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Abstract  Agroforestry can support carbon neu-
trality in agricultural and livestock systems while 
enhancing farm resilience to climate change through 
diversification. The impacts of climate change on 
grasslands vary globally, necessitating both mitiga-
tion and adaptation strategies. The Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
2020 statement was applied to conduct a global sys-
tematic review evaluating the effect of tree presence 
on forage yield and quality. This study considered 
five reviews, four meta-analyses, and 131 research 
articles. Existing meta-analyses and reviews provide 

valuable insights, while pot-, field-, and landscape-
level studies highlight the complexity of agroforestry 
across different environments. Findings indicate that 
herbage biomass is primarily reduced by limited light 
availability and, to a lesser extent, nutrient competi-
tion. In arid regions, water scarcity exacerbates tree-
crop competition. The effects on nutritive value vary: 
under shade, crude protein levels increase in grasses 
but decline in legumes, while fiber content remains 
stable or decreases. Grass-legume mixtures enhance 
both yield and quality, benefiting from species inter-
actions. The adoption of optimal grazing manage-
ment, considering shade presence alongside forage 
yield and nutritive value, is crucial for improving 
animal productivity. Most studies highlight key fac-
tors for the long-term success of agroforestry, includ-
ing low tree density, strategic orientation, thinning, 
pruning, and appropriate stocking rates. Addressing 
genetic, nutritional, and management knowledge gaps 
can further enhance plant and animal resilience to cli-
mate change.

Keywords  Resilience · Agrosilvopastoral · 
Feeding · Emission · Climate change

Introduction

In the context of the Agenda for Sustainable Devel-
opment, the United Nations set clear targets to 
reduce carbon emissions by 2050 (United Nations 
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Framework Convention on Climate Change 2016). 
These targets aim to mitigate the adverse effects of 
climate change and global warming on the environ-
ment, economy, and society. The livestock sector is 
one of the most significant contributors within the 
Agriculture, Forestry and Other Land Use (AFOLU) 
sector (Intergovernmental Panel on Climate Change 
(IPCC) 2022), requiring options to reduce and com-
pensate its emissions, as it represent 57% of total 
agricultural emissions (FAO 2022). Most livestock 
emissions are associated with ruminant enteric fer-
mentation, accounting for 39% (FAO 2022). Strate-
gies aimed at reducing these emissions can be linked 
to improvements in genetic resources, animal feed-
ing and management (Gerber et  al. 2013). The pro-
ductivity and environmental footprint of livestock are 
directly related to feed and fodder quality (Jung and 
Allen 1995); in particular, ruminant diets based on 
low quality forages tend to produce higher methane 
emissions per unit of feed consumed due to their high 
fibre content (Lee et  al. 2017; Solorio et  al. 2017). 
Grassland-based livestock systems in arid, equato-
rial, and tropical regions typically have lower produc-
tivity than those in temperate regions, largely due to 
the reduced forage nutritional value caused by high 
temperatures and light intensities (Nelson and Moser 
1994; Lee et  al. 2017). In the context of climate 
change, grassland-based livestock systems are more 
vulnerable to shifts in rainfall patterns and heat waves 
than confined farming systems. In particular, environ-
mental factors that increase plant lignification lead to 
an increase of fibre content and a decrease of forage 
quality, digestibility, and voluntary intake (Solorio 
et al. 2017).

In this context, it is urgent to find options able to 
mitigate ruminants’ impacts (Dumont et  al. 2018), 
and agroforestry systems (AFS) are considered a 
viable solution (Pulina et  al. 2021) to offset atmos-
pheric carbon emissions by implementing and man-
aging trees on agricultural land or managing animal 
husbandry in woodlands (Nair et al. 2009). Agrofor-
estry is defined as “the practice of deliberately inte-
grating woody vegetation (trees or shrubs) with crop 
and/or animal systems to benefit from the resulting 
ecological and economic interactions” (Burgess and 
Rosati 2018). The ability of trees on farmland to 
enhance carbon sequestration and provide ecosystem 
services has been demonstrated in tropical and tem-
perate climates (Abbas et al. 2017; Kay et al. 2019). 

Furthermore, trees on farmland could improve for-
age nutritional quality and nutrient cycling by miti-
gating the adverse effects of climate change (Solorio 
et al. 2017). AFS are also linked to improved welfare 
conditions of grazing animals through microclimate 
enhancement and heat stress reduction (Ripamonti 
et  al. 2025) with potential benefits on mitigation of 
GHG emissions (Kyriazakis et al. 2024).

The management of AFS must consider a diverse 
array of biophysical interactions with the objective of 
optimizing interactions among trees, crops, or grass-
lands, and animals, thereby enhancing productivity 
and nutrient cycling. The availability of resources 
within the system is contingent upon soil and cli-
mate conditions. In subhumid environments, above-
ground competition for light is more important than 
below-ground competition, while in semiarid envi-
ronments, soil water availability is the main limiting 
factor (Anderson and Sinclair 1993). Light availabil-
ity in the herbaceous vegetation layer is significantly 
altered in AFS, potentially causing stress to the for-
age species. Studying tree-crop interaction is essential 
to minimizing the negative effects of reduced solar 
radiation while enhancing the positive interactions 
between the components (Dufour et  al. 2013). Solar 
radiation is the key driver that determines the upper 
limits on productivity (Nelson and Moser 1994). For 
this reason, in northern latitudes, light availability is 
one of the main constraints that limits AFS adoption 
(Dupraz et al. 2018). Under shade there are changes 
in crop phenology (Kyriazopoulos et  al. 2013) and 
a delay in morphological development (Neel et  al. 
2016) that lead to an increase of crude protein (CP) 
and a lower fibre content. These changes provide a 
nutritional advantage for animals, supporting satisfac-
tory performance even under severe light restrictions 
(Lima et al. 2019a).

The European Commission supports the preser-
vation of traditional agroforestry and the adoption 
of innovative tree-based farming systems in Europe 
(European Commission 2020a, 2020b). Lawson 
et al. (2023) emphasized that AFS represent the best 
option to achieve carbon neutrality targets in the 
European AFOLU sector. Moreover, the future of 
European grasslands is threatened by the negative 
effects of climate change (Hopkins and Del Prado 
2007), and grassland productivity needs to adapt to 
rising temperatures and the increasing frequency of 
drought periods (Aguilera et al. 2020). The presence 
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of trees could represent a viable adaptation and mit-
igation strategy to maintain grasslands or croplands 
in arid environments (Moreno 2008; Mantino et al. 
2021).

However, the adoption of agroforestry practices 
is limited by farmers’ negative perceptions due to: 
(i) high implementation and management costs, (ii) 
reduced availability of arable land, (iii) bureaucratic 
constraints and (iv) insufficient knowledge of the ben-
efits and technical aspects of system design (Camilli 
et al. 2018; Paris et al. 2019; Tranchina et al. 2024). 
To boost AFS development and implementation in 
the context of climate change, it is crucial to quan-
titatively assess the positive effects of trees on for-
age yield and quality. Such assessments can enhance 
livestock production while reducing its GHG emis-
sions. Building on these observations, we identified 
the need for a comprehensive global assessment to 
expand knowledge on the impact of AF on forage 
yield and quality.

This systematic review addresses the research 
question: How does tree presence influence forage 
yield and nutritive value? Which is based on the 
assumption that tree presence influences tree-grass 
dynamics by modifying soil characteristics (Seddaiu 
et  al. 2018; Rolo et  al. 2023), microclimate (Cas-
tillo et al. 2020), and the availability of nutrients and 
water (Pardon et  al. 2017; Bayala and Prieto 2020). 
By “tree presence,” we refer to studies evaluating sys-
tems with a tree component, including newly estab-
lished AFS. Since light is the primary competitive 
factor between trees and grass, our systematic review 
also includes studies that simulate tree presence using 
artificial shade or agrivoltaic systems. Addition-
ally, we included studies conducted under controlled 
conditions, even in the absence of trees, as they pro-
vide valuable insights into grass adaptation to shade 
conditions.

In AFS, numerous factors can positively or nega-
tively influence forage yield and quality. A systematic 
collection of these effects can help identify manage-
ment practices that enhance AFS productivity while 
minimizing negative interactions. We anticipate an 
overall improvement in forage nutritive value (Kyri-
azopoulos et al. 2013; Neel et al. 2016), though with 
a potential decrease in yield (Nelson and Moser 1994; 
Dupraz et  al. 2018). However, these assumptions 
require confirmation under varying climates, AFS 
management practices, and tree and forage species.

The primary goal of this systematic review is to 
provide a global overview of the effect of tree pres-
ence on forage yield and nutritive value. Recogniz-
ing that several limiting factors influence forage yield 
and quality, this review seeks to examine experiments 
where light, nutrients, water, and grazing animals are 
controlled. Finally, we aim to identify field experi-
ments needed to address current knowledge gaps. The 
key novelty of this study is that we did not impose 
any geographical limitations and considered all types 
of AFS. To the best of our knowledge, no existing 
review has addressed our research question without 
these constraints. Additionally, this systematic review 
aims to assess whether previous reviews or meta-
analyses have explored similar research questions.

PRISMA methodology

We performed a systematic review following the Pre-
ferred Reporting Items for Systematic reviews and 
Meta-Analyses (PRISMA) 2020 statement (Page 
et  al. 2021). The review included papers on annual 
and perennial forages for animal feed, excluding 
turfgrasses. Studies on the nutritive value of shrubs 
and tree species were excluded, as a comprehensive 
review on this topic was conducted by Vandermeu-
len et  al. 2018. That review thoroughly examined 
various aspects of the nutritional value of shrubs and 
trees, including the presence of tannins; thus, we con-
cluded that an additional review on these aspects was 
unnecessary.

