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Abstract
This study evaluates the dynamics of soil organic carbon (SOC) under perennial crops 
across the globe. It quantifies the effect of change from annual to perennial crops and 
the subsequent temporal changes in SOC stocks during the perennial crop cycle. It 
also presents an empirical model to estimate changes in the SOC content under crops 
as a function of time, land use, and site characteristics. We used a harmonized global 
dataset containing paired-comparison empirical values of SOC and different types of 
perennial crops (perennial grasses, palms, and woody plants) with different end uses: 
bioenergy, food, other bio-products, and short rotation coppice. Salient outcomes 
include: a 20-year period encompassing a change from annual to perennial crops led 
to an average 20% increase in SOC at 0–30 cm (6.0 ± 4.6 Mg/ha gain) and a total 10% 
increase over the 0–100 cm soil profile (5.7 ± 10.9 Mg/ha). A change from natural pas-
ture to perennial crop decreased SOC stocks by 1% over 0–30 cm (−2.5 ± 4.2 Mg/ha) 
and 10% over 0–100 cm (−13.6 ± 8.9 Mg/ha). The effect of a land use change from 
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1  | INTRODUC TION

Soils store approximately 1,550 Gt of organic carbon out of the 
2,110 Gt of organic carbon estimated to be present in the biosphere 
(Lal, 2004). Thus, soil organic carbon (SOC) accounts for about 70% of 
total terrestrial carbon (C), and represents more than twice the 760 Gt 
of atmospheric C (IPCC, 2014). The size of the SOC pool means that 
land use and land use changes (LUCs) that cause soil disturbance can 
lead to substantial loss of SOC and greenhouse gas (GHG) emissions. 
Indeed, conversion from natural to agricultural ecosystems causes a 
major loss of SOC: up to 60% or 75% in temperate and tropical regions, 
respectively (Lal, 2004), and this C is released to the atmosphere as 
carbon dioxide, CO2, a GHG source. Agriculture is practiced on 49% 
of the global ice-free land surface, 12% as cropland, and 37% as pas-
ture, and is responsible for 12% of the total direct anthropogenic GHG 
emissions (IPCC, 2019). If, in addition, LUC and degradation are con-
sidered, the contribution of agriculture rises to one third of the total 
anthropogenic emissions (Wollenberg, Tapio-Bistrom, Grieg-Gran, & 
Nihart, 2011). Furthermore, the reduction in SOC causes soil deg-
radation and hence reduces plant productivity and yield (Lal, 2006). 
Agriculture, however, is a basic human activity and a necessity, and as 
such, providing secure food and energy supply for rising global popu-
lation while minimizing GHG emissions is one of the main challenges 
of humanity (Smith et  al., 2010). The agriculture, land use, and for-
estry sectors are the only major sectors with the potential not only 
to reduce emissions but also deliver negative emissions in some cases 
(Ledo, Heathcote, Hastings, Smith, & Hillier, 2018). This is achieved via 
C sequestration (Smith, 2004) and/or offsetting through the supply of 
feedstock for energy production (Robertson et al., 2017).

It is estimated that agricultural lands have the potential to sequester 
up to a 66% of historical C loss, if managed properly (Lal, 2004). The “4 
per mille” initiative (https://www.4p1000.org/), which aims to increase 
SOC relies mainly on the application of best agricultural practices and the 
reduction of deforestation. Tree planting is an effective method increas-
ing SOC (Laganiere, Angers, & Pare, 2010). Another method for increas-
ing SOC is the establishment of perennial crops, which may be applied 

without loss of productive area. This latter option might deliver food, 
fiber, energy feedstock, or other goods and ecosystem services including 
increasing SOC, and as such could represent a win–win scenario. In fact, 
the FAO has suggested “perennialization” of agricultural lands as a strat-
egy to mitigate climate change, and to enhance food security and ecosys-
tem service delivery (Glover, Reganold, et al., 2010). Nonetheless, to date 
there has been a lack of evidence about the capacity of perennial crops 
to store SOC (Ledo et al., 2019). Importantly, studies have been carried 
out in a range of locations, using different experimental designs and an-
alytical methods, and for a wide variety of crops. Therefore, results are 
not directly comparable and conclusions on the effect of perennial crops 
on SOC and soil properties cannot easily be derived. This is a significant 
limitation and knowledge gap considering that, even currently, perennial 
crops comprise 30% of global croplands (Ledo et al., 2018). There is thus 
a clear need to collate and carry out standardized analysis and syntheses 
of results from these disparate studies in order to understand the global 
impacts of LUCs and conversions under such significant production sys-
tems and/or scale; as well as to identify critical information or data gaps.

