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Processes that change the carbon exchange between terrestrial ecosystems and the atmosphere are pivotal in understanding climate impact on global scale. Volatile organic compounds (VOC) emissions change substantially with biotic stressors like gall-forming insects. We provide a first global estimate of the effect of changes in VOC emission dynamics due to parasitic gall-forming insects on broad-leaved tree species. Overall, the effect investigated lead to a reduction in VOC emissions on global scale which lead to changes in the carbon driven climate feedback loop.
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1. INTRODUCTION

The interlinked processes between the atmosphere and the biosphere play a crucial role in the global climate system (Carslaw et al., 2010; Zhao et al., 2017). The exchange of matter and energy between these spheres determines climatic changes within the Earth system. Global warming leads to changes in the balance between carbon sources and sinks globally. Especially factors that lead to large scale changes in plant cover are effecting on this complex adaptive system.

A carbon-induced terrestrial climate feedback loop, linking carbon dioxide (CO2) dynamics by terrestrial ecosystems to clouds was proposed by Kulmala et al. (2004, 2014). The feedback mechanism links plant emitted biogenic volatile organic compounds (BVOC), aerosol nucleation, secondary organic aerosol (SOA) growth, and cloud formation processes together. It positively affects plant growth by modulating the fraction of diffuse and direct radiation (Ezhova et al., 2018) and is controlling cloud formation and therefore impacts on temperature (Carslaw et al., 2010). The impact of SOA and organic aerosols (OA) was recently reviewed (Kerminen et al., 2018). From the feedback mechanism, we can deduce that phenomena, altering plant growth or BVOC emissions will effect on climate.

Typically, plant stressors like herbivorous insects alter the emission patterns of BVOC emitting plants and shift the share of BVOCs of different atmospheric oxidation capacity which subsequently alter the dynamics of SOA formation, abundance, and properties (Yli-Pirilä et al., 2016; Faiola et al., 2018). As example, a predominately isoprene emitting species may, under stress, emit monoterpenes as major share of compounds or increase the overall emission by induced BVOCs that are not apparent in non-stressed situations (Brilli et al., 2009; Toome et al., 2010; Copolovici et al., 2014b, 2017; Jiang et al., 2016, 2018; Kmieć et al., 2018). While herbivorous insects have got already large attention in the literature of plant stress physiology (Holopainen and Gershenzon, 2010; Blande et al., 2014; Copolovici et al., 2014a; Loreto et al., 2014) much less is known on BVOC emissions induced by insects that do not destroy plant tissue or defoliate plants. Recently, gall-forming insects and their modifications on plant leaves and BVOC emission patterns came into focus (Augustyn et al., 2010; Damasceno et al., 2010; Jiang et al., 2018). Even though galls can be formed on coniferous plants as well, the largest body of literature exists for deciduous trees, shrubs, or crops.

In this perspective paper, we focus on biotic stressors, namely, gall-forming insects, that lead to changes in plant performance related to terrestrial plant carbon exchange, plant growth and emission of BVOC from plant tissues. Because the majority of measurements performed in past studies including gall-forming insects was done using broad-leaved species we limit our perspective to those in this analysis. In particular, we intended to assess, how the impact of biotic stress exerted by non-defoliating insects could potentially impact BVOC emission pattern on a global scale. The goal is to get a provisional estimate about the effect of the interaction between gall-forming insects and broad-leaved trees on global scale.



2. HOW GALL-FORMING INSECTS CHANGE PLANT EMISSION PATTERNS?

Gall-forming insects do not lead to severe defoliation or large necrotic areas of foliage that chewing or sap sucking insects or fungal infections may cause. Nevertheless, galls may be formed such that a leaf is loosing its normal functionality totally. In most cases, galls form swollen, tumor-like, compartments on leaves or other plant organs. A common feature of galls reported is the production of extra tissue at the cost of essential functionality and increased demand for nutrients and sugars while reducing photosynthetic capacity (Florentine et al., 2004; Dorchin et al., 2006; Jiang et al., 2018). It has also been reported, that larvae developing inside the gall tissues feed on cells that the plant grows to restore damaged tissues (Raman, 2011). Gall infestation at petioles was reported to alter the leaf lamina gas exchange, source-sink relations, and leaf water relations (Ye et al., 2019) including stress-induced changes in VOC emissions.

