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Nutritive value and condensed
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Introducing legumes into C4-dominated tropical pastures, may enhance their sustainability but

has some pasture management constraints. One potential alternative is using arboreal legumes,

but several of these species have relatively high condensed tannin (CT) concentrations, which
negatively impact forage quality. There is limited knowledge, however, on how arboreal legume leaf
CT content varies over the year and how this might impact forage quality. The objective of this 2 year
study was to assess the seasonal variation of CT and nutritive value for ruminants of the tropical tree
legumes gliricidia [Gliricidia sepium (Jacq.) Kunth ex. Walp.] and mimosa (Mimosa caesalpiniifolia
Benth). The research was carried out in the sub-humid tropical region of Brazil on well-established
pastures in which either legume was present with signalgrass (Urochloa decumbens Stapf.). We
determined CT and nitrogen concentrations, in vitro digestible organic matter (IVDOM), and leaf
813C and 815N from January to October of 2017 and 2018. All parameters were affected (P <0.05) by
the interaction between legume species and sampling time, with generally higher leaf CT content for
mimosa than gliricidia, and both were reduced at the start of the dry season, although much more
drastically for mimosa. The IVDOM was strongly affected by CT content and increased at the start of
the dry season, coincidentally when C4 grass forage quality typically decreased. There is a marked
species effect, with CT from gliricidia impacting IVDOM more than the same CT content from mimosa.
While N concentration from mimosa also increased at the start of the dry season, that for gliricidia
did not vary over the year. We conclude that although these arboreal legumes have relatively high
CT contents, these reduce during the dry season when CT concentrations coinciding with a reduced
forage quality as the protein content for C4 grasses is usually inadequate in this season.
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The growing global demand for animal protein due to both human population increases and average animal
protein consumption linked to greater income, coupled with societal demands for lower environmental impacts
of agricultural practices, has led to a current search for sustainable pasture intensification, particularly in the
tropics'. One of the major limitations of pasture-fed tropical animal production systems is nitrogen availability,
particularly considering the high economic and ecological footprints of nitrogen fertilizers due to the large
natural gas demand to produce and fossil fuel needs of distribution and application and thus high greenhouse
gas effects, and the management issues linked to the establishment and maintenance of tropical grass-legume
consortia, due to the higher palatability and lower growth rate of the legume in comparison to the C4 grasses
which dominate tropical pastures®™>.

One alternative for greater ruminant protein production is silvopastoral systems, in which the tree component
is a legume that reduces the competition between herbaceous C, grasses and arboreal C; legumes®~. In these
systems, the tree component provides several ecosystem services, including biological atmospheric N, fixation,
increased animal comfort due to shade, enhanced forage nutritional quality due to increased protein content,
increased soil carbon and nitrogen storage, increased biodiversity, and further income sources'®'%.

Federal University of Rondonopolis, Rondonépolis, Brazil. 2University of Florida - North Florida Research and
Education Center, Marianna, FL, USA. 3Politechnic Institute of Santarém, Santarém, Portugal. “Federal Rural
University of Pernambuco, Recife, Brazil. “"Maranh&o State University, S3o Luis, Brazil. °Texas Agrilife, Stephenville,
TX, USA. *email: mario.alirajr@ufrpe.br

Scientific Reports|  (2024) 14:18080 | https://doi.org/10.1038/s41598-024-68563-9 nature portfolio


http://orcid.org/0000-0002-7494-603X
http://orcid.org/0000-0001-8269-9959
http://orcid.org/0000-0003-4701-0954
http://orcid.org/0000-0001-9855-3778
http://orcid.org/0000-0002-7374-0910
http://orcid.org/0000-0002-5734-4547
http://orcid.org/0000-0002-4721-9021
http://orcid.org/0000-0002-1316-3218
http://orcid.org/0000-0003-1775-8072
http://orcid.org/0000-0001-7779-3369
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-024-68563-9&domain=pdf

www.nature.com/scientificreports/

The nutritional value of forage depends on a wide range of characteristics. Still, some of the major ones are
its digestibility, usually measured as the in vitro digestibility of the organic matter IVDOM)'2, and its protein
content, most expressed as crude protein or nitrogen content'®. At the same time, one of the major interests in
the use of forage legumes is their biological nitrogen fixation potential in symbiosis with rhizobia'®, frequently
measured through the reduction in*N content in relation to that present in the soil from which N would oth-
erwise be absorbed, or its 8°N®. Under seasonally dry conditions, on the other hand, plants more efficient in
water use are usually preferable, particularly when they are in a mixed pasture with C4 grasses, which are highly
water-efficient, and the change in*C content in relation to the atmosphere, or §"*C, is a good proxy for that'>!%2,