Scopus (https://​www.​scopus.​com/) was the sole 
database consulted for this review, as it provides a 
comprehensive and reliable collection of high-quality, 
peer-reviewed journals across multiple disciplines. 
The search was conducted on July 4, 2024, as follows:

TITLE-ABS-KEY (agroforestry OR silvopast* OR 
agrosilvopast* OR tree OR shad*) AND (quality OR 
ndf OR "nutritive value" OR protein OR digestibility 
OR product* OR "chemical composition" OR yield 
OR "phenological cycle") AND (forage OR grassland 
OR grass OR pasture OR pastureland)

The following limits were used to reduce the num-
ber of results:

AND (LIMIT-TO(DOCTYPE, "ar") OR LIMIT-
TO(DOCTYPE, "re") OR LIMIT-TO(DOCTYPE, 
"ch") OR LIMIT-TO(DOCTYPE, "bk")) AND 
(LIMIT-TO(SUBJAREA, "AGRI")) AND 

https://www.scopus.com/
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(LIMIT-TO(LANGUAGE, "English")) AND (LIMIT-
TO(SRCTYPE, "j")

Aside from the filter function provided by Sco-
pus, no automatic tool or artificial intelligence soft-
ware was used to select articles based on the title 
and abstract. Two authors conducted the screening, 
aiming to apply the same criteria and avoid any 
influence of their own ideas and biases. One of the 
two selectors independently reviewed the titles and 
abstracts a second time. If there were any doubts 
regarding the relevance of a title or abstract, the 
record was kept for further screening.

The first screening step involved reading the 
title. Titles that did not address the research ques-
tion were excluded. If the title was too general or 
unclear, the paper was moved to the second screen-
ing step. The second screening step involved read-
ing the abstract. Abstracts that did not address the 
research question were eliminated. As in the first 
step, if uncertainties arose, the article was not 
excluded. Instead, “Materials and Methods” was 
checked to assess whether the study aligned with 
the review topic.

The full-texts articles were downloaded and 
reviewed. Although the filter “LANGUAGE” was 
applied to select only articles in English, 12 articles 
had English abstract but were written in Spanish or 
another language. The full text of 35 records was 
unavailable in the libraries consulted, so these papers 
were excluded from the study.

Among the retrieved research papers, we identified 
four meta-analyses and five reviews, whose results 
were summarized in a specific section of this sys-
tematic review. During the screening of the “Mate-
rials and Methods” sections of 307 original papers, 
conducted by the first two authors of this study, we 
focused on research articles examining the effects of 
trees on both forage yield and nutritive value. Follow-
ing the screening process, 37 papers were deemed out 
of scope as they did not address the research question, 
139 focused solely on forage yield, and the remaining 
131 out of 307 examined both aspects. A schematic 
workflow diagram is presented in Fig.  1. Excluding 
papers that evaluated only the effects on forage yield 
might result in overlooking highly relevant publica-
tions that address important aspects of AFS. How-
ever, given the large number of studies, focusing on 
forage quality was necessary, as it aligns with our pri-
mary aim.

The dataset containing information retrieved from 
the materials and methods sections of 131 selected 
articles is available in a public repository on Zenodo 
(https://​doi.​org/​10.​5281/​zenodo.​13913​058). Specifi-
cally, we summarized the following information: (i) 
experiment level (pot, field, landscape), (ii) presence 
of grazing animals, (iii) location of the study, (iv) cli-
mate, (v) soil characteristics, (vi) forage characteris-
tics, (vii) limiting factors, (viii) experimental design, 
and (ix) parameters investigated. A detailed list of all 
the information retrieved from the selected articles is 
provided in the Supplementary materials – Table S1. 
A graphical representation of the articles’ keywords 
was generated using a co-occurrence analysis with the 
biblioNetwork() function from the bibliometrix pack-
age (Aria and Cuccurullo 2017), while a thematic 
map was created using the thematicMap() function.

Results overview

The research articles were categorized based on their 
climate region according to the Köppen-Geiger clas-
sification (Kottek et al. 2006). Figure 2 illustrates the 
geographical distribution of the selected studies. An 
overview of the selected articles’ results is reported 
in Tables  1 and 2. The term “Integrated crop-live-
stock-forestry systems” is another definition of AFS, 
frequently used in South America (Kotobiodjo et al. 
2024). In this review, AFS refer to shaded grasslands, 
silvopastoral systems, and all types of agroforestry 
systems, while FL will denote full light or sun condi-
tions, including open pastures.

Table  1 summarizes the articles based on the 
experiment level (pot, field, or landscape) and the cli-
mate region. At the pot level, studies were conducted 
under controlled conditions, where forage species 
were generally grown in pots inside greenhouses. In 
these studies, competition with trees was not consid-
ered; only the effects of light reduction were evalu-
ated. Studies classified as “field” are those performed 
at the plot or field level, with a clearly defined experi-
mental design at field scale. Landscape studies are 
those in which the design of the experimental field 
is not clearly defined and may be conducted across 
multiple locations. Additionally, Table 1 summarizes 
the studies based on the considered limiting factors, 
such as light, nutrients, and water, and the presence 
of animals in the experiment. Table  2 provides the 

https://doi.org/10.5281/zenodo.13913058
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minimum and maximum values for yield and nutri-
tional value, categorized by the plant botanical family 
and climate zone, regardless of the system (AFS or 
FL).

Figure  3 shows a co-occurrence network of 
article keywords where the keyword ’forage’ has 
numerous direct connections with terms such as 
nitrogen, shade tolerance, biomass, dry matter, 

and shading. Figure  4 depicts a thematic map of 
keywords where niche themes were India, growth 
rate, humid tropics, Pennisetum glaucum, and phy-
tomass. The main motor themes include Poaceae, 
savanna, growth, tree, and article, together with 
grass, forage, pasture, nutritive value, and agro-
forestry. Plant community is emerging or declin-
ing as a theme, while crop yield, crop production, 

Fig. 1   PRISMA flow 
diagram of the screening 
process followed
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alternative agriculture, cultivation, and temperate 
climates are considered basic themes.

Meta‑analyses and reviews

Meta-analysis and review articles were examined to 
avoid overlap with current research questions. None 
of the reviewed articles thoroughly investigated the 
effect of light availability on forage quality. This sec-
tion briefly summarizes their topics and findings.

Benavides et al. (2009) reported higher crude pro-
tein levels in grasslands under Populus and Pinus 
radiata D. Don compared to FL in New Zealand. 
Their review also considered microclimate, soil 
properties, and pasture dynamics but was geographi-
cally limited. Silveira et  al. (2015) discussed shade 
avoidance and tolerance strategies in grassland spe-
cies, without addressing forage production or nutri-
tive value. Baker et  al. (2018) reviewed Australian 
studies on windbreak effects on crop and grassland 
production but did not consider forage quality. Bird 
(1998) focused on windbreaks in temperate cropping 

systems, noting minimal evidence of increased pas-
ture production and limited understanding of their 
role in grassland enhancement. Baker et  al. (2018) 
also highlighted knowledge gaps regarding windbreak 
impacts on evapotranspiration and plant physiology.

Druille et  al. (2019) analysed radiation use effi-
ciency (RUE) in grasses without assessing pasture 
quality. Dohn et al. (2013) analysed the stress-gradi-
ent hypothesis (SGH) in dry savannas. SGH suggests 
that under stressful conditions, such as nutrient scar-
city, facilitation and cooperation among organisms are 
more likely, while competition and parasitism occur 
more under less stressful conditions, such as nutrient 
excess. The results of these two studies showed that 
tree-grass interactions are generally positive under 
high environmental stress, such as high temperatures, 
low light, and water limitations. While the presence 
of trees can reduce the evapotranspiration under the 
canopy, measuring their specific impacts on grass 
growth and overall health remains challenging.

Laub et  al. (2022) conducted a meta-analysis rel-
evant to our research question but focused only on 
crop yield under intercropping or artificial shading, 

Fig. 2   Location of the selected research articles in relation to the Köppen-Geiger classification
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including agrivoltaics. While they included 11 for-
age studies, they did not assess nutritive value. Their 
findings suggest forage species can tolerate 30–45% 
reductions in solar radiation without yield loss and 
may even see slight increases. Pent (2020) analysed 
forage yield in temperate AFS but only considered the 
land equivalent ratio (LER). de Oliveira et al. (2022) 
is the only study combining a review and meta-anal-
ysis on forage yield and nutritive value, but it was 
limited to tropical AFS, focusing on Eucalyptus and 
Urochloa species.

Pot level

Four studies investigated tropical forages from 
Poaceae species: (i) Cruz (1996) studied Dichan-
thium aristatum (Poir.) C.E.Hubb., (ii) Deinum et al. 
(1996) compared Urochloa brizantha (Hochst. ex A. 
Rich.) R. Webster with Megathyrsus maximus (Jacq.) 

