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Abstract 62 

Human-induced abiotic global environmental changes (GECs) and the spread of non-native invasive 63 

species are rapidly altering ecosystems. Understanding the relative and interactive effects of invasion and 64 

GECs is critical for informing ecosystem adaptation and management, but this information has not been 65 

synthesized. We conducted a meta-analysis to investigate invasions, GECs, and their combined effects 66 

on native ecosystems. We found 458 cases from 95 published studies that reported individual and 67 

combined effects of invasions and a GEC stressor, most commonly warming, drought, or nitrogen 68 

addition. We calculated standardized effect sizes (Hedges’ d) for individual and combined treatments and 69 

classified interactions as additive (sum of individual treatment effects), antagonistic (smaller than 70 

expected), or synergistic (outside the expected range). The ecological effects of GECs varied, with 71 

detrimental effects more likely with drought than the other GECs. Invasions were more consistently and 72 

more strongly detrimental than GECs. Invasion and GEC interactions were mostly antagonistic, but 73 

synergistic interactions occurred in >25% of cases and mostly led to more detrimental outcomes for 74 

ecosystems. While interactive effects were most often smaller than expected from individual invasion and 75 

GEC effects, synergisms were not rare and occurred across ecological responses from the individual to 76 

the ecosystem scale. Overall, interactions between invasions and GECs were typically no worse than the 77 

effects of invasions alone, highlighting the importance of managing invasions locally as a crucial step 78 

towards reducing harm from multiple global changes.  79 

Significance statement 80 

International concern about the consequences of human-induced global environmental changes has 81 

prompted renewed focus on reducing ecological effects of biological invasions, climate change, and 82 

nutrient pollution. Our results show that the combined effects of non-native species invasions and abiotic 83 

global environmental changes are often negative, but no worse than invasion impacts alone. Invasion 84 

impacts are also more strongly detrimental than warming temperatures or nitrogen deposition, two 85 
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common stressors. Thus, reducing the spread of invasive species is critical for mitigating harms from 86 

human-induced changes to global ecosystems. 87 

 88 

Main text 89 

Introduction 90 

Humans are contributing to multiple co-occurring ecological stressors, including climate change, nitrogen 91 

deposition, and biological invasions (hereafter “invasions”), creating a challenge for practitioners who 92 

must prioritize and address threats to native species and ecosystems. Natural resource managers 93 

commonly identify invasions as a top concern for mitigation and adaptation to climate change (1, 2). 94 

However, the relative and interactive effects of abiotic global environmental changes (hereafter “GECs”) 95 

and invasions remain unclear. Understanding such interactions is critical for predicting impacts to 96 

ecosystems and human societies and for implementing effective policy and management (3, 4). 97 

Invasions and GECs are major causes of biodiversity redistribution and loss (3, 4) and have 98 

impacts at all levels of biological organization, from the performance of individual organisms to ecosystem 99 

functioning (e.g., 5, 6). For example, invasions are associated with an average 25% decline in native 100 

species diversity and increasing abundances of non-native predators are linked to native species 101 

population declines of 44% (7). At the same time, GECs, including climate change and nitrogen 102 

deposition, are altering nutrient cycling (8), causing population declines, and increasing extinction risk (9, 103 

10). While previous studies have compared impacts across different invasive species (7) or types of GEC 104 

(e.g., warming and drought; 6), few have compared invasive species to GECs (but see 11) or the 105 

combined effect of invasions with other GECs. In a recent meta-analysis of the effects of agricultural 106 

weeds and climate change on crops, Vilà et al. (12) showed that the effect of crop weeds was significantly 107 

more negative than warming and elevated carbon dioxide, but comparable to the effect of drought. 108 

However, the relative ecological impacts of invasion vs. GECs remain unknown for other ecosystems. 109 

Knowing whether and how invasions interact with GECs would also help to inform conservation 110 

and management practices (4, 13, 14). Invasions and GECs can have summed (additive) effects, such as 111 
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decreasing native species abundance, that add up to more negative impacts than either stressor alone 112 

