional availability in the range-
land [34]. The Jacob’s index was selected because it is simple and has been reported to be
comparable with more complex methods [6]. Jacob’s selectivity index factors the differences in
the relative abundance of feed resources when evaluating diet selection [35]. The selectivity
index (E;) varies from -1 (indicating lower use relative to availability of woody species) to +1
(indicating higher use relative to availability of woody species) and a zero value indicating pro-
portional use of woody species in relation to availability [36].

Leaf chemical analysis. Leaf material from each of the browsed species was collected for
chemical analysis. The leaf samples were taken from five unbrowsed trees (below 1.5 m above
ground) per species (A. nilotica, A. karroo, D. cinerea, S. tenuinervis and Z. mucronata). The
leaf samples were air dried prior to oven drying at 60°C for 48 h. The leaf samples were then
milled to pass through a 1.0 mm mesh using a Wiley mill and then analysed for CP, fibre (acid
and neutral detergent fibre), TP and CT concentration. Each chemical component was
expressed as a percent of the sample dry matter. Nitrogen (N) concentration was determined
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using the Kjeldahl method [37] and converted to crude protein (N x 6.25). Neutral detergent
fibre and ADF were determined according to van Soest et al. [38] using the ANKOM Technol-
ogy. Phenolic compounds were extracted and TP and CT concentrations determined. Total
phenolic concentration was determined using the Folin-Ciocalteau method [39]. Gallic acid
(0.5mg/ml) was used as a standard and the TP concentration was expressed as gallic acid
equivalents (GAE). Condensed tannins concentration was determined using the butanol-HCl
method and expressed as leucocyanidin equivalent [38]. Dry matter digestibility was estimated
using the formula: DMD% = 83.58-0.824 ADF % + 2.626 N% [40].

Statistical analysis. During each season browse selection observations were made for
seven consecutive days with two goats selected randomly for observation each day. Each goat
woody (browse) species selection was treated as an independent observation during all seasons
in the two years of the study because it was only used once for observations throughout the
experimental period. We tested the effect of year, season, species, day and individual goat on
Jacob’s selectivity index using a General Linear Model (GLM) univariate analysis of variance.
A GLM univariate analysis of variance was also used to test the effect of year, season and spe-
cies on leaf dry matter digestibility and chemical composition. Woody species Jacob’s selectiv-
ity index differences within and among the seasons were tested using one-way analysis of
variance with Tukey post-hoc test used for pairwise comparisons. In addition, differences
among seasons in dry matter digestibility and chemical composition of the five woody species
were tested using one-way analysis of variance. Jacob’s selectivity index, leaf dry matter digest-
ibility and chemical composition data for broad- and fine-leaved species were pooled and dif-
ferences tested using Independent #-test using IBM SPSS Statistics 20.0 [41].

Results

General linear model univariate analysis of variance showed that year (F; ; = 0.01, p = 0.92),
day (Fy ¢ =0.04, p = 1.00) and individual goat (F; ;3 = 0.03, p = 1.00) had no significant effect,
while season (F; , = 7.82, p < 0.001) and species (F; 4 = 932.40, p< 0.001) had significant effect
on Jacob’s selectivity index. Year had no significant effect on leaf dry matter digestibility (F; 145
=3.19, p = 0.09), crude protein (F; 145 = 0.31, p = 0.59), neutral detergent fibre (F ;45 = 1.60,

p =0.22), acid detergent fibre (F, 145 = 3.13, p = 0.09), total phenolics (F; 145 = 1.03, p = 0.0.32)
and condensed tannins (F; 145 = 0.87, p = 0.36). Season had a significant effect on leaf dry mat-
ter digestibility (F; 147 = 9.99, p = 0.01), crude protein (F; 147 = 11.96, p < 0.001), acid detergent
fibre (F} 147 = 4.06, p = 0.03), total phenolics (F} 147 = 6.96, p = 0.004) and condensed tannins
(F1,147 = 6.27, p = 0.006, but not neutral detergent fibre (F; 147 = 3.09, p = 0.06). Species had a
significant effect on leaf dry matter digestibility (F; 147 = 12.00, p < 0.01), crude protein (F 14,
=11.34, p < 0.001), neutral detergent fibre (F; ;4; = 53.13, p < 0.001), acid detergent fibre
(F1,147 =4.56, p < 0.05), total phenolics (F; 147 = 13.72, p < 0.01) and condensed tannins
(F1,147 = 70.60, p < 0.001). We identified fifteen woody species in the rangeland (Table 1), with
five mostly foraged on by goats (three fine-leaved and two broad-leaved). The latter species
were the most abundant.

