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Abstract 47 

Most current research on conventional land-use intensification addresses its potential 48 

to either threaten biodiversity or to boost agricultural production. However, little is 49 

known about the simultaneous effects of conventional intensification on biodiversity 50 

and yield. To determine the responses of species richness and yield to conventional 51 

intensification, we conducted a global meta-analysis synthesizing 115 studies which 52 

collected data for both variables at the same locations. We extracted 449 cases that 53 

cover a variety of areas used for agricultural (crops, fodder) and silvicultural (wood) 54 

production. We found that, across all production systems and species groups, 55 

conventional intensification is successful in increasing yield (grand mean +20.3%), 56 

but it also results in a loss of species richness (-8.9%). However, analysis of sub-57 

groups revealed inconsistent results. For example, small intensification steps within 58 

low intensity systems did not affect yield or species richness. Within high-intensity 59 

systems species losses were non-significant but yields gains were substantial 60 

(+15.2%). Conventional intensification within medium intensity systems revealed the 61 

highest yield increase (+84.9%) and showed the largest loss in species richness (-62 

22.9%). Production systems differed in their magnitude of richness response, with 63 

insignificant changes in silvicultural systems and substantial losses in crop systems (-64 

21.2%). In addition, this meta-analysis identifies a lack of studies that collect robust 65 

biodiversity (i.e. beyond species richness) and yield data at the same sites and that 66 

provide quantitative information on land-use intensity. Our findings suggest that, in 67 
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many cases, conventional land-use intensification drives a trade-off between species 68 

richness and production. However, species richness losses were often not significantly 69 

different from zero, suggesting even conventional intensification can result in yield 70 

increases without coming at the expense of biodiversity loss. These results should 71 

guide future research to close existing research gaps and to understand the 72 

circumstances required to achieve such win-win or win-no-harm situations in 73 

conventional agriculture. 74 

Introduction 75 

While some human-managed lands can provide benefits for the protection of 76 

individual species (e.g. Loos et al., 2014), the need to use land for the production of 77 

food and other goods is generally at odds with biodiversity conservation (Green et al., 78 

2005; Foley et al., 2011; McShane et al., 2009; Cardinale et al., 2012). Today, the 79 

majority of Earth’s land surface has been transformed by human activities and is 80 

subject to some kind of human land use, like agriculture, settlement, infrastructure or 81 

mineral extraction (Hooke & Martín-Duque, 2012). There is indication that land 82 

conversion has slowed down while the production of food and natural materials still 83 

continues to increase (Seppelt et al. 2016). This raises concerns that – besides land 84 

conversion – land-use intensification poses a major threat to biodiversity (Perreira et 85 

al., 2010; Maxwell et al., 2016), as changes in land-use intensification typically result 86 

in a loss of species (Gerstner et al., 2014; Kehoe et al., 2015; Newbold et al., 2015).  87 

The importance of land use for biodiversity and the provision of goods has been 88 

widely acknowledged in conceptual (e.g. Clough et al., 2011; Tscharnke et al., 2012; 89 

Seppelt et al., 2017; Fischer et al. 2017a) and empirical studies (e.g. Gerstner et al., 90 

2014). However, recent scientific debates on closing yield gaps or conserving 91 
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biodiversity in agroecosystems have addressed the effects of land use either on 92 

agricultural production or biodiversity conservation (e.g. Newbold et al., 2015; 93 

Mauser et al. 2015; but see Denmead et al., 2017, Garibaldi et al., 2017; Egli et al., 94 

2018). A notable exception that includes both perspectives is the land sharing-sparing 95 

framework (Chappell & LaValle 2011; Phalan et al., 2011a; 2011b). Although being 96 

criticized for lacking applicability to many real landscapes as it ignores questions of 97 

scale (e.g. Fischer et al., 2014; von Wehrden et al. 2014), the sharing-sparing 98 

framework has sparked a lively discussion within the scientific community. In order 99 

to better understand trade-offs between agricultural production and biodiversity in 100 

general, as well as to provide additional insights for on-going debates, a quantitative 101 

review or meta-analysis synthesizing the studies that have measured the simultaneous 102 

effects of land-use intensification on species richness and yield in the field (e.g. 103 

Gabriel et al., 2013; Norvez et al., 2013) is still lacking. 104 

There are multiple different pathways of land-use intensification such as 105 

conventional intensification (focusing mainly on increasing inputs to boost outputs), 106 

ecological intensification (replacement of inputs by including ecosystem services 107 

management; Bommarco et al., 2013; Geertsema et al., 2016) or sustainable 108 

intensification (producing more yield with less environmental impact; e.g. Godfray & 109 

Garnett et al., 2014). Such different intensification steps may be called 110 

“conventional”, “organic” or “nature friendly”, labels that can have different 111 

meanings depending on the location (e.g. Seufert et al., 2017). Here we focus on 112 

conventional land-use intensification in agricultural and silvicultural production 113 

systems. The type and extent of land use vary considerably and are highly dependent 114 

on biophysical conditions, national priorities, policies, local needs as well as the 115 

availability of technologies and knowledge (van Asselen & Verburg, 2013; Václavík 116 
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et al., 2013). Conventional land-use intensification can range from slight alterations in 117 

management practices to a substantial reshaping of landscapes; it can involve small 118 

increases in manual labour but also the use of large machinery, whilst potentially 119 

making use of natural products for fertilization and pest control or the broad-scale 120 

application of chemicals for the same purposes. In order to compare land-use intensity 121 

at a global scale and across different production systems, we here define conventional 122 

land-use intensity as changes in management practices (input and harvest intensity) 123 

that aim to increase production on already used land (see Box 1 for details).  124 

Studies addressing the effect of conventional intensification on species richness 125 

and yield on continental or global scales often incorporate data generated by models 126 

or country-scale statistics (e.g. FAO agricultural statistics; Kehoe et al., 2015; Delzeit 127 

et al., 2016). While there have been numerous studies collecting field data on both 128 

agricultural or silvicultural production and species richness within a defined area, a 129 

global analysis synthesizing such data has yet to be conducted. It remains, for 130 

example, unclear whether a steady increase in yield and decrease in species richness 131 

along a gradient of conventional land-use intensification can be found, whether both 132 

species richness and yield can be increased at the same time or whether smaller 133 

decreases in species richness for a given increase in yield are possible (Fischer et al., 134 

