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Abstract

1. Well-doecumented in terrestrial settings, priming effects describe stimulated heterotrophic
microbial aetivity and decomposition of recalcitrant carbon by additions of labbercain
aguaic settings,algae produce labile exudates whialy elicitpriming during organic matter
decomposition, yethe directions and mechanisms of aquatic priming effectsin poorly
tested.

2. We testedralgahduced priming during decompositioftwo leaf speciesf contrasting
recalcitraneeliriodendron tulipiferaandQuercus nigrain experimental streams under light or
dark conditionsWe measuredtter-associated algal, bacterial, and fungal biomass and activity,
stoichiometry and litter decomposition rates over 43 days.

3. Lightincreasedhlgal biomass and productioatesandincreasedacterial abundance 14B3%
and fungal.production rates 20-157%. Incubations with a photosynthesis inhibitor established
that alg&aetivity directly stimulated fungl productiorrates in the shoiterm.

4. Algal-stimulatedfungal productiomateson both leaf speciesexrenot coupled tdong-term
increass infungal biomass accrual or litter decomposition rates, which W&tel57% and 164-
453 greater in the dark, respectiveljhe similar patterns on fasts. slow-decomposing;.
tulipifera andQ..nigra respectivelyindicated that sudirate recalcitrance may not mediate
priming strength or direction.

5. In this exampleof negative priming, periphytic algae decoupled fungal activity from
decomposition, likely by providing labile carbomvested toward greatéungal growth and
reproduction instead of recalcitrant carbon degradation. If common, algal-inducéigenega

priming could stimulate heterotrophy reliant on labile carbon yet suppress decoonpafsi
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recalcitrant carbormodifying energy and nutrients available to upper trophic levels and
enhancing organic carbon storage or export in Welguatichabitats
Keywords. bacteria, detritus, ecological stoichiometry, light, microbial heterotrophs, periphyton,

priming effects streams

I ntroduction

Heterotrophic microbes drive organic matter breakdown across terrestrial and aquatic
ecosystems and link environmental factors to major ecosystem functions incladiog ¢C)
storage and precessing (Moatal.,2004; Hagen et al., 2012). Upon colonizing organic matter
such as plant litter, microbi&kterotrophs assimilate and mineralize organic C and nutrients,
driving decompesition (Gessner al.,2010). Fungi are especially adapted to break down
recalcitrant Gassociated with eopounds resistant to breakdown, suckelkilose and lignin
(Romani, Fischer, Milld.indblom & Tranvik, 2006; Schneidet al.,2012). Heterotrophs
degradingsrecalcitrant €an be limited by the availability of labile C, such as acetate or glucose,
whichis comparatively easy to assimilate and enhances growth (Gausas & Paterspn
2011). Indeed, heterotrophic microbes respond strongly to labile C additions, with many such
additions.eliciting positive ‘priming effects’ by increasingterotropit deconposition of
recalcitrant C (Kayakov, Friedel & Stahr, 2000; Guenet, Danger, Abbadie & Lacroix, 2010;
Danger etal., 2013; Rousk, Hill & Jones 2PpTHhe significance gbrimingis particularly weH
documented initerrestrial soils, where labile C additions can increase decomposition of
recalcitrant«Coy 67%0 as much as 382% due to positive priming (Cheng et al. 2014; Rousk et
al., 2015;Luo, Wang & Sun, 2016).

Though likely important for the global C cycl@jming effectsand their mechanisms
remain poorly.studieth aquatic systems (Cole et,&007; Guenett al, 2010; Bengtsson,
Attermeyer. & Catalan2018). $mestudieshave reportegositivepriming (increased
decompaosition rate) with additierof labileglucose, leachates, or algal exudates on breakdown
of recalcitrant,dissolved or particulate C (Dangeal., 2013Hotchkiss, Hall, Baker, Rosi
Marshall & Tank, 2014; Bianchat al., 2015), whereas others have reported no or negative
priming (decreased decomposition ratBengtsson et al., 2015; Catalan, Kellerman, Peter,
Carmona & Tranvik, 2015Under positivepriming, heterotrophs use labile C to invest in C- or
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79  nutrient-mining enzymes, stimulating decomposition (Guenet é(dlQ; Kuzyakoy2010).
80 Under no or negative primin¢gpbile C may stimulate heterotrophic decomposer activity, yet this
81  stimulation is not coupled to increased recalcitrant C turnover because mibeibratrophs
82 likely allocate labile C toward growth, respiration, or reproduction instead of degeadati
83 enzymesand.decomposition (Kuzyakov, 2010; Cata¢dml.,2015). Priming strength in aquatic
84  systemsmay depend on the relative size of labile and recalcitrant C pools (Detrege2013;
85 Halvorson; Scott, Entrekin, Evaighite & Scotf 2016; Wagner, Bengtsson, Findlay, Battin &
86  Ulseth, 2017)."However, additional tests of primamg needed, especially those extending
87 beyond closed micrand mesocosrstudies to flowthrough conditions of streams and rivers
88 (e.g.,Fabianetal., 2018), where there also is a pressing need to quantify the microbial
89 interactions‘that determine mechanisms and directiopgroing (Guenetet al.,2010; Catalaret
90 al., 2015).
91 Widespread and present even in relatively shaded aquatic systems (Gre&nwood
92  Rosemond, 2005; Roberts, Mulholland & Hill, 2007), periphytic algae may be major drivers of
93  aquaticprimingybecause algae exude upwards &638 production as labile C available to
94  heterotrophic'microbes (Ziegl&rLyon, 2010; Kuehn, Francoeur, Findlay & Neely, 2014
95 Wyatt & Turetsky 2015). Increased light availabilignhances C lability through phottty
96 (ultravioletinduced) degradation of recalcitrant C compounds (e.g. humic acids) into fatty acids
97 and carbohydrate monomers (Wetzel, Hatcher & Bianchi, 1995; King, Brandt & Adair, 2012),
98 butconsiderably less emphasis has been placed on the potential fondidisted effectsia
99 algal growth*and C exudation and its subsequent stimulation of heterotdgglomposers
100 (Dangeretal;2013; Kuehn et al2014). On leaf litter, active periphytic algae can double
101  bacterial and fungal growth rates (Kuehn et al., 2014), enhance C- and nitrogen (Ni@cqui
102  enzyme activities (RieKKuehn & Francoeur, 2007), and speed decomposition by 20 to 126%
103  (Lagrue etal.,2011; Danget al.,2013; Halvorson et al., 2016)lg&ae can also increaseerall
104  microbial biomass in the littgveriphyton complex, and because algae arahld phosphorus
105  (P)rich relative to litter, this increases nutrient uptake and reduces C:N and C:RDatiger et
106  al., 2013; Halvorson et al., 2016). Algae also esskntial polyunsaturated fatty acidat may
107 translate to enhanced detritivore feeding and gro@tkr{ieret al., 201Y. These algaiediated
108 interactions may be a missing link to understanding decomposition and other acqpstatesn

