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Abstract42

Does plant ecology have a “net-effect” problem? Net effects are expressed in metrics such as biomass or43

density that identify an important overarching effect but are produced by a suite of subtle, interacting, and44

usually unidentified factors, or processes, that vary in intensity. Measuring net effects has led to45

groundbreaking discoveries in ecology. However, when the relative contributions of subtle interacting46

processes vary, so do net effects, potentially leading to conflicting conclusions about underlying mechanisms47

and drivers – both biotic and abiotic - which stymie integration, generalization and application. To illustrate48

how unpacking net effects might enable generalization and application, we review the development of the49

stress gradient hypothesis, where the processes underpinning net effects are often conceptually incorporated,50

and then key innovations in the field of biodiversity–ecosystem functioning relationships. We then consider51

how unpacking net effects has enabled progress in the study of intercropping, and how it could contribute to52

ecological restoration. Finally, we identify where further unpacking of net effects can contribute to53

addressing apparent paradoxes, and potential experimental approaches to help with this challenge. Measuring54

net effects has enabled tremendous progress in ecology; but strategically unpacking net effects will improve55

our ability to generalize more effectively across ecosystems and species.56

57

Introduction58

The net effects of plant interactions are the outcomes — often common measurements of plant59

success such as survival, biomass, or seed production — of many subtle, and often cryptic, processes. These60

processes include, for example, direct competition for resources (Tilman 1977), facilitation (Callaway 2007),61

and different modes of indirect interactions (Sotomayor and Lortie 2015; Wootton 1994; Jones and Callaway62

2007; Aschehoug and Callaway 2014), which can themselves be altered by the abiotic environment (e.g.,63

Bertness & Callaway 1994; Callaway et al. 2002). Measuring net effects is fundamental to our understanding64

of the ecology of plants and other sessile organisms (e.g., Connell 1961, 1983; Schoener 1983; Tilman 1996),65

plant community assembly (Kneitel and Chase 2004; He et al. 2013; Afkhami et al. 2014), and the effects of66

plant diversity on ecosystem functioning (Cardinale et al. 2012; Tilman et al. 2014; Weisser et al. 2017;67

Huang et al. 2018). We argue here that failing to partition, or unpack, the processes that underpin net effects68

limits the development and integration of some key areas of plant ecology.69



4

The idea of unpacking net effects might be best communicated by examples. Examining one of these70

(Callaway et al. 1991) in detail, between 1945 and 1973 roughly 356,000 ha of oak woodlands in California71

were razed because the oaks were thought to suppress forage for livestock (Bolsinger 1988, in Mensing72

2006). The hardest hit was a Californian endemic, blue oak (Quercus douglasii). However, some studies73

provided evidence that blue oaks increased productivity under their canopies (Holland 1980), creating a74

conundrum for generalizing about the net effects of blue oaks. Later, this variation in the net effects of blue75

oaks on the productivity of its understory grasses was quantified, and indeed, net effects were found to range76

from highly inhibitory to highly facilitative (Callaway et al. 1991). Via sequential experimentation with leaf77

water potentials, soil nutrients, fine-root distributions, and experiments with soil bioassays and root78

exclosures, the net effects of individual oaks were then “unpacked”, a term we use throughout to indicate79

studies that attempt to understand the processes - both biotic and abiotic - driving a net-effect outcome. For80

Q. douglasii, unpacking net effects demonstrated facilitative effects by all Q. douglasii canopies via the81

creation of “fertile islands” (see Eldridge et al. 2024), but also that these facilitative effects depended on82

whether individual oaks accessed relatively permanent water sources (Callaway et al. 1991). Those that83

produced few shallow roots together with deep roots had facilitative effects while those that mostly produced84

dense shallow roots suppressed grasses (also see Aschehoug and Callaway 2014 for a continuation of these85

experiments). This sequence of experiments unpacked an understanding of the effect of Q. douglasii on its86

understory from “sometimes it suppresses, sometimes it enhances”, to “one phenotype suppresses, and the87

other phenotype enhances”, explaining conditionality (i.e., context-dependency) and generating further88

hypotheses.89

This and other examples demonstrate the benefits of unpacking net effects, but we suggest two areas90

of plant ecology in particular would benefit by adopting this approach — the stress gradient hypothesis91

