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Abstract
Purpose  The purpose of this study is to understand how Life Cycle Assessment (LCA) methodology has been applied to 
evaluate the impacts of trees outside woodlands and where improvements are needed. This review aims to discuss the primary 
limitations when using LCAs to assess trees outside woodlands, particularly in comparison to existing literature on their 
environmental, social, and economic implications.
Methods  Following the established STARR-LCA systematic review protocol, a total of 102 studies across 30 countries were 
identified. The selected studies used LCA frameworks to assess the impacts of five different trees outside woodland systems. 
Qualitative data relating to the tree system and LCA methodology were manually extracted from each study and summarised 
for analysis based on the four phases of an LCA: goal and scope, life cycle inventory, impact assessment, and interpretation.
Results and discussion  This review showed the selected studies were primarily located in Southern Europe, South America, 
and Asia. Orchards were the focus of 68% of the papers, followed by 13% assessing silvopastoral systems. No papers were 
found on hedgerows or Miyawaki forests, which were within the scope of this review. The most common functional units 
were based on mass, area, and economic measures, and 29% of studies used more than one functional unit to interpret their 
LCA results. Environmental impacts were considered in 98% of the selected studies, whereas 13% of studies integrated 
an economic impact assessment, and only 5% accounted for the social implications of trees outside woodlands. Similarly, 
even though trees outside woodlands can increase carbon sequestration and biodiversity levels, these measures were only 
incorporated into 25% and 10% of the LCA studies, respectively.
Conclusions  The environmental, economic, and social impacts of trees outside woodlands are dependent on the type of 
system and its intended purpose, climatic zone, and landscape. Process-based LCAs can be used to effectively assess the 
impacts of trees outside woodlands. However, the ability to holistically assess trees outside woodlands is limited by cur-
rent LCA methodology, particularly when accounting for system multifunctionality or ecosystem services such as carbon 
sequestration and biodiversity. To address these limitations, four research recommendations have been made to improve 
future LCA studies. This could enhance the usefulness of LCAs in understanding sustainability trade-offs and facilitating 
decision-making across different tree system scenarios.

Keywords  Life cycle assessment · Tree systems · Agroforestry · Orchard · Trees outside woodlands · Carbon sequestration · 
Multifunctionality · Systematic review

1  Introduction

Tree establishment is a widely used method for increasing 
carbon sequestration and reducing net greenhouse gas emis-
sions. Globally, this is commonly achieved through plant-
ing of stands of coniferous and/or deciduous tree species in 
forests and woodlands, which account for around 90% of 
terrestrial plant biomass globally (Pan et al. 2013). However, 
as the global population continues to grow and become more 
affluent, the global demand for livestock and crop products 
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also increases (van Dijk et al. 2021). As a result, there is 
a tension between the need to increase tree cover whilst 
increasing food production (Holl and Brancalion 2020; 
Meyfroidt et al. 2010). Methods to minimise this tension 
include altering food consumption patterns and sustainable 
intensification where agricultural outputs are maintained or 
increased whilst enhancing environmental outcomes (Pretty 
et al. 2018). One proposed method of sustainable intensifica-
tion is the expansion of trees outside woodlands and forests, 
which may enable an increase in tree cover without nega-
tively affecting food security (Waldron et al. 2017).

A forest has been defined by the FAO (2020) as having 
an area greater than 0.5 ha, with trees taller than 5 m and 
more than 10% canopy cover. Individual countries in Europe 
specify different minimum areas of a forest ranging from 
0.1 to 1 ha (Lawson et al. 2024). In the UK, the Forestry 
Commission (2017) refers to trees outside forests as “trees 
outside woodlands” comprising trees in woodlands between 
0.1 to 0.5 ha, as well as groups of trees and lone trees cover-
ing less than 0.1 ha. These trees typically occur in agricul-
tural landscapes, parks, and urban areas (Brown and Fisher 
2012). Despite the contribution of trees outside woodlands 
to national biomass stocks (Schnell et al. 2014), and their 
important landscape value, these trees have historically been 
overlooked and undervalued (Liu et al. 2023).

In agricultural landscapes, agroforestry is one method 
of establishing additional tree cover. Agroforestry has been 
defined as “the practice of deliberately integrating woody 
vegetation (trees or shrubs) with crops and/or animal sys-
tems to benefit from the resulting ecological and economic 
interactions’’ (Burgess and Rosati 2018). Approximately 
1.6 billion hectares of land globally is thought to be under 
agroforestry, with a greater proportion in the tropics (78%) 
than temperate regions (22%) (Nair et al. 2021). Agrofor-
estry systems can be classified based on their components 
such as silvopastoral (trees and livestock), silvoarable or 
agrosilvicultural (trees and crops), and agrosilvopastoral 
(trees, livestock, and crops) (Nair 1993). Systems can also 
be described in terms of their starting point (Burgess and 
Rosati 2018) and whether the arrangement of trees is within 
or between field parcels (Lawson et al. 2016), such as shel-
terbelts and hedgerows. Orchards offer another method for 
establishing trees outside woodlands as an area of permanent 
woody crops “which yield fruit over several years” (Eurostat 
2012). The global area of permanent crops accounted for 189 
million hectares of land in 2022 (FAOSTAT 2024). There 
has also been interest in the establishment of Miyawaki for-
ests – a method where trees are planted at a high density, 
replicating natural forest regeneration (Miyawaki 1998). 
This can take place on both agricultural and urban land.

Trees outside woodlands can provide private benefits 
to landowners and managers and public benefits to wider 
society. For example, agroforestry can provide ecosystem 

services such as improved soil health, water quality, and 
nutrient cycling (Smith et al. 2013), increased carbon seques-
tration and improved agricultural resilience against climate 
change (Elevitch et al. 2018; Jose 2009), and enhanced bio-
diversity at farm scale across temperate and tropical climates 
(Bhagwat et al. 2008; Torralba et al. 2016). Orchards can 
also provide provisioning and regulating ecosystem ser-
vices, although the extent of these benefits is dependent on 
management practices (Demestihas et al. 2017). Urban tree 
planting also offers similar environmental benefits (Dobbs 
et al. 2011; Roy et al. 2012). For example, an improvement 
in physical and mental wellbeing (Turner-Skoff & Cavender 
2019), among other cultural services (Dunn et al. 2021), 
such as improved air quality (Amini Parsa et al. 2019), and 
reduced noise pollution (Fletcher et al. 2022).

The economic outcomes of trees outside woodlands 
have not been as well-documented, especially regarding 
the monetisation of potential impacts (Rouquette and Holt 
2017). There are also a lot of uncertainties associated with 
quantifying these impacts (Song et al. 2018). In agricultural 
settings, establishing agroforestry systems has had mixed 
effects on overall yield and productivity (Fahad et al. 2022; 
Ivezić et al. 2021; Waldron et al. 2017), depending on the 
context (Mukhlis et al. 2022). In urban areas, tree planting 
is reported to enhance property and land values, as well as 
aesthetic quality (Roy et al. 2012; Song et al. 2018).