Ziziphus mucronata and S. tenuinervis (broad-leaved) had higher Jacob’s selectivity index
than the fine-leaved (A. nilotica, A. karroo and D. cinerea) in wet (both early and late wet) sea-
son in 2014 and 2015 (Table 2). During dry season the trend was reversed with fine-leaved
(except for A. nilotica in 2014) having higher Jacob’s selectivity index than broad-leaved spe-
cies. The Jacob’s selectivity index was significantly different between broad- and fine-leaved
species (pooled data) (Table 3).

Dry matter digestibility and CP decreased from wet to dry season, while fibre (both NDF
and ADF), TP and CT increased from wet to dry season in 2014 and 2015 (Table 4). Acacia
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Table 1. Percent abundance of the major browse species and leaf type.

Browse species %
Dichrostachys cinerea 2227
Acacia karroo 19.94
Acacia nilotica 18.66
Searsia (Rhus) tenuinervis 9.97
Ziziphus mucronata 8.45
Brachystegia spiciformis 5.32
Strychos spinosa 4.56
Gymnosporia senegalensis 2.28
Combretum collinum 1.85
Euclea divinorum 1.28
Terminalia sericea 1.23
Flacourtia indica 1.23
Azanza garckeana 1.14
Lannea discolor 1.09
Piliostigma thonningii 0.71

https://doi.org/10.1371/journal.pone.0242231.t001

Leaf type
fine
fine
fine
broad
broad
broad
broad
broad
broad
broad
broad
broad
broad
broad
broad

nilotica and Z. mucronata were the most digestible in 2014 and 2015 respectively, while D.
cinerea was the least digestible in the two years. In 2014, A. karroo and D. cinerea had the high-
est CP, while in 2015 Z. mucronata had the highest CP in the wet season. Dichrostachys cinerea
was the most fibrous, that is, had highest NDF and ADF and also had the highest TP content.
Leaf type had no effect on dry matter digestibility (broad-leaved: 68.83 + 1.87 vs fine-leaved:
66.60 * 1.33, Independent ¢-test = 0.97, p = 0.34) and leaf chemical composition (CP-broad-
leaved: 18.70 + 1.62 vs fine-leaved: 21.31 + 0.87, Independent ¢-test = -1.43, p = 0.17; ADF—
broad-leaved: 27.07 £ 1.66 vs fine-leaved: 31.28 + 1.53, Independent ¢-test = -1.86, p = 0.07; TP
—broad-leaved: 4.49 + 0.78 vs fine-leaved: 5.25 + 0.71, Independent t-test = -0.72, p = 0.48;
CT-broad-leaved: 0.85 + 0.13 vs fine-leaved: 0.86 + 0.15, Independent t-test = -0.06, p = 0.95),
except NDF (broad-leaved: 35.43 £ 1.25 vs fine-leaved: 42.71 + 2.06, Independent ¢-test =

-3.02, p = 0.006).

Discussion

Our results were in support of the first hypothesis that free-ranging goats select broad-leaved
more than fine-leaved woody species during wet (growth) season and fine-leaved more than
broad-leaved woody species during dry season. This means that goats switched from broad-

Table 2. Jacob’s selectivity index (E;) (mean + S.E.) of five woody species browsed by goats in central Zimbabwe.