109  processes, especially as riparian canopy openness varies seaswhafbatiallyincreases under
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110  anthropogenic influence, and alters energy and nutrient transfer through aquatic food webs
111 (Allan, 2004; Bechtold, Rosi, Warren & Keeton, 2016; Warren et al., 2016; Norman et al., 2017).
112 A second butarely-tested factor influencing the strength and direction of aquatic priming
113 may be the characteristics of the recalcitrant C pool. The degree of litter recalcitrance varies
114  across plant.species and plant tissues, (@a@pd versus leaves), leading to contrast

115  decompositionrates (Webster & Benfield, 19B&tschet al.,2014). Generally, priming should
116  be positive"and stronger on recalcitrant, slow-decomposing litter compared e fiadiH

117  decomposinglitter where heterotrophs are not as strongly liloytéabile C availability as has
118  been proposefbr terrestrialsoils (Hame& Marschner2005) Leaf species may therefore be an
119 important varable influencing the strength of priming in aquatic ecosystems veiQweaisting

120 tests of algalnduced priming have not compared primaggoss litters of varying recalcitrance.
121 The potential role of litter recalcitrance as a mediat@riofing is aresearch priorityo connect
122 riparian composition to broader structure and funabibstream ecosystems (Kanoski,

123 Marczak & Richardsor2011).

124 Wedinvestigated the effects of light exposure and periphytic algae on microbial biomass
125  and production; nutrient content, and decomposition of two leaf spgaesatrasting C

126  recalcitranegLiriodendron tulipifera(tulip poplar)andQuercus nigrgwater oak) in

127  experimental streams. We predicted that, due to pogitimeng induced by periphytic algae, (1)
128  light exposure would increase litter fungal and bacterial biomass and proda¢tisndriving

129 faster decommition compared to darkcubated litter (Dangest al.,2013; Kuehn et al., 2014);
130 (2) the stimulatory effects of light on autotrophic and heterotrophic micrabialass would

131 reducebulki(i-e?, litter and associated microbio@)N and C:P during decomposition (Dangér
132 al., 2013;Halvorsoset al.,2016); and (3) the stimulatory effects of light would be stronger on
133  slowerdecompasing, recalcitrant oak litter compared to faddeomposing poplar litter.

134  Material and.Methods

135  Experimental setp

136 Thissstudy was conducted during the summer of 2013 (June-July) in outdoor

137  experimental streams located at The University of Southern Mississippi Lake Thoreau

138  Environmental Center mesocosm facility. In the Fall of 2012, nelvbcised leaves of

139  Liriodendron tulipifera(tulip poplar) andQuercus nigrgwater oak) two leaf species of

140 comparatively low and high recalcitrance respectiwebre collected at Lake Thoreau
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Environmental Center. Litter was initially air driatl23C, leached overnight to soften in tap
water, and cut into 13.5 mm diameter diskéis leaching caused some loss of soluble
compounds and increased litter molar C:N from 59.3 and 54.1 to 66.4 and 60.8 among tulip
poplar and water oak, respectively. After cuttirgfldiscs were dried at 3Dand stored in a
desiccator..Disks weiiadividually mounted with insect pins onto 3 mm diameter corks inserted
into holes within 8 x 30 cm Plexiglas plat&rattan and Suberkropp, 2001). Ten plates (5 each
per leaf species) wepaced randomly in each of eight experimental streams constructed using
vinyl rain gutterdined with river rock(Fig. S1 Supporting Information All streams received
water from recirculating cattle troughs to achieve water velocity of ~0.064 with cattle
troughs reeceiving continual well water inputs to maintain temperatures. New water inputs were
balanced via outputs from a spigot in each cattle trough, allowing complete watsetuiour
times per dayk-our of the eight replicate streams wéully shaded using opaque black plastic
sheeting (photosynthetically active [PAR] and ultraviolet [UV] radiatiooWweletection), and
the other four were exposed to natural daylight, shaded only by a light mesh canopy (51% PAR
and 23% WV transmittancé) reduce solar heating and UV. Two streams of each treatment were
equipped with*Onset StowAway temperature loggers to monitor water temperatures. A fine mesh
bag containing conditiondd tulipiferaandQ. nigralitter from an unnametbrestedributary d
Cross Creek at Lake Thoreau Environmental Center was placed at the head of each stream to
provide microbial inoculum.