A possible constraint to these legume trees as a forage protein source is the widespread occurrence of
condensed tannins (CTs), which generally reduce digestibility and, thus, animal gain from the legume!>?!-%,
There are differences among arboreal species both for CT content, which can differentially reduce overall
digestibility>*"**-¢. Differences in CT bioactivity might explain the weaker correlation between CT concentra-
tion and nutritional value for interspecific correlations than for intraspecific correlations?”2.

A further point of interest is the effect of climate, season, and ontology on CT content and digestibility and
how these affect the difference in CT effects on digestibility between species**-**. For instance, while Lotus
pedunculatus CT contents increase with temperature, this does not occur for L. corniculatus®.

Thus the objective of this 2 year study was to legumes gliricidia [Gliricidia sepium (Jacq.) Kunth ex. Walp.] and
mimosa (Mimosa caesalpiniifolia Benth), since we hypothesized that the digestibility and CT content of arboreal
forage legume leaves vary across species throughout the year.

Results

Both CT and IVDOM (P <0.0001 and P=0.0003, respectively) interacted with species and sampling time (Fig. 1).
The highest CT contents were found in July of both years for both species with an average of 48 for Gliricidia
and 161 mg CT.g™! for Mimosa in July, with a steady decline afterward to averages of 20 and 106 mg CT.g™" in
October, respectively, most likely linked to the increase in potential evapotranspiration. While the mimosa CT
content was consistently greater than the gliricidia CT content, the decrease was more pronounced between July
and October. The IVDOM had an almost opposite pattern, decreasing from January to July and increasing from
August to October in both years.

There was a strong negative correlation between CT and IVDOM, which was different for both species
(Table 1). While both species had negative correlations between CT and IVDOM, there was a steeper decline
in IVDOM with increased CT contents for gliricidia than for mimosa (Fig. 2). However, the latter had a higher
CT content and lower IVDOM. For the same IVDOM level, mimosa had a much greater CT content than gli-
ricidia. This highlights the importance of assessing bioactive rather than total CT and using self-standards for
each species.

Although there were (P <0.05) correlations between CT and the other variables (Table 1), the difference in
pattern between the species, as found for correlation with N content, indicates that this is likely mostly due to
the much higher CT of Mimosa. This is particularly noticeable for §'°C, for which both species had negative
correlations, with an overall positive correlation, and for the 8N, N and C contents, for which one species had
positive and the other had negative correlations.

Both species condensed tannin content and IVDOM present strong seasonal variation, with Mimosa present-
ing steeper differences over the year than Gliricidia (Fig. 1), with high correlation coefficients between potential
evapotranspiration (PET) and CT contents (r="0.80 and ~0.72 for Gliricidia and Mimosa, respectively) and
digestibility (r=0.66 and 0.72 for Gliricidia and Mimosa, respectively), while rainfall is also correlated for both
species (r=0.40 for both species), although much less so (Table 2). For both variables, there is a tendency for a
reduction in CT and an increase in IVDOM with the transition to drier periods, coinciding with when the signal
grass nutritive value is at its lowest.

While correlations between N contents, §15N, and §13C contents and rainfall and potential evapotranspira-
tion were generally much lower than those for CT or IVOMD, they are still significant (P <0.05), particularly
for mimosa’s (Table 2). One important difference between the species is the increased N concentration and 8°N
of mimosa when the season becomes drier compared to those of gliricidia, although they are still lower for the
former than for the latter.

Discussion

Here, we studied a well-established system with gliricidia or mimosa as the tree components in a signalgrass
pasture. One of the major characteristics of this grass is its very low N content during the dry season of the year
123637 For instance in this same experimental field, N content for pure non-N-fertilized signalgrass green frac-
tion was ca. 4.18 g.kg™!, when the leaf/stem proportion is taken into account’.