Perennial crops in this study are defined as crops that are planted, 
but not replanted and/or fully harvested annually to obtain goods 
(this definition excludes naturally occurring perennials and grass-
lands but includes plants for which the above-ground biomass is an-
nually harvested). Perennial crops can be divided in two main groups: 
woody plants, such as fruits and nut crops (e.g., apple trees, citrus, al-
mond), beverage crops (e.g., coffee, tea, cocoa), oil crops (e.g., palms), 
or short rotation coppices (e.g., poplar, willow); and perennial grasses 
such as sugarcane, switchgrass, Miscanthus. They also have different 
end uses, such as food (e.g., fruits), fiber (e.g., cotton), bioenergy (e.g., 
Eucalyptus, Miscanthus). In perennial crop cultivation, tillage and soil 
disturbances are reduced since, by definition, perennial crops stay 
on the land for more than 1 year. Moreover, perennial crops ensure 
vegetation cover and thus photosynthesis all year around which 
increases the biomass that is produced and left on the site to be-
come SOC. Thus, there is greater potential to maintain or sequester 
SOC relative to annual crops. Along with potential benefits for soils 
(Cox, Glover, Tassel, Cox, & DeHaan, 2006; Paustian, Six, Elliott, & 

forest to perennial crops did not show significant impacts, probably due to the limited 
number of plots; but the data indicated that while a 2% increase in SOC was observed 
at 0–30 cm (16.81 ± 55.1 Mg/ha), a decrease in 24% was observed at 30–100 cm 
(−40.1 ± 16.8 Mg/ha). Perennial crops generally accumulate SOC through time, es-
pecially woody crops; and temperature was the main driver explaining differences 
in SOC dynamics, followed by crop age, soil bulk density, clay content, and depth. 
We present empirical evidence showing that the FAO perennialization strategy is rea-
sonable, underscoring the role of perennial crops as a useful component of climate 
change mitigation strategies.

K E Y W O R D S

agriculture, arable crops, carbon balance, emission factors, fruit crops, land use change, meta-
analysis, woody crops

https://www.4p1000.org/


LEDO et al.4160  |    

Hunt, 2000) and GHG emission reduction, perennial crops store bio-
mass (Ledo et al., 2018) and/or may be used to displace fossil fuels 
for energy generation (Dondini, Hastings, Saiz, Jones, & Smith, 2009; 
Robertson et al., 2017).

LUC and competition for land are urgent challenges for humanity 
(Foley et al., 2005; Smith et al., 2010). Given current rates of global 
population growth, the ongoing change from natural to cultivated eco-
systems is likely to continue in order to feed an increasing population. 
It has been documented that a change from a natural ecosystem, for-
est or grassland, to annual cropland will result in SOC loss (Deng, Zhu, 
Tang, & Shangguan, 2016; Don, Schumacher, & Freibauer, 2011; IPCC, 
2014). However, changes from natural ecosystems to perennial crops 
have been documented only locally and results are not consistent, re-
porting SOC gain (Post & Kwon, 2000; Robertson et al., 2017), SOC 
loss (Crowther et al., 2016; Don et al., 2011) or no change (Fialho & 
Zinn, 2014; Qin, Dunn, Kwon, Mueller, & Wander, 2016). Moreover, 
little information is available about the effects on SOC following 
conversion from annual to perennial crops. Furthermore, the SOC 
stock changes during the subsequent cultivation of perennial crops 
are poorly quantified. Turnover of soil organic matter is a function of 
several interacting variables, such as moisture, temperature, clay con-
tent, soil porosity, soil cover, and the composition of the soil microbi-
ota (Aguilera, Lassaletta, Gattinger, & Gimeno, 2013; Blagodatsky & 
Smith, 2011; Deng et al., 2016; Don, Böhme, Dohrmann, Poeplau, & 
Tebbe, 2017). However, the most important driver for SOC turnover 
and changes is the C input via root litter and exudates, above-ground 
litter, and organic amendments (Kutsch, Bahn, & Heinemeyer, 2009; 
Rasse, Rumpel, & Dignac, 2005). Differences among crops and geo-
graphic areas may be largely explained by differences in these vari-
ables. Furthermore, an increase in global temperatures may affect 
SOC dynamics and C input to the soil (Davidson & Janssens, 2006).

In this study, we have used the first global and harmonized dataset 
of perennial crops on SOC dynamics (Ledo et al., 2019) to explore, at 
a global level, SOC in perennial crops. We studied different aspects: 
First, the changes in SOC stocks after a transition to perennials over a 
20-year period or more, from different land uses: annual crops, forest 
(both natural and secondary forest) and natural grasslands. Secondly, 
we also evaluated changes in SOC stocks during the lifespan of the 
perennial crops, between 1 and 20 years after transition. Finally, we 
explored SOC changes in different biogeographical regions and for dif-
ferent perennial crops in order to identify general or distinctive patterns 
of SOC dynamics. Our final goal was to provide an empirical model to 
predict changes in SOC as a function of the main drivers of SOC dy-
namics found in this study: crop, climate, soil properties, and land use.

2  | METHODS

2.1 | Database creation

We used a global dataset of paired observations containing informa-
tion about changes in SOC under perennial crops (Ledo et al., 2019), 
freely downloadable from the figshare file, https://doi.org/10.6084/

m9.figsh​are.7637210 (2019). In addition to the original dataset, we 
calculated extra fields which were required in this study. This up-
dated dataset is reproduced in Table S1. Firstly, for those plots with-
out bulk density (BD) or soil texture (sand, silt, clay) and/or pH values 
in the original studies, we gap-filled the missing values as described 
previously (Ledo et al., 2019). Secondly, in order to standardize the 
units of SOC we transformed all values of SOC given as C density 
(SOCden; g/kg) to SOC stocks (SOCstock; Mg/ha) as follows:

where BD is the bulk density (g/cm3) and depth (cm) was the maximum 
depth at each particular measured plot.