Browse species 2014 2015

Early wet season | Late wet season | Dry season F, 39 -ratio | Early wet season |Late wet season | Dry season F, 3o -ratio
Ziziphus mucronata 029 +0.01%° | 0.43+0.01% -0.10 £0.01°¢ | 823.72*** | 0.48+0.01"° 0.35 +0.01%° -0.20 £0.01¢¢ | 1826***
Searsia tenuinervis 0.49 +0.02%* | 0.41 + 0.00%* -0.22+0.01% | 247.74* | 0.42+0.01%° 0.37 +0.19%° -0.05 + 0.00°° | 1656 **
Acacia nilotica -0.05 +0.00%° | -0.06 + 0.00"° -0.03 +0.00%¢ | 11.94"** -0.08 + 0.00% -0.03 + 0,00 0.12 +0.00" | 698.41***
Acacia karroo -0.07 +0.00% | -0.07 + 0.00%" 0.22£0.014% | 1178*** -0.07 + 0.00% -0.13 + 0.00< 0.11 +0.00%¢ | 776.26"**
Dichrostachys cinerea -0.07 +0.00% | -0.06 + 0.00%" 0.26 £ 0.00%* | 2228*** -0.14 + 0.00%4 0.04 + 0.00% 0.23 £0.004% | 2194***
F, ¢5- ratio 739.01*** 211.49%** 1443*** 1635%** 2123%** 1550***
Means within the same browse species (A, B, C) and same season (a, b, ¢, d, ) followed by the same letter are not significantly different.
***p < 0.001. Ziziphus mucronata and S. tenuinervis were broad-leaved and A. nilotica, A. karroo and D. cinerea fine-leaved.
https://doi.org/10.1371/journal.pone.0242231.t1002
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Table 3. Jacob’s selectivity index (E;) (mean * S.E.) of broad- and fine-leaved woody species browsed by goats in central Zimbabwe.

Leaf type 2014 2015

Early wet season Late wet season Dry season F, g, -ratio Early wet season Late wet season Dry season F, 5, -ratio
Broad-leaved | 0.39 +0.02% 0.42 +0.02* -0.16 +0.01% | 326.89*** 0.45 +0.01* 0.36 + 0.00° -0.13+0.02€ | 833.40***
Fine-leaved -0.06 + 0.00® -0.06 + 0.00° 0.15 +0.02* 103.47°** -0.10 + 0.01¢ -0.04 + 0.00° 0.15+0.01* 232.86"**
t- test 21.25%** 2428 -13.04** 50.10*** 32.52%+* -16.15***

Means within the same leaf type (A, B, C) followed by the same letter are not significantly different.
“+*p < 0.001.

https://doi.org/10.1371/journal.pone.0242231.t003

leaved Z. mucronata and S. tenuinervis to fine-leaved A. nilotica, A. karroo and D. cinerea
between wet and dry season presumably in response to changes in shoot and leaf availability.
Broad-leaved woody species were sprouting and had plenty of foliage during wet season but
shed their leaves in the dry season, while fine-leaved species retained their leaves well into the
dry season (Nyamukanza personal observations). This implies that when both broad- and
fine-leaved woody species have plentiful foliage, goats will select broad- over fine-leaved, only
switching to fine-leaved when broad-leaved species have lost most of their foliage. The higher
selection of broad-leaved than fine-leaved species during wet season was presumably due to
their high foliar mass [4]. The switch from broad- to fine-leaved woody species between wet
and dry season shows the plasticity of the foraging behaviour of goats in response to changes
in foliage availability. Mellado [5] suggested that goat flexibility in browse choice was aimed at
achieving feed intake of approximately 3% of body weight of highly digestible diets for most of
the year to meet their nutritional requirements. Goats are able to adapt to seasonal changes in
browse availability and quality [5,42]. In agreement with our findings, Mellado [5] reported
goats as selecting fine-leaved woody species more than broad-leaved species during dry season
and broad-leaved over fine-leaved during early wet season. Goats tend to select deciduous
woody species that retain leaves well into the dry season [4]. Schroeder et al. [43] reported
goats browse selection as influenced by foliage availability.