(SGH; Bertness and Callaway 1994; Bertness et al. 2024) and the role of biodiversity in regulating92

ecosystem functions (BEF). In the rest of this paper we 1) outline the development and aims of these two93

areas of research and their reliance on approaches that are based on measuring net effects, 2) demonstrate94

how unpacking can be fruitful where SGH and BEF come together, using intercropping and ecosystem95

restoration as two examples, 3) consider some apparent paradoxes at the interface of SGH and BEF concepts96

which can be addressed through unpacking, and 4) suggest some fruitful routes for unpacking net effects in97

SGH and BEF studies.98
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99

Net effects in SGH and BEF studies100

The two conceptual areas of SGH and BEF emerged mostly independently of each other. BEF101

research developed mainly in experimentally constructed communities in lowland grasslands and forests. In102

contrast, SGH studies focused on how interactions affected plant communities in physically stressful103

environments including salt marshes, marine intertidal systems, arctic and alpine tundra, and deserts104

(Callaway 2007; Bertness et al. 2024; but see Callaway 1998; Dohn et al. 2012; del Rio et al. 2012; He et al.105

2013). Despite this initial isolation, both areas have clearly been highly dependent on the use of net effect106

approaches.107

108

Stress Gradient Hypothesis (SGH) studies109

A key component of the SGH is the balance between plant competition and facilitation, the latter110

loosely defined as the beneficial impact of one plant on a neighboring plant (Callaway, 2007). Facilitation111

has been examined and quantified by ecologists for decades but moved into mainstream ecological thinking112

during the 1990s and 2000s (Hunter and Aarssen 1988; Bertness and Callaway 1994; Callaway et al. 2002).113

There is now extensive evidence supporting the SGH, showing both greater relative importance, and at times114

intensity (Brooker et al. 2005), of facilitation relative to competition as the environment becomes more115

severe (per Bertness and Callaway 1994; Brooker and Callaghan 1998; Brooker et al. 2008; Cavieres et al.116

2014; Bertness et al. 2024).117

Much of the evidence for the SGH is based on net effects, although these could be unpacked through118

approaches such as experimentally manipulating variables across gradients, thereby allowing comparisons119

among studies. For example, Michalet et al. (2014) statistically unpacked changes in net effects along120

altitudinal gradients due to environmental severity or due to the trait-mediated effects of neighbors.121

Partitioning net effects among regional temperatures demonstrated weaker net facilitative effects at high122

elevations in mesic ecosystems with warming temperatures, but stronger net facilitative effects at low123

elevations in xeric ecosystems. This refined the relatively limited generalized conclusions about the SGH124

across climates. Such unpacking to understand context-dependency may be crucial for understanding shifts125

in interactions that are generally consistent with the SGH, but not necessarily uniform across vegetation126

types, climates, and methodologies (He et al. 2013).127
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A major element of SGH studies has been neighbor removal experiments: removing neighbors from128

around target individuals, but not from around control individuals, and comparing the responses of the129

targets to the controls (see Fonteyn and Mahall 1978). This assesses the net effects of neighbors, and has130

provided insight into species interactions in hundreds of studies, but with dozens of different net outcomes.131

To unpack these outcomes from the initial experiments and generalize, other variables can be manipulated in132

subsequent sequential experiments, or in multifactorial experiments. These approaches can provide a partial133

understanding of what caused the variation in net outcomes. Neighbor removal might decrease target growth134

or increase target mortality, while watering might eliminate this negative impact of neighbor removal,135

indicating that an element of the interaction between — and net effect of — neighboring plants was136

protection from drought. This conditionality or context dependency can be critical to predicting changes in137

net effects in space or time or with environmental change. Neighbor removal experiments have been a138

backbone of SGH research, but what has been far less common is moving beyond such assessments of net139

effects to the next level in the “unpacking hierarchy” and pinning down specific causal mechanisms140

(although see Cavieres et al. 2007; Schöb et al. 2013; Michalet et al. 2014).141

Examining net effects of interactions in the context of the SGH can be affected by species turnover142

and intraspecific trait variation – not simply mean trait values - along gradients, which links interactions143

among species on gradients to functional ecology, as recognized by Lepš et al. 2011. They found that species144

turnover provided important insight into the functional composition of communities when disturbance145