2014; Seppelt et al., 2016). Understanding changes in species richness within 135 

production systems is important aside from conservation concerns. Species support 136 

key ecosystem functions and services within agricultural landscapes (e.g. Klein et al. 137 

2003), although the details of these relationships still remain unresolved in many 138 

cases (e.g. Isbell et al., 2017; but see Seabloom et al., 2017). A global meta-analysis 139 

addressing the simultaneous effects of conventional land-use intensification on 140 

species richness and yield can provide new insights into such open questions and 141 
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complement the recent literature by providing quantitative synthesis. In addition, it 142 

can identify important research gaps and, thus, help steer future research towards 143 

addressing them. 144 

Consequently, we here investigate the relationship between conventional 145 

intensification, species richness and yield, by synthesizing the published literature that 146 

collected these data in the same locations (i.e. in habitats from which humans extract 147 

biomass). In order to fully capture the effects of conventional intensification, this 148 

study focuses solely on those habitats used for human land use and does not compare 149 

non-used (i.e. natural) to used habitats as done in several previous studies (e.g. 150 

Newbold et al., 2015). With this meta-analysis we further try to identify whether a 151 

general trade-off between species richness and yield is detectable and if there is 152 

evidence for situations in which yield can be increased with simultaneous positive or 153 

neutral effects on species richness. To quantitatively compare studies along a gradient 154 

of conventional land-use intensification, we developed a general scheme for 155 

classifying land-use intensity. We categorized conventional land-use intensification 156 

steps that are comparable across different landscapes globally and between different 157 

production systems (wood, green fodder, crops), and that take into account the initial 158 

land-use intensity and the magnitude of intensification (see Box 1 for details). We 159 

focus on production-species richness trade-offs, but exclude other aspects of the 160 

multifaceted food-security and sustainability debates (e.g. long-term yield stability, 161 

economic profits; Fischer et al., 2017a; Seppelt et al., 2017; Fischer et al., 2017b; 162 

German et al., 2017). In order to unpack the various facets of the intensification-163 

species richness-production relationship, we structure this meta-analysis to highlight 164 

the following contrasts in examining impacts on each of them:  165 

a) Conventional land-use intensification out of low-intensity systems;  166 
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b) Conventional land-use intensification in medium-intensity systems; and  167 

c) Conventional land-use intensification in high-intensity systems. 168 

As the effects of land-use intensification on species richness may depend on taxa, 169 

product type, land-use history and climate, we investigated whether the relationship 170 

between species richness and yield is influenced by these factors. Specifically, we 171 

addressed whether production systems based on slow growing products, such as 172 

wood, would show the same magnitude of response in species richness or yield to 173 

intensification as those based on fast growing products (i.e. crop and fodder systems; 174 

Gerstner et al., 2014; Newbold et al., 2015). In addition, we investigated if mobile 175 

species groups such as vertebrates and invertebrates are less affected by land-use 176 

intensification than stationary species (i.e. plants; e.g. Clough et al., 2011) within the 177 

production system analysed. We further investigated if areas having a longer history 178 

of land-use showed smaller responses to land-use intensification than areas with 179 

shorter land-use history (Ellis et al., 2013) and whether large-scale climate zones 180 

distinctly differ in their responses to intensification (Perring et al., 2016). 181 

Furthermore, we checked if the results were robust across different units of yield, 182 

harvested crop species, if species richness and yield were measured from the same 183 

species group or if data was collected at different plot sizes.  184 
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Box 1 | Illustration of the framework used for the identification of land-use 185 

intensity classes and intensification steps. We defined conventional land-use 186 

intensity as a combination of input intensity (e.g. amount of fertilizer/pesticide 187 

application) and harvest intensity (e.g. type of harvest, number of harvests per year) 188 

which allows for comparisons across production systems and regions (Hudson et al., 189 

2014), Figure A.  190 

 191 

We defined three broad land-use intensity classes: “low”, “medium” and “high” 192 

separately for each of the globally most common production systems: “crops”, 193 

“wood” and “green fodder”. Figure B illustrates and lists specific aspects of the land-194 

use intensity for each of these production systems (see also Appendix S3).  195 

Conventional land-use intensification steps (“low-low”, “medium-medium” and 196 

“high-high”, “low-medium”, “medium-high and “low-high”) were then formed to 197 

classify each study case (Figure C, yellow and red arrows, see Methods for detailed 198 

description).   199 

 200 
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 202 

Example 1: Summerville et al. (2002) is a study conducted in a wood-production 203 

system (top row in Figure B) that compared species richness of arthropods in 204 

selectively logged (coded as intensity class: “low”) and clear-cut forests (intensity 205 

class: “high”). In both treatments they also quantified basal area of marketable trees. 206 

We used this data to form one “low-high” case (Figure C, red arrow) for the response 207 

of arthropod richness to the two logging treatments and one “low-high” case for the 208 

response of marketable tree basal area to the same treatment.  209 

Example 2: The study of Batary et al., (2013) took place in a crop production system 210 

(middle row in Figure B), where the authors compared low input organic farming 211 

(coded as “medium intensity” on the conventional intensification gradient) with high 212 

input conventional farming (“high intensity”). The study reports tons of wheat 213 

harvested per hectare as a measure of yield and species richness for plant species, 214 

arthropods and birds. We used this data to form four “medium-high” cases (Figure B, 215 

yellow arrow), three cases for the response of richness to the two levels of 216 

intensification (one for each species group) and one case for the production of wheat.  217 

Example 3: Mudrak et al. (2013) investigated biomass production and plant species 218 

richness in a green fodder system (bottom row in Figure B). The study compared 219 

three treatments: mulching once annually with high stubble (which we coded as “low 220 

intensity”), mowing once annually with high stubble (also coded also as “low 221 

intensity” but with increased levels) and mowing twice annually with low stubble 222 

(coded as “high intensity”). Two of the treatments fall within the “low intensity” class 223 

but can be distinctly separated into a baseline and an increased treatment, allowing us 224 

to compare the treatments within the “low intensity” class. We used this data to form 225 

two cases each for biodiversity and yield, based on the “low-low” (Figure C, green 226 

arrows) and the “low-high” comparison (red arrow). Similarly, studies that 227 

investigated the effects of high intensity agriculture reducing or omitting individual 228 
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aspects thereof (e.g. fertilized and pesticide treated coffee plantations with and 229 

without irrigation, Boreux et al., 2013) were used to form “high-high” comparison 230 

cases in this meta-analysis. 231 

Material and Methods 232 

Literature search and screening protocol  233 

We conducted a systematic review in compliance with the Preferred Reporting 234 

Items for Systematic Reviews and Meta-Analyses (PRISMA) framework (Moher 235 

2009; see Appendix S1). We searched the Web of Science database for search terms 236 

related to land use, biodiversity and yield (see Appendix S2 for the full search term 237 

and all refinement options employed). We included all articles published since 238 