Woody species abundance could have also influenced goat browse foraging choices as the
five most browsed species were the most abundant, although not in the order of abundance
[5,44,45]. Consistent with findings by Mellado [5] that inter-annual variation does not affect
goat foraging choices our results were similar for 2014 and 2015.

Our findings did not support the second hypothesis that broad- and fine-leaved woody spe-
cies have different foliar dry matter digestibility and chemical composition. This implies that
other factors and not nutritive value were responsible for the varying selection of broad- and
fine-leaved woody species with the most plausible explanation being that foliar availability var-
iations between wet and dry season influenced goat browse choices. From a nutritional stand-
point both broad- and fine-leaved woody species are good nutrient sources, although feeding
trials are required to ascertain their utilization by goats after consumption. Basha et al. [6] also
reported leaf chemical composition as not explaining goat browse selection. Mellado [5]
argued that it was not clear which physical features and chemical compounds were used by
goats to select nutritive browse.

Consistent with other studies browse quality was high (high DMD and CP, low fibre, TP
and CT) during wet season and decreased in the dry season [10,18,46]. The decrease in dry
matter digestibility and increase in fibre content (both NDF and ADF) in all the woody species
from wet to dry season means that goats consume foliage of low nutritive value during the dry
season negatively affecting their productivity. Fibre (NDF and ADF) is negatively correlated to
dry matter digestibility [47]. The DMD of 60.24-81.38% during the year was comparable to
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Table 4. Dry matter digestibility (%) and leaf chemical composition (% dry matter) of five woody species browsed by goats in central Zimbabwe.

Year Season 2014 2015

Early wet season | Late wet season | Dryseason |F,,s-ratio |Early wetseason |Late wetseason |Dryseason |F,,s-ratio
Ziziphusmucronata | | b
DMD 75.31° 7447" 6327° oL |7329° 17s40% 60.85° 729417
CP o 2132% 2024° 17.52C L. 5093 12738 L 25.09° L 12365 034
NDF ol 29115 346® L 3825% L 35165t 134330 L 3726° L w4t | 1599 .
ADF ol 209° L 2075° a2t | l0se* 12583° L 20° 3t L 487267
TP ol LO6S L 438" 968" | 1203 14967 L 547° 835% L 439147
CT 0.27¢ 0.56° 0.854 157.20%+* 0.57¢ 0.61% 0.86" 176.74*+*
Searsia tenuinervis o e e e e,
DMD L 7844t 7041® L 6510 | 58890 6721 | 6025 .| 61.96° | 189.59°
CP ol 2523% 1730° L n47e 7354t 120250 | 1593° L 1028 | 369.58"
NDF L 2752 L 3403° 3809% | 3938277 13502° | 3542° L 398" | 241057
ADF L 912¢ ] 2400° | 27450 | 265497 130.1¢ ] 3630% L 3056° | 79248
TP b e L96® L 505 L 1829 1321° ] 270° 598 | 20108
CT 0.53" 0.79% 0.88* 53.49*** 1178 0.98°¢ 2.10% 93.79***
Acadamilotica Lo b e e L
DMD ol 8138% 7038" L 66.17° .| 939.17°* | |6740% L. 67.18% .| 61.91° | 12550
CP o a1t ant 1530° 20601 (17270 L 2020 1508 | 10956
NDF L 20015 L 38" L 888" | 8241371 3444° | 3731° 3855% L 569.99"
ADF L 1334C 612° 29.09% | 867.76'" |2811° | 3027° 34630 | 687.37°
TP 3.46° 500° L 843" | 13369 655" 568° .. 942" | 28626"
CT 0.06¢ 1.09% 2.86% 1114%** 1.01€ 1.158 1.24% 54.33***
Acaciakarroo |
DMD L 7639% L 6855° ... 64267 | sos60rr  16017% | 6726° ... 6439 72150
CP L a8t 215° L 2007 L azs 123040 2017° L 2011° 5063
NDE 3897 L 409° s42° | 228867 43350 | 4228° s42° | go44™
ADEF 23.29° 29.27° 3337 382217 | 28.99° 2940° 33.18" 21194
TP 0.24¢ 1.778 3.65% 238.40*** 1.53% 1.53% 2.65% 77.67***
NDE 45.04° 4822° L 56.08" 48046 | 5122° 49355 L 57.03% 332250
ADF L 33275 L 3863° L a6t | 29920 373 L 3553° L 38.19% | 29067
TP L 459 L 652° ... 936" . 159237 1694 L T L 047 L 50169
CT 0.24¢ 0.38" 1.35% 572.80*** 0.83% 1.05% 1.15% 232.00%**