B.K.Simon & S.W.L.Jacobs, (iii) Paciullo et  al. 
(2017) examined two different cultivars of M. maxi-
mus, and (iv) Faria et  al. (2018) focused on Uroch-
loa decumbens (Stapf) R.D.Webster and Brachiaria 
ruziziensis Germ. & C.M. Evrard. In all the experi-
ments, species were grown as sole crops. Water was 
not a limiting factor, and nitrogen was supplied at 
varying doses based on the experimental design and 
treatment. All four studies found a positive and syn-
ergistic effect of shade on forage quality. Notably, 
Paciullo et al. (2017) observed that CP reached 17% 
of DM under 58% shade with the highest N fertiliza-
tion, while NDF was lower under reduced light avail-
ability (64% of DM). Cruz (1996) and Deinum et al. 
(1996) suggested that the variation in RUE is linked 
to changes in the shoot:root ratio in shaded plants. 
However, these findings need further field valida-
tion. Additionally, high fertilization rates under shade 
may cause an imbalance between C and N, potentially 
increasing nitrate content negatively affecting animal 

Table 2   Summary of 
minimum and maximum 
values for yield expressed 
in dry matter (DM), crude 
protein content (CP), 
neutral detergent fibre 
(NDF), acid detergent fibre 
(ADF), acid detergent 
lignin (ADL) and in vitro 
dry matter digestibility 
(IVDMD), categorized 
by botanical family and 
climate, regardless of the 
system (agroforestry system 
or full light conditions)

Botanical family Tropical
(Min–Max)

Dry
(Min–Max)

Temperate
(Min–Max)

Continental
(Min–Max)

Poaceae
Yield (kg DM ha−1) 145–35,000 28–2963 133–18,061 2600–10600
CP (g DM kg−1) 18–194 37–250 41–302 79–318
NDF (g DM kg−1) 71–802 234–788 369–819 364–694
ADF (g DM kg−1) 245–613 269–673 245–507 192–547
ADL (g DM kg−1) 51–81 26–33 480–600
IVOMD (g DM kg−1) 248–716 42–67 438–687
IVDMD (g DM kg−1) 328–759 330–729
Fabaceae
Yield (kg DM ha−1) 1843–11,060 255–4308
CP (g DM kg−1) 86–213 122–318 168–290 169–225
NDF (g DM kg−1) 400–594 196–600 339–555 300–440
ADF (g DM kg−1) 215–499 257–451 226–334
ADL (g DM kg−1) 53–108
IVOMD (g DM kg−1)
IVDMD (g DM kg−1) 498–967
Mixture
Yield (kg DM ha−1) 1533–9097 413–6774 407–14174 187–5723
CP (g DM kg−1) 106–163 27–167 30–305 50–271
NDF (g DM kg−1) 472–768 79–869 372–771 323–703
ADF (g DM kg−1) 350–600 276–528 224–556
ADL (g DM kg−1) 46–71 38–110 7–39
IVOMD (g DM kg−1) 608–900 404–567
IVDMD (g DM kg−1) 263–751 385–550
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nutrition (Paciullo et al. 2017). Deinum et al. (1996) 
reported that U. brizantha is more shade-tolerant than 
M. maximus, which tends to accumulate higher nitrate 
content under low light conditions. As expected, the 
highest forage production was observed for M. maxi-
mus (132.6  g per pot) under FL, while the lowest 
production was recorded for the same species (17.7 g 
per pot) with low light conditions. In contrast, U. 
brizantha production ranged from 25.2 to 127 g per 
pot, showing more variability compared to M. maxi-
mus. Similar findings were reported by Paciullo et al. 
(2017), who observed that M. maximus achieved the 
highest production with no shade and the maximum 
dose of N fertilizer (13.7 g DM per pot). In contrast, 
Faria et al. (2018) found no significant effect of shad-
ing on biomass production. However, the interaction 
between grass species (U. decumbens and B. ruzizien-
sis) and nitrogen was significant.

Lin et  al. (2001) evaluated thirty forage species, 
including eight cool-season grasses, five warm-season 
grasses, eight cool-season legumes, and five warm-
season legumes. Generally, the NDF and ADF content 
were either unaffected or increased by 1% to 4% under 
shaded conditions. The CP content was positively 

affected by shade in grasses but remained unaffected 
in legumes species. Most species exhibited morpho-
logical variations in the leaf:stem ratio due to shading, 
which can lead to changes in the chemical composition 
of above-ground biomass. However, the extent of these 
changes varied greatly among species. Bromus iner-
mis Leyss., Desmodium paniculatum L., Desmodium 
canescens L., Lolium perenne L., Festuca arundinacea 
Schreb. (‘KY 31’), and Amphicarpaea bracteata L. 
were the most promising shade-tolerant species, consid-
ering both quantitative and qualitative aspects. A more 
recent study by Pang et al. (2019) assessed the shade-
tolerance of forty-three forage species using the Rela-
tive Distance Plasticity Index (RDPI), an indicator that 
evaluates species adaptability to varying environments. 
RDPI is based on biomass, CP yield, CP content, and 
relative feed value. Authors found that in the absence of 
other limiting factors, such as water and nutrient com-
petition, shade did not affect biomass, CP yield, and 
CP content. Abraham et  al. (2014) demonstrated that 
Dactylis glomerata L. adapts well to shade, increasing 
CP content even under up to 90%. Kyriazopoulos et al. 
(2013) studied the performance of Dactylis glomerata 
L. and Trifolium subterraneum L. in monocultures 

Fig. 3   Keywords co-occurrences map. The most frequently used keywords were: (i) forage, (ii) pasture, (iii) Poaceae, and (iv) grass. 
’Pasture’ and ’Poaceae’ were associated with the United States and cattle, while ’forage’ was linked to livestock farming
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(100:0, 0:100) and binary mixture (25:75, 75:25). They 
confirmed that D. glomerata is shade-tolerant and 
found that grass-legume mixture was more productive 
and had higher nutritive value than monocultures under 
both full sun and moderate shade conditions. The best 
performing was the 75:25 binary mixture, which can 
reach 10.2% of CP and 59.2% of NDF. When consid-
ering only the shading effect, CP content ranged from 
9.5% under 60% of shade to 11.8% under 90%, com-
pared to 6.5% in FL. Therefore, high-quality forage pro-
duction in AFS is viable under moderate to dense shade 
when using a mixture of grasses and shade-tolerant 
legumes, provided there are no limitations in water or 
nutrients.

Field level

Tropical climate

Given the large number of studies conducted in tropi-
cal countries, we chose to organize our literature anal-
ysis around the most cited forage species.

Megathyrsus maximus

M. maximus, from Poaceae family, commonly known 
as guinea grass, is one of the major grasses spread in 
tropical pasture systems. It is used for various pur-
poses, including direct grazing, cut-and-carry, silage, 

Fig. 4   Keywords thematic map. In the map, there are four 
quadrants where the keywords were divided into four cat-
egories: motor themes, basic themes, emerging or declining 
themes, and niche themes. The results of the selected papers 

are presented and discussed in four sections: (i) meta-analyses 
and reviews, (ii) pot experiments, (iii) field experiments, and 
(iv) landscape experiments, categorized according to the cli-
mate in which the research was conducted
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and hay, due to its palatability and good nutritional 
value for livestock. Known for its fast growth, it typi-
cally has an average CP content of about 11% and 
NDF of approximately 72% (Heuzé and Tran 2020).

Two studies estimated the effect of light intensity 
by measuring the Photosynthetically Active Radia-
tion (PAR) (de Carvalho et  al. 2021; Pereira et  al. 
2021). Greater improvement in CP was observed in 
M. maximus grown under different levels of shading 
compared to FL (de Carvalho et  al. 2021). In con-
trast, Pereira et  al. (2021) reported no differences in 
nutritive values in AFS and FL; likely due to the vari-
ability in sunlight reaching the grass canopy through-
out the day and based on its distance from tree lines, 
making differences in nutritive value undetectable.

Dibala et al. (2021) observed higher herbage mass 
production in FL, with more than 10 Mg ha−1 of DM 
across four sampling periods over one year, compared 
to moderate and high tree density AFS with 503 and 
931 trees per hectare, respectively. CP content was 
higher in AFS, ranging from 9 to 10% for both mod-
erate and dense tree systems, while in FL, CP content 
was approximately 8%. These findings support the 
SGH for nutritive value mentioned in the review by 
Dohn et  al. (2013). González Marcillo et  al. (2021) 
found that the system type (AFS vs. FL) did not sig-
nificantly affect M. maximus yield, although there 
was a statistical trend (p < 0.10) indicating seasonal 
effects on DM production. Even during a low precipi-
tation season, M. maximus can still provide accept-
able biomass levels. Similarly, forage quality was 
not affected by the type of system, and season effect 
showed only a statistical tendency (p < 0.10). Nota-
bly, lower values of CP content were present during 
rainy season. During the rainy season, when water is 
plentiful, M. maximus grows taller, which increases 
productivity. However, this phenological change leads 
to an increased stem:leaf ratio, reducing CP content, 
which is typically higher in leaves. de Oliveira et al. 
(2018) found that the concentrations of N, P, K, and 
Mg remain stable in forages across environments. 
Thus, determining the concentrations ratios of these 
elements in M. maximus could help identify the most 
suitable genotypes for shade conditions. In terms of 
N fertilization, higher N supply may reduce Nitrogen 
Use Efficiency (NUE) under intense shade conditions 
(Silveira et al. 2017).