January 1st 1990 in English or Spanish. The final search resulted in 9,909 studies. 239 

We included studies meeting the following selection criteria: Studies had to 240 

measure both species richness and yield in the same site in response to the application 241 

of land-use conventional intensification. In this way, we included studies that 242 

measured the effect of conventional intensification on several sites in response to 243 

different intensities (i.e. space-for-time substitutes). Out of the full initial set of 244 

papers, we manually screened the abstracts of 6,116 studies and retained studies only 245 

if they contained information about land use, species richness, and/or yield. In order 246 

to filter the remaining 3,793 studies, we used a machine-learning algorithm based on 247 

ensembles of Support Vector Machines (SVMs) developed for systematic reviews of 248 

the medical literature (Wallace et al., 2010). The machine-learning algorithm 249 

correctly identified 84% of the manually screened studies as being relevant, with a 250 

specificity of 51% (standard deviation 0.016), i.e. the model eliminated half of the 251 

irrelevant. The full text documents of all studies identified as potentially relevant 252 
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(1371), both screened manually or through machine learning, were acquired and 253 

processed further, see Appendix S1 and S5. 254 

Data extraction and validation  255 

Figure 1 | Locations of sites included in the meta-analysis. (a) Sites of the 449 256 

cases (292 for species richness and 157 for yield) that were extracted from 115 studies 257 

(see S13 for a complete list of references). At each site data on species richness and 258 

yield in response to conventional land-use intensification was collected. (b) Illustrates 259 

the distribution of sites and cases across climate zones in a Whitacker plot. If several 260 

cases were located at the same sites, the points are overlaid and thus darker. 261 

 262 

From the initial 1,371 studies, 115 studies had sufficient data to be included (see 263 

Figure 1 for a global distribution of the studies). Means, standard deviations and 264 

sample sizes for control (lower land-use intensity) and treatment (higher land-use 265 

intensity) were extracted from the text, tables or figures (using ImageJ; Schneider et 266 

al., 2012). If data were not completely available in the main document and the 267 

supplementary material, we requested them from the corresponding author. Studies 268 

that did not report means or sample sizes were excluded from the analysis. This 269 

resulted in a total of 115 studies that were used in subsequent analyses (see Appendix 270 

S12 for the full list of references). Data coding and data review were undertaken by 271 

eight of the co-authors. Initially, studies were coded as a group to assure inter-coder 272 
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consistency and reliability. Subsequently, frequent internal reviews were conducted to 273 

maintain consistency. Each document was coded by at least two of the co-authors. 274 

Each of the studies we incorporated in this meta-analysis had to include, both, 275 

information on species richness and yield in response to conventional land-use 276 

intensification in the same locations. The measurements for both variables also had to 277 

be collected at the same area (but possibly in differently sized plots), excluding 278 

studies that, for example, measured species richness in plots or landscapes and used 279 

coarser-scale statistics (e.g. sub-national) for yield. We assume that the original study 280 

authors sampled yield and species richness using appropriate spatial units for both. 281 

Based on the type of product that was harvested we first classified the production 282 

system (crop, green fodder or wood) according to the description of the land use 283 

provided in the original paper. 284 

Land-use intensity and intensification classification 285 

We used a classification system for land-use intensity based on a pre-defined set of 286 

management practices. We defined land-use intensity based on energy use and labour 287 

as a combination of input intensity (e.g. type of fertilizer/pesticide application) and 288 

aspects related to output or harvest intensity (e.g. type of harvest, number of harvests 289 

per year) but not the actual outputs (i.e. yields) themselves in order to avoid 290 

circularity. While this conceptualization of intensification will identify more intensive 291 

systems based on the type of management practices implemented (e.g. no fertilizer vs. 292 

organic vs. chemical fertilizer), it does not classify land-use intensity based on 293 

quantities of a management practice (e.g. kg nitrogen applied per area). Thus, our 294 

classification of intensification best reflects conventional intensification, rather than 295 

other forms of intensification (e.g. sustainable intensification in agriculture; 296 
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Rockström et al., 2017) and it also allows for comparisons across production systems 297 

and regions (Hudson et al., 2014; Box 1).  298 

For studying a gradient of land-use intensification steps we first defined three broad 299 

land-use intensity classes: “low”, “medium” and “high”, with separate criteria for 300 

each of the globally most common production systems: “crops”, “wood” and “green 301 

fodder”. Figure B in Box 1 illustrates and lists specific aspects of the land-use 302 

intensity for each of these production systems (see also Appendix S3). In a second 303 

step, we distinguished different degrees of conventional land-use intensification 304 

within each study in order to form intensification cases for the subsequent analysis. 305 

Land-use intensification could occur in small steps, meaning an increase of pre-306 

existing management activities that does not lead to substantial changes in the 307 

production system (i.e. no change of land-use intensity class). In this way, cases for 308 

the intensification steps “low-low”, “medium-medium” and “high-high” were formed 309 

(Figure C in Box 1, green arrows). More substantial changes in land-use may lead to a 310 

change of a production system into another land-use intensity class, resulting in cases 311 

covering the “low-medium”, “medium-high and “low-high” intensification steps 312 

(Figure C in Box 1, yellow and red arrows).   313 

By including measurements for different species groups and/or types of yield, a 314 

publication could provide several cases of land-use intensification (e.g. one response 315 

of crop yield and the responses of plants, birds and insects to a given intensification 316 

step would result in three species richness cases and one yield case) leading to 317 

unequal numbers of cases for species richness and yield.  318 

 Case extraction from all 115 studies and based on different land-use intensification 319 

steps, taxa, or product types as described above, resulted in a total of 449 cases, 292 320 
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cases for species richness and 157 for yield (see Appendix S13 for full tables of coded 321 

data including raw species richness and yield data).  322 

Species richness, abundance and yield measure extraction 323 

Biodiversity was quantified using species richness (i.e. numbers of species), as 324 

reported by the original study authors. When species abundances were provided, 325 

species richness was calculated as the total number of species with at least one 326 

recorded individual. In 19 out of the 115 studies the original study authors provided 327 

measures of Shannon diversity (11 studies) or published abundance information that 328 

allowed us to compute Shannon diversity (8 studies) in addition to species richness 329 

data. All subsequent analyses performed with this subset of studies for which we 330 

could extract or calculate Shannon diversity and the results are described in Appendix 331 

