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SUMMARY

1. Phenology, or the timing of life cycle events, is a key trait of organisms that has significance for

how communities are assembled and ecosystems function. Although variation in phenology in plants

has received increased attention over the past decade as a result of changing climate, we are only

beginning to understand the role of genetic variation in these phenological traits on ecological

interactions and ecosystem-level processes.

2. The influence of tree species on riparian environments presents an interesting system for

understanding the effects of phenology in terrestrial species on aquatic ecosystems. Here, we used a

dominant riparian tree (Populus trichocarpa: Salicaceae) and tested intraspecific genetic variation in

the phenological timing of leaf drop, which influenced leaf-litter inputs into our experimental aquatic

ecosystems.

3. Our empirical results found that genotypic differences in P. trichocarpa explained much of the

variation both in leaf-litter decomposition and aquatic invertebrate species richness within our

experimental ponds. Moreover, our results showed that variation in the timing of leaf-litter inputs

outweighed the effects of variation in leaf-litter quality among P. trichocarpa genotypes on aquatic

invertebrate species richness.

4. Taken together, our results suggest that genetic variation in the timing of litter inputs from

dominant plant species is likely to be a strong underlying mechanism driving litter decomposition

and invertebrate communities in aquatic ecosystems. This emphasises that studies disregarding

phenology may significantly underestimate an important and variable component in communities

and ecosystems.
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Introduction

Intraspecific genetic variation has long been recognised

for its importance as the raw material for natural selec-

tion and evolution within species (Fisher, 1930). There

has been growing appreciation in ecology for the role of

intraspecific genetic variation, particularly within domi-

nant and foundation plants species, in shaping associ-

ated communities and driving ecosystem processes

(Hughes & Stachowicz, 2004; Whitham et al., 2006; John-

son & Stinchcombe, 2007; Bailey et al., 2009; Crutsinger

et al., 2014a). For example, genetic relatedness predicts

primary productivity among eelgrass (Zostera marina)

clones in intertidal ecosystems (Stachowicz et al., 2013),

while variation among aspen (Populus tremuloides) clones

can influence the composition of soil microbes (Madritch

& Lindroth, 2011). Although there has been significant

progress in identifying the effects of genetic variation on
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higher levels of ecological organisation, most studies

have not identified the underlying traits driving these

ecological responses (Hughes et al., 2008). Of the studies

that have used a trait-based approach, most have

focused primarily on traits related to plant productivity,

nutrient content and secondary defences (Whitham et al.,

2012), yet there are likely genetic differences in other

traits that are potentially relevant to communities and

ecosystems.

Phenology, or the timing of life cycle and seasonal

events, is a fundamental aspect of organisms that has

profound consequences for ecological interactions and

processes (such as pollination, pupation, mating, sea-

sonal pulses of leaf litter) (Revilla, Encinas-Viso & Lor-

eau, 2014). Within species, there can be considerable

genetic variation in phenology (Moore & Schindler,

2010). For example, the timing of emergence of mayfly

larvae from aquatic environments can vary considerably

among populations (Brittain, 1982). Within plant species,

spring flowering time can vary from days to weeks

within and among plant populations (Primack, 1980),

while canopies of different aspen (P. tremuloides) genets

growing adjacent to one another can be at very different

phenological stages, ranging from green to bright yellow

or orange, during autumnal senescence (Lindroth &

Hwang, 1996). In addition, leaf flushing and senescence

are related to plant primary productivity, define the

length of biogeochemical cycling, and the dynamics of

carbon sequestration (Morisette et al., 2009; Polgar & Pri-

mack, 2011). Although it is well established that there is

a considerable amount of phenological variation within

species, we are only beginning to understand the role of

genetic variation in phenology in structuring the diver-

sity and composition of associated communities or driv-

ing ecosystem-level processes (Burkle, Marlin & Knight,

2013; Revilla et al., 2014). Predicting the timing of recur-

rent life cycle events in current scenarios of climate

change is essential to evaluate, manage and mitigate its

consequences (Harper & Peckarsky, 2006; McNamara

et al., 2011; Johansson & Jonzen, 2012; Reed, Gienapp &

Visser, 2015).