(e.g., 13, 15). Invasions and GECs can also amplify each other (a synergistic interaction), leading to more 113 

extreme outcomes than their summed effects. For example, invasive earthworms amplify the effects of 114 

warming on seedling establishment by drying soil, leading to larger than expected shifts in plant species 115 

composition (14). Alternatively, invasions and GECs could interact to lessen their ecological effects (an 116 

antagonistic interaction). For example, stressful conditions caused by drought can lessen the impacts of 117 

invasive plants (16) and pathogens (17). The broad range of potential interactions highlights the need to 118 

synthesize existing information to understand likely outcomes of coincident stressors. 119 

In recent years, there have been growing concerns that anthropogenic stressors will interact 120 

synergistically, leading to outsized ecological impacts (13, 15, 18, 19) and even more detrimental effects 121 

on ecosystems (19, 20). Yet, there have been no comprehensive syntheses of the individual and 122 

combined effects of biological invasions and abiotic GECs. Here, we present a meta-analysis of 95 123 

experimental studies measuring the individual and combined ecological effects of invasions and one of 124 

six GECs: warming, nitrogen deposition, oxygen depletion, drought, carbon dioxide addition, and altered 125 

pH. We ask: (1) How do invasions, GECs, and their combination affect native species and ecosystems? 126 

(2) How often do synergistic interactions occur and are they likely to be detrimental for ecosystems? and 127 

(3) How do direct effects and interactions vary across GEC stressors, mechanisms of invasion impact 128 

(i.e., competition, predation, or chemical/physical impacts), and broad ecosystem context (marine, 129 

freshwater, and terrestrial systems)? We build on existing frameworks to classify interactions, considering 130 

both their magnitude (additive, antagonistic, or synergistic) and direction (whether the interaction has 131 

better or worse ecological effects than expected) relative to the individual stressor effects (Fig. 1). Our 132 

findings have implications for prioritizing research, policy, and management in the face of multifaceted, 133 

ongoing global change. 134 

 135 

Results 136 

Our literature search resulted in a dataset of 467 cases from 95 published studies that reported both 137 

individual and combined ecological effects of invasions with one of six abiotic global environmental 138 
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changes (GECs; see SI Appendix part 1 for list of studies). Eight cases had incalculable Hedges’ d values 139 

due to measured variance of zero for multiple treatments and one case was a clear outlier (Fig. S1.2); 140 

therefore, we analyzed data on 458 cases. Most studies focused on the impacts of warming (n = 30), 141 

drought (n = 21), or nitrogen addition (n = 43), with few studies on elevated carbon dioxide (n = 3), 142 

oxygen depletion (n = 2), or altered pH (n = 3). Thus, we focus our results on the three most common 143 

GEC manipulations. Most studies were performed in the United States (n = 31), China (n = 16), and 144 

across Europe (n = 32; Fig. S2.1). Studies were biased towards terrestrial systems (n = 50) and plants (n 145 

= 66) with nearly half of studies and cases (42% and 46%, respectively) focused on terrestrial invasive 146 

plants affecting native plant species via competition (Fig. S2.1, Fig. S2.2). There was some evidence of 147 

publication bias in the data, with more negative GEC effects in cases with larger sample sizes and greater 148 

precision (Fig. S2.3). 149 

Across all cases, both invasion (INV) and the combined invasion and GEC (INV&GEC) 150 

treatments showed significantly negative (detrimental) ecological impacts (Fig. 2A). Invasion and 151 

INV&GEC effects were also significantly more negative than mean treatment effects for all GECs (Fig. 152 

S3.4), which were not different from zero according to the 95% credible interval (Fig. 2A). Only 4% of 153 