Other studies evaluated M. maximus in associa-
tion with other forage species. Odedire and Babayemi 

(2008) found that M. maximus had a higher nutri-
tive value than Andropogon gayanus Kunth when 
grown in association with shrubs such as Leucaena 
leucocephala (Lam.) de Wit and Tephrosia candida 
DC. Conversely, Digitaria eriantha Steud. performs 
better than M. maximus when associated with trees 
such as Gliricidia sepium (Jacq.) Steud.. Pandey et al. 
(2011) compared the quantity and quality of three for-
age species, M. maximus, B. mutica and Pennisetum 
purpureum Schumach., in AFS and FL. M. maximus 
and B. mutica perform better in shaded environments, 
while P. purpureum is better suited to grow in FL. In 
shaded conditions, applying N fertilization reduces 
the shoot:root ratio, thereby facilitating N uptake and 
increasing N concentration. Conversely, this effect is 
more pronounced in P. purpureum in FL.

Manríquez-Mendoza et  al. (2011) and Silveira 
et al. (2017), exploring the role of nutrients and tree 
presence in tree-grass interactions within AFS, found 
that the presence of L. leucocephala, a legume tree, 
can improve the quality of M. maximus grass (Alonso 
et al. 2008).

Urochloa ssp

Urochloa spp. (formerly Brachiaria spp.) are a group 
of perennial grasses commonly used as cover crops 
and companion crops in tropical conservation agri-
culture. In AFS, Guimarães et al. (2018) and da Silva 
et al. (2021a, b) found that forage nutritive value from 
Urochloa ssp. significantly varies depending on the 
characteristics of the adopted tree. For example, Gui-
marães et al. (2018) reported that CP and NDF con-
tent were affected by the adopted Eucalyptus clone, 
ranging from 9.70% to 11.40% for CP and from 67% 
to 68.9% for NDF content. da Silva et  al. (2021b) 
observed that Urochloa ssp. grown under Gliri-
cidia sepium (Jacq.) Steud. had better nutritive value 
and herbage accumulation than when intercropped 
with Mimosa with Mimosa caesalpiniifolia Benth.. 
According to da Silva et al. (2021b), benefits provided 
by trees to Urochloa ssp. were primarily due to varia-
tions in soil moisture. However, the same authors also 
reported that under the tree canopy, absorption of N, 
Ca, and S was reduced, potentially leading to lower 
CP values. Similarly, de Macêdo Carvalho et  al. 
(2022) found that in the first years of tree establish-
ment, the nutritive value of forage was not affected 
by shade due to low tree density. Two studies by 
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Santiago-Hernández et  al. (2016) and Torres-Lugo 
et  al. (2022) investigated M. maximus and Uroch-
loa hybrids (Oaxaca and Yacare) or other Urochloa 
species. Santiago-Hernández et  al. (2016) observed 
biomass reduction under shade in both species, 
with Urochloa exhibiting less sensitivity to seasonal 
effects than M. maximus. However, overall nutritional 
quality increased under shade with greater CP con-
tent. Torres-Lugo et al. (2022) found high variability 
within the Urochloa genus, with some ecotypes being 
more sensitive to drought conditions than others.

Urochloa brizantha  U. brizantha (syn. Brachiaria 
brizantha), a member of the Poaceae family and com-
monly known as palisade grass, is a tufted perennial. 
It can withstand high stocking rates with good per-
sistence, making it suitable for both continuous and 
rotational grazing. In addition to grazing, it is widely 
utilised for cut-and-carry systems, hay, and silage. 
The grass has an average CP content of approximately 
10%, and a NDF content of about 67% (Heuzé et al. 
2016).

Several studies have evaluated the quality of U. 
brizantha within AFS. Some of these studies were 
included in the meta-analysis by de Oliveira et  al. 
(2022), which highlighted that trees in AFS reduced 
the NDF content in grasses compared to FL while 
increasing their CP and lignin content. CP levels, 
however, are influenced by tree age and canopy cover, 
generally increasing in older AFS. No significant dif-
ferences were observed in ADF content and IVDMD 
between AFS and FL, although tree row orientation 
influence IVDMD. Nevertheless, the overall nutritive 
value of pasture in AFS did not consistently improve 
compared to FL, likely due to the higher lignin con-
tent. Similar findings were found in further studies 
(Cabral et al. 2017; Lima et al. 2020; da Silva et al. 
2021a).

Generally, FL provides higher forage biomass lev-
els due to greater light availability. Consequently, tree 
spacing and density become critical, often influenced 
by the residual effects of previous crops, such as soy-
bean or other arable crop fertilization, da Silva et al. 
(2020) observed that both FL and AFS could achieve 
similar grassland biomass production with effective 
long-term tree management over seven years. Addi-
tionally, Lana et al. (2016), Crestani et al. (2017), and 
Geremia et al. (2018) emphasized the significance of 
wider tree spacing. For instance, Barros et al. (2018) 

and Santos et al. (2018) reported that a tree spacing 
of 22 m effectively balanced both the quantity and the 
quality of U. brizantha. More recently, Lages et  al. 
(2024) found that U. brizantha could be effectively 
intercropped within AFS without negative impacts on 
nutritive value. Specifically, tree used were Eucalyp-
tus urophylla S.T. Blake reaching heights of 15–18 m, 
with row spacings of 12 m and 18 m oriented in an 
east–west direction (Lages et  al. 2024). During the 
dry season, Santos et al. (2018) highlighted that water 
deficits could pose a greater limitation to forage pro-
duction than reduced light availability.

Furthermore, Sousa et al. (2010) reported higher 
CP content in AFS (7.1%) compared to FL (5.8%), 
while Gomes et  al. (2022) observed comparable 
herbage accumulation and leaf proportions in AFS 
and FL. However, CP content was higher in AFS, 
particularly closer to the tree row (14.8%) than in 
FL (12.8%). Tosta et  al. (2015) found that using 
Attalea speciosa Mart. palm tree in AFS with U. 
brizantha provided no benefits. This was attrib-
uted to significant competition between the tree and 
grass species for moisture and nutrients, particu-
larly during dry seasons. As a result, the competi-
tion decreased CP content and elevated NDF levels 
exceeding 70%.

Olival et al. (2021) demonstrated that native trees 
positively impact U. brizantha pastures by mitigat-
ing drought effects, enhancing nutrient cycling, and 
improving the forage quality through increased min-
eral and CP content. The contrasting results from 
Tosta et al. (2015) and Olival et al. (2021), underscore 
that tree density is not the only factor influencing 
grass yield and nutritive value. Instead, tree species 
must also be considered when planning AFS. de San-
tana et  al. (2021) reported similar benefits, empha-
sizing the advantages of integrating trees into AFS. 
Their study found that pasture leaf mass was com-
parable to that grown under FL, but with improved 
nutritional value. Regarding stocking rate, de Oliveira 
et al. (2014) observed a higher herbage allowance and 
relative stocking during winter and spring in AFS 
compared to FL when intercropping U. brizantha 
with Sorghum bicolor (L.) Moench. The authors sug-
gested that AFS with intermediate tree density (e.g. 
227 Ecucalyptus urograndis W. Hill trees ha−1) could 
provide an effective option for farmers to diversify 
income sources while maintaining satisfactory animal 
production levels.
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Consistent with previous studies, Urochloa species 
can tolerate light reduction of up to 30%-40% through 
adaptive mechanisms, such as increasing leaf area. 
Therefore, tree density and crown size are critical 
parameters in AFS design to prevent excessive reduc-
tions in light transmission beneath the canopy.

Urochloa decumbens  U. decumbens, also known as 
signal grass, is widely used as forage and thrives even 
in infertile soils. It is a vigorous, rhizomatous, and 
stoloniferous medium-lived perennial grass, making it 
suitable for diversifying crop rotations in mixed farm-
ing. It can tolerate heavy grazing and is also used as 
cut-and-carry forage or hay. The average CP content is 
approximately 8.9%, while the NDF is around 68.1% 
(Heuzé et al. 2021).

All the studies reviewed primarily compared AFS 
with FL or areas located at the centre of the alley. 
Gómez et  al. (2013) and Rodrigues et  al. (2014) 
measured the photosynthetic photon flux and PAR, 
respectively. Gómez et al. (2013) classified U. decum-
bens as a sun-shade generalist species in tropical sys-
tems. Additionally, with adequate N fertilization, the 
RUE is maximized under FL. However, under lim-
ited N availability, RUE is significantly lower in FL 
compared to AFS, highlighting the species’ ability 
to optimize light conversion efficiency under low N 
conditions. Furthermore, optimal N accumulation in 
forage biomass occurs under moderate shade (50%) 
combined with N fertilization.

Rodrigues et  al. (2014) demonstrated that shade 
can enhance the quality of U. decumbens by reduc-
ing NDF content and increasing CP content. How-
ever, tree layout plays a critical role in optimizing 
the balance between forage yield and nutritive value. 
Different tree spatial arrangements were used in the 
study: single row 2 × 9  m, double row (2 × 2) × 9  m, 
and double row (3 × 2) × 9  m. NDF values ranged 
from 60.29% to 62.92% in AFS, compared to 64.67% 
in FL. The lowest NDF value was observed in the 
single row (2 × 9 m) spatial arrangement. CP content 
ranged from 10.37% to 14.46% in AFS compared to 
11.48% in FL. The lowest CP value was recorded in 
the double row ((3 × 2) × 9 m) arrangement, while the 
highest was in the double row ((2 × 2) × 9 m) arrange-
ment. Similarly, Dos Santos et al. (2023) emphasized 
that to prevent yield reductions in U. decumbens, in 
fields without significant slope, the distance between 
two consecutive tree rows of Eucalyptus spp. must 

be greater than 20 m. The study also confirmed that 
CP content increased and NDF content decreased in 
AFS.