This transformation may introduce errors and/or bias 
(Poeplau, Vos, & Don, 2017) but was deemed necessary due to 
lack of equivalence in reporting. Thirdly, for those plots with val-
ues of SOC at different depths, we calculated a single, depth- 
integrated value per sampling point by adding the SOC values 
of each layer. Consequently, we created a second database con-
taining a single value of SOC stock per measured plot, whereas 
the original dataset has points with values of SOC at different 
depths (from 1 to 200 cm). This second dataset is reproduced in 
Table S2.

Finally, we calculated the relative change in SOC (ΔSOCrel) for 
each point i between two times, t0 (first measurement in time) and 
t1 (second measurement in time, more recent, of the paired data in-
formation) as:

We used the values of SOC as provided in the original study, 
either as SOC stocks (Mg/ha) or as SOC density (g/kg), to min-
imize errors and bias. SOCt1

 is the recorded empirical value of 
SOC after LUC to perennial crop cultivation; and SOCt0

 is the 
SOC value either (a) on previous land use before conversion to 
a perennial crop for those plots containing paired observations 
on two land uses, or (b) the earlier of observations at two differ-
ent time points for those plots containing paired information on 
temporal changes on SOC during perennial cultivation. Positive 
values therefore indicate an SOC gain and negative values SOC 
loss.

We additionally calculated the stock change for every point i be-
tween times t0 and t1 in Mg/ha as:

A summary of the SOC stock values recorded in the data-
set evaluated in different biogeographical regions and main crop 
groups can be found in Appendix S1. The biogeographical re-
gions considered were temperate, tropical, and boreal. The crop 
types were perennial grasses, woody plants, and palms (Ledo 
et al., 2019).

(1)SOCstock=SOCden ∗BD∗depth

(2)ΔSOCreli
=

SOCi,t1
−SOCi,t0

SOCi,t0

(3)ΔSOCstocki
=SOCi,t1

−SOCi,t0

https://doi.org/10.6084/m9.figshare.7637210
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2.2 | Effect of LUC to a perennial crop on SOC in a 
20-year period

We evaluated the change in SOC stock (ΔSOCstock, Equation 3) 
from forest, grassland, or annual crops to perennial crops, using 
paired data. To align with the IPCC standards and provide relative 
stock changes over a 20-year period, we selected and included in 
our analysis only those studies where conversion to a perennial 
crop occurred more than 20  years ago (n  =  138 plots). For such 
observations, we calculated the mean and the standard error of 
the mean (SEM) of the SOC values before and after conversion 
(ΔSOCstock) and the percentage of SOC stock change. Furthermore, 
to avoid introducing additional errors and/or bias, rather than uni-
fying values of SOC at a particular depth, we selected those plots 
containing information on SOC at depths (a) 0–30 cm (n = 105) and 
(b) 0–100 cm (n = 33).

2.3 | Temporal change in SOC under perennial 
plantations during the first 20 years after conversion

We evaluated changes on SOC stocks (ΔSOCstock, Equation 3) over 
a 20-year period, from crop age 1  year to crop age 20  years. We 
selected a 20-year period as in the previous subsection and for the 
same reasons. We also included in our analysis those plots with SOC 
measured at 0–30 cm (n = 111) and 0–100 cm (n = 10) aggregated 
over different perennial crop types. Additionally, we calculated 
temporal ΔSOCstock for perennial grasses, woody plants, and palms 
separately.

2.4 | Model to estimate temporal changes in SOC 
under perennial crops

We fitted a model to explain and predict the changes in SOC stocks 
and to identify the most significant explanatory variables and rank 
their importance. The explanatory variables we considered were  
(a) climatic: mean annual temperature, annual accumulated precipi-
tation, climatic water deficit defined in Chave et al. (2015), and the 
variables Bio17 (Isotherma), Bio16 (changes in seasonal tempera-
ture), and climatic PT10 parameter, Bio12/(Bio 1  +  10), from the 
WorldClim database; (b) topographic: elevation, slope, aspect, and 
roughness (concavity or convexity of the terrain); (c) soil param-
eters: BD, percent clay, percent silt, percent sand, and pH; and (d) 
plantation parameters: crops age, years since transition to peren-
nials, previous land use (annual crop, fallow, grassland, or natural 
forest), and current land use (agroforestry, bioenergy grass, or food 
and bio-products). More details on these variables can be found in 
Ledo et al. (2019). The response variable of this model was the rate 
of change in SOC, ΔSOCrel, and we chose to fit a parametric model 
to make further predictions feasible. Since the variable ΔSOCrel 
contained both positive and negative values and was highly skewed, 

we added 2 to all values and log-transformed the resultant data. 
After this transformation all the values of the response variable 
were positive, and the distribution was approximately normal. We 
then modelled the transformed ΔSOCrel with a generalized lineal 
mixed model (GLMM), with a Gaussian distribution as identity link 
function.

