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Summary

Plantsrewardmicrobial and animal mutualistgith carbohydrates tobtainnutrients, defense,
pollination, and dispersdlnder a fixed carbon budget, plants must allocate carbon to their
mutualists at the expenseaifocation togrowth, reproduction, or storagéuchcarbon trade-

offs areindirectly expresseavhena plantexhibitsreduced growth or fecundity the presence

of its mutualist.Becausearbon egulates the costs of all plant mutualisecabon dynamicare

a common-platform for integratirtgese costs in the face of ecological complexity and context
dependenceérhe ecophysiology of wholplant carbonallocationcouldthuselucidatethe

ecology and evplution of plant mutualisnfsmutualisms areosty to plantsthen they must be
important butsfrequentlynderestimatedinks in theerrestrialcarbon cycle

Key words: carbon allocation, carbdimitation, climate change, context dependence, global

carbon sinks, nonstructural carbohydrgtéSCs) phloem transport, species interactions

l. Introduction
Plantsusually‘require nompiant mutualistg§microbes, animals, or both). Two questions are of
broad andwpersistent interest to mutualismagiets. First, why do mutualisms persist given
evolutionary pressure to minimize interaction costs (Ghoal, 2014)? Second, given that the
costs and benefits of species interactions are context depé@tianiberlairet al, 2014), how
do we predict the outcomes miutualisms and theireffects onrcommunities and ecosystems,
across spacetand time (Maretnal, 2014)? We need such predictions to manage populations
and ecosystems successfullyder rapid global change.

The cost to a plant of participating in a given mutualism, or set of mutughghisami et
al., 2014), depend largely on fixed carbon (R)crobes and animalgrovideplants with crucial
chemical and.locomotive benefi@antstransform lightenergy inb chemical energgnd
provide these mutualists wittarbohydratéased reward&/ariation in costsicross mutualisms
and context§Bronstein, 2001js thereforeoften determined by the supmyC (i.e.,from
photosynthesis) and by the opportunity cost @fllGcation to mutualistsstead of to other sinks
(e.g., growth, respiration, storage) (Fig. 1a). Tracking C allocation patterns aneldtenship
to plant fitnesscouldthusreveal core mechanisrtisat will allow us to predict how strongly

plantswill invest intheir mutualist@cross ecological contexts
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A better understanding of hgwants allocat€ to their mutualistsand at what cosalso
holds promisdor answeing key questions in plant ecophysiology. For examphendoesC
availability limit plant growth(Palacioet al, 2014 Do plants stor€ actively, or is storage a
passive procedbat occurs only whe@ cannot bellocated taother sinkgDietzeet al, 2014)?
And how does,abiotistress, in particulaheincreasediroughtsexpectedn some regions under
climate change, affegtiant Callocation strategie@ringleet al, 2013)? Studyinghese
guestions'irthe“context of plant mutualismgll also indicatewhether and how mutualism
should be"included isink-based dynamiglobalvegetation modsl(Fatichiet al, 2014).

Here, Isummarize our current understanding of plant C allocation to mutualists and the
implications ferthe ecophysiology of plant C dynamics. | then discuss promising methods tha
could be useth'explicitly examine Glynamics inecological studies of mutualisrhfinish by

discussinghe potential importanaef plant mutualisms to the global carbon cycle.

Il. The carbon dynamics of plantmutualisms

A holistic yiewsof plant C allocation incorporates the trade-offs among investmdiftarent
mutualist guilds and individudével sinks(Fig. 1). Nutritional and defensive mutualists, unlike
pollinatorssand dispersersan offsethe plant'<C investment byncreasingphotosynthetic
efficiency.orarea Thiscanestablishpositive feedback between the plant®€s tothe
mutualistand Cgain (Fig. 1b). Net benefits of nutritional and defensitgualisms arendeed
oftenapproximated by plant growth as a proxy for fitn@gisamberlain &olland, 2009;
Johnson &Graham, 2013)et suchmutualists could provideiddenphysiological benefiteven
without plant.growth, for example whemneralnutrients or cadctors strongly limiplant fithess
(Smith & Smith, 2013). Empirical examples of such physiologioatleties come almost
exclusively fromplant-microbe mutualismsperhaps because the Gichangedor another
nutrient (but.see Selosse & Roy, 2009). The C that plants expend to reward their defender
pollinators,.and disperseisno less real angotentially no less costly.