Most research on gall-forming insects reports about the changes in crop yield, crop market value, biomass production, photosynthetic capacity, and plant growth (Larson and Whitham, 1991, 1997; Fay et al., 1996; Stratton et al., 2018). However, literature on changes of BVOC emissions due to gall formation are still scarce but reports on BVOC emissions and related signaling (Tooker and De Moraes, 2008; Tooker et al., 2008; Damasceno et al., 2010; Jiang et al., 2018) have been published recently.

Assessing the impact of these changes is difficult in the way that there are few measurements of gall-induced BVOC emission patterns available and even fewer made the distinction between constitutive and elicited emissions. Summarizing the effects shown by the available literature gall infestation leads to a reduction in photosynthetic capacity and a change in the BVOC emission patterns.


2.1. Spatial Dimension and Phenology of Gall Development

Insect-driven gall formation on plants was observed globally (Skuhravá, 2006; Tokuda and Yukawa, 2007; Skuhravá and Skuhravý, 2009) and gall-forming insects have been reported as invasive species, e.g., in Europe (Roques et al., 2016). The formation of galls is linked with the phenology and the highest rates of galls appear when the foliage is developed to its maximum extent. In temperate and arctic zones, this time spans from spring to summer with a typical peak of leaf area in the middle of summer and therefore, galls are found most frequent during these seasons. In tropical species, where leaf area tends to be more stable over the year galls can be developed over the entire seasonal course and a season with a remarkable gall infection occurrence is maybe lacking. The gall-forming insects life cycle plays a role as well. While in temperate and arctic climate the life cycle is usually synchronized with the seasonal cycle, this must not hold for the tropics. However, the insects life cycle may follow the monsoon regime (Mardi et al., 2009) leading to dry and wet seasons and the gall formation may not occur uniformly over the year.



2.2. How Severe the Infection May Be?

The severity of gall infections has a rather high variability. In literature, the share of infected plants has been reported to reach from below 10% easily to above 90% (Cuevas-Reyes et al., 2006; Espírito-Santo, 2007; Yang et al., 2013). Such a large range suggests, that the impact of galls on plants may be locally very uncertain but on regional and larger spatial scale this uncertainty may be lower when taking enough data into account.




3. DEVELOPING A GLOBAL ESTIMATE OF GALL-INDUCED EMISSIONS

Although BVOC measurements regarding gall infected plant emissions are scarce and the number of plant species investigated is limited it is of interest to give an estimation of the climate relevant effect of gall-induced BVOC emission changes. Because climate relevant activities, such as deforestation, afforestation, and land use change together with climate warming are impacting the Earth system on global scale any kind of large scale process can have a strong impact on the climate system.

We decided to use the Model of Emissions of Gases from Nature (MEGAN) version 2.1 together with the Community Land Model version 4 (CLM4.5) as a reliable base to obtain a reproducible status quo of global BVOC emissions (Guenther et al., 2012). We did not intend to run a modified MEGAN model ourself. Instead, we used its output as a gridded base emission factor to which we applied possible changes introduced by gall-forming insects. We adopted therefore the plant functional types (PFT) as described in Guenther et al. (2012) and chose a set of terpenoids and stress-emitted VOCs described by MEGAN.

We then used the information from measured gall infected plant species (Augustyn et al., 2010; Damasceno et al., 2010; Jiang et al., 2018; Ye et al., 2019) to infer a factor that carries information on the possible change in relative emission due to the infection. The approach uses two assumptions:

• All leaves are fully developed and we ignore seasonality on the northern and southern hemispheres and use summer everywhere, because the measurements were done under this conditions.

• Detailed information on the infection level is not available on global scale and it is highly variable (Cuevas-Reyes et al., 2006; Espírito-Santo, 2007; Yang et al., 2013). We use a scenario where the infection is assumed maximal on global scale.