Means in the same row (within each year) followed by the same letter are not significantly different. DMD: Dry matter digestibility, CP: Crude protein, NDF: Neutral
detergent fiber, ADF: Acid detergent fiber, TP: Total phenolics, CT: Condensed tannins.

¥ p < 0.001.

https://doi.org/10.1371/journal.pone.0242231.t1004

that of 44-65% reported to be of forage selected by goats [5]. The CP ranged from 10.28% to
28.11% compared to 8-16% for forage selected by goats [5]. Forage with a CP content of 10-
13% and 50-70% DMD is considered to be highly nutritious [5]. A dietary CP requirement for
goat maintenance, pregnancy and lactation is 13% [48]. The NDF ranged from 20.01 to
57.03% compared to 43-54% reported by Mellado [5]. The increase in fibre content from wet
to dry season was because leaves were young and tender during wet season and then became
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mature and fibrous during dry season. Both NDF and ADF increase with leaf maturity [49].
Thus, during the dry season goats forage on mature leaves with high fibre content. For exam-
ple, Manousidis et al. [50] reported a strong positive effect of NDF on diet selection during dry
season.

The increase in TP from wet to dry season was in agreement with findings by Martz et al.
[51] that plant secondary metabolite concentrations are low in the growing (wet) season.

Conclusion

We conclude that goats showed high plasticity in browse selection between broad- and fine-
leaved species presumably driven by availability of foliage. During wet season when browse
was generally plentiful the goats selected broad-leaved species presumably to increase foliar
intake and then switched to fine-leaved woody species which retained green leaves during dry
season. In addition, leaf digestibility and chemical composition was similar between broad-
and fine-leaved woody species throughout the year.

Supporting information

S1 Dataset. Species selection.
(XLSX)

$2 Dataset. Species abundance.
(XLSX)

Acknowledgments

We would like to extend our appreciation to the local farmers who allowed us to use their ani-
mals for this study. We also wish to express our gratitude to Michael Bhebhe, Sizanobuhle
Phili, Jane Muchekeza and Godfrey Kure for assisting in field and laboratory work. Comments
from two reviewers greatly improved the manuscript.

Author Contributions

Conceptualization: Casper C. Nyamukanza.

Data curation: Casper C. Nyamukanza, Allan Sebata.

Formal analysis: Casper C. Nyamukanza, Allan Sebata.
Investigation: Casper C. Nyamukanza, Allan Sebata.
Methodology: Casper C. Nyamukanza, Allan Sebata.

Project administration: Casper C. Nyamukanza, Allan Sebata.
Supervision: Allan Sebata.

Writing - original draft: Casper C. Nyamukanza.

Writing - review & editing: Casper C. Nyamukanza, Allan Sebata.

References
1. Gourlay ID. Growth ring characteristics of some African Acacia species. J Trop Ecol. 1995; 11(1): 121—
140.

2. Ben Salem H, Smith T. Feeding strategies to increase small ruminant production in dry environments.
Small Rumin Res. 2008; 77: 174—194.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242231 November 11, 2020 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242231.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242231.s002
https://doi.org/10.1371/journal.pone.0242231

PLOS ONE

Effect of leaf type on browse selection by free-ranging goats

10.

11.

12

13.
14.

15.

16.

17.

18.

19.
20.

21.

22,

23.
24,

25.

26.

27.