To this end, we formulated several GLMMs, including system-
atically different sets of covariates and combinations, using both 
a Gaussian and Gamma distribution as identity link functions. 
Continuous explanatory variables were mainly but not exclusively 
tested and included as fixed effects and categorical variables were 
tested mainly, but not exclusively, as random effects. We used a 
Bayesian inference framework, an approach that allowed us to get 
information of the dispersion of the fitted parameters. We used 
the INLA (integrated nested Laplace approximation) method (Rue, 
Martino, & Chopin,  2009). The INLA method is a computationally 
efficient method for fitting Bayesian models that speeds up param-
eter estimation substantially in comparison with the typical Markov 
chain Monte Carlo routine. To identify the best model, we selected 
the model with lower log-likelihood among those containing all the 
covariates that were significant and not highly correlated and which 
residuals diagnose was acceptable. Including different sets of covari-
ates and checking those that were significant was a manual, step-
wise process.

Secondly, we calculated the variance in the data, and the variance 
explained by the model and by each of the explanatory covariates. 
In this way, we were able to rank the effect of each variable over the 
others and assess the importance of all of them in explaining and 
potentially predicting changes in SOC.

The R code used for all the analyses in this study can be found in 
Data S1 Programming Code 1.

3  | RESULTS

3.1 | Effect of LUC to perennial crop on SOC in a 
20-year period

Overall, a change from an annual to a perennial crop led to a 20% 
(±10) increase in the SOC average stock values over a 20-year period 
in the top 30 cm and an increase of 11% (±8) over 100 cm (Table 1). 
In contrast, SOC stocks decreased when changing from grassland 
to perennial cops. We observed an averaged 0.6% (±5.65, not sig-
nificant) SOC stock loss when only the first 30 cm were considered 
and a −9.6% (±6.7) when 100 cm were analyzed (Table 1). While the 
C loss in the upper layers was not significant, the effect of SOC loss 
was more obvious when the entire soil profile was considered. For 
a change from forest to perennial crops, we observed a 2% (±6.9, 
not significant) increase in SOC stocks in the upper part of the soil, 
but a 24% (±9.3) decrease when the entire profile was considered 
(Table 1). However, only seven paired plots contained information 
on this kind of LUC and natural and secondary forest were merged.
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3.2 | Temporal change in SOC stocks during 
perennial plantation

Overall, an increase in SOC stocks over time after conversion to peren-
nial crops in the upper soil layers was observed (Figure 1a), meaning a 
gain in SOC through the first 20 years after conversion to perennial 
crops. This trend was consistent for all crop types, although woody 
plants tended to accumulate progressively more SOC than grasses 
and palms (Figure 1b). However, the time lags in which the database 
contains information also differed between crop types, which was a 

confounding factor. Upon close observation, it was apparent that SOC 
stock dynamics did not follow a linear trend with time. After an initial 
SOC gain, a marked SOC loss particularly under perennial grasses could 
be observed (Figure 1c), followed by an increasing SOC pattern again. 
This pattern was also repeatedly observed for single sites with multiple 
observations (chronosequence), thus confirming this general obser-
vation. For depths 0–100 cm, a modest SOC gain during the 20-year 
period was discernible especially under perennial grasses (Figure 1d), 
although the temporal increment observed in the upper layers was not 
as clear and the number of studies was very limited (n = 10).

F I G U R E  1   Empirical soil organic 
carbon (SOC) stock change values, in 
Mg/ha. Red, green, and blue dots are 
perennial grass, palm, and woody crop, 
respectively. (a) The green line is the 
linear trend of the mean value of SOC 
stock change including all the points (crop 
types) at depth 0–30 cm together, with 
the standard deviation in green shaded 
band. (b) The red, green, and blue lines are 
fitted linear models for perennial grasses, 
palms, and woody crop, respectively. (c) 
Actual empirical trend with the mean of 
SOC stock change as green line and the 
standard deviation of the mean in green 
shaded band, for depths 0–30 cm. (d) 
Actual empirical trend with the mean of 
SOC stock change as green line and the 
standard deviation of the mean in green 
shaded band, for depths 0–100 cm [Colour 
figure can be viewed at wileyonlinelibrary.
com]
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TA B L E  1   Mean values of SOC (soil 
organic carbon) stocks (Mg/ha) and 
standard error of the mean before and 
after conversion to perennial with land 
use change more than 20 years ago. 
Significant effects are in bold

Previous land use

SOC before  
conversion  
(Mg/ha)

SOC after  
conversion  
(Mg/ha)

ΔSOCstock  
(Mg/ha)

Gain/
loss % change

Depth 0–30 cm

Annual crop 41.1 (±5.0) 47.1 (±6.3) 6.1 (±4.6) Gain 20 (±10.0)

Grassland 58.7 (±7.4) 55.0 (±6.4) −2.5 (±4.1) Loss −0.6 (±5.6)

Forest 84.5 (±40.8) 100.6 (±12.3) 16.8 (±55.1) Gain 2.0 (±6.9)

Depth 0–100 cm

Annual crop 139.0 (±44.9) 144.7 (±42.9) 5.7 (±11.0) Gain 11 (±8.5)