OonQ,2, 6, 10, 20, 31, and 43 days into the study, we collected leaf disks from each
stream and‘immediately returned them to therkaiooy to quantify biomass and production rates
of litter-associated algae, bacteria, and fungi (see below). On each sampling date, two leaf disks
of each species in each stream were used to estimate mass IGsNamathd P contents. Disks
were freezealried (lyophilized), weighed to the nearest 0.01 mg, and stored dry. Litter
subsamples.were subsequently weighed and measured for C and N amitgnégsCostech
Elemental.Analzser (Costech Analytical Technologies, Valencia, CA) and P contents by
combustionyidigestion in hot hydrochloric acid, and measuremenP@L Rising a SEAL
Autoanalyzer:3,.(SEAL Analytical, Milwaukee, WI). On days 20 and 31 of the study, we
collected and froze one leaf disk from each replicate to determine algal taxonommsdamn.
After thawing, algae were removed from leaf dibgsscraping with a razor blade and rinsing

with water, thenidentified and enumerated usigightfield microscopy (40&; >100 cells
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172 [mean=188] total cells per sample; Franco&ier & Whorley,2013) using the taxonomy of

173  Wehr & Sheath (20030n each date, water samples were also colledtdee outlet of light

174  and dark streans determine pH, alkalinity, and conductivity. Wasamplesverealso frozen,

175 thawed and filtered to measure[NO3+NO;], N-NH4, and PPO, using a SEAL AutoAnalyzer
176 3.

177  Algal biomass.andssimilation

178 Algalbiomass was estimated using chlorophyll-a. On each sampling date, one disk from
179  eachreplicatewas collected and stored frozeBQ-C, in darkness). Chlorophyll-a was extracted

180 in 90% ethanol (80°C, 5 min), steeped overnight (4°C, darkness), and quantified using high
181  performanee digid chromatography (HPLC; Meyns, llli & Ribi, 1994

182 Accrualofalgal biomass as chlorophylwas used to estimate algab€similation rates

183  on each sampling date. We converted chlorophytistanding algal C using a conversion of

184 11.1 Chla mg*algal C, derived from a survey of 21 publications on periphyton C and

185  chlorophylla contents (see ApperdsS1, S2. We then calculated rates of algab€similation

186  on each daysbaSed on measured gainlyal € g* detrital Csince the preceding date, assuming
187  algae grewronly during 16 hrs daylight each day.

188  Bacterialabundance and production

189 Onseach date, two disks from each replicate were preserved for bacterial abundance
190 analysis in 10 mL 2% (v/v) sodium pyrophosphate (0.1% w/v) buffered formalin and stored at
191  4°C. All samples were sonicated on ice using a Branson 150 sonifier at setting 4 for 4 x 20 s
192 intervals. Subsamples (0.5 mL) were sieved through 70 um strainers (Milietsg,BCologne,

193  Germany) tesremove coarse debris, then diluted with 4.5 mL phosphate-buffered saliteel Dil
194  samples were vortexed, bactégdall stain and microbeads added using the Invitrogen bacteria
195  counting kit for flow cytometry (Thermo Fisher, Waltham, MA), and analyzed using a BD

196 LSRFortessa.Cell Analyzéflow rate= 400 events’§ fluorescence measured using a

197  fluorescein (EITCxhannel with a 530 nm bandpass filter). Based on dyed controls containing
198  only microbeads, we counted bacterial cells as those with fluorescence above microbeads (FITC
199 < 10°); we alse.excluded any cells larger than microbeads (diameter 6 pm; forward scatter >
200 2x10°). We converted from cells mtto cells ¢* detrital C based on average leaf disk dry mass

201 and C content. Ten bacterial abundance samples weilmrsto analysis
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202 Bacterial production rates were estimated using incorporatichipfducineinto

203  bacterial protein (Gillies, Kuehn, Francoeur & Ne@§06). On each date, two disks from each
204  replicate were incubated in 20 mL sterile glass scintillation vials containing 4 mL filtered (0.22
205 um pore) well water and 2.5 uM [43BH-leucine (specifi@ctivity = 586 mCi mmot). Vials

206  were placed.on their side in a Conviron plant growth chamber (Conviron, Winnipeg, Canada)
207 and incubated(30 min, 20°C, 3aMol quanta ifs™). Killed controls (5% vi/v trichloroacetic

208  acid (TCA))€orreatdfor nonbiological®H-leucine incorporation. ¢ucineincorporationvas

209  stopped by'CA addition (5% v/v final concentration), followed by heating (80°C, 30 min).

210  Samples were subsequently processed and radioassayed following protocols outlitied et G
211 al., (2006)yinstead of filtering samples, we employed centrifugation and removed the

212 supernatant after each centrifugation. Bacterial production was calculated as pg bacterial C g
213 detrital C hi" using the conversion factors of 1.44 kg C produced Trielgcine incorporated

214  (Buesing & Marxsen2005).

215  Fungal biomass and production

216 Littersassociated fungal biomass and production were determined using ergosterol and
217  rates of [t*C]=acetate incorporation into ergosterol, respectively (Suberkrofessner2005).
218  On each date, two disks from each replicate were placed in 20 mL sterile glass scintillation vials
219  containing®d mL filtered (0.2p:m pore) well water and 5 mM Naf4C]-acetate (specific

220  activity = 1.31 mCi mmol), and incubated in the growth chamber (5h, 20°C,1380I ni’s?).

221 Non-biological 4C-acetate incorporation was determined using kitledtrols containing

222 formalin (2% Viyv).Incorporation of [1}*C]-acetate was stopped by placing the vials on ice and
223 immediatelyfiltering (1.2umpore). Filters and litter pieces were rinsed twice with 4 mL filtered
224  well water and stored frozer20°C) until extraction. Samples were lyophilized, weighed, and

225  ergosterol.extracted in methanolic KOH (8 § KOH, HPLC-grade methanol, extraction

226 volume 1Q.ml).for 30 min at 80°C. The resultant extract was cleaned by solid phas&axtr

227  and ergosterolquantified by HPLC following methods of Gessner (2005). Ergostetiohnfsa

228  eluting fromrthe HPLC were collected in scintiitat vials, mixed with 10 miscintillation fluid

229  (Ecolume MP:.Biomedicals, Santa Ana, CAgnd radioactivity assayed using a Beckman

230 LS6500 Scintillation Counter, corrected for quenching and radioactivity in killed contrels. W
231 converted ergosterol concentrations to fungal C assuming 5 plg ergostériinggl dry mass

232  and 43% fungal @Gessner & Newell2002 Findlay, Dye & Kuehn, 2002; Kuehn et al., 2014).