Cynodon ssp. and other species

Canul-Solis et al. (2018) observed higher overall pro-
duction in systems where Cynodon nlemfuensis Van-
deryst was intercropped with trees such as G. sepium 
and Tithonia diversifolia (Hemsl.) A. Gray, compared 
to FL. However, they noted a reduction in grass pro-
duction within AFS. The study found no significant 
differences in CP and NDF content between AFS and 
FL.

Ruíz et al. (2014) reported that the CP content of 
Cynodon plectostachyus (K. Schum.) Pilg. was higher 
during the rainy season compared to the dry season 
and was greater in AFS than in FL. During the rainy 
season, CP content increased from 8.8% in FL to 
10.6% in AFS, while in the dry season, it rose from 
5.3% in FL to 9.6% in AFS.

Varsha et  al. (2019) investigated the integration 
of Morus indica L. trees and Stylosanthes hamata 
(L.) Taub. bushes with Hybrid Napier (Pennisetum 
purpureum Schumach. x Pennisetum glaucum (L.) 
R.Br.) for a cut-and-carry system in India. Although 
grass biomass was reduced, the inclusion of M. indica 
ensured a reliable forage mass due to its higher nutri-
tive value in a high-density AFS.

Andropogon gayanus Kunth was identified as a 
suitable grass for semi-arid regions, demonstrating 
superior nutritional values when cultivated in AFS 
compared to FL. Indeed, significant higher value 
of CP and a significantly lower value of NDF were 
determined (Zambrano et al. 2023).

Fabaceae species

Research on legume species in tropical areas has been 
limited to only three studies, focusing on Neonotonia 
wightii Lackey, Pueraria phaseoloides Benth., Mac-
rotyloma axillare Verdc., Arachis pintoi Krapov. & 
Greg., and Calopogonium mucunoides Desv. (Araújo 
et  al. 2017; Almeida et  al. 2019; Lista et  al. 2019). 
Araújo et  al. (2017) reported that legumes grown 
in AFS had higher CP and NDF content compared 
to those in FS. CP ranged from 18.1% to 19.4% in 
AFS and 16.1% to 18.9% in FL, while NDF ranged 
from 53.5% to 69.1% in AFS and 53.1% to 62.3% 
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in FL. Despite improved nutritional content, DM 
yield was significantly lower in AFS compared to 
FL (1089 kg ha−1 cut−1 vs. 4356 kg ha−1 cut−1). This 
reduction was likely due to the high tree density in 
AFS.

Lista et  al. (2019) confirmed that N. wightii per-
formed best under 30% or 50% shade levels. Accord-
ing to Araújo et al. (2017) and Almeida et al. (2019), 
N. wightii showed increased productivity under 70% 
shade, while C. mucunoides, P. phaseoloides, and M. 
axillare performed better under 50% shade. Almeida 
et  al. (2019) observed a detrimental effect on the 
nutritive value of all species (N. wightii, C. mucu-
noides, P. phaseoloides, and M. axillare) during the 
summer, with increased NDF content and a decreased 
leaf:stem ratio. In autumn, higher CP content was 
found under 50% shade, with NDF content reach-
ing 70% and a lower leaf:stem ratio under the same 
conditions.

Lista et  al. (2019) also studied Arachis pintoi 
Krapov. & W.C. Gregory, which they considered suit-
able for introduction into AFS. The study noted a 
more significant reduction in legume forage produc-
tion during the drought season, with only A. pintoi 
favoured by 30% and 50% shade during this period. 
Overall, Fabaceae species generally show minimal 
impact on quality due to shade, despite reductions in 
yields.

Dry climate

In contrast to tropical AFS, greater variability of for-
age species has been reported in dry climates. The 
most commonly sown or naturally occurring species 
are: (i) Cenchrus ciliaris L. (East and Felker 1993; 
Patidar and Mathur 2017); (ii) M. maximus (East and 
Felker 1993; Sarabia-Salgado et al. 2020) and (iii) a 
mixture of perennial grasses (Jackson and Ash 1998). 
In dry AFS, a greater number of legume species are 
used compared to tropical AFS. Some of the most 
commonly used legume species are: (i) Vigna unguic-
ulata (L.) Walp; (ii) Dolichos lablab L.; (iii) Phaseo-
lus limensis L.; (iv) Phaseolus vulgaris L. (Angadi 
et  al. 2022). In some cases, legume forage species 
were mixed with grasses (Ash and McIvor 1998).

Overall, shade negatively affected the agronomic 
and morphological characteristics of legumes, includ-
ing yield and quality, as reported by Angadi et  al. 
(2022). However, when legumes were intercropped 

with grasses, the protein yield of the forage mixture 
was higher compared to a grass sole crop (Patidar and 
Mathur 2017). Several authors emphasized the impor-
tance of limiting tree density, as high shade levels can 
be detrimental to forage production (East and Felker 
1993; Souza et al. 2017; Kimura et al. 2018; Prajapati 
et al. 2022). For example, Kimura et al. (2018) found 
a higher LER in AFS than in FL during the first years, 
when higher radiation was recorded at the herbaceous 
layer. However, the benefits from trees were fully 
realized during the summer season, when higher tem-
peratures and a lack of rainfall negatively impacted 
plant growth and nutritive value, with trees providing 
shelter for forage crops. Similarly, Ash and McIvor 
(1998) highlighted how the practice of tree killing 
negatively affected forage quality but increased forage 
production. Additionally, they suggest that oversow-
ing is a good practice for improving forage digestibil-
ity in the short term. Moreover, when a multi-species 
sward is considered, trees can increase soil fertility 
beneath their canopy, but the effects on pasture pro-
ductivity and quality depend on soil moisture avail-
ability (Jackson and Ash 1998).

M. maximus performed well in AFS under dry 
climates, despite the possible low levels of N and P 
in the soil (East and Felker 1993). The same authors 
suggested adopting a cutting interval of 35  days to 
better exploit the productive potential of this forage 
species and achieve a good trade-off between CP con-
tent and biomass yield.

Hidalgo-Galvez et  al. (2023) and Martins-
Noguerol et al. (2023) studied the effects of scattered 
trees on pasture quality in dehesa AFS. Hidalgo-Gal-
vez et  al. (2023) found a positive effect of scattered 
trees in improving pasture quality, particularly when 
moderate grazing pressure was maintained. Martins-
Noguerol et al. (2023) highlighted that managing tree 
density should aim to mitigate the effects of climate 
change on the understory plant community. Indeed, 
the plant canopy improved the productivity and amino 
acid content of the understory plant community.

Temperate climate

Due to the large number of studies conducted in tem-
perate regions (41), the articles were analysed in three 
sections: Urochloa spp., warm-season forages, and 
cool-season forages.
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Urochloa spp.

Three studies were conducted in typical AFS involv-
ing Eucalyptus and U. brizantha (Pezzopane et  al. 
2019, 2020; Santos et  al. 2020). The authors found 
that light restriction reduced DM production, par-
ticularly during drought conditions, while CP and 
IVDMD increased in AFS. However, to ensure long-
term performance, reseeding grass species is crucial 
to minimize the adverse effects of shading on biomass 
production. Santos et  al. (2020) studied the simul-
taneous establishment of an AFS and observed no 
reduction in corn silage yield or quality in the first 
years after establishment.

Similarly, Lima et  al. (2019a, 2019b) conducted 
studies at the same site in Minas Gerais state, Brazil, 
with U. decumbens and U. brizantha intercropped 
with Eucalyptus grandis W. Hill, as well as other tree 
legume species (Acacia mangium Willd. and Mimosa 
artemisina Heringer & Paula). They reported strong 
competition for light in the long term, particularly 
after the 7th year, when E. grandis reached a height 
of 29  m and a diameter at breast height of 0.45  m. 
However, due to the high level of phenotypic plastic-
ity of Urochloa spp., some nutritive features can be 
positively influenced by the shade. U. decumbens can 
adjust its physiology and morphology to optimize 
light interception, compensating for both low light 
quality and quantity. Paciullo et al. (2021) also high-
lighted the phenotypic plasticity of U. decumbens, 
noting a higher CP content that allows for a higher 
stocking rate under AFS, despite the lower herbage 
mass due to intense PAR limitation. As reported by 
Brunetti et  al. (2022), tree management practices, 
such as thinning, were able to re-establish grass pro-
duction, resulting in forage yield comparable to FL. 
In their study, de Mendonca et al. (2017) highlighted 
an imbalance of resources between the seasons: dur-
ing the summer, when humidity and heat are pre-
sent, the amount of direct sunlight is reduced due to 
tree canopy. Conversely, when there are more hours 
of sunlight, moisture is scarce, and temperatures are 
lower. Thus, shade tolerance is not the only factor to 
consider when selecting forage species for AFS.

Paciullo et  al. (2014) examined the development 
of a grass-legume mixture, including U. decumbens, 
Stylosanthes guianensis (Aubl.) Sw., Pueraria pha-
seoloides (Roxb.) Benth., and Calopogonium mucu-
noides Desv.), intercropped with legume trees like 

A. mangium, Leucaena. leucocephala and Glyricidia 
sepium (Jacq.) Steud.. After the establishing phase, 
the higher presence of legumes led to a CP content 
ranging from 17 to 20% and NDF values between 
44.8% and 52.0%. Although the proportion of leg-
umes decreased over time in favour of grasses like U. 
decumbens, CP content remained higher in AFS com-
pared to FL. No significant effects were observed on 
NDF and ADF content.