The extent to which trees outside woodlands impact 
different environmental and socioeconomic factors can be 
understood through a life cycle assessment (LCA). An LCA 
applies a standardised methodology to evaluate and quantify 
the environmental impacts of a particular product or service 
for its entire life cycle (i.e. cradle to grave), or up to a prede-
termined boundary (e.g. cradle to farm or factory gate) (ISO 
2006a, 2006b). There are four principal phases in determin-
ing an LCA: establishing the goal and scope, inventory 
analysis, impact assessment, and interpretation (ISO 2006b). 
The focus of an LCA is typically on a single product, and 
hence the multifunctionality of trees outside woodlands are 
often not captured (Goglio et al. 2018; Quevedo-Cascante 
et  al. 2023). Although the principal focus of life cycle 
assessment has often been on the environmental aspects, 
there are other life cycle-based modelling approaches such 
as life cycle costing (LCC) that aim to evaluate economic 
impacts associated with a product or service over its life 
cycle, (Swarr et al. 2011), and social LCA (S-LCA) frame-
works that can be used to assess potential social impacts 
(ISO 2024; UNEP-SETAC 2009). These three life cycle 
methodologies – LCA, LCC, and S-LCA – are integral in 
achieving a more holistic evaluation of the sustainability of 
products, services, or systems, and can be integrated in a 
Life Cycle Sustainability Assessment (LCSA) architecture 
(Fig. 1), which thereby addresses impacts and trade-offs 
across all three pillars of sustainability: the environment, 
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economy, and society (Purvis et al. 2019). However, assess-
ing sustainability trade-offs remains challenging due to the 
inherent subjectivity and uncertainties in prioritising con-
trasting sustainability forces, such as farm profitability, food 
security, and reduced GHG emissions. This is particularly 
relevant to the assessment of trees outside woodlands due 
to the diversity and complexity of ecosystem services (e.g., 
climate regulation, biodiversity, health and wellbeing) that 
are provided by both agricultural and urban tree systems 
(e.g., commercial orchards, Miyawaki forests, shelterbelts) 
(Fig. 1).

Our primary research question was to understand what 
the main challenges are when using standardised LCAs 
to assess trees outside woodlands, in comparison to exist-
ing studies on their environmental, social, and economic 
impacts. It is important to further understand what limita-
tions currently exist and where LCA methodologies can be 
refined. This literature review builds upon previous studies 
in understanding the potential of LCA-based methodologies, 
such as the work by Goglio et al. (2018) and Quevedo-Cas-
cante et al. (2023), by reviewing how LCA methodology has 
been applied to a broader range of trees outside woodlands. 

The main objectives are: 1) to identify and review selected 
LCA studies on trees outside woodlands within agricultural 
and peri-urban landscapes, 2) to evaluate the methodologies 
used and their limitations across the four LCA phases, 3) to 
discuss the environmental, social, and economic indicators 
used to assess trees outside woodlands, and 4) to provide 
actionable recommendations on how future LCAs can be 
improved to provide holistic assessments of trees outside 
woodlands.

2 � Methods

2.1 � Aim and scope of the review

The aim of this review is to understand how LCA methodol-
ogy has been applied to assess the impacts of trees outside 
of woodlands. The scope of this review is global with all cli-
mate regions included. The types of tree outside woodlands 
that are within scope are agroforestry systems (agrosilvo-
cultural, agrosilvopastoral, and silvopastoral), shelterbelts, 
hedgerows, and orchards planted in rural landscapes, as well 

Fig. 1   The Life Cycle Sus-
tainability Approach (LCSA) 
framework, demonstrating the 
integration of three methodolo-
gies: LCA (Life Cycle Assess-
ment), LCC (Life Cycle Cost-
ing), and S-LCA (Social LCA), 
which cover the three pillars of 
sustainability: the environment, 
economy, and society. Exemplar 
impact categories are presented 
for each of the three pillars, as 
well as showing how ecosys-
tem services overlap with each 
area. (GWP = Global Warming 
Potential)
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as Miyawaki forests planted in urban or peri-urban areas. 
Traditional woodlands and forestry plantations were not 
included in this review.

2.2 � Identification of studies

The literature review was based on the established STARR-
LCA protocol for reviewing LCA studies provided by Zum-
steg et al. (2012) (Supplementary Table S1). A literature 
search on life cycle assessments of trees outside woodlands 
was conducted between May and July 2024 using SCOPUS 
and Web of Science. After conducting preliminary searches 
to identify suitable key terms, Table 1 outlines the search 
strings that were used to identify suitable papers. The first 
search string contains terms to identify papers using relevant 
LCA methodology, and the second search string uses terms 
describing the trees outside woodland systems which are 
relevant to this study. After screening, eligible studies were 
selected based on criteria listed in Table 2, based on guide-
lines provided by Zumsteg et al. (2012). The geographical 
scope of this review was global, with all life cycle impact 
categories being considered. Overall, a total of 659 papers 
were identified from two searches, from which 439 were 
screened for relevance based on their title, abstract and the 
keywords used (Fig. 2).

2.3 � Data analysis

Qualitative analysis was performed on the 102 eligible 
papers. Only data relating to the in-scope trees outside 
woodland systems were extracted from each study, informa-
tion regarding other activities (e.g. monoculture cropping, 
open pasture grazing, forestry) were not considered. From 
each eligible study, qualitative and descriptive data were 
manually extracted into categories relating to the four phases 
of an LCA: goal and scope, life cycle inventory, life cycle 
impact assessment, and interpretation (see Supplementary 
Table S3). These data were organised in a Microsoft Excel 
spreadsheet, where the results were summarised, and the key 
details were synthesised.

3 � Results

This section is structured in four parts which cover each 
phase of an LCA, as outlined by ISO (2006a). The first 
phase is the goal and scope, which defines the system being 
assessed, the system boundaries, and the functional unit 
used. The next phase is the life cycle inventory which out-
lines what data have been collected relative to all the inputs 
and outputs of the system. The third phase is the life cycle 
impact assessment which measures the impacts of the sys-
tem across a range of categories, while their significance is 
also evaluated. The final phase involves the interpretation of 
the LCA results, including whether any sensitivity or uncer-
tainty analyses have been conducted.

From the literature search, only 15.5% of the 659 identi-
fied studies were relevant to this review. Of the 557 studies 
that were excluded, 33.4% were duplicates while the rest 
were studies with irrelevant functions, sectors, or methodol-
ogy. As a result, a total of 102 papers were reviewed. As two 
papers assessed more than one tree system, this increased 
the total number of studies to 104. The selected studies are 
shown in Supplementary Table S4.