Grassland 121.9 (±12.5) 108.3 (±11.8) −13.6 (±8.9) Loss −9.6 (±6.7)

Forest 173.5 (±22.5) 133.4 (±28.2) −40.1 (±16.8) Loss −24 (±9.3)

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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3.3 | Modelling temporal changes in SOC, 
considering the effect of climate, soil properties, and 
land use

Temporal changes in SOC were modelled using the GLMM formula-
tions with a Gaussian distribution (a list of all the fitted models can 
be found in Table S5):

where

are the coefficients of the mean of the posterior fixed effects for: 
Temp, temperature, in Celsius; CropAge, the crop age (time since the 
crop was planted) in years; Depth, the profile depth in cm; PerClay, 
the percentage of clay; and BD, the soil bulk density. The coeffi-
cients for the mean posteriors of the random effects are given in 
Table 2.

The model explained 20% of the dataset variance, regard-
less of crop type. Although this means that a large propor-
tion of the variance is not explained, this is, nonetheless, not 
a negligible percentage given the large heterogeneity in the 
data (including the different experimental methods, geographic 
regions, crop types, management practices, and ages) and the 
subsequently elevated Gaussian noise in the model. Of the ex-
plained variation, the main driver of the variation in SOC stock 
changes in perennial crops was temperature (Figure  2), which 
was negatively correlated with SOC changes. Crop age was sec-
ond in importance, also negatively correlated with SOC change 
(Figure  2); changes in SOC were greater at the beginning of 
the crop establishment. Soil physical properties (BD, clay con-
tent) explained SOC changes to a lesser extent, with soils with 
greater BD and lower clay content showing greater changes in 
SOC. Depth and previous land use explained a minor propor-
tion of the model variance, but these did improve the model fit 
(Table  S5). Depth at the soil profile was negatively correlated 
with SOC changes, indicating that greater changes in SOC oc-
curred at upper soil layers (Figure 2).

4  | DISCUSSION

This study synthesizes the published, yet disparate, data on SOC 
changes at a global scale and provides for the first-time quantita-
tive evidence about the effect of conversion to perennial crops on 
SOC relative to alternative land uses or cover types and over time. 
Specifically, it shows that a change from annual to perennial crops 
induces a SOC gain (Table 1) which indicates the potential to use per-
ennials to sequester organic C across the cropland sector, especially 
where doing so has minimal trade-offs between SOC sequestration 
and food production. Besides, perennials increase the SOC stocks 
during crop life, at least up to 20 years (Figure 1). Climate, soil char-
acteristics, and previous land use were identified as potential drivers 
of SOC dynamics in perennial crops at a global scale (Equation 4), 
with the average annual temperature playing a central role (Figure 2).

4.1 | Land conversion to perennial crops

A transition from an annual to a perennial to crop generally resulted 
in an average gain of a 20% (±10) in SOC (6.07 Mg/ha) after 20 years 
or more after conversion in the upper layers. In the 0–100 cm profile, 
the SOC gain was 11% (±8.5) a total of 5.66 Mg/ha in SOC. These 
slight differences between the 0–30 cm and 0–100 cm soil profile 
are partly likely due to the fact that the evaluated plots were differ-
ent. If so, the information on the 30 upper centimeters is more reli-
able, since there are more data available (111 plots compared to 33). 
By contrast, a change from grassland to perennial crops appeared to 
cause a 1% loss of SOC in the top 30 cm the soil profile (although this 
is not statistical significant, therefore it should be taken with cau-
tion), the loss of SOC over 0–100 cm was more noticeable (−10%) and 
statistically significant. The effect of LUC from forest to perennials 

(4)ΔSOCrel=−2+e
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� =
1
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⎛
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78.584−0.533Temp−0.189CropAge−0.018Depth−0.056
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TA B L E  2   Coefficients for the mean posteriors of the random 
effects of the ΔSOC empirical model

Previous land use

Annual crop Fallow Grassland Natural Forest

−5.431 × 10–05 −2.178 × 10–05 −2.832 × 10–04 −2.733 × 10–04

Current land use

Agroforestry Bioenergy 
grass

Food (and 
bio-products)

−8.684 × 10–06 −5.223 × 10–04 5.647 × 10−04

F I G U R E  2   Percentage of variance explained by each of the soil 
organic carbon change model predictors. The previous land use 
categories are as follows: annual crop, fallow, grassland or natural 
forest; and the current land use ones: agroforestry, bioenergy 
grass or food, and bio-products [Colour figure can be viewed at 
wileyonlinelibrary.com]

Temperature

Crop age

Bulk density
Clay

Depth
Current Land Use

Previous Land Use

www.wileyonlinelibrary.com


LEDO et al.4164  |    

on SOC varied with the soil depth; where comparisons are restricted 
to the top 30 cm soil a 2% (16.8 Mg/ha) gain in SOC is observed (the 
value was not statistically significant, and should be considered only 
as indicative). But a substantial loss of SOC was observed and was 
statistically significant (−24% or −40 Mg/ha) when the comparison is 
extended to the top 100 cm (see also Don et al., 2011). These find-
ings highlight that when evaluating LUC effects on SOC stocks, it 
is imperative to consider a greater proportion of the soil profile af-
fected by the root system to gain a fuller picture of impacts.