Sebata A, Ndlovu LR. Effect of leaf size, thorn density and leaf accessibility on instantaneous intake
rates of five woody species browsed by Matebele goats (Capra hircus L) in a semi-arid savanna, Zimba-
bwe. J Arid Environ. 2010; 74: 1281-1286.

Fomum SW, Scogings PF, Dziba L, Nsahlai IV. Seasonal variations in diet selection of Nguni goats:
effects of physical and chemical traits of browse. Afr J Range For Sci. 2015; 32: 193-201.

Mellado D. Dietary selection by goats and the implications for range management in the Chihuahuan
Desert: a review. Rangeland J. 2016; 38: 331-341.

Basha NAD, Scogings PF, Dziba LE, Nsahlai IV. Diet selection of Nguni goats in relation to season,
chemistry and physical properties of browse in sub-humid subtropical savanna. Small Rumin Res.
2012;102: 163-171.

Raats JG. Feeding behaviour of free range goats. AfrJ Sci. 1997; 18: 34-52.

Mphinyane WN, Tacheba G, Makore J. Seasonal diet preference of cattle, sheep and goats grazing on
the communal grazing rangeland in the Central District of Botswana. Afr J Agric Res. 2015; 10(29):
2791-2808.

Egea AV, Allegretti L, Paez Lama S, Grilli D, Sartor C., Fucili, et al. Selective behavior of Creole goats in
response to the functional heterogeneity of native forage species in the central Monte desert, Argentina.
Small Rumin Res. 2014; 120: 90-99.

Sebata A, Ndlovu LR. Effect of shoot morphology on browse selection by free-ranging goats in a semi-
arid savanna. Livest Sci. 2012; 144: 96—102.

Kababya D, Perevolotsky A, Bruckental I, Landau S. Selection of diets by dualpurpose Mamber goats in
Mediterranean woodland. J Agric Sci. 1998; 131: 221-228.

Owen-Smith N, Cooper SM. Nutritional ecology of a browser ruminant, the kudu, through the seasonal
cycle. J Zool Lond. 1989; 219: 29-43.

Lu CD. Grazing behavior and diet selection of goats. Small Rumin Res. 1988; 1: 205-216.

Baumont R, Prache S, Meuret M, Morand-Fehr P. How forage characteristics influence behaviour and
intake in small ruminants: review. Livest Prod Sci. 2000; 64: 15-28.

Jansen DAWAM, van Langevelde F, de Boer WF, Kirkman KP. Optimisation or satiation, testing diet
selection rules in goats. Small Rumin Res. 2007; 73: 160—168. https://doi.org/10.1080/
02656730701670478 PMID: 18038287

Dziba LE, Scogings PF, Gordon |J, Raats JG. Effects of season and breed on browse species intake
rates and diet selection by goats in the False Thornveld of the Eastern Cape, South Africa. Small Rumin
Res. 2003; 47: 17-30.

Mkhize NR, Scogings PF, Nsahlai IV, Dziba LE. Diet selection of goats depends on season: roles of
plant physical and chemical traits. Afr J Range For Sci. 2014; 31: 209-214.

Nyamangara ME, Ndlovu LR. Feeding behaviour, feed intake, chemical and botanical composition of
the diet of indigenous goats raised on natural vegetation in a semi-arid region of Zimbabwe. J Agr Sci.
1995; 124: 455-461.

Owen-Smith N, Novellie P. What should a clever ungulate eat? Am Nat. 1982; 19: 151-178.

Crowell MM, Shipley LA, Forbey JS, Rachlow JL, Kelsey RG. Dietary partitioning of toxic leaves and
fibrous stems differs between sympatric specialist and generalist mammalian herbivores. J Mammal.
2018; 99: 565-577.

Cooper SM, Owen-Smith N, Bryant JP. Foliage acceptability to browsing ruminants in relation to sea-

sonal-changes in the leaf chemistry of woody-plants in a South-Africa savanna. Oecologia. 1988; 75:
336-342. https://doi.org/10.1007/BF00376934 PMID: 28312679

Basha NAD, Scogings PF, Nsahlai IV. Diet selection by Nguni goats in the Zululand Thornveld. S Afr J
Anim Sci. 2009; 39 (Suppl. 1): 33—-39.