Just howrcostly is C to plants amdore specificallycanC availability limit plant growth
and fecundity2 Some physiological studies of C allocation, particularly in trees wher
considerable C storage is possible, argueGhatailability rarely limits growtlfe.g., Palaciet
al., 2014).Mutualism studies frequentsuggest otherwise. For example, Haest African
myrmecophytic treédcaciadrepanolobiunhouses efensive ant colonieand provides them
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with C viaextrafloral nectaries and scale inse&sperimentally removing the ants for 4.5 yr
produced delayethcreases in tree height and stem diameterivel& controlgStanton &
Palmer, 2011). In addition, experimentally reducing the density of individual ant workers on a
tree increasethe number of fruits in a single year (Palmer & Brody, 20%Bhilar tradeoffs
have beembservedn nutritionalmutualismgJohnson & Graham, 2013; Regetsal, 2015)
and, though rarely studied, are predicted for pollination and dispersal mutualisms {Squthw
1984; Bronstein, 2001Rlants may also discriminate between mutualists on the basis of C costs.
For exampleKiers et al. (2011) demonstrated preferential C allocatioiM®dicago truncatula
plants to the mycorrhizal species thequires the least @er transferred unit of phosphorus.

The potential for plant C limitation and its effects on C allocatianutualists can also be
investigated by>perimental manipulation aZO,, light, or water. Below | considethe evidence

to date from each of these manipulations.

CO, experiments

Plants usuallysincrease growth ugartial exposure to elevated GQvhich suggests that plants
oftenexperienesomeC limitation (Dietzeet al, 2014).Allocation to mutualism may also
increase under elevated @@ or example, ycorrhizal colonizatiorof Asclepias syriaca
milkweed.plantgollowing caterpillar herbivoryvashigher under elevated C{than under
ambient CQ, suggesting thatarbon limitsthe plant'sability to acquire nutrient®r leaf
reconstruction (Vannette & Hunter, 2014) tihe same studyowever, herbivory by phloem-
feeding aphids,did natecrease mycorrhizal colonizatigrerhaps becausbke size of the plant's
C pool cantberaltered by the mutualists themselves. For example, mycorrhizal fungrease
photosynthetic rategohnsoret al, 2015) and aphid feeding can alter C allocation among sinks
(Wu & Thrower, 1973). EevatedCO, also increasethe plant's demand for mineral nutrients.
Simultaneous.manipulation of G@nd nitrogenfor examplehas demonstratetiat interactions
amonglimiting. resources affegilant C allocation to mutualisand its effects on ecosystems
(Chenget al4:2012; Hooveet al, 2012).

Light experiments

Decreasedight tends taeduceplants'C allocation totheir mutualistsFor example, perennial
woodland orchids growing in full shadeustreach darger thresbld size than individuals
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growing in open habitats to produce bee-pollinated flowers (Jacquetnayn2010).Similarly,
C,4 grasses sustained higher costs famsociating wittmycorrhizalfungi in severe shade than in
full light, andpercentfungal root colonizatiodecreasedJohnsoret al, 2015) In partial shade,
however,someC, grassesctually benefiteadnorefrom themycorrhizas than diglants in full
light, and pereent mycorrhizal colonization of these plants was si(@dansoretal., 2015).
Variatien in the importance ofignt C limitationamong systemshay explain this
variability."Theeffectof partialshade on ¢grassesnaybe small because they are rar€ly
limited, which'indeednayfacilitate their reliancen mycorrhiz&fungi for nutrient acquisition
(Johnsoret al, 2015). At the opposite extreme, woodlamdhids ae apparently so-Gmited
thatfloweringinfull shadereduced plansize andhe probability of flowering in the subsequent
year(Jacquemyret al, 2010).This suggests thdtowering actuallyrequiresorchids in full shade
to store (hetween yearsand that plants put additional carbohydrates toward storage in
vegetative yearsThe potential for stored C tegulateplant mutualisrais alsosuggested by
studies of nectariedoth floral and extrafloral (Heil, 2013 xtrafloral necta(EFN) attracts
predators gparticularly ants, which defend plants agthestherbivores. Shading of individual
leaves canreduderN production on those leav@dlillan-Cafiongcet al, 2014), which suggests
thatlocal,'newly produced @artly suppliesEFN. However, pantsusuallyproduce mor&FN
on valuablenew leaveshan on older leaves (Heil, 2015), abdcause new leaves are C sinks
before they are sourcehjs suggests thadditionalC must beransportd fromelsewhere in the
plantor evenstoredbetween years deciduous specieAn additional interestingnd to my
knowledgesunansweragliestion isvhether the phenology or prevalence of EFNs differs