INV&GEC interactions were classified as strictly additive, with the other 96% of interactions approximately 154 

equally likely to be more positive or more negative than the predicted additive effect of individual 155 

stressors (Fig. 2B). Antagonistic (within the range of expected values) effects were the most common, but 156 

over 25% of INV&GEC interactions were synergistic (larger than expected). Synergistic effects were most 157 

often more detrimental to the ecosystem than the predicted additive effect (17% negative vs. 12% positive 158 

synergistic interactions; Fig. 2B). These results were similar when considering only cases for which we 159 

were confident in our interpretation of the response as detrimental vs. beneficial (Fig. S2.5), when we 160 

used a more conservative cutoff for removing outliers (Fig. S2.5), and in cases of plant and animal 161 

invasions, respectively (Fig. S2.6). All regression models converged (Gelman-Rubin statistics < 1.01) and 162 

fit the data (Bayesian p-values between 0.49 and 0.52).  163 

GEC type and invasion mechanism (e.g., competition, predation) both explained some of the 164 

variation in individual stressor effects across cases, but only GEC type influenced the combined 165 
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INV&GEC effects. Drought, but not warming or nitrogen deposition, had a mean negative effect (Fig. 3A) 166 

that was significantly more detrimental than other individual GEC effects (Fig. S2.7). Invasions acting via 167 

competition and predation also had a significant negative effect (Fig. S2.8). Combined INV&GEC effects 168 

were negative with drought (Fig. 3A), as well as with invasions acting via competition (Fig. S2.8). The 169 

distribution of INV&GEC interaction types (additive; negative or positive antagonistic; negative or positive 170 

synergistic) varied across GECs (Fisher’s exact test simulated p-value = 0.017; simulated p-value = 0.002 171 

when comparing only warming, drought, and nitrogen deposition), with more positive synergistic effects in 172 

nitrogen cases and more negative synergistic effects in drought and warming cases (Fig. 3B). However, 173 

there were no significant differences in interaction types when the dataset was reduced to one case per 174 

study (Fig. S2.9). Interaction types did not vary across invasion mechanisms (Fisher’s exact test 175 

simulated p-value = 0.676). 176 

Invasion, GEC, and INV&GEC treatment effects and INV&GEC interaction types all differed 177 

depending on the ecological response. INV&GEC effects were more negative than GEC effects across 178 

almost all response classes (except for nutrients and tissue allocation), but not always more negative 179 

than invasion effects (Fig. 4A). Invasions had significant negative effects on native species biomass and 180 

community diversity; INV&GEC also had negative effects on biomass. GECs, alone and in combination 181 

with invasions, had significant positive effects on tissue allocation. The most negative effects of all 182 

treatments were on native species survival (Fig. 4A), and GECs had significantly more detrimental effects 183 

on survival than on other responses (Fig. S2.7). Different response classes showed different distributions 184 

of INV&GEC interaction types (Fisher’s exact test simulated p-value = 0.001 in the full dataset; no 185 

differences were found in the reduced dataset; Fig. S2.10). Importantly, cases measuring native species 186 

survival, body size, and physiology all had a greater than 25% likelihood of negative synergistic 187 

interactions (Fig. 4B, Fig. S2.10).  188 

 189 

Discussion 190 

Our meta-analysis provides a novel comprehensive examination of the ecological effects of interactions 191 

between invasive species and abiotic global environmental changes across taxa.  On average, the 192 
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combined effects of invasions and GECs are more detrimental than individual GEC effects but no worse 193 

than invasions alone (Fig. 2A). This is consistent with Vilà and colleagues’ (12) findings in crop systems, 194 

and points to an outsized role of invasions in causing ecological harm. Although combined stressor 195 

effects tend to be detrimental, antagonistic interactions predominate, leading to outcomes that are usually 196 

less extreme than expected from the individual stressor effects. Nevertheless, synergistic interactions 197 

occur in a significant minority (>25%) of cases and most often create more detrimental ecological 198 

outcomes (Fig. 2B). These results suggest that in many cases, addressing one of the stressors will 199 