Warm‑season forage species

Fewer studies have been conducted on warm grass 
species other than U. decumbens and U. brizan-
tha in Brazil and other South American countries. 
These species include: (i) Brachypodium mexica-
num (Roem. & Schult.) Link, (ii) Piptochaetium fim-
briatum (Kunth) Hitchc., (iii) Muhlenbergia rigida 
(Kunth) Kunth (Bernal-Flores et al. 2006), (iv) Avena 
strigosa Shreb., (v) Lolium spp. (Hight et  al. 1968; 
Soares et al. 2016), (vi) Paspalum spp., (vii) A. pin-
toi (Barro et al. 2012), (viii) Axonopus catharinensis 
Valls. (Krahl et al. 2022), (ix) mixtures (Fedrigo et al. 
2019) and (x) Fabaceae species (Nicodemo et  al. 
2015).

Overall, an improvement in forage nutritive 
value was reported for all the species considered in 
the studies, except for A. pintoi (Barro et  al. 2012). 
Soares et  al. (2016) observed a reduced rate of CO2 
assimilation under AFS, resulting in a reduction in 
herbage production of Lolium multiflorum Lam.. 
The mixture of Brachypodium mexicanum (R. & S.) 
Link, Piptochaetium fimbriatum (H.B.K.) Hitchc., 
and Muhlenbergia rigida (Kunth) Kunth growing in 
a Mexican cork forest tended to have better nutritive 
values compared with those grown in FL (Bernal-
Flores et al. 2006). Fedrigo et al. (2019) determined 
better bromatological parameters in AFS compared 
to FL despite the reduction in forage biomass. The N 
nutrition status of Paspalum regnelli Mez. and Pas-
palum dilatatum Poir. is enhanced due to the increase 
in shading; thus, there was an improvement in for-
age quality (Barro et al. 2012). Similarly, Krahl et al. 
(2022) determined higher values of CP in shaded 
plants. Combining shade with N fertilization, the pro-
portion of soluble carbohydrates declined while the 
total N and CP content of forage increased in AFS 
of L. perenne (Hight et  al. 1968). Nicodemo et  al. 
(2015) assessed nine legumes to understand their 
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growth potential under AFS. Lablab purpureus (L.) 
Sweet, Centrosema pubescens Benth., and A. pintoi 
were found to be the most adapted for AFS. In par-
ticular, A. pintoi can achieve moderate to high ground 
cover, especially under drought conditions. However, 
DM production remains low despite their ability to 
improve overall nutritive value.

Cool‑season forage species

Bambo et  al. (2009a, b) reported a higher CP con-
tent and greater digestibility in cool-season species, 
such as L. multiflorum, Trifolium incarnatum L., and 
Trifolium pratense L., when sown under a thinned 
plantation of Pinus taeda L. (initial density of 1793 
tree ha−1 and final density after thinning of 225 trees 
ha−1), compared to FL. However, when the same spe-
cies were oversown on a Paspalum notatum Flüggé 
plantation, no significant differences were found 
between FL and AFS (Bambo et  al. 2009b). In a 
mixed sward, the selection of legumes strongly influ-
enced herbage nutritive value. The use of Vicia sativa 
L. instead of Pisum sativum L. led to higher CP con-
tents and lower NDF and EE contents, while the mix-
ture V. sativa and Avena sativa L. exhibited the high-
est overall nutritive quality in a dehesa AFS (Plaza 
et al. 2024). Mantino et al. (2021) found a reduction 
in the production of DM of Medicago sativa L. in 
an Olea europaea L. orchard but an improvement of 
nutritive value was observed compared to FL.

Mondal et  al. (2020) assessed the performance 
of dual-purpose wheat in the mid-Himalaya ecosys-
tem (India) and found that NDF and CP content were 
higher in FL than in AFS with fruit trees. Burner and 
Brauer (2003), Burner and MacKown (2005), and 
Burner and Belesky (2008) conducted their studies in 
a P. teada plantation and found that yield and quality 
can be optimized with the correct design and manage-
ment of tree density. They also reported that prac-
tices, such as N fertilization, needed to be carefully 
evaluated, as increased production might not justify 
additional costs. On the other hand, Wong and Wil-
son (1980), Wilson (1996), and Karki et  al. (2009) 
highlighted the importance of an adequate N supply, 
either from N-fixing species or from N fertilization, 
to guarantee adequate forage yield and quality. Par-
don et  al. (2018) found that tree size and crop spe-
cies are the main determinants of crop yield and qual-
ity; for instance, forage maize production strongly 

decreased when trees in AFS aged. Isselstein (1993) 
found that the reduction in water-soluble carbohy-
drate content in L. multiflorum could be caused by a 
higher sugar requirement to reduce nitrate assimila-
tion. Sanna et al. (2019) observed an increase in CP 
content in legume mixtures grown in AFS, with no 
effects on NDF content or yield. Furthermore, legume 
presence was significantly reduced under increas-
ing shade levels; Dodd et  al. (2005) showed that 
soil nutrient dynamics, including N cycling, were 
reduced, along with decomposition rate, plant uptake, 
and pasture production, in a shade-simulated system. 
Rigueiro-Rodríguez et  al. (2007) found an increase 
in CP content in herbage following the application of 
sewage sludge in a P. radiata AFS. When consider-
ing the effect of the field edge, herbage samples from 
AFS plots showed higher CP content compared to FL, 
regardless of the distance from the field edge (Lang-
hof and Swieter 2024). Similar results were observed 
in an agrivoltaic system, where the CP content of a 
mixture was higher under solar panels (ranging from 
15 to 27%) compared to FL (ranging from 12 to 
23%) (Andrew et al. 2021). However, light limitation 
induced by agrivoltaic systems altered plant height, 
which affects the nutritional quality of the entire Triti-
cum durum Desf.. Specifically, in the shaded environ-
ment, higher CP, soluble proteins, NDF, and ADF 
contents than in the control were recorded (Dal Prà 
et al. 2024).

Continental climate

Studies conducted in regions with a continental cli-
mate primarily focused on mixtures of grass and 
legume forage species. The species most used were 
Trifolium spp., Lolium spp., D. glomerata, Bromus 
inermis Leyss., and Festuca arundinacea Shreb. Five 
studies were conducted in the Appalachian region 
of the United States in AFSs dominated by Quercus 
spp., using mixtures of D. glomerata, T. repens, and 
Lolium perenne L.. (Belesky et  al. 2006; Neel et  al. 
2008; Neel and Belesky 2017). Orefice et al. (2019) 
used the same mixture in a newly established AFS in 
the Northeast USA, while Pent et al. (2019) mixed T. 
pratense and T. repens with D. glomerata in walnut-
based and honey locust-based AFS.

In the Appalachian region, shading above 40% of 
the total radiation had a detrimental effect on produc-
tivity and nutritive value. Previous studies (Deinum 
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et  al. 1996; Paciullo et  al. 2017) have shown that 
high-shading conditions increase nitrate content of 
forages, causing imbalances in the ratio between 
total digestible nutrients (TDN) and soluble N, which 
negatively affect animal performance (Neel et  al. 
2008). Neel and Belesky (2017) found that manage-
ment practices, such as thinning, can sustain the NUE 
of forage species and improve the N metabolism of 
grazing animals. Indeed, forages with a balanced 
ratio between energy (TDN) and CP help optimize 
the nutritional requirements of animals. TDN:CP 
ratio varies throughout the season, with optimal val-
ues ranging from 5 to 7 to optimize and promote 
NUE. However, AFS tend to lower the ratio due to 
increased CP content, which can have detrimental 
effects on animal performances. Therefore, adopting 
proper management practices, such as thinning and 
appropriate seasonal grazing, is crucial for optimiz-
ing animal and pasture system NUE (Neel et al. 2008; 
Neel and Belesky 2017). The same authors reported 
that, although forage quality improved in AFS when 
samples were collected based on the synchronization 
of their growth and morphological composition, the 
nutritive values in AFS were like those in FL. This 
has practical implications for grazing management; 
specifically, delayed grazing can be better tolerated 
in AFS, as the forage’s nutritive value remains high 
despite delayed maturation (Neel and Belesky 2017). 
Orefice et al. (2019) found that D. glomerata and L. 
perenne can produce adequate yields in newly estab-
lished AFS under low shade levels. However, the 
long-term productivity of AFS and their competitive-
ness in production compared to FL require further 
investigation to better understand tree-grass dynamics 
with high shade levels. For instance, the same mix-
ture intercropped with Juglans regia L. resulted in a 
significant reduction in biomass production. Other 
tree species, such as Gleditsia triacanthos L., have a 
greater capacity to enhance forage yield and quality. 
(Pent et al. 2019).

Kallenbach et  al. (2006) found that in an annual 
grassland of L. multiflorum and Secale cereale L., 
yield in AFS was 20% lower than FL; however, the 
reduced production in AFS was partially compen-
sated by increased nutritive value. However, in a sub-
sequent experiment, Kallenbach et  al. (2010) found 
no difference in the nutritive value of Lolium arun-
dinaceum (Schreb.) Darbysh between AFS and FL. 
Ford et  al. (2019) found higher forage quality in a 

mixture of Phleum pratense L. and Trifolium repens 
L. grown in a AFS compared to FL, attributed to 
modified microclimatic conditions.