Most studies on the ecological consequences of genetic

variation have been performed using terrestrial plants

and terrestrial communities, while only a few studies

have looked at the cross-ecosystem effects of genetic

variation using litterbags placed in streams (LeRoy et al.,

2006, 2007; Jackrel & Wootton, 2015). These studies have

concentrated exclusively on traits related to litter quality,

such as secondary chemistry, ignoring genetic variation

in other traits that might influence aquatic–terrestrial

interactions. For example, LeRoy et al. (2006, 2007)

examined leaf litter from two Populus parental species

(P. fremontii and P. angustifolia) and their hybrids and

found differences both among parental species and

hybrids driven primarily by variation in condensed tan-

nins. In this study, we examined the effects of

intraspecific genetic variation in phenology of leaf litter

fall in black cottonwood (Populus trichocarpa), a domi-

nant riparian tree species in western North America, on

experimental aquatic ecosystems. Leaf litter is a funda-

mental carbon resource in riparian zones, acting as a

key linkage between terrestrial and aquatic ecosystems

(Marcarelli et al., 2011). Seasonal leaf-litter inputs into

adjacent streams, lakes and ponds can have strong

effects on food-web dynamics and nutrient cycling (Wal-

lace et al., 1997; Gessner et al., 2010), and the timing of

the resource pulses can be critical to understanding how

aquatic ecosystems function (Takimoto, Iwata & Mura-

kami, 2002; Holt, 2008; Yang et al., 2008; Leroux &

Loreau, 2012).

Here, we present empirical results from a large field

experiment consisting of a common garden containing

different P. trichocarpa genotypes growing adjacent to

created aquatic pond mesocosms. This research is partic-

ularly relevant given rising concern over shifts in the

phenology of many species and the timing of the inter-

actions under a changing climate (Yang & Rudolf, 2010).

Previous goals of this experiment addressed how

genetic variation influences aquatic-terrestrial linkages

(Crutsinger et al., 2014a; Rudman et al., 2015), whereas

the results presented here are unique in that they focus

on the role of timing of leaf-litter inputs. We aimed to

explicitly investigate the impact of genetic variation in

leaf senescence in P. trichocarpa, and the subsequent leaf-

litter inputs to aquatic systems with the hypothesis that

variation in the timing of leaf-litter inputs to the aquatic

system would play a larger role in dictating decomposi-

tion than variation in leaf-litter quality among

genotypes. We predicted that qualitative differences in

leaf-litter inputs among tree genotypes would be the

underlying mechanism driving invertebrate community

responses when litter inputs occur at the same time.

However, it was unclear whether incorporating the

genetic variation in tree phenology (affecting the timing

of leaf-litter inputs) would alter the magnitude or direc-

tion of ecological responses. For example, shifts in the

aquatic community associated with changes during

autumn could influence whether the effects of genetic

variation in litter are maintained or not. Despite the

complexity of predicted outcomes, our study provides a

novel perspective of the consequences of genetic varia-

tion in tree phenology for aquatic-terrestrial linkages.
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Methods

Study system

Our experimental setup was designed to mimic the

small pools and ponds in the riparian ecosystems of Bri-

tish Columbia (BC), Canada, where a small pond might

receive the majority of its leaf-litter inputs from an adja-

cent adult tree. Populus trichocarpa is often the dominant

tree species in riparian ecosystems in western North

America, ranging from California to southern Alaska

(Farrar, 1995). With a fully sequenced genome and

extensive genetic resources, it is also a model organism

for understanding the genetic basis of phenotypic vari-

ability in woody species (Cronk, 2005). Levels of genetic

differentiation among populations of P. trichocarpa are

low throughout the species range due to high gene flow

through wind pollination and seed dispersal (Wegrzyn

et al., 2010; Slavov et al., 2012; Geraldes et al., 2014); yet,

populations maintain high levels of heritable phenotypic

differentiation from a strong genetic component in many

traits reflecting adaptation to local environmental condi-

tions (Weber, Stettler & Heilman, 1985; Xie, Carlson &

Ying, 2012; McKown et al., 2014a).