S12. Species were grouped into three groups of taxa: vertebrates, invertebrates, and 332 

plants. If the method for measuring species richness was area-based (in contrast to 333 

transect walks or sweeps), we extracted the plot size or area used to measure species 334 

richness and converted to square metres if necessary. 335 

Yield was most commonly reported as a mass-per-area (e.g. tons per hectare), 336 

or volume-per-area (e.g. cubic meter of timber per hectare). All products were 337 

assigned to one of the three product-types: crops, green fodder, and wood. We always 338 

coded the provided measure of yield that was as close as possible to the final product 339 

(i.e. if a study on cacao plantations reported annual cacao harvest and wood volume 340 

of the cacao trees, we included only the cacao yield). Multiple crops on the same area 341 

or multiple harvests per year were treated individually and coded as separate cases.  342 

For approximately two thirds of the forest studies yield was not reported in 343 

mass per area or volume per area units. Here, we used the nearest available 344 

information given by the authors of the study on standing biomass of commercially 345 
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relevant trees such as basal area or total volume of standing biomass (area-per-area 346 

measurements). Although these measures are proxies, they have previously shown to 347 

be reliable predictors for harvest yields of many commercial tree species: for 348 

example, although more complex models are suggested, Júnior et al. (2014) show that 349 

basal area already explains 97% of the variability in estimating above ground 350 

biomass. Especially as we here focus on relative yield change, we expect any 351 

deviations due to nonlinearities to be small. Nevertheless, we tested for any 352 

dependence of average yield changes on the unit of measure used (Appendix S9). 353 

Additionally, in forest systems the final harvested amount of wood was only rarely 354 

available directly in the studies. According to the information provided by the authors 355 

we carefully interpreted the given change in yield. Internal reviewing of these critical 356 

cases was used to verify the interpretation of results.  357 

In order to test whether effects of land-use intensification varied according to 358 

the environmental context, we assigned each study location to one of five climate 359 

zones according to the Köppen-Geiger classification (Kottek et al., 2006): tropical 360 

climate; arid climate; temperate climate; cold, continental climate; polar climate (see 361 

Appendix S4 for details). 362 

To analyse each study location according to their land-use history (i.e. length of 363 

human land use at this location) we developed a classification to represent five main 364 

land-use history classes characterized by major developments in agriculture and 365 

silviculture (Vasey, 2002; Mazoyer & Roudart, 2006): Origin of agriculture; 366 

Expansion of agriculture; Middle Ages; Modern agriculture and Green Revolution 367 

(see Appendix S6 for details). We applied these classes to a global dataset dating back 368 

to 5950 B.C. (KK10 dataset; Ellis et al., 2013) which describes the proportion of land 369 

within 0.1°× 0.1° grid cells that has been used by humans in time steps of 50 years. 370 
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For each study case, we extracted the date of first significant use (defined as 20% of 371 

human-used area within a grid cell). Although the history of land use for the specific 372 

plots sampled is likely to explain better the observed differences in yield and species 373 

richness than are the coarse-scale estimates used here, such information is almost 374 

never available. Nevertheless, previous studies have shown that coarse, landscape-375 

scale land-use history is useful for explaining biodiversity responses to land use 376 

(Newbold et al., 2015). 377 

Data analysis and statistical methods  378 

Using the extracted means, standard deviations and sample sizes for both lower-379 

intensity control and higher-intensity treatment, we calculated log-transformed 380 

response ratios and variances (Koricheva et al., 2013). The response ratio can be 381 

interpreted as the species richness or yield of the higher-intensity land-use as a 382 

proportion of that in the lower-intensity. Hence, a response ratio of 1.0 signifies no 383 

change; and, for example, a value of 0.8 indicates 80% of the species or yield remains 384 

after intensification (i.e. 20% loss). Log-transformed response ratios were used in the 385 

analyses but were back-transformed and converted to percentage change for ease of 386 

interpretation in the results presented. 387 

We imputed missing data for standard deviations (169 out of 449 cases) based 388 

on predictive mean matching using the R package mice (version 2.22; van Buuren & 389 

Groothuis-Oudshoorn, 2011). The relationship between observed means of response 390 

ratios, standard deviations and number of samples was first fitted to the subset of data 391 

without missing values. Multiple imputation chains were then generated using Gibbs 392 

sampling, i.e. a random draw from the posterior predictive distribution of model 393 

coefficients. We imputed missing standard deviation values using the mean of 50 394 

imputation chains.  395 
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We analysed variation in species richness and yield effect sizes using linear 396 

mixed-effects meta-analysis models (in R version 3.0.1 using the function rma.mv, in 397 

the package metafor version 1.9.8; Viechtbauer, 2010). This function is particularly 398 

designed for performing multilevel meta-analyses. We used restricted maximum 399 

likelihood to estimate mean effect sizes and their variances, and maximum likelihood 400 

estimation to compare the goodness-of-fit between models. The models tested are 401 

specified in the caption of Table 1.  402 

We accounted for (1) non-independence of observations from the same 403 

study, and (2) non-independence from relatedness of multiple intensification steps 404 

within one study by specifying covariances between effect sizes X and Y as, 405 

cov(X,Y) = cor(X,Y) * sqrt(Var(X)) * sqrt(Var(Y)), 406 

where cov(X,Y) is set to 0.5 if X and Y belong to the same study and share a control or 407 

treatment, because effect size X determines 50% of effect size Y and vice versa. All 408 

models were fitted using case nested within study as random effects to account for 409 

dependencies of multiple outcomes within the same study (Nakagawa & Santos, 410 

2012). The covariates “land-use intensity step”, “species group”, “product”, “main 411 

climate zone” and “land-use history” were fitted as fixed effects.  412 

We compared three models for species richness and three models for yield, 413 

using different sets of covariates (Table 1): (i) a model containing “land-use 414 

intensification step” as a single explanatory factor; (ii) a model that additionally 415 

contained “species group” and “product” (for yield the model contained “product” 416 

only) and their interactions with “land-use intensification step”; and (iii) a model that 417 

additionally include “land-use history” and “climate” and their interaction with “land-418 

use intensification step”. We evaluated the goodness-of-fit of the models using 419 