(mowing) varied, whereas intraspecific trait variation was key to community responses when fertilization146

varied. The bottom line is that parsing net effects can deliver a great deal by integrating factors such as147

species turnover and intraspecific variation in traits into our understanding of the context-dependency of net148

effect ecosystem function measurements. It also helps us to apply our knowledge in applied contexts such as149

crop production and conservation management; a point explored in greater depth later in this paper.150

Biodiversity–Ecosystem Functioning (BEF) studies151

The study of biodiversity and ecosystem functioning emerged in the early 1990s (Naeem et al. 1994,152

1995; Tilman 1996; Tilman et al., 1996) with several groundbreaking experiments in which biodiversity was153

experimentally manipulated. Naeem et al. (1994, 1995) manipulated food webs with four trophic levels in154

controlled ‘ecotrons’, where species were removed from each trophic level and key functions were measured,155
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such as community respiration. This was then expanded to large field experiments in which plant diversity (a156

single trophic level) was manipulated; these researchers found that diversity increased both mean community157

productivity and the temporal stability of that productivity (Tilman 1996). This has now been consistently158

found across trophic levels, ecosystems, and geographic regions (Allan et al. 2013; Isbell et al. 2015;159

O’Connor et al. 2016; see also meta-analysis by Balvanera et al. 2006, Chen et al. 2025a, and reviews by160

Tilman et al. 2014; Ali 2023). Most of this work has focused on productivity or plant growth as the primary161

metric but has not unpacked net effects to explore variation in the intensity of outcomes.162

A first step towards unpacking net outcomes in BEF studies was the introduction of a statistical163

additive partitioning method splitting the net effect of diversity on biomass production (NE) into164

complementarity effects (CEs) and selection effects (SEs; Loreau and Hector 2001). Hereafter, we refer to165

net biodiversity effects as NEs, consistent with Loreau and Hector (2001), and to distinguish them from the166

larger overall group of net effect metrics and approaches which is the focus of this paper (and which can be167

influenced by more than biodiversity).168

Additive partitioning showed that mixtures can do better than the average monoculture because169

many species produce more yield in mixture than in monoculture (positive CE; CE = NE if all species have170

equal monoculture yield) or because a single or few species with high monoculture yield become(s)171

disproportionately dominant in mixture (positive SE). Additive partitioning has shown — amongst other172

things — that CEs explain roughly half or more of the NE of species richness on biomass (Cardinale et al.173

2007) and tend to become stronger over time (Marquard et al. 2009; Reich et al. 2012; Huang et al. 2018;174

Wagg et al. 2022).175

A key point is that NE is a particular application of the net-effect approach. Additive partitioning of176

the NE into CE and SE is a step toward understanding underlying processes, but these are still only statistical177

effects at a lower level within the “unpacking hierarchy”. The biological mechanisms (e.g., plant interactions)178

are rarely investigated (see Barry et al. 2019), and there are further layers in the unpacking hierarchy. For179

example, a positive CE can be underpinned by niche partitioning, biotic feedback, or facilitation (Chen et al.180

2025a). In addition, NEs focus only on biodiversity drivers, whereas other net effects can be driven by both181

biotic interactions and abiotic drivers.182

183

Measuring net effects without unpacking underlying processes limits progress in plant ecology184
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Despite BEF and SGH research generally developing in isolation, there are similarities in the heavy185

reliance of their analytical approaches on net effect metrics. These metrics include log response ratios,186

mixture overyielding, or indices such as the Relative Interaction Index (RII; Armas et al. 2004). These187

metrics are then interpreted in terms of their fit to particular mechanistic scenarios, but this risks188

confirmation bias (Zvereva and Kozlov 2021), in this case specifically the attribution of an observed net189

effect response to the incorrect underlying process because of preconceptions. These problems are illustrated190

when we consider that multiple scenarios can be constructed to explain even a single net effect response such191

as increasing ecosystem functioning with increasing biodiversity (e.g. mixture overyielding), or a switch192

from negative neighbor effects to positive neighbor effects along a stress gradient (Figure 1). Here we point193

out that generalization can be improved in cases where net effects are unpacked (Box 1). However, without194

experiments that independently — as crossed or sequential treatments — manipulate the underpinning195

processes, unpacking remains difficult and the breadth of possible mechanistic scenarios cannot be196

constrained. For example, only recently has empirical evidence demonstrated that facilitation can underpin197

statistically derived CEs and can increase in intensity with physical stress (Wright et al. 2017; Schöb et al.198