3.1 � Phase 1 – goal and scope

Overall, almost half (48%) of the selected studies were based 
in Europe, followed by South America (19%) and Asia 
(19%) (Fig. 3a). Oceania was the least represented continent, 
with only two studies based in New Zealand. The literature 
represented five different types of trees outside woodlands: 
orchards, agrosilvocultural, agrosilvopastoral, silvopasto-
ral, and shelterbelts. Only two papers assessed more than 
one system, with Acosta-Alba et al. (2020) focusing on an 
agrosilvocultural and an agrosilvopastoral system, while 
Lehmann et al. (2020) studied both an agrosilvocultural and 
a silvopastoral system. Orchards were the most common, 
representing 68% of the studies selected, followed by sil-
vopastoral systems (13%). Only one study was found for the 
shelterbelt system (Fig. 3b). No LCA studies were identi-
fied for other trees outside woodlands such as hedgerows 
and Miyawaki forests, which were within the scope of this 
review.

Table 1   Search terms used to identify relevant literature for this review

Search string Search terms

1 “Life cycle assessment” OR “life cycle analysis” OR “life cycle approach” OR “life cycle method” OR “carbon footprint”
2 “Agroforest*” OR “silvoarable” OR “silvopast*” OR "agr*silvopast*" OR “alley cropping” OR “pré-verger” OR “mon-

tado” OR “dehesa” OR “shelter belt*” OR “windbreak” OR “orchard*” OR “Miyawaki forest” OR “tiny forest” OR 
“microforest” OR “hedgerow*” OR “tree hedge” OR “live hedge” OR “parkland”
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As a result of the high proportion of orchard studies, fruit 
trees were the most commonly assessed component across 
the selected studies, with a predominant focus on apple (20 
studies), olive (15), and peach (11) production. Other non-
timber trees include cocoa, nuts, holm oak, and cork oak. 
While the majority of the selected studies analysed systems 
containing only one tree species, there were 23 studies which 
assessed two or more different tree species. For agroforestry 
systems where non-tree components are also considered, 
dairy cattle, beef cattle, and pigs were the most commonly 
assessed, along with a variety of crops including cereals, 
legumes, and cover crops.

The majority of studies selected for this review were 
published between 2019 and 2024 (Fig. 4), which follows 
the general trend in LCA literature, with a large increase 
in publications since 2014 (Moutik et al. 2023). Environ-
mental LCAs were conducted by almost all of the selected 
studies (98%), while only 13% and 5% of studies performed 
economic and social impact assessments, respectively. The 
system boundary set for the majority of studies was cradle-
to-farm-gate (70%), with cradle-to-factory-gate and cradle-
to-grave representing 11% and 7% of studies, respectively 
(Fig. 5). Despite these system boundaries being used, not 
all studies chose to include the impacts of tree nurseries 
within the cradle stage of their assessment, citing that either 
insufficient data was available, or that the nursery aspect had 
minimal impact on the overall life cycle assessment. While 
most studies chose to use one functional unit, there were 
30 studies which selected multiple functional units. Over-
all, the most common functional units used were based on 
mass (62%), area (28%), and economic (6%) scales (Fig. 6). 
A handful of studies also used functional units based on 
energy, carbon, and nutritional measures.

3.2 � Phase 2 – life cycle inventory

Multifunctionality refers to the capacity of a system to 
provide more than one product or service. Out of the 102 
selected papers, only 25% of studies considered the mul-
tifunctionality aspect of their selected tree system. Where 
multifunctionality was considered, the system studied was 
typically orchards that were assessing other co-products, 
or silvopastoral systems. As most studies (75%) did not 
explicitly state if they used an allocation method, this sug-
gests that they were only assessing one product and there-
fore did not need to allocate impacts in a multifunctional 
system. To assess multifunctionality, the associated inputs 
and emissions need to be divided between the different 
products or services. The most common method was to 
use an allocation method based on either the respective 
economic value (e.g. £/tonne of product) or mass (tonne 
of product/ha) of the products and services (ISO 2006b). 
In total, eleven studies used a solely economic approach, Ta

bl
e 

2  
S

el
ec

tio
n 

cr
ite

ria
 u

se
d 

to
 id

en
tif

y 
el

ig
ib

le
 st

ud
ie

s, 
ba

se
d 

on
 th

e 
ty

pe
 o

f a
rti

cl
e,

 ty
pe

 o
f l

ife
 c

yc
le

 a
ss

es
sm

en
t (

LC
A

) m
et

ho
do

lo
gy

 u
se

d,
 se

ct
or

 a
nd

 sy
ste

m
 fu

nc
tio

n

C
rit

er
ia

In
cl

us
io

n
Ex

cl
us

io
n

Ty
pe

 o
f a

rti
cl

e
O

nl
y 

fu
ll-

te
xt

, p
ee

r-r
ev

ie
w

ed
 jo

ur
na

l a
rti

cl
es

 p
ub

lis
he

d 
in

 E
ng

lis
h 

w
er

e 
co

ns
id

er
ed

N
on

-jo
ur

na
l a

rti
cl

es
, r

ev
ie

w
 p

ap
er

s a
nd

 m
et

a-
an

al
ys

es
 w

er
e 

ex
cl

ud
ed

, a
s w

er
e 

an
y 

jo
ur

na
l a

rti
cl

es
 p

ub
lis

he
d 

in
 la

ng
ua

ge
s o

th
er

 th
an

 E
ng

lis
h

Ty
pe

 o
f L

CA
St

ud
ie

s t
ha

t e
xp

lic
itl

y 
m

en
tio

ne
d 

th
e 

us
e 

of
 a

n 
LC

A
 re

la
te

d 
m

et
ho

do
lo

gy
 w

er
e 

in
cl

ud
ed

, c
ov

er
in

g 
al

l e
nv

iro
nm

en
ta

l, 
ec

on
om

ic
, o

r s
oc

ia
l L

CA
 p

er
sp

ec
tiv

es
St

ud
ie

s u
si

ng
 n

on
-L

CA
 m

et
ho

do
lo

gi
es

, s
im

pl
e 

ca
rb

on
 fo

ot
pr

in
t m

od
el

s o
r i

np
ut

–o
ut

pu
t 

to
ol

s (
e.

g.
 C

oo
l F

ar
m

 T
oo

l) 
w

er
e 

ex
cl

ud
ed

Se
ct

or
St

ud
ie

s f
oc

us
ed

 o
n 

tre
es

 p
la

nt
ed

 o
ut

si
de

 o
f w

oo
dl

an
d 

in
 a

gr
ic

ul
tu

ra
l o

r p
er

i-u
rb

an
 

la
nd

sc
ap

es
 (e

.g
. a

gr
of

or
es

try
 sy

ste
m

s, 
or

ch
ar

ds
) w

er
e 

in
cl

ud
ed

St
ud

ie
s f

oc
us

ed
 o

n 
co

nv
en

tio
na

l a
gr

ic
ul

tu
re

 (e
.g

. m
on

oc
ul

tu
re

 a
ra

bl
e)