While the finding that a change from any land use to annual crops 
results in a loss in SOC is consistent among studies (Deng et al., 2016; 
Don et al., 2011), the effect of a change from a natural ecosystem to 
a perennial crops plantation is not that clear. Don et al. (2011) found 
a decrease of 30% in SOC when converting forest to perennials. This 
finding is not fully consistent with our study, we found a loss of SOC 
at the top 100 cm (−24%) but no significant effect at the top 30 cm 
(Table 1).

4.2 | Factors influencing SOC temporal dynamics in 
perennial crops

The first factor identified to affect SOC changes was crop age, or 
time after perennial establishment. After the initial LUC disturbance, 
SOC under perennials increases over 20  years, at an average of 
0.05  Mg  ha−1  year−1 (Figure  1a) in the upper layers, 0–30  cm. This 
result is consistent with the patterns found in their analysis of SOC 
dynamics in perennial bioenergy crops in the upper soil layers by 
Ferchaud, Vitte, and Mary (2016). However, Ferchaud et  al.  (2016) 
observed a decrease in SOC in deeper horizons, which did not corre-
spond to the findings in our evaluation. We observed that the increase 
in SOC is especially marked in woody crops where average gains of up 
to 0.1 Mg/ha (Figure 1b) were seen. However, this observed SOC gain 
was not constant: SOC increase was larger during the initial years after 
conversion to perennial crops after which a steady decline in SOC ac-
cumulation rate was observed (Figure 2c), consistent with the predic-
tions of the GLMM (Equation 4). This supports the view that changes 
in SOC are greater at the beginning of the crop establishment and then 
decline until they reach a steady state (Smith, 2014). This pattern has 
also been observed in previous studies on SOC on perennial crops 
(Vicente-Vicente, García-Ruiz, Francaviglia, Aguilera, & Smith, 2016), 
and also reported for perennial woody crops in tropical savannas: In 
first cycle Eucalyptus plantations in Brazil, SOC losses after clearing 
of native vegetation were ascribed to decomposition of antecedent 
SOC at a faster pace than C was replenished in the young stands, but 
were reversed after harvest at age 7 years after planting and then by 
the ensuing coppice growth until age 14 years after planting (Zinn, Lal, 
& Resck, 2011).

Temperature and precipitation regimes are determining factors 
for the SOC balance, as they are strongly involved in processes re-
sponsible for both SOC inputs (i.e., litterfall production) and outputs 
(i.e., SOC decomposition, Davidson & Janssens,  2006). Therefore, 
differences in climate are probably one of the main causes explaining 

differences in SOC storage patterns among croplands in the world, 
as has been found for other ecosystems (Carvalhais et  al.,  2014; 
Doetterl et  al.,  2015). This study revealed temperature as one of 
the main factors affecting SOC changes in perennial crops globally 
(Figure 2, Equation 4). Temperature was negatively correlated with 
SOC changes, indicating that in warmer, tropical areas the relative 
change in SOC is lower than in temperate and boreal areas. We 
found temperature to be the main predictor of SOC changes over 
precipitation and over other climate indicators that combine tem-
perature and precipitation together. This suggests that temperature 
exerts a stronger influence in soil respiratory processes than in plant 
growth and soil C input processes (which might be co-limited by 
other factors), thus limiting the potential for a more positive SOC 
balances in warm regimes. Soil physical properties were also sig-
nificant in explaining SOC changes in the GLMM model: soils with 
greater values of BD showed greater changes in SOC, agreeing with 
the findings in Don et al.  (2011), but this merely reflects the large 
weighting of BD in the calculation of SOC density. Soils with higher 
BD and lower SOC content are likely to have higher saturation defi-
cit (Six, Conant, Paul, & Paustian,  2002)—the difference between 
maximum and minimum SOC that could be achieved—and thus may 
have higher potential to increase the SOC stocks (Vicente-Vicente, 
Gómez-Muñoz, Hinojosa-Centeno, Smith, & Garcia-Ruiz, 2017). The 
cultivated crop is a confounding factor in this study, and even with 
more data this limitation may remain, since some crops have a limited 
environmental range and are therefore only cultivated in certain cli-
mates. Nonetheless, woody crops showed a larger SOC gain on the 
whole than perennial grasslands (Figure 1).

In addition to the abovementioned factors, there are multiple, 
possibly interacting factors which affect SOC dynamics beyond the 
ones analyzed in this study, as indicated by the substantial unex-
plained variance in our data (Equation 4). Large variability among 
studies dealing with perennials has also been observed in previous 
studies (Aguilera et  al.,  2013; Vicente-Vicente et  al.,  2016). Some 
of the potential factors that are also likely to have impact and may 
improve the predictive capability of the model are management 
related: fertilizer application (type and rate), plant density, tillage, 
cover cropping, and other soil disturbances, but these could not be 
accounted for since there was not sufficient information across the 
dataset to model their effects. Along these lines, Vicente-Vicente 
et al. (2016) found that just by allowing the growth of spontaneous 
plant cover in the inter-row area and applying minimum tillage in 
Mediterranean orchards, an extra tonne of SOC per hectare and per 
year could be accumulated. Furthermore, the application of organic 
fertilizers and shredded pruning debris could increase this value by a 
factor of 3 to 4. The behavior of the perennial crop type in terms of 
above-ground biomass input production is also an important factor. 
Such as in Guava (Psidium guajava), leaf fall, bark fall, and also fruit 
falls in rainy season supply larger C input to soil in addition to the 
input from roots which helps in accumulation of 133  Mg/ha SOC 
stock in the top 2-m soil depth in a 31-year-old orchard situated in 
reclaimed sodic soil of northwest India (Datta, Basak, Chaudhari, & 
Sharma, 2015).
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4.3 | SOC GLMM model caveats