various statistics provided by the R-package metafor since there is no consensus on a 420 
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single best fit statistic: AICc, and BIC as measures of overall model fit, the model 421 

heterogeneity QM (Hedges & Olkin, 1984) and its p-value of statistical significance, 422 

the unexplained (or sampling) heterogeneity QE, and the proportion of observed 423 

variance explained by the model, calculated as the ratio of QM to QT = QM+QE. The 424 

ratio is comparable to the R² value from linear regressions but uses the ratio of 425 

weighted sums of squares. Finally, we provide I² as a measure of the amount of 426 

heterogeneity within studies (I²(Study ID)) and within study cases (I²(Study Case)) 427 

relative to the total heterogeneity (Nakagawa & Santos, 2012). For the models of 428 

yield, species group is not considered a relevant explanatory variable and is therefore 429 

not included. We validated the suitability of our land-use intensification classification 430 

by performing a likelihood ratio test comparing the intercept-only model and the 431 

model containing only land-use intensity. For both richness and yield models the tests 432 

were significant (p<0.0001), thereby confirming larger between-group than within-433 

group variation.  434 

We compared mean percentage change of species richness and yield predicted by 435 

the models. Mean effects of land-use intensification were considered significant if 436 

their 95% confidence intervals (CIs) did not cross zero. To test pairwise differences of 437 

factor-level effects for land-use history and climate, we averaged model predictions of 438 

the full model (containing all covariates) across land-use intensification steps, species 439 

groups, and products and performed pairwise t-tests with the Holm-correction for 440 

multiple comparisons (Appendix S7). If distributions of effect sizes within groups are 441 

normal, both tests (pairwise t-test and boxplot) result in the same conclusions 442 

(Crawley, 2012). If distributions are skewed, however, conclusions may differ. 443 

We explored possible correlated or confounded variables in our dataset, including 444 

1) measuring species richness and yield on the same organism group (for example, in 445 
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grassland systems where species richness and yield may both be derived from the 446 

same plants); 2) direct linkage of yield to land-use intensity (e.g. through harvesting 447 

techniques such as clear-cuts or selective logging); 3) measures of yield expressed in 448 

very different terms; or 4) the dependence of species richness on spatial scale.  449 

All code, performing the analysis as described in the Methods is available at GitHub: 450 

https://github.com/KatharinaGerstner/LUBDES_MA and all underlying data is 451 

available in Appendix S13. 452 

Results 453 

When considering all possible intensification steps, product types and species groups 454 

together, we found that conventional land-use intensification leads to a significant 455 

overall gain in yield (+20.3% [95% confidence interval: +8.9, +33.0], number of 456 

cases n=157), and significant loss of species richness (-8.9% [-14.0, -3.5], number of 457 

cases n=292; grand mean in Figure 2). None of the conventional intensification steps 458 

provide a statistically significant indication that yields and species richness could be 459 

increased at the same time (Figure 2). Situations, in which conventional 460 

intensification increases yield but with no significant effect (although with negative 461 

mean values) on species richness, were identified: intensification within the high-462 

intensity land-use class (Figure 2; species richness: -6.1% [-12.5, +0.8], n=65; yield: 463 

+15.2% [+3.1, +28.7], n=39), medium to high intensification (species richness:  -6.3 464 

[-12.3, +0.2], n=81; yield: +24.3% [+11.6, +38.5], n=39) and low to high (species 465 

richness: -12.1% [-25.2, +3.4], n=31; yield: +28.8% [+7.5, +54.3], n=14). It is 466 

important to note that these results exhibit strong heterogeneity among studies (Table 467 

1a, b), with a range of impacts in individual studies on both species richness and yield 468 

within individual land use intensification classes. 469 
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 470 

 471 

Figure 2 | Change in species richness and yield as a result of conventional land-472 

use intensification. Mean percentage change in species richness and yield to 473 

conventional intensification steps (1st column). The number of samples for species 474 

richness/yield cases is given in the 2nd column. Numbers of studies from which these 475 

cases were extracted are given in Appendix S8. Error bars and horizontal points of the 476 

diamonds show 95% confidence intervals. The arrow denotes a confidence interval 477 

larger than axes. Effect sizes were calculated and analysed using log response-ratios, 478 

which were back-transformed and converted to percentage change. Results shown are 479 

based on 449 cases and are derived from the full models as shown in Table 1a and 1b. 480 

 481 

Table 1 | Goodness-of-fit statistics for meta-analysis models. (a) species richness, 482 

(b) Yield. Abbreviations: ΔAICc = Akaikes’ Information Criterion and ΔBIC = 483 

Bayesian Information Criterion expressed as the difference of each model compared 484 

with the best-fitting model; QM = model heterogeneity; QE = unexplained (or 485 

sampling) heterogeneity; p(QM) = proportion of observed variance explained by the 486 

model calculated as the ratio of QM to QT = QM + QE. See Appendix S4 for more 487 

details. 488 

a) Species richness (n = 292 cases) 

 ΔAICc ΔBIC QM p(QM) QE R² I² (Study I² (Study 
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ID) Case) 

Intercept only        

 639.727 445.047 9.972 0.002 9321.492 0.001 0.806 0.194 

Land-use intensification step      

 425.804 249.082 233.614 <0.001 9204.254 0.025 0.764 0.236 

Land-use intensification step + species group + product type   

 86.784 0.000 636.242 <0.001 7022.391 0.083 0.666 0.334 

Land-use intensification step + species group + product type + climate + land-use history 

 0.000 13.217 830.355 <0.001 5674.327 0.128 0.750 0.250 

   

b) Yield (n = 157 cases) 

 ΔAICc ΔBIC QM p(QM) QE R² 
I² (Study 

ID) 

I² (Study 

Case) 