Moore KJ, Jung HJG. Lignin and fiber digestion. J Range Manage. 2001; 54: 420—430.

Degen AA, El-Meccawi S, Kam M. Cafeteria trials to determine relative preference of six desert trees
and shrubs by sheep and goats. Livest Sci. 2010; 132: 19-25.

lason GR, Murray AH. The energy costs of ingestion of naturally occurring nontannin plant phenolics by
sheep. Physiol Zool. 1996; 69: 532-546.

Mkhize NR, Heitkénig IMA, Scogings PF, Hattas D, Dziba LE, Prins HHT, de Boer WF. Seasonal regu-
lation of condensed tannin consumption by free-ranging goats in a semi-arid savanna. PLoS One 2018;
13:e0189626. https://doi.org/10.1371/journal.pone.0189626 PMID: 29293513

Min BR, Barry TN, Attwood GT, McNabb WC. The effect of condensed tannins on the nutrition and
health of ruminants fed fresh temperate forages: a review. Anim Feed Sci Technol. 2003; 106: 3—19.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242231 November 11, 2020 10/11


https://doi.org/10.1080/02656730701670478
https://doi.org/10.1080/02656730701670478
http://www.ncbi.nlm.nih.gov/pubmed/18038287
https://doi.org/10.1007/BF00376934
http://www.ncbi.nlm.nih.gov/pubmed/28312679
https://doi.org/10.1371/journal.pone.0189626
http://www.ncbi.nlm.nih.gov/pubmed/29293513
https://doi.org/10.1371/journal.pone.0242231

PLOS ONE

Effect of leaf type on browse selection by free-ranging goats

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Copani G, Hall JO, Miller J, Priolo A, Villalba JJ. Plant secondary compounds as complementary
resources: are they always complementary? Oecologia. 2013; 172: 1041-1049. https://doi.org/10.
1007/s00442-012-2551-1 PMID: 23223888

Piluzza G, Sulas L, Bullitta S. Tannins in forage plants and their role in animal husbandry and environ-
mental sustainability: A review. Grass For Sci. 2014; 69: 32—48.

Coates-Palgrave K. Trees of Southern Africa, third ed. Struik Publishers, Cape Town, 2002; 1212 pp.

Van Wyk AE, Van Wyk P. Field Guide to Trees of Southern Africa. Struik Publishers, Cape Town,
South Africa; 2001.

Shackleton CM, Guthrie G, Main R. Estimating the potential role of commercial over-harvesting in
resource viability: a case study of five useful tree species in South Africa. Land Degrad Develop. 2005;
16: 273-286.

Agreil C, Meuret M. An improved method for quantifying intake rate and ingestive behaviour of rumi-
nants in diverse and variable habitats using direct observation. Small Rumin Res. 2004; 54: 99—-113.

Jacob J. Quantitative measurement of food selection. A modification of the forage ratio and Ivlev’s
selectivity index. Oecologia. 1974; 14: 413-417. https://doi.org/10.1007/BF00384581 PMID: 28308662

Ventura-Cordero J, Gonzalez-Pech PG, Sandoval-Castro CA, Torres-Acosta JFJ, Tun-Garrido J. Feed
resource selection by Criollo goats browsing a tropical deciduous forest. Anim Prod Sci. 2018; 58
(12):2314-2320. https://doi.org/10.1071/AN16388.

Lovaris S, Cuccus P, Murgia A, Murgia C, Soi F, Plantamura G. Space use, habitat selection and brows-
ing effects of red deer in Sardinia. Ital J Zool. 2007; 74: 179-189.

AOAC (Association of Official Analytical Chemists). Official methods of analysis. (Nineteenth edition).
AOAC International, Rockville; 2012.