2018; Barry et al. 2019).199

To be clear, we are not criticizing the usefulness of net effects — much crucial ecological theory is200

built on net effects. Instead, we highlight that without detailed studies of underlying processes our201

understanding of cause and effect in appropriate ecological contexts is limited, and it is also more difficult to202

generalize among studies even of the same conceptual subject. Without unpacking, simplistic interpretations203

and — perhaps more problematic — an assumption that a measurement of a net effect metric such as RII is204

in some way a measurement of the actual mechanism make the search for mechanisms in either BEF, SGH,205

or many other fields even more difficult. An example of this (in retrospect) overly-simplistic interpretation is206

the concentration on traits to explain the consequences of biodiversity (van der Plas et al. 2020), which in207

turn could explain why other processes were initially under-represented in BEF studies, including indirect208

biotic effects (e.g., via soil biota; Schnitzer et al. 2011), and abiotic facilitation via amelioration of local209

micro-climate (Wright et al. 2017, 2021).210

211
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Unpacking supports application212

Intercropping213

Unpacking net effects not only aids fundamental and generalizable ecological understanding but also214

supports the application of that understanding. This point is illustrated well by studies of intercropping,215

where many processes underlying net effects have been measured, which in turn helps improve the design216

and management of intercrops. All intercrops involve two or more crop species or genotypes growing217

together at the same time, in contrast to monocropping and rotation cropping (Vandermeer 1989; Li et al.218

2021) and to the larger number of largely non-agricultural species used in most BEF experiments. The219

difference between a crop monoculture and mixture can generate large changes in functions (essentially net220

effects) including yield — and net outcomes may vary with changes in underpinning processes. Other net221

effects include sustained yield with reduced inputs (fuel, agrochemicals), suppression of weeds, pests and222

diseases, improved soil health, and enhanced structural diversity within the crop canopy which in turn223

supports a healthier invertebrate community and wider biodiversity in the farming landscape (Brandmeier et224

al. 2021; Gu et al. 2021; Homulle et al. 2022).225

Interest in the effects of diversity as a driver of net effects has existed for many years in intercrop226

studies; and more recent studies have assessed variation in intercropping outcomes in the context of abiotic227

stress. Studying how ecosystem functions such as crop yield or disease shift from monocultures to mixtures228

is a BEF assessment (see Martin-Guay et al. 2018; Chadfield et al. 2022). Understanding the context229

dependency of, for example, the facilitative effects of legumes in intercrops on gradients of soil nitrogen230

availability combine BEF and SGH concepts (Sun et al. 2024). Indeed, early ecological reviews of231

facilitation (Hunter and Aarssen 1988) drew many of their examples from crop systems and their exploration232

of net-effect metrics, and the net effect measures used in BEF studies have their roots in measures of crop233

yield (reviewed by Wagg et al. 2019).234

Studies of intercropping have unpacked processes driving net effects (Li et al. 2007; Boudreau 2013;235

reviews by Li et al. 2014 and Brooker et al. 2015). Some of the most fascinating examples of unpacked236

processes in intercropping studies, often explored through sequential experimental approaches, are related to237

root exudates. For example, Li et al. (2016) found that exudates from maize (Zea mays) stimulated238

nodulation and N-fixation by faba bean (Vicia faba), and this correlated with increases in yield. In similar239

experiments, Li et al. (2007) found that maize yield increased when intercropped with faba bean and that this240
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was due to increased uptake of phosphorus that had been mobilized by organic acids and protons released241

from faba bean roots. Understanding these effects of root exudates helps to generalize about when242

intercropping is successful or not, and so to improve the design and management of intercrop systems.243

Other studies have also linked BEF concepts - in particular the context dependency of beneficial244

effects - to intercropping. For example, Su et al. (2023) showed that crop diversity increased stability in245

production over time more in climatically stressful conditions, primarily through facilitation, than in benign246

environments. Engbersen et al.’s (2021) and Schmutz and Schöb’s (2023) mesocosm-based study of crop247

mixtures demonstrated the potential role of temporal as well as spatial niche differentiation, foundational in248