ameliorate some of the impacts of both. Thus, regardless of whether interactions were antagonistic or 200 

synergistic, prioritizing the management of invasive species is most likely to lead to improved ecological 201 

outcomes. 202 

 Invasive species, which are often managed at a local scale, were more detrimental on average 203 

than GECs in our study. While GECs such as climate change and nutrient deposition are clearly linked to 204 

ecological harm (8–11), our results highlight the importance of continuing to consider local stressors when 205 

evaluating ecosystem vulnerability (21). However, detrimental invasion effects were not evident in marine 206 

systems (Fig. S2.8), likely due to a mixture of impacts across trophic levels, which are often negative, and 207 

between-guild impacts in the dataset that can be positive or negative (22, 23). Our results are consistent 208 

with and add generality to a recent review of local vs. global stressors in coastal ecosystems that found 209 

amelioration of local stressors (e.g., coastal development) to be a preferred strategy in cases where 210 

global impacts were not expected to be severe (21).  Local management of invasive species includes 211 

tangible actions within the purview of many conservation organizations, governmental agencies, and land 212 

stewards, and therefore may provide a more immediate benefit to native species, communities, and 213 

ecosystems than mitigation of GECs.   214 

Climate change stressors interact with invasions to produce detrimental ecological effects (Fig. 215 

3A) and a greater likelihood of negative than positive synergistic effects (Fig. 3B). Moderate warming can 216 

benefit invasive species, leading to more detrimental effects of invasions under warmer conditions (18, 217 

24). Drought increases stress for many organisms, including invasive species (25), causing negative 218 

ecological effects but potentially mitigating invasion impacts (e.g., 16, 26). Drought can also create 219 
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negative synergistic effects when invasive plants further reduce water availability (27). The prevalence of 220 

negative synergistic interactions with climate change stressors suggests that invasive species 221 

management will benefit many systems experiencing warming and/or drought.  222 

 Nitrogen deposition had more variable ecological effects than either warming or drought, both 223 

alone and in combination with invasions (Fig. 3A). Effects of nitrogen deposition on ecosystems and on 224 

invasive species can be either positive or negative, depending on environmental conditions (28, 29) and 225 

species’ traits (28–30). Most nitrogen-focused studies in our dataset measured effects on nutrient cycling 226 

(n = 17) or biomass (n = 28), responses whose interpretation as beneficial or detrimental is highly system-227 

specific. Nitrogen studies rarely measured native species diversity (n = 4) or survival (n = 2), which tend 228 

to show the most pronounced negative response to stressor interactions. Furthermore, large differences 229 

across studies in their methods of application, concentrations, and forms of nitrogen may further explain 230 

the high variability (28).   231 

 Native species and ecosystems responded differently to the combined effects of invasions and 232 

GECs depending on what response was measured, with significant negative effects on some attributes 233 

that are important for conservation, including biodiversity (Fig. 4A). Our results are consistent with other 234 

studies showing that invasions have stronger detrimental effects on species’ survival and diversity than 235 

on ecosystem function (e.g., nutrient cycling; 5, 31) and that invasive species are detrimental to diversity 236 

at small spatial scales (7, 32). Of particular concern is that GECs, invasions, and combined stressors all 237 

have negative effects on native species survival and that a third of survival responses exhibit negative 238 

synergistic interactions (Fig. 4B). Actions to mitigate invasions and/or GECs may thus be most critical 239 

when maintaining populations of native species is a top priority, such as when management goals include 240 

protecting rare or vulnerable species. 241 

 While the frequency of negative synergistic interactions between invasions and GECs is 242 

concerning, these “worst case scenarios” are far less common than antagonistic interactions (Fig. 2). Our 243 

results suggest that combined invasion and GEC effects are typically less extreme than the sum of the 244 

two stressors (Fig. 2) and not significantly different from invasion effects alone (Fig. S2.4). Though the 245 

definitions of interaction types can influence which interactions are deemed most common (8, 33), and 246 
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the method we used was conservative for assigning synergistic effects (34), several studies have found 247 

that antagonistic interactions are more common than synergistic interactions and that strictly additive 248 

effects are relatively rare (33, 35, 36). While synergisms occur, especially when the measured response 249 

relates to body size, survival, or physiology or when environmental conditions are warmer and drier, in 250 

most cases one stressor dominates or mitigates the effects of the other. Thus, managing the stressor that 251 

causes the most ecological harm (often invasions) may be a wise approach when resources are limited.  252 