between annual and perennial plants due to interannual C stor@eennials

Water experiments

Plants under.water stress close stomataexpendC to regulate water potenti@ietzeet al,
2014). Water stress mighhereforebe predicted talecrease EFN secretidmyt such effects
depend on.plant genotypeRopulus tremuloide@uaking aspen) trees (Newman & Wagner,
2013).In particular, thee was arapparentradeoff between C allocation to EFN and drought
tolerance: thgenotypeawith thehighest constitutive levelsf EFN reducedts secretiormost
strongly in response to droughtowever, similatto results fromshading experimen{#/illan-
Cafnongeet al, 2014) water stress did not affeitte induction of EFN in response to herbivory
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(Newman & Wagner, 2013MaintainingEFN inductionin the face ofC limitationis potentially
highly favorablebecauseredatorsiefendthe C sourcéPringleet al, 2013).

Higher relativecosts of C under ater stresshould consistentlyetreaseewardsfor
pollinators and dispersebecause allocated tahese mutualistdoes not feed back to the
source(Fig..2b) Nectar sugar conteand phloem flow to fruits can indeddcreaseavith water
limitation (Muniz et al, 2013; Morandet al, 2014).The outcomes of nutritional mutualisms, by
contrastshould"depend on a balance of factors. For example, symbiotic nitrogen fixation slows
before photosynthesaoes under water stresghich means thawvater stress decreaseés
allocationito nitrogetfixing rhizobia(Serrajet al, 1999).However both rhizobia and
mycorrhizascanincrease photosynthetic rate amdter use efficiency{e.g., Birhaneet al,

2012), whieh could offset th@ant Callocated tamicrobial mutualistsmaking the balance of
costs and énefits more favorable.

As outlined above, the outcomes of plant mutualisms under a given set of abiotitoosndi
are contingent on the costs of C allocation and its effects on plant performancarfplee like
water stressysoils that are rich in mineral nutrients increase the relative cost of C to the plant.
Yet, unlike'water stressutrientrich soilsshould consistently weaken nutritional mutualisms
because transferred nutrients accrue bewefits per unit C co$Werner & Kiers, 2015)A
more explicit focus on @llocation tomutualismcould thus help telucidatethe causes and

consequences of context dependence.

[l . Tracking“earbon allocation to mutualism

Onepromisingrapproacfor elucidating C budgets i® measur@onstructural carboltyates
(NSCs)and compare them among plants, across tissues, and through time (Hoch, 2015).
Importantly, sich measures are relative: for example, high NSC reserves may mean that the plant
is healthy or.that it is severely sinkmited due to some other environmental stréss.still
unclearwhether plants stoddSCsactively (as opposed to onjyassively wher€ cannot be
allocated tosother sinks)nd,if so, when and why, as well &s&w far reserves cdre depleted
before plants.exgriencegreatemortality risk (Dietzeet al, 2014) In addition to supplying
carbon for metabolism, NSCs can play a critical role in physiological processes such as the
maintenance of hydraulic functig®'Brienet al, 2014) A better understanding of C dynamics,
including simplified experiments using seedlings, could ultimately improve ouryabilit
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estimate fitness for plants such as adult trees that are less amenable to the spatiotemporal scales
of ecological expements.

TheC that plants allocati® mutualists must come from the pool of NSfgsause structural
C is tied up in cellulose and other insoluble carbohydrategsmay usestored NSCs to offset
the costs oflarge fruit crops, and there is adeleate about whethstoredNSCsare involved
in mastfruiting(Hoch, 2015). To my knowledge, this has not been investigated for stheties
rely on animalsfor seed disperddbwever, syrup production recorfilem wind-dispersed
sugamaples(Acer sacchrum) suggesthatthese treemast when NSCs are high aticht
mastinguses and depletes NSC stofRapp & Crone, 2015).

We canalse measurBISCs toclarify mutualism function. In a study of a defensive
mutualismalong a precipitation gradient, NSCaantrationsvere used to determine where
along the gradient trees were most water stressed and would benefit most from ant defense
(Pringleet al, 2013). In another studBrouweret al. (2015)reported that an allelopathic
invasive plant causes lower NSC concentratiormhizomes of native plants by disruptitige
mutualismbetween native plants and arbuscutgrcorrhizasThis observation isonsistent with
mycorrhizafungi playing an important role iwater relationsn this systen{Haleet al, 2011).
By contrast,fithe primary role of thenycorrhizasverephosphorusransfer disrupting the
mutualismshould have leth the shortermto C sink limitation and NSC accumulation.