BEF studies, in driving yield increase in intercropping. Schöb et al. (2023) found that ecological processes249

discovered in BEF studies also operate in crop systems, and SGH-type responses have also been found in250

intercropping systems. For example, maize benefited more from growing in three-species polycultures under251

low moisture conditions (Ramirez and Wright 2023). Natarajan and Willey (1986) reported that positive252

effects in intercropped systems increased as water stress increased. Shi et al. (2023) found that the benefits253

from intercropping peanuts (Arachis hypogaea) and sorghum (Sorghum bicolor (L.) Moench) were greater254

when salt stress was higher. Nyawade et al. (2019) found that different combinations of intercropped species255

improved yield on an elevational gradient in Kenya, but this was dependent on matching crop species to each256

environment. For instance, in nitrogen and phosphorus gradients, the facilitative effect of intercropped white257

lupine on wheat varied from strong when nutrients were low to weak when nutrients were high.258

All these examples of processes and shifts on gradients illustrate how and when certain net effects259

occur and provide opportunities for generalization (Box 1), and how unpacking net effects increases260

(agro)ecological knowledge which in turn aids the design and management of intercrops. Further studies that261

identify species or genotypes for management or breeding to enhance facilitation and to reduce the262

competitive impacts of neighbors may be important next steps, and the traits selected can be informed by263

studies that unpack the net effects of intercropping. More broadly, evidence from intercropping studies264

indicates that net effects are indeed influenced by competing and different processes at different times and265

places, and that understanding this context-dependency contributes to our understanding of net effects and266

our application of that understanding.267
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268

Ecological restoration269

Applied ecological restoration is another area which would gain from unpacking net effects.270

Ecological restoration initiates or accelerates the recovery of degraded ecosystems (Gann et al. 2019) and is271

beset by variation and conditionality in outcomes (e.g., Emsens et al. 2022; Gerrits et al. 2023). Brudvig et al.272

(2017) articulated the role of context-dependency in regulating restoration success, suggesting that273

practitioners consider “…the drivers of variation among existing restoration efforts, [and] experiments to274

quantify and understand variation in restoration outcomes…”, which in turn would be aided by unpacking275

net effects.276

A good example of tailoring restoration to understanding the context dependency of net ecological277

outcomes focuses on biodiversity in grasslands. Mowing or grazing generally increases species diversity278

(Maron and Jefferies 2001; Smith et al. 2018), but not always (Socher et al. 2013), and this variation in net279

effects may be due to differences in soil fertility. Low soil nutrient concentrations or aridity can increase the280

intensity of facilitation (Callaway 2007) by legumes (Mulder et al. 2002; Temperton et al. 2007), which may281

either enhance or counteract the effects of mowing and grazing.282

Unpacking net effects among natives and invasives can also be insightful. Nagy et al. (2022)283

reported that mowing to suppress the European invader Solidago gigantea yielded effects from almost284

complete suppression to increasing Solidago density by up to five times. Taking initial steps to unpacking285

this variation using sequential experiments, they first showed that the native Tanacetum vulgare strongly286

suppressed Solidago, but only in the absence of mowing. In a second experiment, in mowing treatments,287

Tanacetum facilitated the invader. While representing the early stages of unpacking net effects, this example288

– along with those given above - illustrates the potential for unpacking to explain variation of outcomes in289

restoration and conservation management, which can then inform improve approaches.290

Priority effects, which derive from the order that species arrive or initiate growth at a site, can be291

important for basic community organization and applied restoration success (Fukami 2015; Weidlich et al.292

2021), for example by excluding invasive species (Hess et al. 2020; Wilsey 2021). If we understand better293

how priority effects arise mechanistically, we could then use them to greater advantage in restoration efforts.294

However, priority effect research suffers from the same net-effect issues (as illustrated in Figure 1), whereby295

overall outcomes can be due to negative and positive priority effects that may be additive or neutralizing.296
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Indeed, a priority effect can be considered another example of a net effect. Priority-effect research has297

traditionally assumed niche preemption to be critical and that negative interactions such as competition drive298

priority effects, with facilitative interactions receiving less attention (Weidlich et al. 2021). This sets up a299

key opportunity for sequential experiments, because facilitation is increasingly recognized as playing an300

important role in processes such as priority effect-driven overyielding (Delory et al. 2021). For example,301

facilitation-based priority effects can be important in restoration of peatlands, where vigorous growth of302

some Sphagnum species (e.g., S. magellanicum) depends on the prior establishment and hummock-forming303

activities of other species such as S. fuscum (Johnson et al. 2014). In turn, the strength of facilitation can be304

actively manipulated, for example by planting functionally and morphologically diverse combinations of305

species to foster strong facilitative or niche-partitioning CEs in forest restoration (Huang et al. 2018; Veryard306

et al. 2023).307

As in SGH studies, ecosystem engineers, such as nurse plants, play pivotal roles in generating308

priority effects and shaping communities (Jones et al. 1994; Gómez-Aparicio et al. 2004; Losapio et al. 2021,309