This article is protected by copyright. All rights reserved



233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

253
254
255
256
257
258
259
260

Rates of-“C-acetate incorporation were converted to fungal growth rajassing the
conversion factor 12.6 pg fungal biomassol* acetate incorporate@essner & Newell, 2002).
Rates of fungal production were calculated by multiplying fungal growth rate by fungad$som
Incubations with the photosynthesis inhibitor DCMU

On days 20 and 31, we conducted shemtn litter micobial production assays in the
presence or absence of the photosystem Il inhibitor 3-(3,4-diclengphtL, 1-dimethyl urea
(DCMU;'seeFrancoeudohnson, Kuehn & Neely, 2007). At least 5 minutes prior to assays,
duplicateeollected leaf disks from each replicate were placed into scintillation vials containing
filtered well watemwith either20 uM DCMUin 0.01% v/v acetone or the corresponding volume
of acetoneswjthout DCM. We measured instantaneous algaa&similation rates usingC-
bicarbonate‘incorporation to verify DCMU inhibited algal photosynthesis (see AppehdiigS
S2). Wemeasuredbacterialand fungal production rates as above (including approkiisd-
controlg in the presence and absenc®@MU. On each date, we determirthe impactof
inhibiting photosynthesis on fungal and bacterial production fatesach leaf species and light
treatment combination, calculatedrairobial production rates (pg C'gletrital C ht') in the
absence of DEMUNinus production rates MCMU presence
Litter decomposition rateand cumulative microbial production

Using bulk leaf disk dry mass collected for mass loss, fungal productioa)gaid
assimilationover time in each stream, we calculated litter dry mass decompositiok (dtgs
based on the exponential decay md@égirlocher 2005)

M, = My x ekt

whereM; is bulk leaf disk dry mass (mg) at tintgdays), and is the exponential decay
coefficient (d"). We determined from iterative fitting using nonlinear least squares. We
similarly estimated littespecificC decomposition ratdsbased on bulktter disk C on each
date calculatedsas disk dry mass muigd by measured %C content. For this calculatiom
bulk litter Gwesubtracted measured fungal biomass C and converted bacterial abundances to
bacterial biomass to subtract bacterial biomass C (see AppendW&a)so subtractealgal
biomass CBysconverting chlorophylto algalC using a conversion of 11.1 pg Ghtng*algal
C (Appendix S1).
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261 We also used measuradcrobial production ratesn each dateo estimate cumulative

262 algal, bactgal, and fungal production p&af disk throughout the study, converting to mg

263 microbial C g initial litter C. Details on these calculations may be found in Appendix S1.

264  Statistical analysis

265 We used repeatatieasures sphplot ANOVA to test effects of time (repeated measures),
266  leaf species (split plots within streams), and light treatment (across streams) on biomass and
267  production‘rates of litteassociated algae, fungi, and bacteria, asaglitter molar C:N and C:P,
268  during thestudy (see Table S1, Fig. S1). From the production assay®Gdifig

269  manipulationswe used model Il major axis regression (R package Imodel2; Leg@0d®&) to

270  test relationships betweemean algal assimilatio@tes and fugal and bacterial responses to

271  DCMU acressrall treatments and dates. For these regressions, we usadsaigiidtionrates

272 estimated fromdatto-date algal chlorophyi accrualinstead of rates based B-bicarbonate
273 incorporation, because thater underestimated algal production rates inferred from chlorophyll-
274  aaccrual (see Appendix SHinally, we employed splifot ANOVA to test the effects of leaf

275  species andylight treatment on dry mass and {tdecomposition rates. Response variables

276  were squareoot or logo-transformed where necessary to improve equality of variances and
277  normality=\We employed Bonferroni correction within related analyses to reduie-faise

278  error ratessfor multiple testall statistical analyses were conducted using R version @816,

279 R Foundation for Statistical Computing).

280 Results

281 Light'treatments differed in transmittance of PAR and UV light, but did not differ in

282  temperaturexeonductivity, pH, or alkalinity (Table S2). Water collected from the outlet of light
283 and dark §treamis the study rangefiiom 20-30 pg [* N-NH,, 2-30 pg ' N-[NO3+NO3],

284 and >30Qug L* P-PO,, and dark treatmemutletwater was higher in4P0,; and N-NO3+NO5]

285  concentrations.compared to light treatment water (Table S2). Algal communities inhabiting light
286  exposed litter were similar between leaf species on days 20 and 31. Communities were

287  dominated.by Chlorophytes (e.@ocystis OedogoniumandCharaciun) and Heterokonts

288  (exclusivelyrdiatoms, such & mphonemandNitzschig, with Cyanophytes (e.g.,

289  ChroococcusOscillatoria) also common (Table S3).

290 As expected, under light exposure algal biomass increased early, and was significantly
291  greater in the lighthan the dark treatment (which showed negligible accrual of algae) (Table 1,
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292  P<0.001; Fig. 1a,b). Bacterial abundance generally increased during the experiment dsd was a
293  greater in the light compared to the dark treatm@r0(001; Table 1, Fig. 1c,d). Fungal biomass
294  exhibited distinct temporal patterns across treatments, incresesudjlyover time in the light,

295  but peaking earlier in the dark aedrlieron poplar compared to oak litter (Day x Light x

296  Speciesnteraction,P<0.001; Fig. 1e). Fungéiomass was significantly greater on dark

297 incubated'compared to lighteubated litter £<0.001, Fig. 1f).