While both species had high CT contents (Fig. 1), particularly compared with those of typical cool-season
herbaceous legumes**, for instance the 49 and 10 mg.kg™" reported for high and low tannin content lines of
Lotus corniculatus®, both fall markedly when the warmer and drier season begins, typically in August in the
experimental region (Fig. 1). This fluctuation in CT content was also observed for birdsfoot trefoil (Lotus cor-
niculatus L.) when the ambient temperature increased®.

As expected, a strong negative correlation existed between CT content and IVDOM, which agrees with the
relevant literature"***. Although the correlation coefficients between CT content and IVDOM were not very dif-
ferent between species (70.94 and ~0.97 for gliricidia and mimosa—Table 1), the linear regressions indicated that
the digestibility of the mimosa CT was approximately one-third less than that of the gliricidia CT (Fig. 2), which
agrees with the literature indicating a strong species-specific effect of CT content on nutritive value*?263'-33 Tt
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Figure 1. Evolution of condensed tannin concentration (A) and in vitro digestible organic matter (B) in
Gliricidia and Mimosa leaves over two years of sampling and its relationship with rainfall and potential

evapotranspiration.
General Gliricidia Mimosa
Digestibility ~0.74328 ~0.94059 ~0.97109
8N ~0.75721 0.03158 ~0.25793
N concentration ~0.86954 0.18287 ~0.33105
8BC 0.46067 ~0.26608 70.3269
C concentration 0.78478 ~0.07938 0.26692

Table 1. Correlation coefficients between the condensed tannin concentration and the remaining plant
nutrient characteristics. Significant values are in bold.

Scientific Reports|  (2024) 14:18080 | https://doi.org/10.1038/s41598-024-68563-9 nature portfolio



www.nature.com/scientificreports/
80

7 ‘;.
60 .?."

]

50 ‘--."
= .
(23 40 =-0.6307x + 82.977 y = -0.4209x + 109.46
S R? = 0.8847 R? = 0.943
=

30

20

10

0
0 20 40 60 80 100 120 140 160 180

Condensed tannins (mg/g)
B Gliricidia Mimosa ~ seeeeeee- Linear (Gliricidia) Linear (Mimosa)

Figure 2. Variation in in vitro organic matter digestibility (IVOMD) as a function of CT content for gliricidia
and mimosa over two years.

Monthly rainfall | Potential evapotranspiration
Overall
Condensed tannin 0.10304 70.19501
Digestibility 70.35141 0.57593
SN 70.19449 ~0.14069
N concentration ~0.10014 70.05343
§*C 70.44248 ~0.20857
C concentration ~0.00764 0.08596
Gliricidia
Condensed tannin 0.39929 70.79806
Digestibility 70.44777 0.65689
SN ~0.06135 ~0.11549
N concentration 0.20839 0.07053
§BC 70.53805 ~0.23416
C concentration ~0.41471 ~0.03098
Mimosa
Condensed tannin 0.39579 70.72503
Digestibility ~0.40039 0.72361
SN 70.41239 ~0.27835
N concentration 70.51303 70.24473
8§BC 70.52354 70.27225
C concentration 0.40852 0.32092

Table 2. Correlations between rainfall, potential evapotranspiration, rain deficit, and gliricidia and mimosa
leaf nutrients. Values in bold are significant (P < 0.05).

also reemphasizes the need to assay bioreactive CT rather than simple total CT*, since a given CT content on
gliricidia would decrease IVDOM more than if the same content in mimosa.

Although there was an overall strong correlation between CT and N content (Table 1), the difference between
species indicates that this difference is likely due to the difference between the species for both CT and N contents
and, thus, a species effect rather than a CT effect. On the other hand, while the N content of the gliricidia was
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either maintained or decreased (depending on the year) at the start of the dry season, that of the mimosa
increased by more than 50% in both years. This coincides with a decrease in CT and an increase in overall
digestibility, both of which indicate that this is a valuable source of protein for cattle and small ruminants during
the dry season.

One possible reason for this discrepancy between legume species is Mimosa’s characteristic leaf loss at the
beginning of the dry season®. This might have led to N redistribution from discarded leaves to the attached new
ones, which could affect the sampling conducted exclusively on attached leaves.