Our analysis also exposes key gaps that highlight the need for more research to elucidate 253 

invasion and its interaction with GECs.  Some gaps were common to invasion research and ecology in 254 

general, including significant geographic biases (particularly when meta-analyses are limited to English-255 

language studies; 37, 38), and relatively few studies of animal invasions in terrestrial systems or plant 256 

invasion studies in aquatic systems (39). The majority of studies (n = 74) were conducted in controlled 257 

settings (i.e., laboratory/greenhouse, mesocosm) and may have failed to capture important aspects of 258 

GEC and invasive effects (though the major trends persist across experiment types; Fig. S2.8). Most 259 

notable was the lack of sufficient studies to evaluate the combined impacts of acidification, carbon dioxide 260 

addition, or oxygen depletion and invasions (Fig. S2.1). Oxygen depletion can have severe effects on 261 

aquatic systems, even more so than the more commonly studied effects of climate change (e.g., direct 262 

effects of warming; 40, 41), so their interactions with invasions may be particularly important to study.  263 

Carbon dioxide addition can increase the growth of invasive plants in terrestrial systems (16), potentially 264 

leading to synergistic interactions, but the generality of this trend remains unknown. Future research is 265 

needed to address these gaps to further test the generality of our findings.  266 

 267 

Materials and Methods 268 

Literature search 269 

We searched the Web of Science Core Collection for articles and reviews that were available in English 270 

through September 30, 2020. Search terms (SI Appendix part 1) were chosen to identify papers reporting 271 

impacts of invasions with one of six abiotic global environmental changes (GECs: warming, nitrogen 272 
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deposition, oxygen depletion, drought, carbon dioxide addition, and altered pH). We assessed the titles 273 

and abstracts of the 6,192 returned papers and retained those that reported the ecological effects of: (a) 274 

one or more invasive species; (b) one or more GECs; (c) both invasive species and a GEC together; and 275 

(d) also reported data for a control treatment (no invasion and at current or ambient environmental 276 

conditions).  277 

Data extraction 278 

For each study meeting our design inclusion criteria (see Fig. S1.1 for PRISMA diagram), we extracted 279 

the mean value and a measure of variability around the mean (e.g., standard error) for each response 280 

variable and the number of replicates of each treatment either from the text, tables, or figures using Web 281 

Plot Digitizer (https://automeris.io/WebPlotDigitizer). If data were presented as a time series, we extracted 282 

data from the final time step only. When more than two treatment levels were examined in a study (e.g., 283 

invasion density, dose treatments), we included only the putative largest contrast (e.g., largest difference 284 

in dose treatments). For most studies, we extracted data on multiple “cases”, including multiple focal 285 

species, study locations, and/or measured responses.  286 

We recorded information from studies on variables expected to explain variability in responses. 287 

We recorded the type of GEC(s) manipulated in each study, as well as the identity of the manipulated 288 

invasive species. The effects of invasions depend on the trophic relationships between invasions and 289 

native species (7, 42) as well as other ecological roles of invasions (e.g., habitat modification; 31). We 290 

thus categorized the invasion impact mechanisms (“invasion mechanism”) identified by study authors 291 

based on those defined by the Environmental Impact Classification for Alien Taxa (43) and simplified to: 292 

competition; predation (including predation, parasitism, and grazing/herbivory/browsing); or 293 

chemical/physical (including chemical, physical or structural impact on ecosystem and poisoning/toxicity). 294 