, t
ra

di
tio

na
l w

oo
d-

la
nd

 a
nd

 fo
re

str
y 

w
er

e 
ex

cl
ud

ed
Fu

nc
tio

n
St

ud
ie

s p
rim

ar
ily

 fo
cu

se
d 

on
 fo

od
 p

ro
du

ct
io

n,
 a

nd
 w

he
re

 a
pp

lic
ab

le
, t

im
be

r o
r w

oo
d 

pe
lle

ts
 a

s a
 c

o-
pr

od
uc

t w
er

e 
in

cl
ud

ed
St

ud
ie

s p
rim

ar
ily

 fo
cu

se
d 

so
le

ly
 o

n 
no

n-
fo

od
 p

ro
du

ct
io

n 
ac

tiv
iti

es
, s

uc
h 

as
 e

ne
rg

y 
pr

od
uc

tio
n 

w
er

e 
ex

cl
ud

ed



	 The International Journal of Life Cycle Assessment

Fig. 2   The systematic review 
process, as recommended by 
Zumsteg et al. (2012), to iden-
tify and select eligible studies to 
include in this literature review

11%

8%

68%

13% 1%

Agrosilvocultural

Agrosilvopastoral

Orchard

Silvopastoral

Shelterbelt

Fig. 3      a Geographical locations of the countries where the selected studies were based. b Types of trees outside woodland systems stud-
ied across the selected literature (total = 104)
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Fig. 4   The number of publica-
tions selected for this review 
from 2006 to 2024 (n = 102)

Fig. 5   The life cycle assessment system boundaries used across the selected studies (total = 104)

Fig. 6   Functional unit choice across the selected papers (n = 102), 
demonstrating overlap where studies have used more than one func-
tional unit. Carbon functional units have been included within the 
Mass category as this also uses the mass balance approach of elemen-
tal flows

Fig. 7   Allocation method choice across the selected studies 
(total = 26), demonstrating overlap where studies applied more than 
one allocation method. This figure is based on studies that explicitly 
mentioned their allocation method choice, as 76 studies did not state 
if allocation was used
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four used a solely mass-based approach, and seven studies 
used both economic and mass allocation methods together 
(Fig. 7). Aguilera et al. (2015) also used a product alloca-
tion method, where all emissions were attributed to the 
main product of the system rather than any co-products. 
By contrast, Brook et al. (2022) used energy allocation, 
which was based on the gross energy contained in milk 
and beef produced by the silvopastoral system.

An alternative approach for dividing the inputs and 
emissions is to use system expansion. This method con-
siders any indirect environmental impacts of the main 
product or service where co-products generated by the 
system are assumed to displace existing products (ISO 
2006b), for example replacing natural gas with wood co-
products for heating purposes (Brook et al. 2022). Three 
studies used a system expansion approach in conjunction 
with an allocation method, and one study used only a 
system expansion method. There were also two studies 
examining multifunctionality that used alternative meth-
ods to avoid allocation: Costa et al. (2018) established a 
composite functional unit to address multifunctionality 
within an agrosilvopastoral system, while Paolotti et al. 
(2016) separated the silvopastoral system into two pro-
cesses (poultry system and olive system) to be assessed 
individually.

3.3 � Phase 3 – life cycle impact assessment

3.3.1 � Environmental impacts

In total, 81 out of 104 studies analysed more than one impact 
category. Most studies used midpoint indicators which focus 
on singular environmental issues such as climate change, 
eutrophication, and acidification. The most common impact 
that was assessed was climate change (Fig. 8), also referred 
to as global warming potential in some studies. Across the 
studies selected, 97 measured climate change, 67 measured 
eutrophication and 64 measured acidification (Table 3). 
Other common midpoint indicators analysed included eco-
toxicity, human toxicity, resource depletion, and photochem-
ical oxidant creation (POC), photochemical oxidation (PO), 
or photochemical ozone formation (POF). There were 10 
studies which chose to use an endpoint methodology, which 
demonstrates the aggregation of midpoint indicators at a 
higher level. Across the studies that used this methodology, 
the three endpoint indicators of human health, ecosystems, 
and resources were considered almost equally (Table 4).

In addition, 34 studies assessed other environmental 
effects which are not covered by the standard LCA impact 
categories. In total, 25 studies assessed the impact of their 
selected tree system on carbon sequestration, 10 studies 
evaluated biodiversity, and two studies (Aguilera et al. 2015; 
Costa et al. 2018) also investigated the effects on soil health.

Fig. 8   The relative proportion of the selected studies (total = 104) 
that assessed each midpoint impact category in their environmental 
LCA. (POC/PO/POF = Photochemical Oxidant Creation/Photochemi-

cal Oxidation/Photochemical Ozone Formation; CED = Cumulative 
Energy Demand; NRE = Non-renewable Energy)
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3.3.2 � Economic impacts

In the selected studies that assessed the economic and social 
impacts of their respective tree system, additional impact 
categories and externalities were considered. For the 13 
studies that conducted an economic assessment, the most 
common approach used by 62% of these studies was the Life 
Cycle Costing (LCC) method, where a margin is determined 
from the estimated revenues minus the costs of a product or 
service throughout its lifetime. Several studies then actu-
alised these cash flows to their net present value (NPV) to 
understand the system’s projected profitability (De Gennaro 
et al. 2012; De Luca et al. 2018; Sottile et al. 2020). Tziolas 
et al. (2022) also used the Activity-Based Costing (ABC) 
method to classify value-added and non-value-added activi-
ties within the value chain.

3.3.3 � Social impacts

In total, five studies looked at the social impacts of trees 
outside woodlands, of which two studies had only con-
ducted an S-LCA and had not considered any environ-
mental impact categories (Rivera-Huerta et  al. 2019; 
Safeie-Noghlbari et al. 2024). These two studies used the 
methodological framework proposed by UNEP-SETAC 
(2009) for conducting an S-LCA. As a result, both studies 

assessed impact categories such as human rights, work-
ing conditions, and socio-economic repercussions, which 
were all split into further subcategories to enable a more 
detailed assessment. Safeie-Noghlbari et al. (2024) also 
reported on the cultural heritage and community develop-
ment, while Rivera-Huerta et al. (2019) also considered 
the impact on governance.

The other three studies performed a social impact 
assessment alongside an environmental LCA and eco-
nomic analysis, all using different approaches. De Luca 
et al. (2018) also used the UNEP-SETAC guidelines in 
conjunction with other methods to conduct a social LCA 
of an olive orchard, focusing on social health, job oppor-
tunities, and contribution to national welfare. Costa et al. 
(2018) conducted a socio-eco-efficiency (SEE) analysis 
which integrates economic and social metrics into an 
environmental LCA. Different stakeholder groups (e.g. 
employees, local and national communities, and future 
generations) were considered within the social impact 
assessment for off-farm activities regarding the manufac-
turing of inputs, as well as on-farm activities. Rocchi et al. 
(2019) instead selected social criteria relating to labour 
safety, animal welfare, and landscape to compare the sus-
tainability of a silvopastoral poultry system to conven-
tional and free-range poultry systems using a multicriteria 
analysis approach.