Intercept only   

 3670.744 3572.330 13.132 <0.001 10794.128 0.001 1.000 1.5E-07 

Land-use intensification step    

 899.511 815.562 2794.798 <0.001 8899.404 0.239 1.000 2.5E-07 

Land-use intensification step + product type    

 562.226 509.749 3161.938 <0.001 6646.924 0.322 0.475 5.3E-01 

Land-use intensification step + product type + climate + land-use history 

 0.000 0.000 3863.682 <0.001 2780.891 0.581 0.181 8.2E-01 

 489 

Conventional land-use intensification in low-intensity systems 490 

Small conventional intensification efforts in low intensity systems (e.g. a low increase 491 

of stocking density in extensive grasslands) did not show any clear effect on yield or 492 

species richness (Figure 2a). A further intensification (from low to medium intensity, 493 

e.g. introducing low-input fertilization in a pasture system) resulted in significantly 494 

negative effects on species richness (-7.7% [-13.7, -1.3], n=70) without benefitting 495 

yields on average (+6.0% [-5.0, +18.3], n=37). When increasing land use intensity 496 

from low-intensity systems to become a high-intensity system (e.g. changing a 497 

manually worked field to a highly mechanized agricultural system), the mean effect 498 

on species richness was negative although non-significant (-12.1% [-25.2, +3.4], 499 
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n=31), and there was a significant positive effect on yield (+28.8% [+7.5, +54.3], 500 

n=14). 501 

Conventional land-use intensification in medium-intensity systems 502 

Conventional intensification within medium-intensity systems (medium-medium) was 503 

associated with the most pronounced increases in yields (+84.9% [+65.8, +106.1], 504 

n=19) and greatest losses of species richness (-22.9% [-28.1, -17.4], n=29).Yield 505 

gains were significant but lower when intensification was carried out from medium to 506 

high intensity (medium-high; +24.3% [+11.6, +38.5], n=39). At the same time, 507 

species richness showed no significant response to intensification but a negative trend 508 

was identified (medium-high; -6.3% [-12.3, +0.2], n=81). 509 

Conventional land-use intensification in high-intensity systems  510 

Conventional intensification within systems already at high intensity (high-high) 511 

resulted in smaller, yet significant, increases in yield (high-high; +15.2% [+3.1, 512 

+28.7], n=39), while there was a negative, but not significant effect on species 513 

richness (high-high; -6.1% [-12.5, +0.8], n=65; Figure 2; Appendix S8). 514 

Species groups, product types and other covariates 515 

Overall, animal species were not significantly affected by higher land-use intensity 516 

while plants were (invertebrates -6.7% [-17.2, +5.0], n=54; vertebrates -2.9% [-14.4, 517 

+10.2], n=57; plants -11.4% [-17.8, -4.5], n=181; Figure 3). Species richness 518 

decreased most (-21.2% [-29.9, -11.5], n=59) and production increased most (+33.3% 519 

[+7.4, +65.4], n=26) with conventional intensification in crop-production systems. 520 

Green fodder systems showed similar trends, albeit the change in yield was not 521 

significant (species richness: -12.4% [-21.8, -1.9], n=86; yield: +14.2% [-5.6, +38.2], 522 
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n=48), whereas in wood-production systems species richness did not respond to 523 

intensification (-1.6% [-8.8, +6.2], n=147; Figure 3) though yield increased by 18.6% 524 

([+3.0, +36.6], n=83). Changes in species richness and yield varied significantly 525 

depending on the time since first agricultural use but showed no linear trend over time 526 

(Figure 4, Appendix S6). Species richness declined most and yields increased least in 527 

arid climates, while in the tropics, species richness declined substantially and yields 528 

increased relatively little (Figure 4, Appendix S7).  529 

 530 

Figure 3 | The effect of conventional land-use intensification on species richness 531 

and yield, analysed by product type and species group. Mean percentage change in 532 

species richness and yield in response to conventional land-use intensification, for 533 

different species groups and product types (1st column). The number of samples 534 

(species richness /yield) is shown in the 2nd column. For each species group and 535 

product type, the mean across all intensification steps is shown. The impact of species 536 

group on yields was not tested. Error bars and horizontal points of the diamonds show 537 

95% confidence intervals. Effect sizes were calculated and analysed as log response-538 

ratios, which were back-transformed and converted to percentage change here. 539 
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Results shown are based on 449 cases and are derived from the full models as shown 540 

in Table 1a and 1b. 541 

 542 

The tested covariates explained a significant proportion of the heterogeneity 543 

(QM) in effect sizes for both species richness and yield (p(QM) < 0.05; Table 1). 544 

Furthermore, all models that included these covariates showed lower AICc, BIC, and 545 

increased R² compared to the null model without covariates. The goodness-of-fit 546 

statistic AICc suggested that for both species richness and yield the model 547 

incorporating all covariates was the most parsimonious model. Furthermore, the 548 

heterogeneity statistic, QM, suggests that a significant amount of heterogeneity was 549 

explained in these full models as well. 550 

We found that mean effect sizes did not differ depending on whether species 551 

richness and yield were measured from the same species group (t = -0.196, df = 552 

136.85, p = 0.845). However, a significant difference between linked (e.g. when 553 

harvesting techniques such as selective logging directly affect the output) and 554 

unlinked yield and land-use intensity measures was identified in wood production 555 

systems (t = -2.38, df = 42.5, p = 0.022). Pairwise t-tests showed no differences in the 556 

effect size for different yield units (Mass/area-Area/area p = 0.2, Count/area-557 

Area/area p = 0.12, Count/area-Mass/area p = 0.37).  558 

As the scale dependency of species richness is a well-known constraint for 559 

interpreting species richness data in meta-analyses (Chase & Knight, 2013), we tested 560 

for scale dependency using the reported size of sampling area. The sampling areas 561 

(excluding trap, sweep or observation based methods) ranged from 1 m² (herbaceous 562 

plants) to 900 m² (woody plants) in crop studies, from 0.5 m² to 400 m² in fodder 563 

studies and from 1 m² (ants) to 3600 m² (small mammals) in forest studies. Linear 564 

regression of the mean effect size for species richness as a function of log-565 
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transformed sampling area did not reveal a significant relationship (F1,271 = 0.027, 566 

p = 0.869; all results are shown in Appendix S9). 567 

 568 

Figure 4 | Analysis of land-use history and climate as explanatory factors. (a-c) 569 

Broad classes of land-use history indicating all cells with >20% used area at a given 570 

point in time; colours ranging from yellow = areas with longest history of use, to red 571 

= areas with shortest history of use. Number of cases included in the analysis per 572 

land-use history class (species richness/yield): 5650 BC = 21/9, 50 BC = 115/57, 573 

1450 = 35/23, 1950 = 47/23, after 1950 = 74/36. (d-f) Main climate zones according 574 

to the Köppen-Geiger climate classification. Number of cases included in the analysis 575 

per climate class (species richness/yield): Polar = 2/2, Cold (Continental) = 66/37, 576 

