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Materials and Methods
Study Site
This study was conducted at Serra do Cipó, in southeast Brazil, in the Cerrado biome. This region is characterised by quartzitic soils covered by rocky grasslands, with a predominance of herbs and shrubs (30). It has a Cwb Köppen climate type, with dry winters and rainy summers (30). The average annual rainfall is between 1250 and 1550 mm, and the average temperature ranges from 15.1 to 20.7ºC (30). The study site (19°16'48"S - 43°35'20"W; 1170 m elevation) is undergoing restoration with native species since 2010, after serving as a source of soil for the paving of the MG-010 highway. The plant species Baccharis dracunculifolia D.C. (Asteraceae) is one of the species planted and is now dominant in the area.
Study System 
The plant species B. dracunculifolia is a perennial, evergreen, dioecious shrub, 2-3 m in height, which is widely distributed across southern and central South America (30). B. dracunculifolia has a key role in natural succession and regeneration and is, therefore, important in terms of biodiversity and ecosystem functioning (30). The plant species hosts a diverse fauna of free-feeding herbivores, mostly Hemiptera, Coleoptera and Orthoptera, and also many predators including the orders Araneae, Coleoptera, Mantodea, and Hymenoptera. Among the 17 species of gall-inducing insects recorded on B. dracunculifolia in multiple locations, Baccharopelma dracunculifoliae (Sternorrhyncha: Psyllidae) is the most common (20, 31). It induces a gall in the midrib of the leaf, which bends over itself until the borders are joined, forming an elliptical, green, glabrous, single-chambered gall that usually harbours up to four nymphs. The galls remain attached to the plant after dehiscence and gradually become dry and woody. Both hatched and non-hatched galls of B. dracunculifoliae are occupied by many inquiline invertebrates, such as ants, spiders, aphids, etc. (32). These hatched galls can trigger indirect effects that feedback to the galler modifying its interactions with other species (8). At least ten parasitoid species have been reared from galls of B. dracunculifoliae (20) and parasitism rates are around 45% (32). When the parasitoids emerge, they leave a characteristic exit hole on the gall wall (33), facilitating aphid colonisation of live galls (MB pers. obs.).
The aphid Uroleucon tucumani (Sternorryncha: Aphididae) is by far the most frequent inquiline (a species that occupy a living space produced by another species, such as a gall) and can indirectly kill the nymphs of the gall maker (34) (MB pers. obs.). This aphid species also feeds and reproduces on the apical meristems of the host plant, forming dense colonies that produce honeydew (sugary secretions). U. tucumani attracts at least 15 species of ants, which tend and protect them in a trophobiotic relationship (34, 35) (MB pers. obs). It has been found that the presence of ants reduces the number of B. dracunculifoliae nymphs per gall, and the presence of aphids reduces B. dracunculifoliae gall size because aphids compete with the galler for sap assimilates and young leaves in terminal buds (34). In addition, the presence of ants and aphids on B. dracunculifolia decreased the abundance of other free-feeding herbivores, and the presence of aphids decreased plant shoot growth (35). Ants tending aphids can have a direct negative impact on herbivores (36). However, the aphids on their own can also reduce the abundance of fluid-sucking and chewing insects due to exploitation competition or by altering the nutritional quality of the host plant (37, 38).  
Experimental design
Sixty-four isolated individuals of the plant species Baccharis dracunculifolia D.C. (Asteraceae) of 1.5-2.0m in height, distant at least 5m from conspecific plant individuals but in the same area were randomly identified and marked in the field. The plants were randomly assigned to four treatment groups (16 plants each) in blocks at least 20m apart from each other. Thus, there was one plant individual for each treatment in each block, and 16 blocks altogether. Different manipulations were performed in each treatment:
(i) Ant Exclusion - Ants were excluded by applying a non-toxic resin (Tanglefoot®, Tanglefoot Company, Michigan, USA) to the basal stem of the plants. During the study period, the plant individuals were monitored twice a week to check the effectiveness of the treatment, which was repeated where necessary;
(ii) Live Gall Exclusion – B. dracunculifoliae, the commonest galling species found on B. dracunculifolia was removed by direct collection. Since new galls could be induced over the monitoring period, the treatments were maintained by excluding newly induced galls every week, which prevented any galls from reaching full development;
(iii) Hatched Gall Exclusion - All hatched galls of B. dracunculifoliae were excluded from each of 16 plant individuals. Weekly observations were performed to exclude newly hatched galls;
(iv) Control – To emulate plant response to mechanical damage, non-galled leaves were removed in an equal amount to the average number of galls collected in treatments (ii) Live Gall Exclusion and (iii) Hatched Gall Exclusion.
Monitoring and data collection
During the study period (August - September 2015), we combined direct observation and gall dissection data to quantify densities of several arthropod groups in each treatment as well as the frequency of direct interactions, including parasitism and inquilinism. 
Observations – we performed weekly observations on the plant individuals during the study period, starting a week after setting up the experiments. The species and abundance of arthropods on isolated plants were quantified by directly counting individuals and morphospecies for 10 minutes per week (between 9:00am and 3:00pm), totalling one hour per plant over the two months. We quantified the number of individuals of each species (or morphospecies) of ants, predators (e.g., spiders, lady-birds, praying mantids) and free-feeding insect herbivores, as well as the number of branches occupied by ants (ant presence), and terminal buds occupied by aphids (aphid presence). During the study period, at least one individual of each morphospecies was collected for identification. Plant shoot growth was also measured using a tape measure for treatments Control and Live Gall Exclusion to test the effect of the galler on plant growth. On the final week of the eight-week study period, we quantified the abundances of B. dracunculifoliae galls, and hatched B. dracunculifoliae gall (except in the treatments in which they had been excluded). We counted all full-sized or close to full-sized live galls and all hatched galls of B. dracunculifoliae found in three half-meter branches haphazardly chosen around the crown of each individual of B. dracunculifolia. We also quantified the abundance of an apical gall induced by Rachiptera limbata Bigot (Diptera: Tephritidae) on the same branches. We chose to include the galler R. limbata in the study because in a previous experiment (Barbosa et al. 2017), there was a twofold increase in the frequency of one of the parasitoid species (Bracon sp2) attacking R. limbata after removing the galler B. dracunculifoliae. 