298 Algal'C-assimilatiorratesvaried over time, but were more than 10-fold higheflight

299 incubatedrlitter'compared to dairkcubated litter P<0.001; Fig. 2a,b) and did not differ between
300 leaf species (Table 1Bacterial production rateBd not differ between light treatments, but

301  bacterial production was higher on poplar compared to oak Rt.Q01; Table 1, Fig. 2c,d)

302 and showedtemporal variation that differed between leaf species during decompBsiiOoL;
303 Table 1). Fungal production rates increased early to peak by day 6 or 10 and declinaddater
304 similar to fungal biomass, there was a signifidaay x Light x Speciesteraction P<0.001,;

305 Fig. 2e). Fungal production rates were significantly higher on poplar compared ttieyak li

306 (P<0.001)aswell as on light treatment compared to dark treatment P&@.¢01; Table 1). In
307 addition, thereswas a weak but notabight x Speciesnteraction P=0.019) reflecting stronger
308 light stimulation of fungl production ratesn oak litter (Fig. 2f).

309 Thesphotoinhibitor DCMU effectively stoppéastantaneoualgal C-assimilation(Fig.

310 S2)andDCMU consistently reduced fungal but not bacterial production (Fidd8ylel [l major
311  axis regression indicated the magnitude of fungal produdeorease with DCMU presena@s
312 positively related to algalssimilatiorrates (slope=2.66=0.001, B=0.84; Fig. 39. In cantrast,
313  bacterial responses to DCMU were not related to &emdsimilation(slope=-0.11P=0.338,

314 R’=0.04 Fig. 3b.

315 Bulk litter C:N and C:P declined rapidly durittge first 10 day$Fig. S3). Bulk C:N did

316  not differ across leaf species or light treatmentsdhring the first 6 day<;:N was higher on

317 light-incubatedditter, especially poplar, and declieadier on darkncubated compared to

318 light-incubated litter Day x Lightinteraction;P<0.001; Table 1; FigS3). Bulk C:P also

319 declined earlier in the dark, especially for poplar liti2ay x Lightinteraction;P<0.001), and

320 although light effects were not significant, C:P of oak litter was higher thanf@xéplar

321 throughout decompositiofi’<0.001; Table 1; FigS3).
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Bulk litter dry mass loss rates were on averagddddfaster on dark-incubated
compared to lightacubated litter P=0.006) and were also faster among poplar compared to oak
litter (P=0.001; Fig. 4a), but showed no LighSpeciesnteraction (Table S4)n comparison,
light treatment differences in littespecificC decomposition rates were smaller, but poplar still
exhibited greater C loss rates compared to Bak.001; Fig. 4b)Over the 4day study, dark-
incubated litterdost on average 53.9@6plar)and 18.6%{oak)of initial dry mass compared to
28.1% (poplar)'and 6.9% (oak) losses among ligitubateditter (Fig. S4).

Reflecting the above contrasts in decomposition and micrabiiity, cumulativditter-
specificCmass/loss and algahd fungal production differed across leaf species and treatments
(Table 2, Fig#5). Cumulative bacterial production was higher on poplar litter, but didfaot di
strongly between light treatmen@ompared to darkncubated litter, lighincubated litter
exhibited 37% (poplar) and 23% (oak) lower cumulalitter-specificC loss, contrasted with 73%
(poplar) and 147% (oak) greater cumulative fungal production (Fig. 5).

Discussion

Oupsstudy suggests broad implications of negative priming in aquatic systems by
demonstrating-howlgal photosynthesis can simultaneowstlynulate heterotrophic activity
while inhibiting heterotrophic biomass accrual dedf litter decompositianThe results support
our predigtion of algal-stimulated fungal activity on decomposing litter, consisignprevious
studies (Kuehmt al., 2014 Soares, Kritzberg & Rousk017). Although fungal stimulation
would be expected to increase decomposition rates, the lack of concurrent incréasgsl
biomass orlitter decomposition rates did not support our hypothesis of a ppsitiieg effect
Instead, wesebServed negatpeming, in which the labile C provided by algae increased growth
rates of micobial heterotrophs (i.e., fungi), buihibitedthe breakdown of recalcitrant C
perhaps due to preferential substrate(¥sezyakov, 2010; Guenet et al., 2010). Although poplar
decomposed. faster than oak litter, similar algdliced negativeriming on both leaf species
also did not.support our hypothesis that substrate recalcitrance would npedinitg strength.
Complemented by quantitative assessment of the underlyirgglwal mechanism®ur study
expands the spectrum pfiming effectsdocumented in aquatic settinggspecially in flow
through conditions that are poorly characterized (Lagtw.,2011) — pointing to a larger need
to understand thenicrobial interactionsinderlyingorganic matter processimagross the breadth
of aquatic ecosystems (Gueeedl., 2010
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353 Our experiment provides empirical evidence of negainming because algae increased
354  fungal production but suppressedf litterdry mass loss ratesa notable decoupling, since

355 aquatic fungii.e., hyphomycetes which dominate in flowing environmeats)considered

356  major drivers of plant litter decomposition in stream ecosystems (Suberkropp & CHA9k

357 Romaniet al:2006; Gessnet al.,2010; Kuehn, 2016)At a mechanistic level, algae may

358  suppress litter.decomposition through two effects, one apparent and one actuabd)cdamnew
359 algal biemasgould counterbalance mass lost due to heterotrophic degradation of litter

360 C, thereby‘reducing apparent decomposition, and 2) preferentialatebsse of algaderived

361 labile C substrates by heterotropimsild reduce actual heterotrophic decomposition of litter
362  (Guenet etalg2010, Halvorson et al., 2016). Both mechanisms occurred in our exp&ament.
363  exampleonrthe'last day of our study, bulk litter C mass loss was 103 and 304 thiniGad C

364 lower in the lightexposed oak and poplar litter, respectively. Of difference algal biomass