Table 3   Frequency of midpoint 
impact categories analysed for 
each type of tree system across 
the selected studies (total = 104)

a  POC/PO/POF Photochemical Oxidant Creation/Photochemical Oxidation/Photochemical Ozone Forma-
tion, CED Cumulative Energy Demand, NRE Non-renewable Energy. b Agrosilvocultural. c Agrosilvopasto-
ral

Impact category a Orchard Silvopastoral ASC b ASP c Shelterbelt Total

Climate change 67 10 11 8 1 97
Eutrophication 52 2 8 5 0 67
Acidification 49 2 8 5 0 64
Ecotoxicity 40 0 4 5 0 49
Human toxicity 40 2 2 3 0 47
Resource depletion 31 2 4 4 0 41
POC/PO/POF 29 0 3 4 0 36
Water use 23 0 2 3 0 28
Ozone depletion 23 0 1 2 0 26
Land use 16 1 1 1 0 19
CED 14 0 1 1 0 16
NRE 11 1 0 1 0 13

Table 4   Frequency of endpoint 
impact categories for each 
tree system across the selected 
studies (total = 104)

a  Agrosilvocultural. b Agrosilvopastoral

Impact category Orchard Silvopastoral ASC a ASP b Shelterbelt Total

Ecosystems 7 2 1 0 0 10
Human health 7 2 1 0 0 10
Resources 7 2 0 0 0 9
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3.4 � Phase 4 – interpretation

In total, 79% of studies conducted a contribution analysis, 
which identifies the impact hotspots across environmen-
tal impact categories and life cycle stages. For the two 
papers that assessed more than one system (Acosta-Alba 
et al. 2020; Lehmann et al. 2020), a contribution analysis 
was performed for each system studied. For all the trees 
outside woodlands studied throughout the selected litera-
ture, the key environmental impact hotspots were from 
in-field emissions. Fertiliser inputs were highlighted as 
being the principal contributor to various environmental 
impacts categories including climate change, acidifica-
tion, and eutrophication. Nitrous oxide emissions from 
soil and manure management were also noted as a hotspot 
for in-field emissions, alongside machinery use. In addi-
tion, agrosilvopastoral and silvopastoral studies reported 
enteric methane from livestock to be the main source of 
greenhouse gas emissions. Important environmental hot-
spots attributed to off-farm operations primarily included 
the manufacturing of inputs (e.g. inorganic fertilisers, and 
pesticides), as well as imported feed production and trans-
portation, although these environmental hotspots were not 
described as significant contributors overall.

For the interpretation phase of an LCA, sensitivity and 
uncertainty analyses are recommended (ISO 2006b). While 
sensitivity analysis aims to identify which input variables 
have the most significant impact on the outputs of the LCA, 
the objective of an uncertainty analysis is to quantify the 
probability of different possible outcomes. Across all the 
studies selected, 26% performed a sensitivity analysis and 
11% performed an uncertainty analysis. Conducting a sen-
sitivity analysis is useful as it indicates how input variables 
can affect output variables. For example, Aguilera et al. 
(2015) found that changing temporal boundaries from 100 
to 20 years had a large effect on the global warming potential 
of organic olive production, while the effect was lower for 
conventional olive production. Different impact assessment 
methods and allocation choices can also impact the results 
of an LCA. Six studies conducted a sensitivity analysis to 
determine if different life cycle impact assessment methods 
lead to different results, while four studies conducted a sen-
sitivity analysis on different allocation methods, including 
product, mass, and economic allocations.

Monte Carlo simulation is a common method for per-
forming uncertainty analysis in an LCA. In total, six studies 
used the Monte Carlo method to understand the certainty 
and validity of the data used. In addition, Brook et al. (2022) 
and Milà i Canals et al. (2006) both performed error propa-
gation to understand the uncertainty of the emission factors 
used. To reduce uncertainty in an LCA, Brito de Figueirêdo 
et al. (2016) reported that site-specific rather than global 
generic emission factors should be used where possible. 

However, many of the studies in this review used default 
emission factors and equations.

4 � Discussion

Previous reviews have discussed how LCA frameworks can 
be applied to agricultural cropping systems (Goglio et al. 
2018) and agroforestry systems (Quevedo-Cascante et al. 
2023). This review builds upon such studies by increasing 
the scope to include a wider variety of trees outside wood-
lands, thereby aiming to understand the effectiveness of 
current LCA frameworks. This has provided insight into 
how LCA methodology is applied across different contexts, 
allowing for the evaluation of methodological choices so 
that specific recommendations could be made for future 
research. While previous studies have focused primarily on 
the application of LCAs to assess environmental outcomes, 
this review also aimed to understand the extent to which 
LCA methods are used to evaluate the economic and social 
impacts of trees outside woodlands.

4.1 � LCA methodology

The LCA studies were dominated by orchard systems. Only 
one study was conducted on a shelterbelt system, and no 
studies were found for hedgerows and Miyawaki forests. 
This may be a result of hedgerows and Miyawaki systems 
not being directly associated with the output of a physical 
product. This remains to be a significant knowledge gap, 
which may hinder the informed adoption and implementa-
tion of trees outside woodlands (Staley et al. 2023), espe-
cially for newly introduced systems like Miyawaki forests 
(Qi et al. 2024).

Across the selected literature, the studies were pre-
dominately based in Southern Europe and South America 
(Fig. 3a). This may be partly due to this being the primary 
location of orchard and agroforestry systems, with both sys-
tems being more common in Southern than Northern Europe 
(Eurostat 2019; Rubio-Delgado et al. 2023). Similarly, it 
is estimated that 78% of global agroforestry systems are 
located in tropical regions, such as parts of South America 
(Nair et al. 2021). While studies were conducted across other 
areas, it would be beneficial for additional studies to develop 
datasets which address a wider range of geographies and 
climate zones.

Functional unit choice is dependent on the goal and scope 
of the LCA (ISO 2006b). However, it was recognised by 
multiple studies that this choice can impact the interpretation 
of the results, particularly when comparing between differ-
ent products or services. In total, there were 30 studies which 
chose to use more than one functional unit. A mass based 
functional unit can be more appropriate for quantifying the 
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eco-efficiency of a product, but when assessing land use effi-
ciency or production intensity, an area based functional unit 
can be more useful (Pérez et al. 2024). In practice, planners 
may need to consider both per unit product and per unit 
area metrics. The use of a per unit product metric can be 
particularly useful from a processor or retailer perspective, 
whereas the output per unit area of land can be pertinent 
when considering spatial impacts.