Ehret et  al. (2015, 2018), who conducted their 
research in Germany with L. perenne and Trifolium 
spp., confirmed the findings from studies in the USA. 
Indeed, 80% shade reduced biomass production by 
half, but until the third year of establishment, bio-
mass production was unaffected by shade, and no 
significant effects on forage quality were observed, 
highlighting the importance of conducting long-term 
studies.

B. inermis and D. glomerata were found to be 
suitable species for growth in AFS, as they are able 
to provide a good balance between forage yield and 
quality (Awada et  al. 2003; Buergler et  al. 2006; 
Geyer and Fick 2015). On the other hand, growing 
legumes as pure stands in AFS, such as M. sativa, 
is not recommended due to significant reduction in 
yield and quality (McGraw et  al. 2008). Only when 
the distance between tree rows exceeded 24.4  m, 
M. sativa yield remained stable in the centre of the 
alley. Moreover, management practices designed to 
decrease tree-grass competition for light and water 
can enhance M. sativa yields (McGraw et  al. 2008). 
Similarly, Lindgren et  al. (2017) emphasized the 
importance of thinning and fertilization. The use of 
Pennisetum purpureum X Pennisetum americanum 
(L.) K. Schum. under Eucalyptus spp. yields no ben-
eficial effects, reduces yield and CP content, and 
increases NDF (Kumar et  al. 2023). Furthermore, 
optimal management of AFS does not lead to nega-
tive consequences such as soil compaction, erosion, 
or water contamination (Ford et al. 2019).

Landscape level

Tropical climate

Muoghalu and Isichei (1995) and Nabasumba et  al. 
(2021) both found that trees positively affect the over-
all yield and nutritive values of grass species grown 
under their canopies in tropical savannas. Specifically, 
the presence of trees has been shown to improve soil 
fertility and the nutritional value of herbage (Naba-
sumba et  al. 2021). Muoghalu and Isichei (1995) 
observed that grass yield increased under taller trees 
(> 7  m), but it decreased under small trees (< 3  m) 
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due to direct competition for space and nutrients. 
Tree-grass competition dynamics should be further 
explored, particularly by considering additional fac-
tors such as root depth. Muoghalu and Isichei (1995) 
limited their study on the effect of canopy cover, clas-
sifying trees based on their height. Further studies are 
needed to evaluate whether taller tree leads to com-
petition or facilitation dynamics, as discussed in the 
SGH mentioned earlier.

Dry climate

Treydte et al. (2007, 2009) and Ludwig et al. (2008) 
observed that the presence of isolated trees positively 
affected the nutritive value of the sward beneath, 
although it had a detrimental effect on forage yield. 
They also found that the floristic composition of the 
pasture is crucial, as shade-tolerant species showed 
higher nutritive value beneath tree canopies. Spe-
cifically, the most abundant and high-quality species 
under tree canopies include M. maximus, Cenchrus 
ciliaris L., Cynodon spp., B. ruziziensis, and Urochloa 
trichopus (Hochst.) Stapf (formerly known as Uroch-
loa mosambiciensis). Besides microclimate and shade 
levels, soil fertility is another primary factor influenc-
ing grass quality (Ludwig et al. 2008). Higher levels 
of N and P were found in the soil and grass leaves 
under tree canopies compared to FL in drier sites with 
poor soil fertility (Treydte et al. 2007). However, the 
positive effects on nutritional quality from higher N 
and P levels in the soil were offset by the increased 
presence of M. maximus. For instance, Ludwig et al. 
(2008) found that CP content was higher under tree 
canopies (13.7% to 16.5%) compared to FL (6.1% 
to 6.8%). Meanwhile, NDF content under tree cano-
pies ranged from 61.5% to 70.7% compared to 74% 
to 74.6% under FL. Treydte et al. (2009) further indi-
cated that grass nutritive value increased significantly 
more with taller trees (> 3.5 m) compared to smaller 
trees (2 m), consistent with findings of Muoghalu and 
Isichei (1995) and the SGH proposed by Dohn et al. 
(2012).

Overall, large trees enhance the nutritional qual-
ity of grassland in savannas. However, it is essential 
to adopt management practices that preserve palat-
able grass species under tree canopies over the long 
term. Shade-tolerant and highly palatable species are 
often overconsumed by large wild herbivores under 
tree canopies due to more favourable microclimate 

conditions. This leads to the colonization of less pal-
atable species under tree canopies, which struggle to 
perform well under reduced light conditions, poten-
tially decreasing overall system productivity (Moyo 
et al. 1998). The effects of large trees on forage yield 
and quality need to be carefully evaluated during 
drought conditions and in exceptionally dry years 
(Moyo and Campbell 1998).

Baldassini et  al. (2018) confirmed the reduction 
in aboveground net primary productivity due to the 
decline in herbage mass under tree canopies. They 
highlighted the ability of M. maximus to accumulate 
N under shaded conditions but noted that this spe-
cies had intermediate shade tolerance, which results 
in reduced yield without significant variation in 
ADF content. In humid sites, RUE was higher under 
tree canopies than under FL. Conversely, Moyo and 
Campbell (1998) emphasized that benefits of large 
trees to grassland species in terms of yield and quality 
require careful evaluation, especially during drought 
and exceptionally dry years.

Temperate climate

Bernardi et al. (2016) found an increase in the pres-
ence of C3 species under the tree canopy, particularly 
from the genera Megathyrsus, Axonopus, and Stipa, 
while C4 species were more abundant in FL. The N 
content was higher in species grown under the can-
opy, but no differences were observed in P and NDF 
content. Understanding how botanical and nutritional 
compositions change with tree presence is impor-
tant in the context of climate change. Indeed, future 
scenarios predict an expansion of tree cover in these 
areas, with positive consequences for forage quality 
in mixed tree-grass systems (Hirota et al. 2011; Ber-
nardi et al. 2016).

Akau et al. (2022) investigated the effects of trees 
on Pennisetum clandestinum Hochst. ex Chiov during 
the dry and wet seasons. They measured yield, CP, 
and NDF content in both seasons. Grass CP content 
was higher under tree canopies in both the dry and 
wet seasons (13.33% and 13.56%, respectively) com-
pared to FL (5.88% and 5.26%, respectively). Con-
versely, NDF content was lower under tree canopies 
(62.41% in the dry season and 70.45% in the wet sea-
son) compared to FL (68.42% in the dry season and 
77.75% in the wet season). Overall, average forage 
yield was higher under shaded conditions, reaching 
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8 Mg ha−1 in the dry season and 5 Mg ha−1 in the wet 
season, compared to 7.1  Mg  ha−1 and 3.7  Mg  ha−1 
under FL, respectively. Akau et al. (2022) also found 
that tree leaf area index was positively correlated with 
CP content and negatively correlated with NDF and 
ADF in both wet and dry seasons.

Continental climate

Dev et al. (2012) investigated the benefits of integrat-
ing trees into grassland to enhance native pasture in 
the Western Himalaya. Three years after sward estab-
lishment, biomass growth increased, with the inclu-
sion of Cenchrus ciliaris L. and T. repens. Addition-
ally, CP content in the pasture ranged from 12.33% to 
13.21%, while NDF ranged from 69.27% to 73.08%.

Sánchez-Jardón et al. (2010) confirmed these find-
ings in a study conducted in Patagonia. They dem-
onstrated that achieving high-quality forage without 
compromising productivity and maintaining biodi-
versity was feasible under scattered trees (< 40% tree 
cover, 40–100% light transmittance) or medium-
density forests (40–80% tree cover, 20–40% light 
transmittance). Specifically, at full of PAR transmis-
sion, CP content ranged from 9% to 9.9%, and ADF 

content was between 27.6% and 31.9%. When PAR 
was reduced to 29%, CP content increased to 12.4%, 
while ADF remained unchanged at 31.9%.

General remarks

Overall effects of tree presence on forage yield and 
quality

A comprehensive assessment of the effects of trees 
on forage yield and quality in agroforestry systems 
(AFS) has been conducted across various climates 
and botanical families (Fig. 5).

For forage yields, the median value in AFS (green 
boxplot) is lower than in full sun (FL, blue boxplot) 
in temperate and continental climates. Conversely, in 
tropical and particularly dry climates, the median is 
higher. This suggests that light competition remains 
a key factor affecting forage yield in higher-latitude 
AFS, where temperate and continental climates domi-
nate (Fig. 5). As noted by Dupraz et al. (2018), tree 
row spacing and orientation are crucial factors to 
consider. Differences were observed between AFS 
and FL in dry climates (1406 kg DM ha⁻1 vs. 292 kg 

Fig. 5   The figure represents the data distribution of forage 
yield, as kg DM ha−1, and nutritive value, as content of neu-
tral detergent fibre (NDF, g kg DM−1) and crude protein (CP, g 

kg DM−1), according to the botanical family and across climate 
areas. Values in the white box indicate the median value
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DM ha⁻1), confirming the hypothesis that tree-grass 
interactions can be positive, as predicted by the SGH 
(Dohn et  al. 2013). NDF content is lower in AFS 
compared to FL across all climates, while CP content 
is higher in AFS except in temperate climates. Pre-
liminary data analysis confirms our hypothesis: tree 
presence reduces forage yield but enhances its nutri-
tional quality across all climate regions. However, 
further analysis is needed to analyse data more specif-
ically based on forage family and species, shade lev-
els, nutrient and water availability, and other relevant 
factors. A valuable approach would be to quantita-
tively assessing whether the reduction in forage yield 
is compensated by increased animal productivity due 
to enhanced forage nutritional value. Furthermore, 
field trials could be conducted to evaluate the eco-
nomic trade-off between reduced forage production 
and enhanced animal performance.