365 had slowed bulk litter C mass ldssthe light treatmentby accruing 57 and 75 mg C mitial

366 C(Table 2). Removing the contribution of microbial biomass and considering dehspiecific
367 mass losgjivesia trueestimate of mass loss due to decompositioour study, hlk litter mass
368 loss underestimatetietrue mass losm the lightby 44 and 25%mainly due to mass addition
369 from algae..lhe difference betweldter-specificC mass loss in the light amthrk treatments

370 (59 and 248™g C tnitial Cfor oak and poplar, respectively) thepresentsnass loss

371  attributableto heterotrophic preferential substrate use of adgaived C (i.e.true negative

372 priming). Elevated fungal growth rates in light treatments must have been suppoatedn-

373 litter C sourceplikely labile algal exudates, because @lgalulated fungal production rates were
374  not couplediterincreased litter mass loss and hence enhanceddtogjaltion of litter C

375 (Kuehn et al., 2014; Soares et al., 2017).

376 As an additional indicatdhat algae suppressed heterotrophic degradation of litter C,
377 increased fungal productioatesunder light did not translate to greater fungal biomass accrual.
378  Thissuggest$ungi did not invest algal-derived C into new hyphal growth and/or degradative
379 erzyme production tacquirelitter substrateC. Given that fungal growth was not invested in
380 biomass, praduction was likely channeled to an alternate pathway — plausibly sporegmpduct
381  which can account for as much as 80% of production in some hyphomycetes (Suberkropp, 1991;
382  Kuehn, 2016). We did not quantify reproductive spore production in this studpivremains
383 an important questiobecause previous study found no significant effect of algae on fungal
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sporulation in a positive primingcenario (Dangeet al.,2013). Low fungal biomass, countered
with elevated algal biomasspuld explain the similarity of litter C:N and CiRlight anddark
treatmentsThe earlier declines ditter C:N and C:P in the dadompared to light treatments
may be attributable to earlier fungal relative to algal colonization. Because we obsegatide
priming on twe. leaf speciesf differing recalcitranceour study suggests algaddiven decoupling
of fungal activity from decomposition may occur independent of underlying substrate
recalcitrance."Since algsiimulation of heterotropproduction did not stimulate heterotroph
biomass accrual ditter decomposition, our study also highlights, at a methodological level, the
importance otoupled measures aficrobial activity biomass accrual, and substrate
decompositiomito accurately test priming effects and their mechanisms

An important question regarding priming is the quantitative link between labile C
addition and stimulated heterotrophic activity (Kakgv, 2010). We showed that light
stimulatel longterm fungal (but not bacterigbroductionrates our photosynthesis
manipulations using DCMldlsodemonstratedirectshorttermalgal simulation of fungal but
not bacterialyproductiorates TheseDCMU incubations confirmed algal photosynthesis as the
primary driverof longterm fungal stimulation by light, becauB€MU consistently reduced
shorttermfungal production by similar magnitudes as the lterga difference between light vs.
dark treatmets (Fig. S5. By enhancing the lability of dissolved organic C (DOC), UV
photolysis could explain lontgrm stimulation of heterotrophic activity by ligfwetzel et al.
1995; King.et al., 2012); however, UV photolysamot explain shortermstimulation,because
shortterm algal, stimulation of fungluring DCMU manipulations occurred under exclusively
PAR (no UV)sin the laboratoryJV photolysis should also increase lomgm litter breakdown
rates but we olserved the opposite effectlight vs. dark comparisons of decomposition.
Instead, lyal addition of labile C is the most probable mechanism for algae to stimulate fungi,
but indirect effects of algal photosynthetic activity, such as increasesphyten O,
concentrations.or pH, may also be responsible (Rier et al., 2007; Kuehn et al. V2@ kg0
note that DEMU does not inhibit photosynthesis in cyanobacterial heterocysty(stric
photosystem |), but we show photosynthesis was minimal in the preseDCaAf, and
heterocystous cyanobacteria were rare, comprising <2% of the algal communggl Huadply
of new labile C is the primary mechanism stimulating fungi, yet fungi do not degtddi®@al
litter C (Fig. 5),then the magnitude of fungal stimulation should not exceed rates o€algal
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production. However, fungal stimulation exceeded algat§imilation which points to an
unmeasured C source supporting fungal stimulation by algae.

Several possibilities may explain how fungal stimulation exceeded algss$i@ulation
ratesduring longterm exposure to light and short-term DCMU manipulatiémsearlier study
showedthatDCMU has noshorttermtoxicity to fungi (Francoeur et a007), andCMU
toxicity alsewould not explain the similar long-term difference of fungal production between
light- and darkincubated littei(Fig. S5).We recognize thahtsebiomasshased estimasaf
algal Gassimilation provide a low measure becahsy assume no dag-day losses of cha:
during algal turnoverbut these estimates exceeded rates measuretf@itficarbonate
incorporationgperhaps due to degassintf@fduring assay§Appendix S}. Converting
measuredtanding litterchl-a to primay productionrates during assaydorin, Lamoureux &
Busnarda, 1999) indicates rates >1000 pg'@egrital C hi* on lightincubated litter, providing
algal Gassimilation ratesufficient tosupport fungal stimulation. Furthermore, biomass
conversions_quantify only algal production which is incorporated into particulaabgrand do
not includesthesfraction of algal production exuded as soluble labile C. Exudationreates a
frequently >30% of primary production, and approach (or even slightly ext@e#) of primary
production.under stressful conditions (e.g., nutrient limitation) (Ziegler & Lyon, 20ya{t\W
Tellez, Woeodke, Bidner & Davison, 2014; Wyatt & Turetsky, 204t exudates represent the
most plausible C pool supporting fungal production (Kuehn e2@14). Possibly supplemented
by other forms of labile C such as accumulated microbial necromass, algae clearly stimulated
fungal activity"en decomposing litter, but there remains a need for tests of the methand
detailed aceounting of @ows that determin@riming effectdKuehn et al., 2014