Temperate = 178/90, Arid = 4/4, Tropical = 42/24. Notched boxplots (b,c,e,f) 577 

showing distribution of predicted log-response ratios across individual history and 578 

climate classes. Notches are used to compare groups; if the notches of two boxes do 579 

not overlap indicates that the medians are significantly different. 580 

Discussion 581 

With this global meta-analysis, we find that there is, on average, a trade-off whereby 582 

increases in agricultural/silvicultural yields are accompanied by decreases in species 583 
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richness when conventional intensification is applied (grand mean in Figure 2). When 584 

breaking down these results by the magnitude of intensification steps, species groups 585 

and product types, we find that conventional intensification is often successful in 586 

increasing yield. However, sub-group analyses also revealed that species richness 587 

declines were often not significant, and responses of both species richness and yield 588 

were very variable across studies, suggesting considerable scope to optimize the 589 

trade-off between agricultural production and biodiversity. For example, we were able 590 

to identify situations in which yield can be increased with smaller (i.e. non-591 

significant) losses of species richness. First, species richness in wood production 592 

systems shows little to no response to intensification (Storkey et al., 2015; Thomas, 593 

2015), which might be explained by long harvest cycles and the lower disturbance 594 

over time needed to manage forests (Paillet et al., 2010). Second, animals are not as 595 

negatively affected by intensification as plants which might reflect differences in the 596 

overall mobility of some species groups possibly allowing them to mediate the 597 

impacts of intensification (Tscharntke et al. 2005). Previous meta-analyses on 598 

biodiversity in organic vs. conventional systems support this observation as they show 599 

that the biodiversity difference between systems is much higher for plants than for 600 

animals (e.g. Bengtsson et al., 2005; Batáry et al., 2010). This vulnerability of plant 601 

species to conventional intensification should be taken into account in conservation 602 

planning and for ensuring the ecosystem services they deliver. Furthermore, we found 603 

no trade-off between production and species richness within low-intensity systems 604 

(low-low), where neither yield nor species richness showed notable responses to 605 

intensification. These results indicate that, if conventional intensification steps remain 606 

small, they have potential to increase production without negative effects on 607 

biodiversity. For example, low input systems (e.g. in Sub-Saharan Africa), that have 608 



 

28 

 

been suggested as candidates for alternative intensification pathways to achieve food 609 

security (e.g. Pretty et al., 2018), could potentially undergo low conventional 610 

intensification without causing a substantial loss of species. However, in order to 611 

provide scientific support to management and policy-making to achieve the dual goal 612 

of food production and biodiversity conservation, more research is required. As a first 613 

step, upcoming field studies should try to validate the observation that small steps of 614 

conventional intensification can increase yield without harming biodiversity by using 615 

more robust measures for biodiversity than species richness. 616 

Surprisingly, conventional intensification within high intensity systems (high-617 

high) revealed a non-significant tendency of species richness loss, highlighting that 618 

even high intensity systems harbour species that may be lost through further 619 

intensification. At the same time, intensification in these systems still leads to 620 

significant yield increases, suggesting that production limits have not yet been 621 

reached. However, the proportionally lower yield gains within high intensity systems 622 

compared to other intensification steps (e.g. low-high, medium-high), indicates that 623 

high intensity systems might be approaching such limits (Seppelt et al. 2016). On the 624 

contrary, conventional intensification within medium-intensity systems (medium-625 

medium) provides the greatest increase in yields, but is also accompanied by the 626 

highest loss of species richness. Consequently, these systems might be the first choice 627 

if seeking maximum production increases, but they are also most vulnerable to 628 

species richness decline. However, when drawing such conclusions it has to be taken 629 

into account that this comparison is based on only 29 richness and 19 yield cases and 630 

only one of each is from crop production systems. This highlights that great caution 631 

must be taken when interpreting the outcomes of this meta-analysis due to the small 632 

number of studies that simultaneously measure yields and biodiversity. 633 
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Neither in the grand mean, nor in any of the sub-group analyses (Figure 2, 3), 634 

could we identify situations in which conventional intensification increases yield and 635 

provides benefits for biodiversity at the same time. Alternative forms of 636 

intensification not investigated here, such as ecological or sustainable intensification, 637 

may be more suited to uncover these often discussed ‘win-win’ situations (e.g. 638 

Fischer et al. 2017a; Seppelt et al., 2017; Bommarco et al., 2018). More holistic 639 

approaches that also include social and economic aspects (e.g. profitability) of land-640 

use (e.g. Batáry et al., 2017; Hanspach et al., 2017), may further support the 641 

identification of win-win situations and alternatives to conventional intensification. In 642 

fact, at an individual level, 71 out of the 292 biodiversity cases in this meta-analysis 643 

(extracted from 39 studies) actually show an increase of richness and yield in 644 

response to conventional intensification, suggesting that, in some situations, 645 

conventional intensification can boost yields while also increasing richness. Most of 646 

these cases (43) are extracted from studies in wood production systems (e.g. 647 

Summerville et al., 2011), and 14 each from crop (e.g. Batáry et al., 2013) and fodder 648 

studies (e.g. Mudrak et al., 2013). Notwithstanding, while these individual examples 649 

support the idea that, under certain circumstances, species richness can not only 650 

support production but also benefit from conventional intensification, the outcomes of 651 

this meta-analysis shall not be used to warrant simplified conclusions but rather 652 

provide guidance for directing future research efforts.  653 

Studies on the biodiversity-productivity-relationship have provided evidence 654 

that higher biodiversity leads to higher ecosystem productivity (e.g. Seabloom et al., 655 

2017). These outcomes have often been utilized to conclude that biodiversity also 656 

benefits the production of biomass actually consumed by humans (e.g. Liang et al., 657 