Some trees outside woodlands, such as agroforestry 
systems, can be used to provide multiple products and ser-
vices, such as crop production, livestock grazing, and tim-
ber production. This can make it challenging to choose the 
appropriate functional units. Acosta-Alba et al. (2020) used 
three functional units (mass, area, and economic based) 
in order to address the various functions of a coffee agro-
forestry system. However, other studies which considered 
multifunctionality used alternative approaches, including 
allocation methods primarily based on mass and economic 
values, as well as system expansion methods. While there is 
no standardised approach for understanding multifunctional 
systems, different methods may have a significant impact on 
the results of an LCA and thus, it is also recommended for 
a sensitivity analysis to be conducted (Guinée et al. 2021).

4.2 � Environmental impacts

Trees outside woodlands have various effects on the natural 
environment and provision of ecosystem services (Demes-
tihas et al. 2017; Köthke et al. 2022), and the impact assess-
ment for each study varies depends on factors such as tree 
system type and design, management practices, system 
boundaries, inventory data used, timescale, and allocation 
methods. Around 75% of studies assessed multiple environ-
mental impact categories, either at a midpoint (Table 3) or 
endpoint level (Table 4), while 23% of studies only consid-
ered the climate change impact category. Climate change 
was the most assessed impact category, which is not sur-
prising given the global effort to reduce GHG emissions 
and achieve net zero targets, especially for commercial agri-
food systems looking to reduce their climate impact. As the 
papers selected for this review were dominated by commer-
cial orchard studies, this may have amplified the imbalance 
in environmental impact representativeness.

Similarly, the prevalence of eutrophication and acidifi-
cation impact assessments in the selected studies was also 
expected, since these impact categories are directly linked 
with core agronomic operations of tree system manage-
ment, including fertiliser use, irrigation, and soil manage-
ment. However, the land use, cumulative energy demand 
(CED), and non-renewable energy (NRE) categories were 
assessed to a lesser extent, which is interesting given 
that land and energy use have been noted as environmen-
tal impact hotspots for orchards (Alaphilippe et al. 2016; 

Castillo-González et al. 2024; Marvinney and Kendall 2021) 
and agroforestry systems (Caicedo-Vargas et al. 2022; Pérez-
Neira et al. 2020). Therefore, omitting land use change and 
energy use assessment in an LCA could conceal important 
sustainability trade-offs and impact potential decisions 
guided by such assessments.

While these studies provide useful insights about trees 
outside woodlands, in most circumstances it is beneficial 
to assess a wide range of impact categories to ensure that 
positive impacts related to one factor are not undermined by 
a major negative environmental impact relating to another 
factor (Quevedo-Cascante et al. 2023). For example, impacts 
such as carbon sequestration and biodiversity change were 
rarely calculated in the same framework as the other envi-
ronmental impact categories, despite the literature highlight-
ing how trees outside woodlands can affect them. There are 
difficulties in capturing these impacts effectively within an 
LCA framework, as discussed below.

4.2.1 � Carbon sequestration and storage

One of the motivations for increasing tree planting is climate 
change mitigation by increasing carbon sequestration and 
storage (Brancalion and Holl 2020). Carbon sequestration 
refers to trees removing atmospheric carbon dioxide through 
photosynthesis and storing it within above- and below-
ground biomass, such as the leaves, branches, trunk, or roots 
(Sedjo and Sohngen 2012). In an LCA, carbon sequestration 
and the effect on climate change can be considered in the life 
cycle inventory phase. The primary focus of many LCAs 
is on the carbon sequestration related to a single product. 
By contrast, many tree outside woodland systems produce 
multiple products and allocating carbon sequestration and 
stocks between the main product and other co-products can 
be difficult (Plassmann and Norton 2017).

Overall, only 25 studies considered carbon sequestration 
or carbon stocks in their LCA. Of these studies, the number 
assessing carbon sequestration within the different agrofor-
estry systems was slightly higher (15), compared to those 
focusing on orchards (10). This could be due to agroforestry 
systems being seen as a potentially more effective strategy 
for increasing carbon sequestration (Nair et al. 2009). Some 
studies accounted for carbon sequestration in above-ground 
biomass only (Brook et al. 2022; Doddabasawa et al. 2020; 
Rana et al. 2019; Rivera et al. 2024; Zhu et al. 2018), while 
others only focused on soil carbon sequestration (Aguilera 
et al. 2015; De Feudis et al. 2022; Eldesouky et al. 2018; 
Escribano et al. 2022; Fernández-Lobato et al. 2021; Hor-
rillo et al. 2021; Parra-Paitan and Verburg 2022; Pergola 
et  al. 2017, 2022; Utomo et  al. 2016). There were also 
studies which accounted for both above and below-ground 
biomass accumulation, as well as soil carbon sequestration 
(Brito de Figueirêdo et al. 2016; Crous-Duran et al. 2019; 
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Martinelli et al. 2019; Müller Carneiro et al. 2019; O’Brien 
et al. 2023; Reyes-Palomo et al. 2022, 2023; Rudd et al. 
2021).

While current methods for estimating carbon sequestra-
tion and storage can be used with a reasonable degree of 
accuracy, these methods may not be highly applicable to all 
studies (Goglio et al. 2015). Some studies chose not include 
carbon sequestration in their assessment due to a lack of 
standardised methodology and reliable data (Brook et al. 
2022; Costa et al. 2018; Vinyes et al. 2015). To overcome 
some of these challenges, a framework has been proposed by 
Leinonen (2022) to account for carbon in LCAs by quantify-
ing the flows of both fossil and biogenic carbon according to 
the mass balance principle, thereby accounting for all inputs 
and outputs of the system. This framework has been applied 
to forestry and agricultural product LCAs in Finland, dem-
onstrating the ability to account for carbon stock changes 
in living biomass, organic matter, and soil organic carbon 
(SOC) over a period of less than 100 years (Lehtilä et al. 
2025), which could therefore also be applied to LCAs of 
trees outside woodlands.

There is also the issue of acknowledging the permanence 
of carbon in trees outside woodlands, which remains an 
area of uncertainty. Carbon permanence refers to removing 
carbon from atmosphere and guaranteeing its storage over 
a long period of time (Ruseva et al. 2020). It has been sug-
gested that permanence should be measured over 200 years 
(DESNZ 2024), or thousands of years (Jørgensen and Haus-
child 2013) as opposed to the 100-year period that is fre-
quently used. Newly sequestered carbon may only be stored 
temporarily, so for the above-ground biomass of trees, using 
wood products in construction or industry presents a long-
term carbon storage method (Amiri et al. 2020; Eriksson 
et al. 2012). However, SOC estimation methods need further 
refining to increase data reliability for use in LCAs (Nayak 
et al. 2019), and there is still a need for additional research 
on how to more accurately account for carbon sequestration 
and its permanence within an LCA.

4.2.2 � Biodiversity

Orchards can be useful for biodiversity conservation and 
providing other ecosystem services, however this is depend-
ent on management practices such as the type of tillage and 
use of pesticides and cover crops (Katayama et al. 2019; 
Montanaro et al. 2017). For agroforestry systems, a meta-
analysis by Torralba et al. (2016) reported a positive effect 
of agroforestry on the biodiversity of tree-only systems. The 
impact of agroforestry on biodiversity could result from the 
capacity to act as wildlife corridors and to provide habitat 
niches for additional species (Jose 2009). Agroforestry sys-
tems can also improve soil health and increase soil microbial 
diversity (Udawatta et al. 2019).