In contrast to fungi, bacterial abundance increased with light expasuiscterial
production rates did not respond to algae in the long- or sont-While suggesting algae
facilitate bacterial colonization of periphyton, perhaps by increasing space available to bacteria
(Carr, Morin & Chambers2005), our findings contrastith someprevious reports gberiphytic
algal stimulation of bactediproduction(Kuehnet al., 2014; Wyatt & Turetsky015).However
Soareset al'(2017) also found litter-associated bacterial growth responded only weakly to algae
or glucose additions. Other studies of litter periphyton have shown algae detractseidl
abundance in the presence of fungi, possibly because of foagarial antagonisnbgngeret
al., 2013). V¢ak bacterial responses may gisatly reflectthe ability of bateria to use leaf
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derived labile C, especially leachates early into decomposition, as wedl hgh PPO,
concentrations in our study system, which can decouple algal and bacterial producimebec
algae are less reliant tmacteriallyregenerate® (Scott, Back, Taylor & King, 2008). Given
observations of strong fungal yet weak bacterial responses to algae, fungi may desveais t
recipients of.algatierived C, and therefore the primary determinantgiafing during litter
decomposition:
Conclusions

Ourobservations of negatiyeiming point to several unanticipated effects of algal
mediated labile/C addition on recalcitrant C degradation in aquatic ecosystaemost, our
study reiterates, the question of why negative priming oéolggme skings, whereas positive
priming oceursn others Bengtsson et al., 201.8n two previous litter decomposition studies,
increased algalibiomass under high nutrients erased positiveralgeéd priming Dangeret al.,
2013; Halvorson et al., 201&)pur findingsmay be attributable to high nutrient availability
which, combined with high light, could raise algal exudation to fully support, rather than
augment, heterotrophic-@emands (Guenet et al., 2010; Wyatt et al., 2014; Wagner et al., 2017).
Well wate inputs ensured constant fresh nutriefiui, but the light treatment water was
comparatively lower in 2O, and N{NO3+NO-], likely due to greater istream algal growth
sufficient.te"drawdown nutrients. Still, stronger nutrient limitation in the ligtgttment would
not fully explain our findings, because fungal activity was clearly higher in thisneef N-
NH4 levels.were no#imiting and slightly higher in the light, N-fixation was minimal based on
the low preportion of cyanobacteria with heterocysts, aR®DPPeoncentrations were high and
non-limitingsinsboth treatments. Contrasting DOC levels aslaphave contributed to our
findings; while DOC was likely higher and more labile in the light streams due to greater
periphyton growth, the DCMU incubation results support direct fungal stimulation By alga
photosynthesis, not elevated streamwater DOC, as the primary driver of priming indyur st

Given.the prevalence of algaeaquatic settingghe interactions revealed in our study
carry broadmplicatiors for aquatic ecosystem®ur flume designisulatedstreamflow, but
may bias bielegical breakdown relative to leaf physical breakdown and transport it natura
forested streams (Webster et 4P99). The interactions revealed in our study are worth further
in situassessment because they may be patahatpersist over shorter intervals (days to weeks)
in real streams. However, under base flow andeah-lit lentic systemsuch as marsheand
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with higher nutrient and light availability undanthropogenic land use (Allan, 2004), our study
suggestslgatinduced negative priming may force a heterotrophic shift from using litter C as a
resource to using litter as a surface substratum for grdib.is apparent in the comparison of
dry mass vesuslitter-specific Closs ratesshowing algae suppressddcomposition both by

adding new,biomass to detrital periphyton, and by reducing heterotrophic use of detrital C
(especiallyon poplar). Negativepriming during litter decomposition coulmlsoslow organic
matterturnover, increasing C storage, potential organic matter export downstream, and
accessibility'ofalgal and detrital C in aquatic food webs. Detvdigabd systems with sufficient

light may exhibit blurrier contrasts between “green” and “brown” bases of energygfilcam

that fungal.Qmaylargely pased on cumulative fungal production, @24 of total production)

derive fromralgalC-exudationnstead of detrél C. Yet, if algal-derived C is not invested in

fungal biomassas we observe herthis labile C may ultimately transfer poorly to upper trophic
levels. Future research should address how high algal yet low fungal biomass under light coul
affect trophic transfer to primary consumgeio, Kainz, Valdez, Sheldon & Bunn, 2016;
Crenieret aly2017; Norman et al., 2017). Finally, the dissimilar responses of fungal biomass vs.
activity indicate labile C additions may shift competitive interactions or succession among litter
associated.fungi, e.davouring fungi specializing on algalerived C over recalcitramategrading

taxa (Vofiskova & Baldrian, 2013). Linkages betwegiming and heterotrophic community
composition are a promising topic of investigation (Faleiaal.,2018) with implications for
long-term, downstream microbial community composition and fund&orther giantfication

of microbialiinteractionand their mechanismgill enhance understanding of tbeection and
ecologicaliimplications gbriming effectsn aquatic systems.
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694  Figuretitles

695 Figurel. Mean * SE algal biomass (a,b), bacterial abundance (c,d), and fungal biomass (e,f) on
696 leaf litter exposed to dark or light regimes during decomposition. Panels are dintmled i

697 temporal trends (a,c,end timepooled averages for each leaf species and light treatment

698 combination(b;d,f). Bold italics designate significant tipgoled effectsK<0.006; Table 1).

699 Figure 2. Mean+ SEassimilation or productiorates of algae (a,b), bacteria (c,d), andyfue,f)
700 on leaf litter exposed to dark or light regimes during decomposition. Panels arel dmnale

701  temporal trends (a,c,e) and tirpeoled averages for each leaf species and light treatment

702  combination (b;d,f). Bold italics designate significant tino®lpd effects®P<0.006; Table 1).