The residuals from the GLMM showed an elevated Gaussian noise, 
but this was expected due to the large heterogeneity of the data, 
regarding experimental methods, biogeographic regions, crop types, 
and age among others. Yet, the predictors explained 20% of the 
dataset variance, across all crop types, indicating the difficultly as-
sociated with predictions of SOC at a global scale based on a purely 
empirical model with the currently available data. The available data 
are not only largely heterogeneous; in the light of our results, it be-
comes clear that more key information such as soil depth and man-
agement, which unfortunately are not always reported in studies 
(Aguilera et al., 2013).

We deliberately chose not to include crop type as a random 
effect, which indeed accounted for a notable proportion of the 
variance. There are two main reasons for this consideration; first, 
the intent was to derive a global/generic model to explain patterns 
of SOC changes under perennials, and not individual crop types. 
The dataset contains information on 58 crops at 709 locations 
(Ledo et al., 2019). Adding a random effect with 58 levels seems 
unreasonable. Second, and more importantly, many of the crops 
in the dataset were not duplicated (Ledo et  al.,  2019; Table  S1), 
specifying crop type as random effect would be an obvious con-
founding factor.

The large heterogeneity of our dataset and neglecting some 
potentially important factors has not prevented us from revealing 
the robust observation that the SOC stocks under perennials are 
greater than under arable crops. In particular, we were not able 
to analyze changes in BD after and before perennials since those 
data were missing from the original dataset (see Ledo et al., 2019 
for further details). We thus had to assume a fixed BD, while rec-
ommending that future experimental studies record BD before 
and after transition. Future data and studies might help to refine 
the estimates and regional distribution as driven by climatic, soil 
physico-chemical, and management differences across regions 
and crop types.

4.4 | Potential mechanisms of SOC accumulation in 
perennial crops

There are two ways of increasing C stock, either via increasing inputs 
or decreasing outputs. Soils that transition from annual to perennial 
crops may likely benefit from both: perennials produce more plant resi-
dues than annual crops (Ferchaud et al., 2016) and this extra organic 
matter consequently returns to the soil. Besides, soils under annual 
crops experience annual tillage or other frequent mechanical distur-
bances (Powlson et al., 2014), which allows faster decomposition of 
the SOC in upper layers. Perennials, in contrast, are disturbed usually 
only at the beginning of the life cycle and not during (Ledo et al., 2018), 
thus potentially avoiding SOC lost by mechanical soil treatments.

Perennials not only produce more plant residue than annual 
crops (Ferchaud et al., 2016) but also have the potential additional 

plant inputs from management interventions such us pruning and 
on-site retention of litter (Ledo et al., 2018). Rasse et al. (2005) as-
sert that SOC is mainly derived from root C, from root exudates and 
fine root turnover. The fine root biomass, which typically has a fast 
turnover, is likely to be soon lost to the atmosphere as CO2 (Glover, 
Culman, et al., 2010). However, perennial crops develop larger roots 
that penetrate and develop fine roots deeper in the soil. Root resi-
dues at deeper horizons are less subject to oxidation and thus more 
likely to remain as SOC in the soil. Additionally, root penetration 
changes soil texture (Reynolds, Bowman, Drury, Tan, & Lu,  2002) 
and thus potentially creates a larger and deeper rhizosphere which 
in turn may increase root exudates and thus soil microbial interac-
tions (Huang et al., 2014), resulting in more C being captured in soil 
aggregates (Kutsch et al., 2009; Stockmann et al., 2013). In addition, 
the rhizomes of perennial grasses are known to be important con-
tributors of organic matter and exudates to the soil (Zatta, Clifton-
Brown, Robson, Hastings, & Monti, 2014), which would result in an 
increase in SOC.

The linear trend of SOC stock changes shows an increas-
ing trend (Figure  1a). However, it can be seen that a minor SOC 
gain is followed by SOC loss for a period of a few years, and only 
after this does SOC start to consistently accumulate year-on-year 
(Figure  1c). This observed SOC gain has a subsequent levelling 
off of SOC accumulation rate and a decline when it stabilizes and 
reaches a steady state (Figure  1c), which is consistent with the 
acknowledged patterns of SOC accumulation (Smith,  2014), and 
also observed in agroforestry systems (Feliciano, Ledo, Hillier, & 
Nayak, 2018). This might be attributed to the so-called priming ef-
fect (Thiessen, Gleixner, Wutzler, & Reichstein,  2013; Wutzler & 
Reichstein,  2013), or to the disturbance produced when planting 
perennials (Smith, 2004) or a combination of both, since these are 
not mutually exclusive.