2024). Their ability to modify microhabitats, buffer environmental stress, and enhance nutrient availability310

indicate a great potential to improve ecosystem recovery in degraded environments (Byers et al. 2006;311

Losapio et al. 2024). Some sequential experiments have linked ecotypic variation in nurse plant traits to312

variation in their community-shaping roles (Michalet et al. 2011). Atkinson et al. (2022) quantified the mean313

success of restoration projects on biodiversity, a net effect, and variation in success, suggesting that314

unpacking that variation might be important. The potential sources of variation in biodiversity responses315

appeared to include prior land use and restoration protocols, indicating “the need for new research316

confronting the causes of variability in restoration outcomes.” Grman et al. (2013) used variation partitioning317

to unpack potential mechanistic components of restoration success and found that seed mix characteristics318

and site age explained a large proportion of variation in net effect metrics of species richness and community319

composition in restored prairies. These studies show that at least some of the unexplained variation in320

restoration outcomes can be explained by unpacking net effects, and more importantly improve our ability to321

generalize and predict the outcome of different restoration protocols.322

However, despite the promise of manipulating processes such as priority effects and the impacts of323

ecosystem engineers, ecological restoration may remain limited by a continued focus on net effects. This is324

true even for well-studied ecosystems such as hay meadows, where we normally still rely on net-effect325
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approaches but need to understand the relative roles of facilitation vs competition and their context-326

dependency across time, soil types, or precipitation gradients (Weidlich et al. 2018; Delory et al. 2021,327

Alonso-Crespo et al. 2025). Deepening our understanding of underlying mechanisms by unpacking net328

effects will benefit restoration, for example by enabling species selection to promote beneficial priority329

effects in specific communities and through the identification of key environmental factors that can be330

manipulated to enhance restoration outcomes.331
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332

Unpacking to aid integration333

We noted that recent empirical evidence has demonstrated that facilitation operates as a separate334

process within complementarity effects (CEs, above) and can increase in intensity with abiotic stress (Wright335

et al. 2017; Schöb et al. 2018; Barry et al. 2019; Chen et al. 2025a). This perspective is starting to bridge the336

general gap between BEF and SGH concepts and is vital because an integrated approach is necessary to337

further generalization and to address key applied issues.338

Without such integration and a move away from reliance on net effects, apparent paradoxes can339

occur. As an example of this, consider that complementarity effects (CE) in many studies have been shown340

to increase in complex and resource-rich environments (Tilman et al. 2014), and that (as mentioned above)341

facilitation has been shown to be a component of CEs. But consider also that facilitation, both as a342

component of CEs, and more widely based on general principles of the SGH, is expected to increase in more343

severe environments (Wright et al. 2017). This appears to be contradictory. A potential explanation is that in344

more productive environments CEs are more dependent on niche complementarity (in other words, the345

avoidance of competition) and the relative role of facilitation declines. But for there to be a general increase346

in CEs in complex and resource rich environments, the positive effects of increasing niche complementarity347

on CEs must outweigh the declining effect of facilitation. This is a critical prediction because if activities348

such as intercropping or restoration are intended for resource rich environments, to maximize CEs the focus349

should be on the niche complementarity of components. In contrast, in stressful environments the focus350

should be on maximizing facilitative processes. Such a mechanism might go some way to explaining the351

difficulties of understanding BEF effects through the analysis of plant traits, as per van der Plas et al. (2020;352

but see Chen et al. 2025a, b).353

Such a formulation integrates SGH and BEF concepts with potential applied benefits, but to the best354

of our knowledge has not been considered widely in the literature or explored in detail by any targeted355

experiments. Its exploration would be dependent upon understanding the underlying processes regulating356