Other meta-analyses have shown that invasions and GEC effects and their interactions vary across 295 

ecosystem settings (terrestrial, freshwater, or marine; 13, 27, 39) and experiment types (field, mesocosm, 296 

or laboratory/greenhouse; 19). Thus, we recorded these data for use as model covariates. Moreover, we 297 

classified each response variable into a response class (abundance, allocation, behavior, biomass, 298 

diversity, physiology, nutrient, reproduction, size, or survival; see Table S1.2 for definitions).  299 
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To make the directionality of all responses comparable and meaningful, we made an expert 300 

judgement on whether the effects on native species and ecosystems were detrimental or beneficial. We 301 

then changed the sign of responses as necessary so that negative effect sizes would indicate poorer 302 

performance and positive effect sizes would indicate higher performance, relative to the control treatment. 303 

For example, we changed the sign of measures of mortality (where lower mortality indicated better 304 

population outcomes).  In some cases, we had low confidence in our assessment of whether a response 305 

was beneficial or detrimental, especially concerning behavior, resource allocation, and ecosystem 306 

properties (e.g., responses of nutrient pools and fluxes). To test the sensitivity of the results to these 307 

uncertain cases, we reran our analyses without them (nstudies = 78, ncases = 310).  308 

Meta-analysis 309 

We calculated Hedges’ d effect sizes to examine the effects of invasions, GECs, and their interactions 310 

(“INV&GEC”) across studies. Hedges’ d is an estimate of the standardized mean difference of treatment 311 

from control and is not biased by small sample size (44). We calculated the effect size (d) as: 312 

d = !!	#	!"
$

 J           (Eq. 1) 313 

where XT and XC are the observed mean treatment and control responses, respectively, S is the pooled 314 

standard deviation, and J is a weighting factor based on the sample size (44, 45). S is calculated as: 315 

S =  !(𝑛𝑇−1)𝜎𝑇
2 	+	(𝑛𝐶−1)𝜎𝐶

2

𝑛𝑇	+	𝑛𝐶	−1
           (Eq. 2) 316 

and J is calculated as: 317 

 J = 1	 −	 ,
-(.!/."#0)#1

          (Eq. 3) 318 

where nT and nC represent the number of replicates and 𝜎20	and 𝜎30  are the standard deviations of the 319 

treatment and control, respectively (44). Prior to analysis, we removed eight cases with Hedges’ d values 320 

of NA or infinity (due to recorded standard deviations of zero for multiple treatments) and one outlier with 321 

a Hedges’ d value less than -200 (Fig. S1.2). We examined publication bias in effect sizes using funnel 322 

plots and Spearman’s rank correlation tests (Fig. S2.3; 18, 46). All analyses were performed in R (47). 323 
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We used Bayesian mixed-effects models (run with the “rjags” package in R; 48) to evaluate 324 

treatment effects across cases, with study and case included as random effects and using uninformative 325 

priors. These models estimated the true effect size for each case and treatment from the calculated 326 

Hedges’ d and associated variance. We fit separate models to: (a) compare overall effects of treatments; 327 

(b) compare treatment effects across categories of individual predictor variables (GEC, invasion 328 

mechanism, measured response class, ecosystem setting, and experiment type); and (c) compare the 329 

effects of individual treatments across categories of all predictor variables (see SI Appendix part 2). We 330 

report means and 95% credible intervals derived from parameter posterior distributions. 331 