When considering botanical families (Fig. 5), for-
age mixtures show promise. The median forage yield 
is higher in AFS than in FL (1596  kg DM ha⁻1 vs. 
1407  kg DM ha⁻1), and forage quality is improved, 
with lower NDF values and higher CP values. In con-
trast, using single botanical family results in reduced 
forage yield in AFS compared to FL. In terms of for-
age quality, grasses perform better in AFS, while leg-
umes show no improvement. Given the advantages of 
mixtures, field experiments testing different combina-
tions should be proritized to optimize the grass-to-
legume ratio, as grasses tend to outcompete legumes 
due to their stronger competitive abilities (Kyriazo-
poulos et al. 2013).

Limiting factors studied and controlled

Table  1 summarizes the limiting factors controlled 
in the selected field studies. This analysis helped 
identify the types of experiments needed to address 
current research gaps, particularly regarding less-
explored limiting factors such as light, nutrients, 
water, and grazing.

Light availability was controlled through artificial 
shading in 16 out of 110 studies, suggesting that most 
studies were conducted in real AFS. While experi-
ments in actual AFS are preferable, as they account 
for tree-grass interactions, artificial shading provides 
a cost-effective strategy for evaluating the effects of 
shading levels on forage yield and quality (Tramacere 
et  al. 2024). Therefore, the use of artificial shading 

should be encouraged to assess forage performance 
efficiently, particularly when long-term agroforestry 
trial sites are unavailable. However, when using arti-
ficial shading, wooden slats are preferable to plastic 
cloth as they better simulate natural shading condi-
tions (Varella et al. 2011).

Regarding soil nutrient availability and competi-
tion, 42/110 studies did not perform any fertilization 
during the experiment. Fertilization should be applied 
in equal amount to shaded and not-shaded forages 
when the sole effect of light reduction is the focus 
of the study, to avoid the risk of nutrient deficiency, 
especially N scarcity. N dynamics in AFS should be 
further investigated (Kim and Isaac 2022), especially 
in relation to light reduction. Indeed, Deinum et  al. 
(1996) and Paciullo et al. (2017) reported an increase 
in nitrate concentrations in shaded forages, which 
could have a detrimental effect on animal welfare. In 
addition to pot trials (Deinum et  al. 1996; Paciullo 
et  al. 2017), specific field trials that determine opti-
mized N fertilization doses in relation to light avail-
ability should be planned.

Only 9/110 studies managed water availability 
through irrigation. AFS hold the potential to pro-
mote forage yield through increased water use effi-
ciency in shaded grassland and enhanced hydraulic 
lift (DeBruyne et al. 2011). Given that shade reduces 
forage yield, conducting field experiments to assess 
whether improved water use efficiency can com-
pensate for this reduction. It would be interesting to 
explore the trade-offs between reduced light avail-
ability and increased water availability. Addition-
ally, further assessment of the economic viability of 
implementing irrigation systems would be beneficial 
(Burner and Belesky 2008).

Lastly, 45/110 studies included animals in the 
experiment: highlighting the importance of grazing 
activity in influencing forage yield and quality. Ani-
mal grazing behaviour, tree shade, and pasture char-
acteristics are interrelated (Oliveira et al. 2021); fur-
ther analysis of these interactions could help optimize 
grazing management in AFS through the implemen-
tation of accelerometer and GPS sensor.

Effects of the presence of grazing livestock

In dry savannas, moderate grazing under shaded con-
ditions helped prevent the overexploitation of palat-
able species with lower regrowth potential in shaded 
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areas (Soares et al. 2016). In unmanaged grasslands, 
shade altered the botanical composition, leading 
to a reduction in legume species, which, in turn, 
decreased soil N content and affected N cycle (Dodd 
et al. 2005).

In temperate systems, Bernal-Flores et  al. (2006) 
reported higher protein content in forage during the 
first 50  days of growth under shaded conditions. 
These levels can meet the maintenance requirements 
of grazing animals; however, high stocking rates in 
AFS may have detrimental effects. Herbage from AFS 
could be used as a protein supplement with appropri-
ate thinning practices (Neel et al. 2008). Conversely, 
the higher NDF content of herbage in silvopastoral 
system could potentially reduce DM intake and, as 
a result, affect animal performance. However, the 
delayed morphological development of forage plants 
in silvopastoral systems can be leveraged to postpone 
grazing dates without compromising forage nutritive 
value (Neel et  al. 2016). Lima et  al. (2019a) found 
that heifer live weight was generally similar between 
silvopastoral and open pasture systems and that the 
higher CP content in silvopastoral systems might 
compensate for the lower herbage mass production.

Studies on livestock have highlighted the benefits 
of shade, particularly during summer, indicating 
that grasslands in AFS can be effectively managed 
through rotational grazing schemes (Kallenbach et al. 
2006, 2010; Ford et al. 2019). The availability of tree 
shade during the warm season can improve animal 
productivity (Kallenbach et  al. 2010) and welfare 
(Lemes et al. 2021; Ripamonti et al. 2025) by enhanc-
ing microclimate conditions and reducing heat stress 
and the associated reduction in feed intake. Neverthe-
less, further research is needed to develop appropri-
ate grazing management strategies that fully exploit 
the potential of AFS (Crestani et al. 2017; Ripamonti 
et  al. 2023). In winter, in Mediterranean AFS, Sed-
daiu et  al. (2018) found that pasture productivity 
might be higher under shaded conditions, due to the 
mitigating effect of tree shading in maintaining better 
soil temperature conditions.

Beyond the results: highlights from each climatic 
zone

Different regions exhibited distinct research priori-
ties, influenced not only by microclimatic variations 

but also by local agricultural practices and environ-
mental challenges.

In South America, studies predominantly focus on 
a limited number of grass species, such as U. decum-
bens, U. brachiaria, and M. maximus, despite the rich 
biodiversity of the Amazon rainforest and its agro-
ecosystem. These investigations often emphasized 
the profitability of AFS and strategies for enhancing 
animal performance. However, future research should 
also focus on the provision of additional ecosystem 
services and on increasing biodiversity.

Conversely, research in Africa and dry rangelands 
has tended to prioritize the understanding of grass-
land dynamics in relation to grazing. In these regions, 
studies emphasize tree-grass interactions aimed at 
improving soil fertility despite challenges such as 
water scarcity and nutrient limitations.

In North America, Europe, and Australia, studies 
were predominantly conducted in temperate or conti-
nental climates. Beyond assessing the impact of trees 
on forages, research in these regions also explored the 
beneficial effects of shade on animal welfare and per-
formance. Attention to animal welfare is considered 
crucial to enhancing the overall profitability of AFS.

Research from Asia remains limited in the context 
of AFS, with only a few notable studies, primarily 
conducted in India. Finally, Table 3 presents a sum-
mary of suggested studies and future research ques-
tions for each level of investigation and climate.

Conclusions

To effectively address the challenges of climate 
change, global knowledge must be expanded to 
enhance the resilience of agricultural systems. In 
AFS, various positive and negative interactions occur 
among the system’s elements, requiring tailored strat-
egies to improve farming resilience. Globally, when 
forage and grassland species were intercropped with 
trees, their biomass production tended to decrease, 
mainly due to reduced light availability, which in 
turn lowered PAR for photosynthesis. Increased 
competition for soil nutrients further contributed to 
this reduction. However, trees enhance soil fertility, 
and in some cases, herbaceous species improve their 
NUE. In arid climates, drought conditions exacer-
bate competition for water between trees and grass, 
further decreasing forage production. Although this 
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systematic review does not assess the yield or nutri-
tive value of fodder trees, they play a complementary 
role as a feed source alongside grassland produc-
tion within AFS. The body of literature on the nutri-
tive value of fodder trees is expanding, and further 
reviews on this topic could help promote and support 
the adoption of AFS.

Despite variations in climate, farming systems, 
tree management practices, and forage species used, 
trees in AFS generally result in a neutral or positive 
effect on forage nutritive value. The impact of trees 
on forage varies with the forage species and the type 
of tree. Grasses generally show increased CP con-
tent under shade, while NDF remains unchanged or 
decreases. Overall, forage digestibility and degrada-
bility increase for grasses under shade conditions. 
However, shade negatively impacts the nutritive 
value of legumes, leading to decreased CP content 
when legumes are grown as a pure stand. Thus, in 
continental or temperate regions, many studies rec-
ommend using grass-legume mixture for producing 
high-quality forages. High tree density in AFS has 
been shown to negatively impact forage yield and 

quality. Thus, proper tree row orientation, thinning, 
and pruning, combined with tailored grazing man-
agement, are essential for the long-term profitability 
of AFS.

Investigating the effects of tree presence on the 
content of water-soluble carbohydrates and second-
ary compounds in forages, such as polyphenols, tan-
nins, and saponins can offer deeper insight into the 
benefits provided by AFS. These compounds play 
significant roles in animal nutrition and health within 
AFS. To address the climate crisis and biodiversity 
loss, research on AFS should adopt multidisciplinary 
approaches. These should integrate genetic, nutri-
tional, and management perspectives to explore the 
relationships among system components (soil, grass, 
animal, and tree) and maximize positive interactions 
and ecosystem services.
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