Gall dissection – After counting the aforementioned galls, we collected 15 of each gall type, B. dracunculifoliae and R. limbata from the same three branches (five of each type per branch). They were stored individually and taken to the lab for dissection. To calculate parasitism rates we dissected the galls and quantified the proportion of parasitised and unparasitised nymphs per gall through the presence of “mummies” (parasitised galler nymphs). We also determined the mortality rate of parasitised and unparasitised galler nymphs, and aphid inquilinism (aphids per gall; not to be confused with “aphid presence” on branches) in the B. dracunculifoliae galls. Before dissection, galls were also measured for width and length to calculate their volumes - as an indicator of performance - according to their shapes (Volume = 4/3π [1/2 Length] [1/2Width]2, for ellipsoid galls), although parasitism is thought to increase gall size (32). 
Statistical analyses
Besides the interactions directly detected and quantified through observation and gall dissection, we tested for density effects by comparing a node’s frequency, abundance or trait among the exclusion treatments (Fig. 1). To test for link modulation by the density of other groups we contrasted the detected direct links with the abundance or frequency of other groups, entering treatment as a covariate with interaction, and week, block and plant individual as random effects depending on the dataset used. This allowed testing for the effect of node removal on interactions (three-way interaction) as well as on interaction modifications (four-way interaction) by comparing treatments with regard to the slope of the relationship between an affected link and the affecting node – e.g., how aphid presence (herbivory) varies with ant presence in each treatment (Fig. 1, Tables S1 and S2). 
We used generalised linear mixed effect models (GLMMs) (39) or, when it was not possible to obtain a satisfactory model fit, we fitted linear mixed effect models (LMMs) after square-root or log-transforming the data when necessary to improve the homoscedasticity of residuals. The structures of the maximal models are shown in the Supplementary Text. We used the lme4 package in R (40) to fit the models. We checked the GLMMs for over-dispersion of residuals using the function overdisp.glmer (RVAideMemoire Package). To correct for over-dispersion we refitted the models with negative binomial distribution using the function glmer.nb (MASS Package) instead of glmer. To determine the structure of the random effect in the models we compared models allowing for variation in intercept within random effect to those allowing for variation in intercept and slope and selected the ones with lower Akaike Information Criteria (AIC) score. We performed simplifications of the maximal models by removing non-significant fixed effects to obtain a minimum adequate model (39). P-values of fixed effects were generated by likelihood-ratio tests of the full model with and without the explanatory variables. We then refitted the minimum adequate model using Restricted Maximum Likelihood (REML) and visually checked the residual plots for deviations from homoscedasticity or normality. We used the testInteractions function (phia Package) to perform Wald chi-square test for post hoc comparisons between treatments and to perform the pairwise comparisons of adjusted slopes with respect to the response variable for contrasts of the factor treatment.
Node modulation - We used data from the weekly observations to compare treatments in terms of the species and abundance of predators and free-feeding insect herbivores, as well as the number of branches occupied by ants (ant presence), terminal buds occupied by aphids (aphid presence), and shoot growth. We entered treatment as a fixed effect, week as a covariate with interaction and block and plant individual as random effects. Using the dissection dataset, we tested the effect of the node exclusion treatments on the relationship between the volume of B. dracunculifoliae gall and nymphs per gall. We also tested the relationships between inquilinism (aphid/gall) and gall volume and nymph mortality of B. dracunculifoliae galls, as well as mortality of parasitized nymphs. We entered treatment as a covariate with interaction in all models. We used block and plant individual as random effects (Table S1). 
Link modulation - To test for link modulation by the density of other groups we used the observation dataset to contrast aphid presence (aphid-plant interaction) with herbivore and predator abundance, and ant presence, entering treatment as a covariate with interaction, and week, block and plant individual as random effects (Table S2). Also, for the analyses of the effect of node removal on interactions (three-way interaction) as well as on interaction modifications (four-way interaction) we looked for variation among treatments in the slope of the relationship between pairs of variables. With the dissection data we compared inquilinism (aphid/gall) between parasitized and unparasitised galls and also parasitism rates of B. dracunculifoliae and R. limbata galls among treatments. Combining the observation plus dissection datasets, we fit models for the response variables abundance of B. dracunculifoliae and R. limbata galls, and aphid inquilinism, against the explanatory variables (abundance of predators and free-feeding insect herbivores; ant presence; aphid presence; and abundance of hatched B. dracunculifoliae galls). To test the relationship between parasitism of gallers B. dracunculifoliae and R. limbata against those same explanatory variables, we were not able to fit a GLMMs, and instead we used general linear models (GLMs) with binomial distribution. All models had treatment as a covariate with interaction. We only entered block as random effect since in merging the observation and dissection datasets, the observation data had to be combined across weeks.
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	AFFECTING NODES