Overall, only 10 studies considered the effect of trees out-
side woodlands on biodiversity. It was most often considered 
at an endpoint level, as part of the ecosystem quality impact 
category (Heidarisoltanabadi and Elhami 2023; Ingrao et al. 
2015; Ordikhani et al. 2021; Paolotti et al. 2016; Smith 
and Lal 2022; Zamani et al. 2024). Other studies used the 
Potentially Disappeared Fraction of Species (PDF) indicator 
within an LCA to measure the effects of land use change on 
biodiversity loss (Parra-Paitan and Verburg 2022), or alter-
native life cycle thinking methods such as AgBalance to 
measure biodiversity (Costa et al. 2018). Finally, two studies 
assessed biodiversity independently of their LCA: Recanati 
et al. (2018) used the Simpson and Shannon biodiversity 
indices to estimate plant diversity, while Rocchi et al. (2019) 
used a combination of genetic diversity, naturalness, and 
biodiversity indices.

Biodiversity was not assessed in the majority of the 
selected studies, and it has been acknowledged that this is 
a research gap and further methodological improvements 
are needed to integrate biodiversity effectively into LCA 
frameworks (Crenna et al. 2020; Rugani et al. 2019). Recom-
mendations to reduce uncertainties in LCA outputs regard-
ing biodiversity include improving data collection, refining 
inventory databases and LCA frameworks, as well as using 
uncertainty analysis methods (Bromwich et al. 2025). Ale-
jandre et al. (2019) proposed an original framework that 
extended the current ReCiPe 2016 methodology (Huijbregts 
et al. 2017) to include an additional 11 ecosystem service 
categories, thereby providing more holistic coverage. Stud-
ies outside of this review have also presented new charac-
terisation factors which are sensitive to different land man-
agement practices to assess biodiversity at midpoint level 
in an LCA (Knudsen et al. 2017; Koellner et al. 2013). In 
addition, Lindner et al. (2019) proposed a novel framework 
to quantify biodiversity impacts within an LCA for different 
land use classes. However, there still is no method which is 
capable of fully accounting for all biodiversity dimensions 
(Damiani et al. 2023).

4.3 � Economic impacts

Trees outside woodlands have the potential to provide a vari-
ety of economic benefits (Rouquette and Holt 2017). How-
ever, it has been acknowledged that these systems can incur 
high establishment and maintenance costs, which means 
they may not be a financially viable option for farmers and 
landowners (Rois-Díaz et al. 2018; Roman et al. 2021).

Only 13 of the papers selected for this review conducted 
an economic assessment, of which nine studies focused on 
orchards and four assessed agroforestry systems. The results 
of any economic assessments are dependent on factors 
including the type of tree system, management practices, the 
products being assessed, and the assumptions made. Despite 
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this variation, agroforestry and orchard systems employing 
more sustainable practices often had higher investment costs 
than their conventional counterparts (Costa et al. 2018; De 
Gennaro et al. 2012; De Luca et al. 2018; Sottile et al. 2020). 
However, it is challenging to draw conclusions about the 
economic impacts of trees outside woodlands throughout 
their lifetime due to the lack of papers that completed an 
economic assessment. Data quality has been mentioned as 
a limitation of applying a Life Cycle Costing (LCC) model 
(De Gennaro et al. 2012), and economic sensitivity analyses 
have demonstrated the extent to which results can be influ-
enced by input data quality and methodological choices (De 
Luca et al. 2018). In addition, integrating LCC approaches 
with environmental LCAs can pose challenges, especially 
when calculating the monetary value of different environ-
ment impacts (Rodrigues and da Silva 2024). While ISO 
14008 (ISO 2019) may be helpful for calculating such exter-
nal costs, it is not specific to LCA methodology. Neverthe-
less, it is important that assessments consider the economic 
implications of trees outside woodlands, as this provides a 
more balanced approach and can identify potential sustain-
ability trade-offs.

4.4 � Social impacts

A social life cycle assessment (S-LCA) aims to understand 
the social impacts of a product or service throughout its 
life cycle. Evidence on the social impacts of trees outside 
woodlands in the literature is sparse. However, it is thought 
that they can provide a range of social and cultural services 
such as physical and mental health benefits, improved com-
munity cohesion, as well as work and business opportunities 
(Mukhlis et al. 2022; Rouquette & Holt 2017).

Across the selected literature, only five papers consid-
ered the social impacts of their selected tree system: three 
studied agroforestry systems and two focused on orchards. 
Social impacts are often overlooked in favour of understand-
ing the environmental implications (Safeie-Noghlbari et al. 
2024). A systematic review by Guglielmetti Mugion et al. 
(2025) found that social impacts are not often considered 
in the agri-food sector, primarily due to a lack of data, as 
well as no standardised guidelines for selecting stakeholder 
groups, indicators, and impact categories. Furthermore, 
while S-LCAs have the potential to handle multifunctional 
systems, current methods still present difficulties (Trag-
none et al. 2022) which may therefore prevent S-LCAs 
being applied to trees outside woodlands that are inherently 
multifunctional. While methodologies differed between 
the selected studies, social impact assessments should be 
included to provide a more holistic perspective on the sus-
tainability of trees outside woodlands, especially when 
combined with environmental and economic assessments. 
Such considerations can be important when policymakers 

and actors within agricultural value chains make strategic 
decisions (Voglhuber-Slavinsky et al. 2022).

4.5 � Limitations

Our review adopted a broader scope to investigate state-of-
the-art LCA frameworks and highlight their effectiveness 
in holistically assessing the sustainability of trees outside 
woodland systems. In doing so, we found a key limitation 
of this review to be the significant imbalance in LCA studies 
applied to different trees outside woodlands. Current scien-
tific and grey literature demonstrates a clear bias towards 
the assessment of commercial tree systems, such as orchards 
and agroforestry systems (Fig. 3b). While this may have 
hindered our ability to make general conclusions about the 
application of LCA frameworks across different systems, 
we present a balanced discussion to reflect on the strengths 
and weaknesses of current LCA methodology, as well as 
to recommend specific actions that can help to enhance the 
robustness and applicability of LCAs to all trees outside 
woodlands.

This review also acknowledges another key limitation 
around the possibility that some relevant publications were 
missed. However, the specific inclusion criteria used here 
inspire confidence in that literature has been identified and 
captured effectively, since most relevant studies are pub-
lished in English and provided through resources the authors 
could access through their affiliated institutions. To further 
minimise risks of under-representation in our study sam-
ple, the search terms for identifying LCA studies were kept 
broad. We performed a post-hoc analysis by adding LCC 
or S-LCA in the search strings, which did not result in any 
relevant additional studies. A range of the most common 
terms used for different trees outside woodland systems were 
included in the search strings for this review, but relevant 
studies may have been missed if authors used different key-
words. In addition, there is also the risk of potential bias 
during the selection and screening process of this review. 
However, this was mitigated to an extent by using defined 
inclusion criteria, adhering to screening validation princi-
ples within the authoring team and in collaboration with 
independent researchers, and following the guidelines estab-
lished by Zumsteg et al. (2012).