2016). However, such approaches make the rather unrealistic assumption that people 658 
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do not care which kind of biomass is harvested (i.e. species identity is irrelevant), 659 

whereas most desired products depend on single species. This needs to be considered 660 

carefully when drawing conclusions on the benefits ecosystem productivity provides 661 

for humans.  662 

Here we used a categorical classification of management intensity to study one 663 

specific intensification pathway, i.e. conventional intensification that is based on more 664 

intensive use of external inputs. Land management aiming to increase production 665 

covers a wide array of management techniques and, therefore, also a wide set of 666 

options for management intensification. Previously, authors have argued that 667 

management intensity is better captured by the amount of a practice applied instead of 668 

a distinction based on management techniques themselves (Erb et al., 2013). 669 

However, we here identify a clear lack of studies containing quantitative information 670 

on land-use intensification that would allow classifying land-use intensity based on 671 

inputs (e.g. mass of fertilizer or pesticides applied), thereby highlighting the need for 672 

more studies to report more detailed information on management practices and input 673 

quantities in the future. Instead, we used a categorical classification that was capable 674 

of incorporating different production systems (crops, fodder and wood) into one 675 

intensity gradient. This allowed for a comparison of the effects of yield and 676 

biodiversity across widely different contexts and production systems but by focusing 677 

mainly on production inputs, this classification also limits this meta-analysis to only 678 

study effects of conventional land use intensification. Therefore, this meta-analysis 679 

does not allow conclusions on alternative intensification pathways (e.g. ecological or 680 

sustainable intensification). 681 

This meta-analysis is no exception to often encountered shortcomings when 682 

dealing with the synthesis of data on a global scale (Gerstner et al., 2017) and relies 683 
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on original studies that usually collect species richness at a single spatial scale and as 684 

the only biodiversity measure. However, the magnitude of land use effects on species 685 

richness is highly scale dependent and generally increasing with spatial scale (Chase 686 

et al., 2018). This is why we cannot entirely rule out that the dependence of species 687 

richness on spatial scale does not affect the outcomes presented here, even though we 688 

found no effect of spatial grain of the study sites. Furthermore, the relatively small 689 

scale at which the synthesized data was originally sampled on (plot size up to 3600 690 

m²), generally limits the conclusions that can be drawn from this meta-analysis on 691 

larger scales. To what degree surrounding areas could have influenced the 692 

measurements of richness or yield (e.g. as the source of the local species pool or 693 

through providing ecosystem services beneficial for crop production) cannot be 694 

disentangled here. By synthesizing species richness, which is still the most widely 695 

reported measure of biodiversity (Isbell et al., 2011), we also use an incomplete 696 

measure of biodiversity (Pereira et al., 2013), ignoring homogenization effects, a 697 

reduction of evenness and the hidden loss of rare or endemic species. Furthermore, 698 

species richness is highly dependent on relative abundance of individuals, sampling 699 

area and effort (e.g. Gotelli & Colwell 2001), meaning that if a substantial reduction 700 

in the number of individuals occurs in response to intensification, it will remain 701 

undetected as long as richness is not affected. Similarly, if certain management 702 

practices increase the abundance of a few species these become more likely to be 703 

sampled, thus increasing measured richness, even though true species richness is not 704 

changing at all (e.g. as observed by Crowder et al., 2012). However, only few studies 705 

reported on more robust measures of biodiversity (e.g. species abundances, Shannon 706 

diversity), alongside yield responses. The fact that a meta-analysis on the Shannon 707 

diversity index based on 19 studies and 42 observations does not show any impact of 708 
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conventional land use intensification on biodiversity (Appendix S10) suggests that 709 

biodiversity impacts might depend strongly on the biodiversity indicator examined. 710 

Therefore, and because effect sizes are highly confounded by spatial scale (Chase & 711 

Knight 2013), achieving synthesis across studies through meta-analysis based on 712 

species richness remains problematic.  713 

While the loss of species richness varied depending on the history of land use, 714 

we did not find the expected relationship of the time since first agricultural use with 715 

the magnitude of species richness loss, providing no evidence that biodiversity had 716 

longer time to adapt to human land uses in these areas (Balmford 1996; Perring et al., 717 

2016). Species richness declined most and yields increased least in arid climates, 718 

suggesting that these areas are not good candidates for land-use intensification. Again, 719 

we caution that by using species richness as a proxy, and by applying a space-for-time 720 

substitution approach, potential homogenization and climate change effects could not 721 

be considered (e.g. Elmendorf et al., 2015) and the impacts of land-use itself may also 722 

be underestimated (França et al., 2016; but see Berg et al., 2015). In addition, 723 

response ratios capture only the relative effects of intensification on species richness 724 

and yield. This way, changes in absolute values or species identity might be obscured.  725 

A clear caveat to the implications of this meta-analysis for policy or 726 

management is that one size does not fit all: in all sub-group analyses, the variation 727 

among studies was large. Even where the statistical models explained significant 728 

amounts of variation, individual cases may exhibit different outcomes. Identifying the 729 

nuances and complexities that make up the intensification-species-richness-730 

production relationship requires a solid foundation of data collected in a globally 731 

representative number of different production systems and species groups as 732 

suggested by German et al. (2017). As this synthesis has shown, only a comparatively 733 
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low number of studies have done this so far. Instead, the majority of previous research 734 

has focused on the effects of land-use intensification either on biodiversity or on 735 

yields (Appendix S5; e.g. Newbold et al., 2015; Mauser et al. 2015). It becomes clear 736 

that a greater number of studies should aim to gather both types of information on 737 

used and non-used land in the future. One way out of this predicament would be the 738 

establishment of global, long-term research networks such as has been done with the 739 

Nutrient Network (NutNet; Stokstad, 2011).  740 

In a world where human requirements almost always outweigh conservation 741 

objectives, one of the major challenges is to identify the form and location of land-use 742 

intensification that will best preserve the biodiversity, ecosystem functions, and 743 

ecosystem services upon which agricultural production ultimately depends. It is 744 

crucial that future studies focus more on areas already used for agriculture or 745 

silviculture as these harbour a substantial amount of species which may be lost 746 

through intensification. Given the predicted increases in the human population and 747 

consumption, it is likely that used land will be intensified further in the near future. It 748 

is also likely that even low-intensity systems, such as smallholder farms, which still 749 

account for more than 50% of agricultural land globally (Graeub et al., 2016), will 750 

turn to conventional intensification in order to boost yields. Here, we provide the first 751 

quantitative global synthesis of species-richness-yield relationships in response to 752 

conventional intensification in three different types of land use systems. We show that 753 

at the current state, the scientific community knows far too little about this 754 

relationship to provide well-founded support for policy and management. Although 755 

the synthesized findings lack generalizability to larger scales (e.g. regional or 756 

landscape scales), we detect multiple conditions in which yield can be increased 757 

through conventional intensification without resulting in significant losses in species 758 
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richness. This suggests that even conventional intensification can in some cases – i.e. 759 

if carried out in small steps – result in yield increases without coming at the expense 760 

of biodiversity loss. These results should guide future research to understand the 761 

circumstances required to achieve such win-no-harm situations in conventional 762 

agriculture and explore if such practices could be integrated in alternative pathways of 763 

land-use intensification, such as sustainable or ecological intensification.   764 
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