	
	
	Exclusion treatments
	Observation data
	Dissection data
	Other

	
	
	Ant (exclusion)
	Galler G7 (exclusion)
	Hatched gall (exclusion)
	Aphid (frequency on branches)
	Ants (frequency on branches)
	Herbivores (abundance)
	Predators (abundance)
	Aphid (inside galls)
	Parasitoids of G7
	Parasitoids of G10
	Hatched gall G7 
	Galler G7 
	Galler G10 
	Host Plant

	AFFECTED NODES
	Ants (frequency on branches)
	x
	 NS - p = 0.851
	NS - p = 0.851
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Aphid (frequency on branches)
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Herbivores (richness and abundance)
	NS - richness p = 0.264; abundance p = 0.123 
	NS - richness p = 0.668; abundance p = 1.00
	NS - richness p = 0.264; abundance p = 1.00
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Predators (richness and abundance)
	NS - richness p = 0.092; Positive on Predator abundance - line 2
	NS - richness p = 1.00; Positive on Predator abundance - line 2
	NS - richness p = 1.00; abundance p = 0.944
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Parasitoids of G7
	x
	x
	x
	x
	x
	x
	x
	 Negative - increase mortality of parasitised nymphs - line 9
	x
	x
	x
	x
	x
	x

	
	Parasitoids of  G10*
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Hatched gall**
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Galler G7
	Negative on Relationship Volume of Gall G7 x Nymph abundance - line 6
	x
	NS (G7 volume and nymph mortality) - p = 0.166
	x
	x
	x
	x
	Negative - decrease G7 volume, increase nymph mortality - lines 7 and 8
	x
	x
	x
	x
	x
	x

	
	Galler G10*
	x
	x 
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Host Plant
	x
	 NS (Shoot growth) - p = 0.329
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	*Nodes upon which we could not test node modulation effects because we only measured their interactions.

	** Hatched gall is not a species and its abundance is highly correlated with the abundance of live galls G7.




Table S1.
Statistical tests performed to detect node modulation effects among groups of arthropods on the host plant Baccharis dracunculifolia. For the significant tests (in bold), the detailed statistical results are provided on the indicated lines of Table 2. G7 and G10 refer to the gallers Baccharopelma dracunculifoliae and Rachiptera limbata, respectively. Empty cells are combinations for which it was not possible or applicable to test with the available data.