In 2008, 461 P. trichocarpa genotypes originating from

136 provenance localities throughout the species range

were planted in a common garden at Totem Field,

University of British Columbia (UBC), Vancouver, BC

(McKown et al., 2013). This common garden was geno-

typed (Geraldes et al., 2013) and extensively phenotyped,

including measures of a wide range of biomass, eco-

physiology and phenological traits that were assessed

across multiple years (McKown et al., 2013, 2014a,b,c).

These studies determined population structure and trait

heritability within the collection, related variation in

these traits to gradients in the geography and environ-

ment of tree origin (i.e. geoclimate variables), and

assessed the genetic architecture underlying these phe-

notypes. Within the P. trichocarpa collection, McKown

et al. (2014a,c) found a large amount of heritable varia-

tion in traits relating to litter quality, such as litter nutri-

ent and tannin content, and variation in these traits was

shown to influence ecological processes in an experi-

mental aquatic ecosystem (Crutsinger et al., 2014a). Vari-

able phenological canopy traits, such as timing of bud

break, leaf flush, bud set, leaf yellowing (senescence)

and leaf drop (creating leaf litter), were also highly heri-

table in P. trichocarpa (McKown et al., 2014a). The late

summer and autumn phenology traits (i.e. bud set, leaf

senescence and leaf drop) strongly reflect tree origin in

P. trichocarpa and ultimately control the timing of litter

inputs. The primary cues for each of these events are a

combination of temperature and photoperiod, which can

act together or independently with photoperiod being

the predominant cue (McKown et al., 2014a). Genome-

wide association studies have shown that the genetic

basis underlying these phenological traits is complex,

involving multiple genes with each gene explaining only

a small proportion of the heritable phenotypic variation

(McKown et al., 2014b). The ecological consequences of

genetic variation in phenology traits that drive litter

inputs have not been explored in P. trichocarpa, and

therefore, our study focuses on genetic variation in phe-

nology as the underlying mechanism modifying leaf-lit-

ter inputs under a common environment and not on

individual genes per se. Although relationships among

phenological traits and geoclimatic variables have been

previously discussed within a species adaptation context

(McKown et al., 2014a), this study provides a unique

perspective for how these patterns might influence litter-

associated communities, relate to aquatic subsidies and

affect decomposition.

Experimental design

In March 2012, five P. trichocarpa genotypes (hereafter

referred to as G1–G5) were selected from a pool of 269

candidates to represent the full range of variability in

phenology among southern BC localities (latitudinal

range: 49–52°N). All five genotypes were from different

provenances located within southern BC and were con-

sidered equally genetically distant (Crutsinger et al.,

2014a; Geraldes et al., 2014). Dormant whips were taken

from trees grown in Totem Field, and cuttings cultivated

within a greenhouse setting and transplanted into indi-

vidual 94.6-L plastic nursery containers (details in Crut-

singer et al., 2014a). Trees were fertilised at the time of

planting and watered as needed throughout the dura-

tion of the experiment. In June 2012, each of the five

P. trichocarpa genotypes were grown in monoculture

around experimental aquatic pond mesocosms (complete

methodological details on the common garden and

aquatic mesocosms setup are in Crutsinger et al., 2014a).