Van Soest PJ, Robertson JD, Lewis BA. Methods for dietary fiber, neutral detergent fiber, and nonstarch
polysaccharides in relation to animal nutrition. J Dairy Sci. 1991; 74: 3583-3597. https://doi.org/10.
3168/jds.S0022-0302(91)78551-2 PMID: 1660498

Makkar HPS, Goodchild AV. Quantification of Tannins: A Laboratory Manual. ICARDA; Aleppo, Syria;
1996.

Oddy VH, Robards GE, Low SG. Prediction of in vivo dry matter digestibility from the fiber nitrogen con-
tent of a feed. In: Robards GE, Packham RG, editors. Feed Information and Animal Production. Com-
monwealth Agricultural Bureaux. Farnham Royal, UK; 1983 pp. 395-398.

IBM SPSS. IBM SPSS Statistics, Version 20.0. Armonk, NY: IBM Corp; 2011.

Silanikove N. Effects of heat stress on the welfare of extensively managed domestic ruminants: a
review. Livest Prod Sci. 2000; 67: 1-18.

Schroeder A, Samuels M|, Swarts M, Morris C, Cupido CF, Engelbrecht A. Diet selection and prefer-
ence of small ruminants during drought conditions in a dryland pastoral system in South Africa. Small
Rumin Res. 2019; 176: 17-283.

Fedele V, Pizzillo M, Claps S, Morand-Fehr P, Rubino R. Grazing behaviour and diet selection of goats
on native pasture in Southern Italy. Small Rumin Res. 1993; 11: 305-322.

Skarpe C, Jansson |, Seljeli L, Bergstrom R, Rgskaft E. Browsing by goats on three spatial scales in a
semi-arid savanna. J Arid Environ. 2007; 68: 480-491.

Bakare AG, Chimonyo M. Seasonal variation in time spent foraging by indigenous goat genotypes in a
semi-arid rangeland in South Africa. Livest Sci. 2011; 135: 251-256.

Casler MD, Jung HJG. 2006. Relationships of fibre, lignin, and phenolics to in vitro fibre digestibility in
three perennial grasses. Anim Feed Sci and Technol. 125: 151-161.

NRC (National Research Council). 2007. Nutrient requirements of small ruminants: sheep, goats, cer-
vids, and new world camelids. Washington, DC: National Academy Press.

Sebata A, Ndlovu LR, Dube JS. 2011. Chemical composition, in vitro dry matter digestibility and in vitro
gas production of five woody species browsed by Matebele goats (Capra hircus L.) in a semi-arid
savanna, Zimbabwe. Anim Feed Sci Technol. 2011; 170: 122—125.

Manousidis T, Parissi ZM, Kyriazopoulos AP, Malesios C, Koutroubas SD, Abas Z. Relationships
among nutritive value of selected forages, diet composition and milk quality in goats grazing in a Medi-
terranean woody rangeland. Livest Sci. 2018;218: 8—19.

Martz F, Jaakola L, Julkunen-Tiitto R, Stark S. Phenolic composition and antioxidant capacity of bilberry
(Vaccinium myrtillus) leaves in Northern Europe following foliar development and along environmental
gradients. J Chem Ecol. 2010; 36: 1017-1028. https://doi.org/10.1007/s10886-010-9836-9 PMID:
20721607

PLOS ONE | https://doi.org/10.1371/journal.pone.0242231 November 11, 2020 11/11


https://doi.org/10.1007/s00442-012-2551-1
https://doi.org/10.1007/s00442-012-2551-1
http://www.ncbi.nlm.nih.gov/pubmed/23223888
https://doi.org/10.1007/BF00384581
http://www.ncbi.nlm.nih.gov/pubmed/28308662
https://doi.org/10.1071/AN16388
https://doi.org/10.3168/jds.S0022-0302%2891%2978551-2
https://doi.org/10.3168/jds.S0022-0302%2891%2978551-2
http://www.ncbi.nlm.nih.gov/pubmed/1660498
https://doi.org/10.1007/s10886-010-9836-9
http://www.ncbi.nlm.nih.gov/pubmed/20721607
https://doi.org/10.1371/journal.pone.0242231