5 � Can future LCAs provide a holistic 
assessment of trees outside woodlands?

Evidence in literature suggests that current, standardised 
LCA frameworks can provide useful insights into the poten-
tial environmental, economic, and social impacts of trees 
outside woodlands. However, there are significant methodo-
logical limitations that need to be addressed through future 
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research. This would improve our understanding around the 
potential benefits and broader implications of these systems, 
especially considering carbon sequestration potential and 
provision of ecosystem services. We therefore present four 
strategic recommendations below that provide a roadmap 
towards enhancing future LCA research on trees outside 
woodlands:

5.1 � Prioritise research on the mechanisms 
underpinning the multifunctionality of trees 
outside woodlands for interpretation 
within an LCA context

Our review of existing literature on LCAs of trees outside 
woodlands demonstrates a fundamental need for further 
research into the underlying biological processes which 
underpin the multifunctionality of these systems. It is also 
important to evaluate these systems from a cradle-to-grave 
perspective where possible, as while the majority of impacts 
can occur at a farm or field level, downstream processes 
should also be considered (Sinden 2009). This review 
demonstrates that orchard studies dominate the existing 
literature, and research should focus on understanding the 
inherent complexities of agroforestry systems, as well as 
Miyawaki forests, and other urban and peri-urban tree sys-
tems. Future research should aim to generate new insights 
and useful data about the carbon dynamics, nitrogen flows, 
and biomass accumulation over time. This information can 
then be applied to future case studies to provide a more 
holistic LCSA perspective.

5.2 � Co‑design a data collection protocol for life 
cycle inventory development with different 
stakeholders

The availability and quality of data is of paramount impor-
tance for the development of more balanced and accurate 
LCSAs. While detailed life cycle inventories (LCI) have 
been developed for trees outside woodlands, significant 
data gaps remain regarding critical processes and socioeco-
nomic impacts. Therefore, studies rely heavily on assump-
tions and coarse resolution data (both temporal and spatial). 
As a result, these studies are often deemed incomplete or 
inaccurate, and thereby not adequate for decision or policy-
making. Establishing a protocol for collecting environmen-
tal, economic, and social data is a key step for enhancing 
the modelling capacity of material flows of trees outside 
woodlands. This will also improve the robustness and trans-
ferability of these LCSA frameworks, particularly in cases 
of economic and social impact assessments that are cur-
rently dependent on geographic and cultural variabilities. 
For example, Saavedra-Rubio et al. (2022) has published 
step-by-step guidelines for collecting LCI data, and data 

collection templates have been developed for the agri-food 
(Turner et al. 2020) and forestry sectors (Cardellini et al. 
2018) which could be repurposed for trees outside wood-
lands. Furthermore, it is important that the data collection 
protocol is co-designed with tree system managers, LCA 
practitioners and inter-disciplinary research teams to ensure 
its completeness and usefulness for both theoretical research 
and practical application.

5.3 � Account for system‑related spatiotemporal 
variabilities across all pillars of sustainability

Unlike annual production systems, the products and services 
provided by trees outside woodlands develop over time and 
current LCA methods have difficulty with modelling tem-
poral heterogeneity. Developing a dynamic life cycle inven-
tory can be challenging but including spatial and temporal 
dimensions within the inventory can improve the accuracy of 
the results (Lueddeckens et al. 2020). There is no standard-
ised methodology available for creating a dynamic LCA, but 
a variety of experimental approaches have been developed 
(VanderWilde and Newell 2021). This further illustrates the 
need for more diverse case studies to apply these methods 
which account for spatiotemporal uncertainties across envi-
ronmental, economic, and social aspects. This would allow 
new insights to be gained which would inform policymak-
ers and guide future decision making around tree planting 
strategies. This requires also improving existing LCC and 
S-LCA methodologies as well as their integration in an 
LCSA framework (Larsen et al. 2022).

5.4 � Develop integrated and prospective LCSA 
frameworks to holistically assess trees 
outside woodlands

A common theme from the selected studies in our review is 
that while standardised LCA frameworks can provide some 
useful insights about the effects of trees outside woodlands, 
they lack the ability to analyse more complex sustainability 
impacts. This is particularly the case for LCA frameworks 
developed in most commercial software, which are often 
inflexible and do not allow integration with other sustain-
ability assessment frameworks. We recommend that LCSA 
practitioners and researchers use integrated approaches to 
enable a more complete and balanced assessment of trees 
outside woodlands. We have identified the following ana-
lytical approaches that could improve the usefulness of the 
results generated by LCSAs on trees outside woodlands:

•	 Soil biogeochemical modelling – For instance, integrat-
ing the denitrification-decomposition (DNDC) model in 
an LCA would capture the biogeochemical flows within 
trees outside woodlands. This could provide a better 
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understanding of short and long-term SOC dynamics, as 
well as greenhouse gas emissions.

•	 Climate change scenario modelling—For example, uti-
lising the representative concentration pathways (RCPs) 
climate change effects can be modelled to the year 2100 
(van Vuuren et al. 2011). This would enable a better 
understanding of how trees outside woodlands may be 
affected in the future, and how the environmental, eco-
nomic, and social impacts may change under different 
climate scenarios.

•	 Spatial modelling – Integrating a geographic informa-
tion system (GIS) into an LCA framework could help to 
address current issues with spatial resolution. This would 
also provide useful insights as the sustainability impacts 
of trees outside woodlands could be spatially analysed.

•	 Agent-based modelling – Developing a dynamic LCA 
model that can evaluate the complexity and multifunc-
tionality of trees outside woodlands by focusing on dif-
ferent system components and their interactions. This 
would allow for a better understanding of what factors 
influence these systems and their respective impacts.

6 � Conclusions

This review identified 102 papers that conducted an LCA 
on trees outside woodlands. Of these papers, 68% focused 
on orchards, suggesting that there is a research gap regard-
ing LCA of other trees outside woodlands methods, such as 
agroforestry, hedgerows, and Miyawaki forests.

The environmental impacts were the primary focus of the 
studies selected in this review, with only 13 and 5 studies 
conducting economic and social impact assessments, respec-
tively. This demonstrates that useful insights could be gained 
from completing more economic and social analyses, which 
could inform policymakers and guiding future decision mak-
ing around the most effective methods of achieving a range 
of aims through tree planting strategies.

In conclusion, while frameworks have been proposed for 
holistic LCAs of trees outside woodlands, that address eco-
nomic, social, and environmental aspects, there is a need to 
demonstrate their usefulness in practice.
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