NSCallocation can also be tracidthe shortand long-terms using C isotop&¥C pulse
labelingcan be used to track fresh assimilatés olderNSCpools(Streitet al, 2013) and
mutualist rewards-or example, this approach has been used to ideiffdyehtial C flux to
arbuscularmycorrhizal fungi, as well taspreviously unknown bacterial root symbionts
(Vandenkoornhuyset al, 2007). Recent evidence trackil{g radiocarbon suggests that trees
have distinct fast- and sloaycling NSC poolgRichardsoret al, 2015), andhatslow-cycling
pools accumulatedver decadesan be used to respond to severe disturtzafecg., Carbonet
al., 2013).It.is.not known whether slowycling NSCs cate allocated to plant mutuakst

A persistent challeng®er understanding NSC dynamics has been limitations in metbods
studying phleem transport, particularly unéietd conditions. ew method are emerging
however from measuringchanges in bark thickness to estimaitdoemflow (Mencucciniet al,
2013) to studying the activity of phloem-loading protéi@kenet al, 2012). Using
combinations of thee approachds study mutualisms will produce a much better picture of how
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plants regulatéheir C allocation to mutualista the context of othenorestudiedC sinks.

IV. Mutualisms and the globalcarbon cycle

The manner in which plant mutualisms exert global effects will depend both on how much C is

allocatedto mutualiss and on the mutualists' functional traRecenteffortsto move toward

sink-based, vegetation modeling have included C export to mycorrhizal(fatghiet al,

2014) afirst'step towardonsidering plant mutualisms as important global simkgehased

allocated to'ectomycorrhizas but not arbuscular mycorrlaigpsears to increase soil C

sequestratiobecausenly ectomyccorhizagypically out-compete frediving saprotrophic

microbes for Ny(Chengt al, 2012; Averillet al, 2014). This examplalsohighlightsthatthe

magnitudeof a'mutualist's effemh plant fithesss not necessarily aligned with how stronghe

mutualism affectshe global carbon cycle. Definirilge temporal scalef interest is also

important. We will not know that it isrrelevant to deschie the pollination ecology of a

particularspeciesto estimate a forest's carbon bud@thimel & Keller, 2015until we know

how muchsCrisractually allocated to pollinators and at what cost to growth, but it also matters

whether we arenterested only in the carbon budget todayhat of thesameforest in 100 yr.
Mutualismsmay be particularlyimportant to the global carbon cycle under predicted

increasessi@xtreme climate eventblutritional and defensive mutualisms codktrease the

risk of plant mortality under drought, attenuating the potentially dramatic effectewgjtts on

the global‘carbon cycl@-ranket al, 2015) Amazonian treeappear t@rioritize C allocation to

above-groundigrowth after drought at the expense of respiration and below-ground growth

(Doughtyetwaly2015), which could ecreaseC allocatedto mutualistsit will be important to

know to what extent such effecixrease tree mortality amdduce new tree recruitment.

V. Conclusions

If plants were rarelyC limited, then mutualisms wouldrely be costly. Evidenc® date
suggests widespredtitradeoffs between mutualists and plant growth and repctdo,
indicating thaimutualismsareimportant carbon sink#\n explicit focus on the flow of energy
through mutualisms would eluciddtee repercussions differentC allocation strategies®oth

for individual plant fithess and for carbon cycles on larger scales. Usis@€amon currency
to trackcomplexplant interactions is also a first pteoward a more complete approach that
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considerghetradeoffs and functional traits of plamutualists Mutualisims came late to
ecological theory, butie time is ripe ta@onsider their importance to global vegetation models.
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Fig. 1 Mutualisms are critical elements of plaatrbon (C) cyclingBlack arrows indicate factors
that affect Qoroduction orange arrows inidate C allocation by the plant. (a)séurce-sink
diagram for plant C that includes defense mutualists, such as leaf fungal endophytes, and
nutritional mutualists, such as mycorrhizal fur{b). Plant mutualistprovide pollination,
dispersal, defense, and nutrients, but the relative C coftessf mutualists are not known
Carbonallocated to pollinators and disperserfvested in the next generation and cannot be
recovered by the individuplant By contrastC allocatedo defensive and nutritional mutualists
can feed backotthe C soure by increasing photosynthetic efficiency or leaf aes@&n

producinga net C gain.
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