3.1. Creating the Base Emission Gridded Data

To obtain gridded global BVOC emissions we used data calculated by CLM4.5 and MEGAN as described before. These global emission data were produced using atmospheric forcing with a 0.5 × 0.5° grid size as input data set to MEGAN (Guenther et al., 2012). The resulting dataset contains monthly gridded BVOC emission over the period 2001 to 2010. Because we were interested to achieve a maximal possible emission change, regardless of the difference in seasons, we used the maximum emission per each grid cell in the year 2010. The reason for this choice is that maximum emission is linked with maximum leaf development and that gall infection has then maximal impact on the plant physiological status.



3.2. Choosing the Plant Functional Type Data

We used the gridded plant functional type data set that is available from the CLM4.5 Dynamic Global Vegetation Model (CLM-DGVM) which is provided on a 0.5 × 0.5° grid. Because the measured BVOC data impacted by gall-forming insects came all from broad-leaved species we used for this estimation only matching PFTs. Those are, broadleaf deciduous boreal, temperate, and tropical tree species according to Guenther et al. (2012). The combined PFT data were used as a mask to select relevant grid cells with a PFT coverage bigger than zero by defining p(PFT) = 1 in that case and p(PFT) = 0 else. Because the percentage of area covered is already applied in the MEGAN output a double accounting is avoided by that strategy.



3.3. Calculating the Impact Factor of the Gall Infection

According to the major principle applied by the Guenther algorithm, that an emission rate E equals a base emission rate ES modulated by a series of multiplicative factors f, we get the general scheme E = ESf1f2…fn. A new factor f(g) that is modulating the emissions of gall infected plants needs therefore to be multiplicative and should compute to 1 for non-infected leaves. Assuming that the BVOC concentration in the atmosphere is smaller than that inside the leaf a deposition (negative emission) is not happening within the model. Therefore, we use median values of the measured constitutive Eg,c and elicited emissions Eg,i that have been reported to construct the emission modulating factor:
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Given that Eg,c and Eg,i ≥ 0 we have f(g) ≥ 0 and f(g) = 1 if Eg,c = Eg,i. Values calculated from literature data (Jiang et al., 2018; Ye et al., 2019) were 0.36 for isoprene, 2.19 α-pinene, 1.48 β-pinene, 1,15 limonene, 1.57 ocimene, 1.05 myrcene, 1.27 other monoterpenes, 1.02 sesquiterpenes, and 1.04 for LOX.



3.4. Estimating the Percentage Change by Gall Infection

To calculate the impact of the VOCs represented in CLM4.5/MEGAN we distinguished between isoprene, monoterpenes, sesquiterpenes and LOX compounds (called “Stress VOC” in the notion of Guenther et al., 2012) and define Fc,i as the “constitutive” VOC flux for compound i. We then apply the gall-induced change factor to isoprene and lumped monoterpene, sesquiterpene, and LOX data separately. By that, we achieve four categories of gall infected fluxes Fg,i = f(g)Fc,i. Finally we calculate the maximal relative change in VOC fluxes by galls per grid cell by:
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where i iterate over the BVOC categories and x and y iterate over the grid cells. Figure 1 explains the workflow to achieve the gridded data and output visually.


[image: Figure 1]
FIGURE 1. Schematic workflow of the model to assess the maximal possible effect of gall insect-induced changes in BVOC emissions on global scale. Using MEGAN 2.1 and CLM 4.5 emission data with climate forcing in 2010 as starting point and adding information from gall-induced emission changes.


To calculate the gridded output and to perform statistical analyses we used Mathematica [Wolfram Research, Inc., Mathematica, Version 11.3, Champaign, IL (2018)].




4. GLOBAL TREND OF GALL-INDUCED VOC EMISSIONS

Our modeling exercise shows that in most areas of the globe a reduction in VOC load to the atmosphere takes place due to plant infestation by insects (Figure 2). The major driving factor is the reduction in isoprene emissions by up to 64% in some areas. Even though, we found that monoterpene emission increases by 68% this accounts only for 22% of the carbon by the gall-induced isoprene emission reduction. Given that the emission per grid cell depends on the share of species per land area, leaf area and the constitutive and induced emission fraction it is not possible to point the reductions and enhancements in induced emissions to one reason only. Also, sesquiterpene and LOX emissions were increasing by 2 and 4%, respectively but accounted for 0.2% in case of sesquiterpenes and 0.3% of LOX of reduced isoprene emissions. Taken together, isoprene emission reduction dominates in most regions the carbon release dynamics in our scenario.