CEs across environmental gradients and not simply an assessment of the net effects of neighbors which357

would simply show positive CEs in both stressful abiotic and beneficial resource-complex environments.358

359
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Pointers for progress360

Given the wide-ranging potential benefits for unpacking of net effects, what are the routes open to361

plant ecologists? We have mentioned a few options and now explore them in more detail.362

Above, we illustrated the basic principles of sequential experimentation through the study of blue363

oak impacts on understory forage production. In sequential experimentation (Fisher 1952) an experimenter364

does not consider “material as wholly passive but instead looks to what may be learnt from it with a view to365

the improvement and extension of the enquiry.” In other words, each subsequent experiment is informed by366

the results of the previous one (see Maestre et al. 2003; Baumeister & Callaway 2006). Our use of367

“sequential” is informal (again see Fisher, 1952) and different than formal sequential statistical analyses (e.g.,368

Wald 2004). Sequential experiments are successively derived from discoveries, much like the general369

expectations of repeatedly applying the scientific method. A discovery in a first experiment can lead to and370

guide a second experiment, and a discovery from that can lead to and guide a third experiment, and so on. A371

good recent example of this sequential approach is provided by Su et al. (2025) who first found that372

experimentally planting mixtures of maize cultivars increased productivity - a net effect of overyielding.373

Second, they found that spatial root segregation in two-cultivar mixtures was greater than would be predicted374

from each cultivar grown alone, parsing the net effect into cultivar-specific responses. And finally, the extent375

of the spatial segregation of the roots of different cultivar combinations correlated with grain mass and376

productivity, connecting the - unpacked - parsed responses into a potentially causal relationship.377

On the other hand, “multifactorial experiments”, which are much more common in the literature, test378

two or more factors and their interactions simultaneously to unpack net effects. Multifactorial experiments379

with the goal of unpacking net effects in BEF studies are highly demanding in design, implementation, and380

logistics, but there are good examples. Maron and Marler (2008) took a multifactorial approach, with381

diversity treatments crossed with water supply treatments, and showed that higher native diversity382

suppressed invasion by the non-native Centaurea stoebe, but that this resistance was context-dependent,383

being higher at low water supply, and indicating that high resource supply exacerbated the competitive384

advantage of the invader (also see Mulder et al. 2001). Net effects were measured as the biomass of invading385

C. stoebe, which was dramatically reduced by native diversity in all treatments, but water supply386

substantially affected the intensity of native resistance.387
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A recent meta-analysis by Hong et al. (2022) of 46 multifactorial experiments manipulating species388

richness and key environmental variables, including warming, drought, fertilization, and carbon dioxide,389

demonstrated their outstanding potential for unpacking net effects in BEF studies. A challenge for multi-390

factorial experiments, however, is that they require knowledge of the system that may not be available before391

an experiment is conducted and thus may be less effective than sequential experiments in unpacking net392

effects (see Fisher 1952). In his book on experimental design, Montgomery (2017) supports this point,393

arguing “A single comprehensive experiment requires the experimenters to know the answers to a lot of394

questions, and if they are wrong, the results will be disappointing.” In other words, new clues that emerge395

from initial experiments are difficult to explore with multifactorial experiments.396

Given the benefits of sequential experiments, the obvious question is why are they not more397

common? One possibility is that such studies are undertaken but are not easy to spot because each step is398

published as a separate paper and often in different journals (see Box 2), in contrast to some classic studies399

of plant ecology which received sequential multi-part publication in a single journal (see for example Willis400

et al. 1959a, b). However, we suggest the issue is not a lack of visibility for sequential studies. We can401

imagine instead a scenario where sequential experiments take longer to conclude and sequential funding is402

hard to come by, and so complex experiments are planned to attempt to address multiple questions in a403

single study while funding is available. We also suggest that big and complex experiments are more404

attractive to the reviewers of funding applications than sequential studies in which five-year plans cannot be405

spelled out in year one. It would be ironic if this is in fact partially responsible for slowing progress.406

407

Conclusions408

Net-effect measurements underpin a tremendous amount of progress in ecology. BEF and SGH409

studies have depended heavily on assessments of net effects for their conceptual frameworks. Both research410

fields have produced important theory (Lortie and Callaway 2006; He et al. 2013, Tilman et al. 2014, Isbell411

et al. 2018), but both are also still constrained to some degree by variation and conditionality in outcomes.412