703  Figure 3. Mean+ SE decreasesfimgal(a) or bacteria{b) production ratem response to

704  DCMU inhibition of photosynthesigs a function of mean + SE algedsimilatiorrates after 20
705  days (symbols not crosgtchedpr 31 daygsymbols crostatched)f decomposition under

706  dark or lightieenditions. Decreased production rates were calculated as [produBtoruU

707  absenck-[production in DCMUpresenck Algal assimilatiorrates were determined from

708  chlorophyll=a accrual and conversion to algal C (Appendix S1).)Iriha solid black line

709 indicates.fungal responses@R&€MU presenceare positively related to algaksimilatiorrates

710 based on Model linajor axis regressiorslope 2.66,P=0.001, B=0.84). Bacterial responses
711 were not related to algaksimilation(slope=-0.11P=0.338, B=0.04).

712 Figure 4. Meanyt+ SE litter decomposition ratebased on dry mass loss (a) or litspecificC

713 mass loss'(b)-of tulip poplar and water oak litter under light or dark conditiongsLédt#gnate
714  statistically significant differences between light treatments (laase letters) or leaf species
715  (upperease lettersd?<0.025; Table S4).

716  Figure5. Scdterplotof mean + SE cumulative fungal C production &tidr-specificC mass

717  loss of water.oak and tulip poplar litter exposed to either light or dark conditions during

718 decomposition. The solid black line designates a 1:1 relationship. Cumulative fungatiproduc
719 and mass less were determined through the last sampling date (day 43) and are expnagsed a

720 Cgtinitial litter C (see also Table 2)
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721
722
723
724
725

Table 1. Repeatedneasure sphiplot ANOVA table testing effects of light treatment, leaf

species, and day on algal biomass, bacterial abundance, fungal biomass, algal assimilation rates
inferred_from chlorophyll-a accrual, bacterial production rates, fungal ptioduates, and litter

molar C:N and C:P during decomposition. Among the bacterial abundance strtam resulis

N/A designates terms could not be tested because of insufficient sample size.

Response Factor F-value P-valué Factor F-value P-valué

Within-streams, temporal effect:  Acrossstreams, pooled across time:

Algal biomas8 Day (D) 14.8& 3 <0.001 Light (L) 266.5 <0.001
DxL 5.163s <0.001 Leaf species (S) 3.816 0.098
DxS 0.3%.36 0.908 LxS 0.4 0.533
DxLxS 0.85.36 0.602

Bacterial Day (D) N/A N/A Light (L) 43.8,s <0.001

abundanc® DxL N/A N/A Leaf species (S) 0.1;6 0.754
DxS N/A N/A LxS 196 0.219
DxLxS N/A N/A

Fungal Day (D) 50.6s3 <0.001 Light (L) 3146 0.001
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726
727
728
729
730

biomas$

Algal
assimilatiofi

Bacterial

production

Fungal
productio”l

Litter C:NP

Litter C:P’

DxL
DxS
DxLxS
Day (D)
DxL
DxS
DxLxS
Day (D)
DxL
DxS
DxLxS
Day (D)
DxL
DxS
DxLxS
Day (D)
DxL
DxS
DxLxS
Day (D)
DxL
DxS
DxLxS

19.3 30
23.6530
22.25 30
11.3 5
3.2530
0.55,30
0.55 30
2.1530
3.9530
6.1530
2.2530
40.3 30
0.7530
10.5 30
9.0s,30
18.0s 36
4.66 36
2.56,36
1.45 36
69.65 36
3.66,36
2.9 36
3.66,36

<0.001
<0.001
<0.001
<0.001
0.020
0.794
0.800
0.092
0.008
<0.001
0.079
<0.001
0.645
<0.001
<0.001
<0.001
0.001
0.037
0.226
<0.001
0.006
0.019
0.006

Leaf species (S)
LxS

Light (L)
Leaf species (S)
LxS

Light (L)
Leaf species (S)
LxS

Light (L)
Leaf species (S)
LxS

Light (L)
Leaf species (S)
LxS

Light (L)
Leaf species (S)
LxS

1706
0.116

296.8.6
0-11,6
4.7

0.116
69.06
1.8

47.006
131.0.6
10.24 ¢

2.816
1-01,6
0.316

13.716

45.4 ¢
2-01,6

0.235
0.754

<0.001
0.781
0.074

0.736
<0.001
0.223

<0.001
<0.001
0.019

0.145
0.358
0.626

0.010
<0.001
0.209

®Boldface indicates significaf-values after Bonferroni adjustment (0=0.006).

®Log-transformed prior to analysis.

‘Squareroot.transformed prior to analysis

9Due to missifig samplesnly betweerstream effects were tested, exclusively on day 10.
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731 Table2. Mean(xSE)bulk (litter + microbial) and littespecificC mass losandstanding algal biomass on the last sampling date, as
732 well as cumulativdoacterial, algaland fungal production estimated over 43 days of decomposition of tulip poplaaterdak itter

733 under light'or dark conditionsitter-specific C mass loss is calculated frbtter C remaining after subtractirggandingalgal,

734  bacterial,,and fungddiomass Grom bulk litter + microbial Gn the same dat&ee Appendix S1 for calculation methods used to

735  determine cumulative microbial production.

Algal Litter- Cumulative Cumulative Cumulative
Light Bulk C biomass  specific C algal bacterial fungal

Leaf species treatment mass loss (day 43f mass los$ productio productiod  productiord

Tulip Poplar Dark 588 (17) 1.5(0.7) 597(17) 6(1) 52 (1) 339 (52)
Light 284 (68) 75(13)  379(58) 121(16)  70(7) 585 (122)

Water Qak™, Dark 214 (40) 0.8(0.1) 259(40) 5(1) 40 (2) 163 (6)
Light 111 (77) 57 (15) 200 (67) 102 (15) 35 (5) 403 (10)

736 Al units arein mg C ¢ initial litter.
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