[image: Figure 2]
FIGURE 2. Global impact of gall-forming insects on BVOC emission from broad-leaved trees.


The relative net changes in VOC emissions due to gall-forming insects on broad-leaved tree species range therefore between a reduction of 40% and an increase of just 2.6% for some few areas (Figure 2).

To grade the relative changes better we need to note that in case of sesquiterpenes, the uncertainties in emissions are high. The high reactivity and the short lifetime of the compounds can lead to failure in detecting sesquiterpene emissions. Further, non-stressed leaves may have no or weak sesquiterpene emissions while stressed plants have high, induced, sesquiterpene emissions (Duhl et al., 2008). Using global averages or an average of stressed and non-stressed leaves can lead to significant bias and sesquiterpene contribution may be well-underestimated.

Also, we would like to mention that for different tree species strong changes between constitutive and induced emissions are apparent. Beside some evergreen Mediterranean species (Kesselmeier and Staudt, 1999; Staudt et al., 2008), oaks do emit few or no mono- or sesquiterpenes while unstressed (Copolovici et al., 2014b, 2017; Jiang et al., 2018). Therefore, stress-induced mono- and sesquiterpene emissions could reach up to 100% in regions dominated by such species and averaged emission data may not reflect such situations. Having used global gridded data we are aware that we cannot capture such events on global scale unless new information and data are available.

The strongest reduction in VOC emissions occurs in the tropics wherein the largest impacted areas are the rainforest in the Amazon basin and Congo, but also Mid-America and South-East Asia show a substantial reduction in net VOC emission. In the tropical belt Indonesia and North-Australia show a drop in VOC emission.

While in the temperate vegetation zone the east part of the United States shows the strongest reduction in VOC emission this is also apparent in the area of south-east Europe and in China. In comparison to the tropics the emission reductions in the temperate zone are already quite moderate. That means, that the amount of reduced and enhanced emissions are in their range more similar to each other in that regions. In the southern hemisphere a similar effect is visible in Africa and Australia where more southern locations have less reduction in relative VOC emissions. It should be noted, that the tree species used here are all broad-leaved and therefore monoterpenes are originated mostly from newly synthesized precursors or non-specific storage within the leaves tissues.

Net VOC emission changes are fading the further north we look. In the boreal zone, only weak reductions are visible and in the far north-east of Siberia the largest area with an increase in net VOC emissions is visible. One reason is the low abundance of isoprene emitting species in the boreal zone. We mention once more, that our study does not include the dominating monoterpene emitting conifer species due to a lack of measured data. Minor positive net emissions changes are found in South-Canada, along the coast line of the north-western USA and the south-eastern coastline near Florida.


4.1. Isoprene Changes Are the Strongest in the Tropics

The relative change in isoprene emissions remains with 64% at the second place, behind the relative change of monoterpenes (68%). The fact, that isoprene emissions are about 4.5 times higher than monoterpene emissions, using CLM4.5 and MEGAN as previously noted and that isoprene offset more than 600 times sesquiterpene and more than 300 times LOX emissions of broadleaved tree species let it dominate the reduction of BVOC emissions. Given that, gall infection of tree species has effects on global scale BVOC dynamics.

Comparing Figures 3, 4 it becomes clear, that the relative change in isoprene and monoterpene emission due to the gall-insect impact are similar in the tropics. The emission potential for isoprene and monoterpene of the different tree species will therefore determine the net effect.


[image: Figure 3]
FIGURE 3. The relative changes in isoprene emission are the largest impact in the reduction of global relative emissions due to gall insect infections. Isoprene reduction dominates in tropic and subtropic regions.



[image: Figure 4]
FIGURE 4. Relative changes in monoterpene emission are of the same order than isoprene changes but they increase emissions. Besides the tropic and subtropic areas they are more prominent in temperate and boreal regions.