Briefly, we planted three replicated ramets around each

mesocosm and 12 replicate mesocosms per genotype

(180 trees and 60 mesocosms total; Fig. 1). Mesocosms

were constructed from 1136-L cattle tanks (2 m in diam-

eter, 1 m in depth; Rubbermaid Commercial Products,

LLC, Winchester), spaced 3 m apart and randomly

assigned to a location in a 30 9 100 m grid on the UBC

research farm. Each tank was filled with well water, and

11.33 kg of sterilised play sand was added to create a

sediment layer. We inoculated each mesocosm with

© 2016 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12872
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phytoplankton and zooplankton taken from nearby

experimental ponds. We also introduced a microbial

community and propagules of benthic and pelagic

organisms by adding sieved benthic mud from a nearby

shallow lake (Browning Lake, Squamish). Mesocosms

were then left uncovered throughout the summer to

allow for the natural colonisation of other aquatic inver-

tebrates. We added a small amount of nutrients (1.23 g

NaNO3 and 0.09 g NaH2PO4) to each tank to boost ini-

tial primary production, and supplemental well water

was added throughout the summer to compensate for

evaporation.

Leaf-litter manipulation

In the autumn period prior to the start of leaf drop (late

September 2012), we bagged all P. trichocarpa individuals

using netting staked with a 3-m bamboo pole. Consistent

with their variable autumn phenology observed in prior

studies (McKown et al., 2013, 2014a), P. trichocarpa geno-

types varied in timings of canopy senescence and peak

leaf drop (creating litter for our experiment) in our

study. All genotypes had dropped enough leaf litter by

early October 2012 to initiate the decomposition experi-

ment presented here. Litter was collected, air-dried for

48 h, weighed, and 75% of the leaf mass was deposited

directly into the corresponding mesocosm as part of a

larger whole-ecosystem experiment (Crutsinger et al.,

2014a). The remainder of the litter was used to estimate

nutrient content and provided material for this study.

Using the leaf litter collected in early October 2012, we

created two decomposition litterbags for each mesocosm

(60 mesocosms 9 2 litterbags = 120 litterbags total).

Decomposition bags (15 9 15 cm) were constructed of

window screen (2-mm mesh size). Bags were sealed on

three edges using an impulse heat sealer (Grizzly Indus-

trial Inc., Bellingham), filled with 2 g of dried P. tri-

chocarpa litter (amassed from all three individuals for

each mesocosm) and sealed on the fourth edge. We

established two separate litter input manipulations. First,

we placed a single litterbag into all mesocosms on the

same date. We refer to this as the ‘litter quality’ experi-

ment, as the timing of litter input was equivalent allow-

ing only variation in litter quality. We placed these first

litterbags in our mesocosms on 2 October as the earliest

P. trichocarpa genotype (G1) was already reaching peak

litter fall (c. 75% of the canopy had dropped). The sec-

ond experiment placed the other litterbag into the corre-

sponding mesocosm at different times and during the

peak litter fall for a given tree genotype (estimated

through visual surveys of proportion of leaves remain-

ing on trees taken on a weekly basis). We refer to this as

the ‘litter timing’ experiment, as both genetic variation

in litter quality and timing were present in this manipu-

lation. Placement of the second litterbag occurred on 2

October for G1 (same date as the ‘litter quality experi-

ment’), c. 2 weeks later (18 October) for G2 and G3, and

c. 4 weeks later (31 October) for G4 and G5.

All litterbags were fully submerged within the meso-

cosms during which time they rested flat on the bottom

of each tank. After 30 days, litterbags were collected and

litter assessed for benthic invertebrates (see below). Lit-

ter was then oven dried at 60 °C for 72 h and weighed.

Subsamples of dried litter were ground to a fine powder

using a ball mill (Spex 8000D; SPEX SamplePrep, Metu-

chen) and ashed in a muffle furnace at 550 °C for 6 h.

All litter mass loss data are shown as ash-free dry mass.