Unpacking net effects is possible via sequential and multifactorial experimental approaches and cross-study413

comparisons that explain variation in outcomes (Spehn et al. 2002; He et al. 2013), and that move us to the414

next level down in mechanistic understanding and towards generalization. We suggest that such unpacking415

can be optimized through multifactorial and preferably sequential (after Fisher 1952) experiments.416
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Unpacking will provide opportunities to challenge and generalize assumptions concerning dominant417

mechanisms. In the spirit of De Laender et al. (2016), by explicitly accounting for variation in the abiotic418

environment, we can better “predict the functioning of ecosystems…”. A deeper understanding of the419

mechanisms underlying positive biodiversity–ecosystem functioning relationships across environmental420

gradients will allow us to link BEF results to applied goals such as restoration and food production. Similarly,421

mechanistic examinations of the processes underlying changes in net plant–plant interactions along422

environmental gradients will uncover traits, trait combinations, and environmental conditions where different423

management and restoration approaches can be best applied. Overall, unpacking net effects can provide424

opportunities to address apparent paradigms and better generalize across the impressive collection of case425

studies in key fields in plant ecology, and to then apply this knowledge to major global challenges such as426

food security and the conservation and restoration of ecosystems.427

428
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Figure 1. Illustration of the complex nature of interactions uncovered by unpacking net effects. Interactions717

can be synergistic, non-linear, and multiplicative but here we show linear, additive effects to illustrate the718

principles of net effects. The relationship between biodiversity and productivity is often examined in BEF719

studies using calculated CEs. Calculating CEs (and SEs) is a crucial step in unpacking net biodiversity720

effects (NEs), and provides enhanced mechanistic understanding, but these effects can themselves in turn be721

driven by changes in underlying processes. As an example, the plots (where the y axis runs L to H = low to722

high strength) show how, on diversity gradients, increasing CE effects (black dashed line) can be caused by a)723

increasing interspecific facilitation relative to intraspecific facilitation, b) strongly decreasing negative724

effects of intraspecific competition with weakly increasing negative effects of interspecific competition, or c)725

increasing facilitation with constant competition. Note that the relationships are simply illustrating the726

directional trends in net CE effect and underlying drivers. Metrics such as CE are useful tools, and it can be727

difficult to move beyond certain levels of the “unpacking hierarchy”, but we need to be conscious that many728

common metrics such as CE are to some extent still measurements of net effects, and that further unpacking729

is possible. It is also likely that net effects can be the sum (or product) of multiple, interacting variables in730

addition to diversity and that unpacking will require careful, and ideally, sequential examination for key731

processes that underpin the responses of net effects.732



2

Box 1. Examples of Unpacking Net Effects733

Examples of studies in which net effects have been unpacked and how this had led to generalization. +, -734

symbols above large arrows show general trends in the unpacked results: +/- shows partitioning yielding735

predictable shifts from competition and facilitation; the + symbols show where a facilitative mechanism was736

identified.737

738

Box 2. Volatile communication among Artemisia tridentata shrubs: an example of unpacking739

Throughout this commentary, we focus on single publications that unpack net effects in sequential and740

multifactorial experiments. However, there are many examples of sequential experiments in different741

publications. One of the best examples of this is provided by Rick Karban (see photo) and colleague’s742

research on volatile communication among Artemisia tridentata shrubs. Motivated by volatile-based743

interactions reported by Farmer and Ryan (1990; R. Karban, pers. com.), they found that volatiles from744

damaged A. tridentata served as a warning, triggering defensive responses in Nicotiana attenuata (Karban et745

al. 2000), but the big picture consequences of this communication were not clear. Next, Karban et al. (2006)746

showed that volatile-based communication among Artemisia occurred over much larger distances,747

establishing it as meaningful within populations, but raising questions about the evolutionary ramifications748

of warning competitors. This led to the discovery of different chemotypes within populations and dialects749

that limited communication among unrelated individuals (Karban et al. 2014, 2016). If the net effect of750

volatile communication was simply measured among large numbers of Artemisia individuals, the conclusion751

would have been that sometimes plants communicate using volatiles and sometimes they do not. Of course,752

none of this implies “intent” by either interacting species, but discovering dialects unpacked the initial753

conclusion and demonstrated an unexpected level of generality for volatile communication.754

755