4.2. Monoterpene Changes Dominate in the Boreal Zone

An increase in relative monoterpene emissions (Figure 4) dominates in the northern, boreal forests. However, the 4.5-fold higher offset of isoprene against monoterpenes allows only in the far north-eastern Siberia a change in the relative emission dynamics. So that a gall infection could lead to an increased BVOC load of the atmosphere as compared to the constitutive emissions. Boreal broad-leaved species emit isoprene and monoterpenes. Depending on the species composition and under stressed conditions monoterpene and also sesquiterpene emissions can dominate over the reduction in isoprene emission (Hakola et al., 2001).

We note, that similar to the gall-induced changes isoprene emitting oak species infected with mildew showed a similar behavior and reduced isoprene emissions but increased mono- and sesquiterpene emissions (Copolovici et al., 2014b). The reverse relationship between isoprene and monoterpene emissions from stress was also reported for herbivore attacks and gall-induced emissions from leaves or petioles (Copolovici et al., 2017; Jiang et al., 2018; Ye et al., 2019).

Sesquiterpene relative emissions (Figure 5) almost follow the same pattern seen for monoterpenes. These emissions are, however, substantially smaller and usually not detected in non-stressed condition. Surprisingly, they dominate the relative change in Australia where monoterpene and isoprene relative changes remain moderate.


[image: Figure 5]
FIGURE 5. The relative changes in sesquiterpene emission are also positive indicating an emission increase under gall infection. Highest relative changes are reached in the tropics, subtropics, and in Australia.




4.3. LOX Changes Are High Everywhere Indicating the Plant Stress Response

Stress related to relative LOX emissions (Figure 6) are more or less a map of the combined PFTs used in the simulation. Absent in constitutive case, they show everywhere a substantial relative increase but remain small in their contribution to the BVOC emission as compared to isoprene or monoterpenes.


[image: Figure 6]
FIGURE 6. Relative changes in LOX emission are as well positive and indicate increased emission. Being linked to the infected leaves they are apparent in all regions during the infection.


Similar to monoterpenes, LOX emissions are rising with stress and damages of leaves due to insect attacks and gall-induced changes on leaves or petioles (Copolovici et al., 2017; Jiang et al., 2018; Ye et al., 2019).




5. CONCLUSIONS

The proposed changes on the carbon-induced terrestrial climate feedback loop due to changing BVOC emissions from plants to the atmosphere will have an effect on climate. The magnitude of the effect depends on many factors where our knowledge is yet limited. Therefore, we used a maximal infection scenario in our simulation. The major uncertainties are the scarcity of gall infected plants BVOC emissions, the lack of data on coniferous tree species, and the uncertainty in the severity of the infection on a large scale and over the seasonal cycle. These uncertainties encourage for further work on these topics.

Major simplifications in our approach are based on the use of MEGAN2.1/CLM4.5 which delivers averaged global BVOC emissions and the lack of information on the actual gall-induced infection state of plants, and the assumption of a “global summer” with maximal infection, because the available measurements were done in these conditions. Another major simplification the usage of the same changes in BVOCs in each PFT. Clearly, there are differences in plant species and their contribution to BVOC emissions in the real world that need to be taken into account once such information becomes available. Given new information becomes available the estimates can be rendered more accurate.

The change in emission by insect pests, fungal infection, and insect parasites like gall-forming insects followed a similar scheme, reduction in emissions from constitutive VOC and increase in induced VOC (Brilli et al., 2009; Toome et al., 2010; Copolovici et al., 2014b, 2017; Jiang et al., 2016, 2018) but in some cases both, constitutive and induced emissions, increased (Staudt and Lhoutellier, 2007; Ye et al., 2019). In that sense, our approach can be applied to different stresses when it is possible to account for a change in the emission factor. In reality, all these stressors act together on the VOC emission dynamics and may alter the BVOC effect in climate substantially.

Our simulation showed, that the reduction in isoprene emission dominates the global dynamics of gall insect-induced BVOC emissions from deciduous tree species. In context to recent estimates on global isoprene and monoterpene (Hantson et al., 2017; Chen et al., 2018) our findings can add another puzzle piece and increase our knowledge on BVOC changes on climate. In the light of the carbon induced climate feedback (Kulmala et al., 2004, 2014; Ezhova et al., 2018) changes in VOC load to the atmosphere and in GPP will be of relevance.
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