	
	AFFECTING NODES

	
	Exclusion treatments
	Observation data
	Dissection data
	Other

	
	Ant (exclusion)
	Galler G7 (exclusion)
	Hatched gall (exclusion)
	Aphid (frequency on branches)
	Ants (frequency on branches)
	Herbivores (abundance)
	Predators (abundance)
	Aphid (inside galls)*
	Parasitoid of G7
	Parasitoid of G10*
	Hatched gall G7 
	Galler G7* 
	Galler G10* 
	Host Plant*

	AFFECTED LINKS
	Aphid-Host plant
	NS - p = 0.939
	x
	Negative; Control < Live gall exclusion - line 1
	NS - p = 0.614
	NS - p = 0.375
	x
	x
	x
	NS - p = 0.519
	x
	x
	x

	
	Ant-Galler G7
	x
	x
	x 
	x 
	x
	x 
	x 
	x
	x 
	x
	x 
	x
	x
	x 

	
	Ant-Predator
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Aphid-Galler G7
	Positive - line 4 
	x
	NS - p = 0.228
	x
	NS - p = 0.811
	NS - p = 0.614
	Positive; Control > Hatched gall excluded - line 10
	x
	Positive - line 3
	x
	Positive - line 11
	x
	x
	x

	
	Aphid-Parasitoid G7
	NS - p = 0.928
	x
	NS - p = 0.928
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Galler G7-Predators
	x
	x
	x
	x  
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Hatched gall-Ant
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x
	x

	
	Galler G7-Host plant
	NS - p = 0.527
	x
	NS - p = 0.527
	NS - p = 0.738
	NS - p = 0.828
	Negative; Control < Hatched gall excluded - line 12
	NS - p = 0.876
	x
	x
	x
	x
	x
	x
	x

	
	 Galler G10-Host plant
	NS - p = 0.997
	NS - p = 0.878
	Positive; Hatched exclusion < Control - line 16
	NS - p = 0.802
	Positive - line 18
	x
	x
	x
	Negative - line 17
	x
	x
	x

	
	Parasitoid-Galler G7
	NS - p = 0.105
	x
	Positive - line 5
	Negative - line 15
	 positive; Control > Hatched excluded - line 13
	NS - p = 0.056
	Positive - line 14
	x
	x
	x
	NS - p = 0.123
	x
	x
	x

	
	Parasitoid-Galler G10
	NS - p = 0.532
	NS - p = 0.436
	NS - p = 0.234
	NS - p = 0.470
	NS - p = 0.190
	x
	x
	x
	Positive - line 19
	x
	x
	x

	*Nodes whose interaction modulation effects we could not test because we only quantified their interactions (e.g., galls per plant).



Table S2.
Statistical tests performed to detect link modulation effects among groups of arthropods on the host plant Baccharis dracunculifolia. For the significant tests, the detailed statistical results are on the indicated lines of Table 2. G7 and G10 refer to the gallers Baccharopelma dracunculifoliae and Rachiptera limbata, respectively. Results in red and blue are three-way and four-way interactions, respectively. Empty cells are combinations for which it was not possible or applicable to test with the available data. 
Supplementary Text
Model Structures
	Node modulation:
	A) Observation data:
			i) Model<- glmer (or lmer) (node ~ treatment : week + (1 | block/ individual))
				Nodes:
					Ants (frequency on branches)
					Aphid (frequency on branches)
					Herbivores (richness and abundance)
					Predators (richness and abundance)		
			ii) Model<- lmer (Host plant (shoot growth) ~ treatment + (1 | block))		
	B) Dissection data:	
			i) Model<- glmer (or lmer) (node ~ aphid inside galls : treatment  + (1 | block/individual))
				Nodes:
					Galler G7 (gall volume, nymph mortality)
					Parasitoids of Galler G7 (mortality of parasitized nymphs)
			ii) Model<- lmer (G7 gall volume ~ G7 nymph abundance : treatment + (1 | block/individual))
	Link modulation:
	A) Observation data:
			i) Model<- lmer (affected link ~ affecting node : treatment + (1 | week) + (1 | block/individual))
				Affected link:
					Aphid-Host Plant (aphid frequency on branches)
	B) Dissection data:	
			i) Model<- glmer (affected link ~ treatment + (1 | Block))
				Affected links: 
					Parasitoid-Galler G7 (parasitism of the galler G7)
					Parasitoid-Galler G10 (parasitism of the galler G10)

			ii) Model<- lmer (aphid inquilinism ~ G7 parasitism (binary) : treatment + (1 | Block/individual))
	C) Observation + Dissection data:
			i) Model<- glmer (or lmer) (affected link ~ affecting node : treatment + (1 | Block))
				Affected links: 
					Aphid-Galler G7 (aphid inquilinism)
					Galler G7-Host plant (gall abundance)
					Galler G10-Host plant (gall abundance)
			ii) Model<- glm (affected link ~ affecting node : treatment)
				Affected links: 
					Parasitoid-Galler G7 (parasitism of the galler G7)
					Parasitoid-Galler G10 (parasitism of the galler G10) 