This difference between legume species has yet to be observed in studies evaluating animal performance
in the same experimental field'’. We hypothesize that the animal performance of gliricidia is superior to that
of mimosa. However, the former is reportedly among the least palatable arboreal forage legumes when fed to
cattle or small ruminants alongside other legumes, perhaps because of its CT, although these papers did not
include mimosa with its higher CT content*"*2. We likewise hypothesize that the Gliricidia silvopasture system
will achieve greater animal performance than the singlegrass monoculture. This is likely due to the reduction in
signalgrass herbage accumulation under mimosa, likely because of competition for water and light*’ between
mimosa and signalgrass, which needs to be considered when establishing such a silvopastoral system.

A possible approach, which has yet to be studied in our system, would include increasing interrow spacing for
mimosa to reduce its effect on signalgrass or rotating harvests in rows to allow cattle to browse the regrowth leaves
while reducing competition. However, this would reduce the economic potential of Mimosa wood products'*.

Other results of interest include §'*C, whose similarity indicates that although both species have similar
behaviors, overall, mimosa is likely to be slightly more water efficient than gliricidia due to its usually lower
enrichment!*?*# although it is still much less efficient than C, grasses, as expected'®.

At the same time, while the 8"°N of gliricidia was relatively stable throughout both years (even if more variable
in the second year), the 615 N of mimosa was usually more depleted, particularly during the wetter season, which
may indicate a higher biological atmospheric N, fixation rate since it indicates a higher proportion of atmospheric
nitrogen with its lower15N proportion in plant tissue than observed for gliricidia..

Materials and methods

The study was conducted at the Experimental Station of Itambé (7°23'S and 35° 10'W and 190 m above sea),
Agronomic Institute of Pernambuco-IPA, in which the predominant soil class is dystrophic Ultisol accord-
ing to the Brazilian Soil Classification System*®, approximately corresponding to the Ferric Luvisolon World
Reference Database?. The average annual rainfall is 1200 mm, of which ca. 75 from March to August and the
remaining from September to February although subject to high year to year variability, and the annual average
temperature is 25 “C ranging from 23 to 26 °C through the year. The relative annual average air humidity is 80%,
and the local climate is defined as an As warm-humid rainy tropical climate with a dry summer. The monthly
rainfall during the experimental period and the thirty-year average potential evapotranspiration in the region*’
are shown in Fig. 3.

Treatments, experimental design, establishment, and management

The treatments consisted of two silvopasture systems: 1. Signalgrass (Urochloa decumbens Stapf) + mimosa
[Mimosa caesalpiniifolia Benth]; 2. Signalgrass (Urochloa decumbens Stapf) + Gliricidia sepium (Jacq.) Kunth
ex. Walp.], in 1 ha experimental units, in a randomized complete block design, with three blocks to exclude soil
differences. Although more details can be found in’, we include some information here.

Neither legume species has recognized cultivars, and seeds were obtained from trees from the experimental
station. Cultivar Basilisk signalgrass seeds were obtained from local commerce. The experiment followed
institutional guidelines, and since there were no seed collection from the wild, and the species are not under
environmental or biodiversity protection, there is no Brazilian legislation requiring permission to conduct the
experiment.

In July 2011, tree legume seedlings were planted in 14 double rows in 1-ha paddocks for a population of
2500 trees ha™'. Signalgrass was established in one of the blocks in 1969, while the same signalgrass cultivar was
established along with the tree legumes in the other two blocks. Seeds were planted 5 cm deep, in rows spaced
1.0 x 0.5 m, using 10 kg of commercial seeds ha™ with 40% pure live seeds. Pastures were fully established by
the end of the 2011 rainy season.

The legume seeds were planted in a greenhouse, and both species were inoculated, each with its own specific
rhizobium strains* supplied by the soil Microbiology Laboratory at the Federal Rural University of Pernambuco.
In July 2011, all paddocks were fertilized with 44 kg P ha-1 (as ordinary superphosphate) and 100 kg K ha-1 (as
potassium chloride) throughout the entire area. Legume plants were transplanted to the field in June 2011 at a
height of approximately 30 cm and planted in 20 cm deep furrows.