 To identify types of INV&GEC interactions, we calculated a Hedges’ d effect size comparing the 332 

observed INV&GEC effect to a predicted additive effect, defined as the sum of the individual stressor 333 

effects, for each case (18, 34; Fig. 1; see SI Appendix part 1 for details of calculation). Interactions were 334 

considered “additive” if the INV&GEC effect was not different from the predicted additive (if the 95% 335 

confidence intervals around Hedges’ d for the predicted additive effect overlapped zero; 34). Observed 336 

interactions that differed from the predicted additive effect were considered “synergistic” if they fell outside 337 

the range of values of the individual stressor effects and the control (if the 95% confidence intervals of the 338 

observed INV&GEC Hedges’ d did not overlap the Hedges’ d values for the individual stressors or zero); 339 

otherwise they were categorized as “antagonistic” (34). We further classified interactions based on 340 

whether the INV&GEC effect was more positive or negative than the predicted additive effect. Thus, the 341 

possible interaction categories were “additive”, “antagonistic (-)”, “antagonistic (+)”, “synergistic (-)”, and 342 

“synergistic (+)”, where the “+” and “-” indicate whether the interaction was more beneficial or detrimental 343 

than expected, respectively (Fig. 1). We used Fisher’s exact tests to examine differences in interaction 344 

types across GECs, invasion mechanisms, measured response classes, ecosystem settings, and 345 

experiment types. To account for non-independence in cases from the same study, we also performed 346 

Fisher’s tests on a reduced dataset with one case per study. Full details of analysis can be found in SI 347 

Appendix part 1, data are archived at ref. 49, and code is available at ref. 50. 348 
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Figure Legends 469 

Figure 1. Classification of interaction types based on the relationship between individual stressor effects 470 

(invasion and GEC, shown as light and medium gray bars, respectively) and the predicted additive effect 471 

(the sum of the individual stressor effects, dark gray) for example cases where both invasion and GEC 472 

effects are in the same direction (A) and where invasion and GEC effects are in different directions (B). 473 

Observed combined stressor (INV&GEC) effects falling within the 95% confidence interval around the 474 

predicted additive effect are classified as “Additive”. Effects that differ from the predicted additive effect 475 

but fall within the range of the individual stressor effects and the control are classified as “Antagonistic” 476 

and those falling outside of this range are classified as “Synergistic”. Antagonistic and synergistic effects 477 

are further classified as “+” if the effect is more positive (beneficial) or “-“ if the observed is more negative 478 

(detrimental) than the predicted additive effect. All measured responses in the meta-analysis were coded 479 

such that negative effects indicate detrimental outcomes.  480 

 481 

Figure 2. On average, invasions (INV) and the combined effects of invasion and GEC treatments 482 

(INV&GEC) had more detrimental ecological effects than single GEC stressors, and most INV&GEC 483 

interactions were classified as antagonistic (smaller than additive). (A)  Hedges’ d effect sizes of  GEC, 484 

invasion, and INV&GEC treatments estimated from a mixed-effects model, with white circles showing the 485 

mean and grey bars showing the 95% credible interval of the posterior distributions. Credible intervals 486 

that do not cross zero (dark grey bars) are considered significantly different from zero. (B) INV&GEC 487 

effects were almost always different from the predicted additive effect and were equally likely to be more 488 

positive or more negative than expected from the individual stressor effects.  489 

 490 

Figure 3. Combined (INV&GEC) effects were more strongly negative in cases of drought and warming, 491 

with larger proportions of interactions showing negative synergistic effects than nitrogen deposition. (A) 492 

Effects of all treatments were more detrimental in cases that manipulated drought than other GECs. (B) 493 

Bar plots show distributions of INV&GEC interaction types across GECs. Only GECs with at least at least 494 

10 cases from at least 5 studies (excluding CO2, O2, and pH) are shown (see Fig. S3.8 for full results). 495 
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Figure 4. Invasion, GEC, and combined (INV&GEC) effects varied across measured response classes, 496 

as did the interaction types. (A) On average, GEC effects were only negative for native species survival. 497 

INV and INV&GEC were negative for native diversity, biomass, size, and survival. (B) Bar plots show 498 

distributions of INV&GEC interaction types across response classes. Response classes are arranged 499 

roughly from ecosystem to individual scale. Only response classes with at least at least 10 cases from at 500 

least 5 studies (excluding behavior and reproduction) are shown (see Fig. S3.9 for full results). 501 