Another of the conclusions of our study is that the lack of an-
nual soil disturbance contributes to SOC increase. The lack of fre-
quent mechanical interventions may not only reduce SOC losses, 
but also C inputs to the soil may increase if the herbaceous layer is 
not removed. However, the soil of some woody cropping systems 
is kept permanently bare, and if this is the case, it reduces SOC 
even in no-till treatments (Aguilera et al., 2013). Furthermore, SOC 
protection mechanisms should also be considered. The physical 
protection (i.e., organic C within soil microaggregates) isolates the 
organic C from the activity of the soil microorganisms, preventing 
its mineralization. SOC physical protection is also affected by till-
age (Vicente-Vicente et al., 2017), because of the disruption of the 
macroaggregates, precursors of soil microaggregates (Six, Bossuyt, 
Degryze, & Denef, 2004). This may be another mechanism that fa-
vors SOC accumulation under perennial crops, due to the lack of 
mechanical intervention. Another protection mechanism is chemi-
cal protection (Six et al., 2002). However, the chemical protection 
depends mainly on the chemical soil properties (e.g., pH) and, there-
fore, the management is supposed not to have a large effect on it 
and may not be a different between annual and perennial crops in 
this regard.
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4.5 | Emission factor of LUC, potential of perennials 
as climate change mitigation tools, and food 
security allies

The IPCC (2014) guidelines for preparing GHG emissions inventories 
provide a default value of 1 as the relative stock change in SOC over 
a 20-year period in the top 30 cm after conversion from any land use 
to perennials crops (volume 4, section 5 croplands, tables 5.5 and 
5.10), with an uncertainty of 50%. Results from this study suggest 
that this value can be refined to 1.12, since overall perennial crops 
accumulate SOC (Figure 1), leaving 50% uncertainty to be conserv-
ative. To be more precise, it should be 1.12 for woody plants and 
1.06 for perennial grasses (Figure 2; Appendix S1). Furthermore, this 
study revealed a relative stock change of 1.2 in the case of a change 
from annual to perennial crop (Table 1). This is not, strictly speak-
ing, a change in land use, since the land use is arable in both cases. 
However, as the 1.2 value is relevant and important, we suggest that 
a subcategory may be added and considered in further assessments 
and recommendations. Similarly, the default value from grasslands 
and forest would be 1, since we did not find significant differences 
(Table 1).

A second recommendation for GHG factors and C stock 
benchmarks is to consider using a soil profile of 0–100 cm depth 
in future assessments. This study highlights the importance of the 
SOC stocks stored deeper than 30 cm. This considering only the 
top 30 cm may favor practices and crops which concentrate SOC 
in the top 30 cm rather than sequester C across a more relevant 
profile.

Overall, perennial crops accumulate SOC through time (Figure 1), 
and a change from annual to perennial crop will lead to a SOC increase 
during at least 20 years (Table 1). Furthermore, perennial crops have 
been suggested as a tool to increase food security and ecosystem 
functioning (Glover, Reganold, et al., 2010). Aside from increasing 
SOC stocks, perennials could also contribute to reducing soil erosion 
(Glover, Culman, et al., 2010), and with the potentiality to contribute 
to food security improvement (Lal, 2004). A significant reduction in 
soil erosion has been reported when the main crop is accompanied 
by a cover crop and thus bare soil is avoided (Aguilera et al., 2013; 
Gómez et al., 2011). A second important climate change mitigation 
option in perennial crops is adding crop residues back to the ground; 
perennials produce more plant residues than annual crops (Ferchaud 
et al., 2016) which inputs extra organic C to the soil. Alongside, bio-
energy crops aside from being climate change mitigation tools in the 
field by increasing SOC (Dondini et al., 2009; Robertson et al., 2017), 
they usually have an overall GHG reduction benefit favorable when 
compared with other crops (Whitaker et  al.,  2018), and also they 
bring an extra GHG reduction when they are used to replace fossil 
fuels and may thus contribute to the transition to a low C economy 
(Qin et al., 2016).

Perennial crops have therefore the potential to be a climate 
change mitigation, by resulting a negative C balance system or at least 
storing some C in the ground and thus reducing atmospheric CO2 
concentration. Nonetheless there are some important limitations 

and the C gain cannot be considered as a universal statement and 
recipe for C sequestration by itself. Additionally, while some man-
agement practices such as reduced- or no-tillage may reduce SOC 
losses, additional agricultural practices may be required so the full 
life cycle needs to be considered (Schlesinger & Amundson, 2019). 
Plant residue management is also important, that is, burning tress 
at the end of the crop cycle results in net GHG emissions (Ledo 
et al., 2018). In this case, the C stored in the ground during the pe-
rennial plantation may be lower than the C and other GHGs emit-
ted during the combustion, thus resulting in net positive emissions 
from the plantation. In contrast, using perennials in restoration of 
degraded agricultural lands, either on their own or in agroforestry 
combination, can provide additional benefits via coproducts, thus 
potentially contributing to food security and local economies.
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