From 2011 until 2018, each paddock contained at least two crossbred Holstein x Zebu (193 +70 kg) steers
to graze under a continuous, variable stocking rate. The stocking rate was calculated based on the metabolic
weight of the tester animals and “put and take” animals. The experiment followed the relevant guidelines of both
Universidade Federal Rural de Pernambuco and Instituto Agronémico de Pernambuco, for animal and plant
experiments.

Nutritive value and isotopic composition determination

Approximately 300 g of leaves from the same three legume trees from each experimental plot were collected
monthly from January to October in 2017 and 2018, totaling 360 samples. CT was determined on the individual
samples, and the remaining variables were bulked for each experimental plot, for a total of 120 samples. The
samples were analyzed for total N, §°C, and 8"°N at the University of Florida Forage Laboratory—North Florida
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Figure 3. Rainfall during the experimental period in Itambe-PE, Brazil, 40- and 30 year average potential
evapotranspiration in the microregion®’.

Research and Education Center, Marianna, Florida. The samples were dried in a circulation oven at 55 °C to con-
stant weight and ground to pass through a 1 mm screen using a Wiley Mill (Model 4, Thomas-Wiley Laboratory
Mill, Thomas Scientific, Swedesboro, NJ, USA). Subsamples were taken and ball-milled in a Mixer Mill MM 400
(Retsch, Newton, PA, USA) at 25 Hz for 9 min. Ball-milled samples were analyzed for total C and N contents and
8*C and 8N using a CHNS analyzer and the Dumas dry combustion method (Vario Micro Cube; Elementar,
Hanau, Germany) coupled to an isotope ratio mass spectrometer (IsoPrime 100, IsoPrime, Manchester, UK).
Samples ground to 1 mm were also used to determine in vitro digestible organic matter (OM). digestibility
(IVDOM) as described by Moore and Mott (1974)* and determined according to the following equation:

N . Substrate OM remains
Digestibility(%) = ( Substrate OM incubated — - x 100
Blank OM remains

Condensed tannin determination

Sampling was conducted as described earlier and CT determined®. Briefly, we used 10 mg aliquots in duplicate
to extract soluble CT using a mixture of 2.5 mL of 70% aqueous acetone with 0.1% ascorbic acid and 2.5 mL of
diethyl ether. After removing the solvents by evaporation, the extract was adjusted to 5 mL with distilled water,
centrifuged, and separated from the solid residue. Then, 1.8 mL of 5% butanol-HCL was added to 0.3 mL aliquots
of the extract and placed in a water bath at 95 °C for 70 min. In both cases, the absorbance was read on a 550 nm
spectrophotometer (Fento 600-Plus), and the result was converted to percent CT in legumes, based on a standard
curve determined using the butanol-HCL method, using purified CT from each legume species®'. The total CT
concentration included soluble fractions and CT bound to the residue®.

Statistical analyses

The data were subjected to statistical analyses via SAS on demand for academics mixed procedure®. Initially,
plants were considered fixed effects to evaluate CT interplant variability. Subsequently, since there were no
significant differences between plants, the average CT content of the three plants per paddock was utilized.
The fixed effects included legume species and evaluation date, considered repeated measures, while block was
considered a random effect. Linear correlation coefficients were calculated between CT concentration and
IVDOM, C and N content, and 8"°C and 8"°N, as well as between CT concentration and rainfall and potential
evapotranspiration®. Statistical effects were considered significant when P<0.05.
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Conclusions
The forage CT content strongly predicts digestibility in the rumen, but the strong interspecific difference does
not allow it to be used as an indicator by itself. On the other hand, the absence of differences between plants
indicates that there is likely no need to follow individual plants over time and forage plant ontogeny, simplifying
data collection.

Both arboreal legumes reduced the CT content and increased the digestibility of the arboreal legume at the
beginning of the dry season, when the nutritive value of the C4 forage species was the lowest, indicating that
these legumes may have important functions as protein sources for cattle. This could be particularly impactful
for mimosa, considering the increased leaf N concentration at this time of year. Differences in the bioreactivity
of CT between these arboreal legumes merit further research as possible explanations for differences in IVDOM
and palatability for ruminants.

Data availability
Data will be provided by J. C. B. Dubeux Junior or M. A. Lira Junior upon request.
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