To measure litter carbon (C) and nitrogen (N) content,

5–6 mg of ground material was weighed on a microbal-

ance (Metter XP6; Mettler Toledo, Columbus) and anal-

ysed for nutrient content using an elemental analyser

(Costech ECS 4010; Costech Analytical Technologies Inc.,

Valencia) at UBC with acetanilide (10.36% N and 71.09%

C) as a reference standard. To measure litter phosphorus

(P) content, 5–6 mg ground material was ashed at

500 °C for 2 h to remove all organic matter. Ashed mate-

rial was then digested in a 1 N HCL solution at 105 °C

for 2 h. Dissolved P in the digested material was

measured using the colorimetric molybdate method

(Murphy & Riley, 1962). Absorbance was measured with

a 1240 mini-Shimadzu spectrophotometer (Shimadzu,

Sidney), and spinach leaves (NIST #1570a) were

included as internal standards. Our extraction efficiency

was estimated as c. 99% (CoV < 5%), and variability

between replicated samples was small (CoV < 6%). To

Fig. 1 Photo of randomised experimental array showing clonal

genotypes of black cottonwood, Populus trichocarpa, surrounding

aquatic mesocosms (photo credit: G. Crutsinger).
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determine soluble condensed tannin concentrations, we

used the butanol–HCl method (Porter, Hrstich & Chan,

1986). Complete methodological details on condensed

tannin are in Crutsinger et al. (2014a,b).

We note that the quality of leaf litter may change nat-

urally as autumn progresses and that our study does

not encapsulate this change by using litter collected ear-

lier in the season for all litterbags. However, we con-

sider it is likely that litter quality declines over time,

and further exacerbates differences among P. trichocarpa

genotypes with earlier versus later autumn phenology.

Therefore, we posit that our consistent use of early-

season litter for all genotypes represents a more compa-

rable, if more conservative, estimate of leaf-litter quality

and decomposition differences among P. trichocarpa

genotypes relating to phenology.

Benthic invertebrates

We assessed the benthic invertebrates from litterbags

used in the decomposition study for taxa richness, abun-

dance and total invertebrate biomass. After litterbags

were pulled from mesocosms, we placed them in plastic

bags and immediately returned to the laboratory. All

leaves were then gently rinsed individually with water

into a sorting tray. Benthic invertebrates were picked

live and placed into 95% ethanol. Individuals were

counted and identified to the lowest feasible taxonomic

unit (species or morphospecies). Benthic invertebrates

were then oven dried at 60 °C for 72 h to obtain total

invertebrate biomass attributable to each litterbag.

Statistical analyses

To examine how differences in the timing of litter inputs

influenced litter decomposition and benthic invertebrates

associated to litterbags (taxa richness, abundance and

biomass), we used separate full-factorial analysis of vari-

ance (ANOVA) examining genotype, litter input timing

(litter quality versus litter timing), and genotype 9 litter

input timing interaction. We performed Tukey HSD post

hoc pairwise comparisons to identify significant differ-

ences between groups (P < 0.05). We used linear regres-

sions to examine how litter traits (condensed tannins, C:

N and P) related to litter decomposition. Finally, to

determine how arthropod community composition var-

ied with plant genotypes and sampling times, we used

t-test and separate two-way ANOVAs to examine

variation in mayfly (Ephemeroptera) and chironomid

(Diptera) abundance across treatments, as these were

the dominant invertebrates in our samples, and

PERMANOVA using the Bray-Curtis dissimilarity matrix

on log-transformed abundance data (Primer-E version

1.0.5, Primer-E, Auckland). Data were log-transformed as

needed to improve normality and reduce heteroscedas-

ticity. For clarity and ease in discussing the results, we

show the untransformed values in all figures.

Results

We found that variation in leaf-litter inputs among dif-

ferent P. trichocarpa genotypes strongly influenced litter

decomposition (Table 1). When litterbags were estab-

lished simultaneously (‘litter quality’ experiment), plant

genotype explained half of the variation in decomposi-

tion (R2 = 0.53, F4,52 = 14.46, P < 0.0001). Populus tri-

chocarpa genotypes varied by 23% in litter mass loss and

Table 1 Results from two-way ANOVAs examining the effects of

genetic variation in Populus trichocarpa leaf-litter input timing on lit-

ter decomposition and benthic invertebrates associated with lit-

terbags (taxa richness, abundance and total biomass). The litter

input timing variable represents either simultaneous input (2 Octo-

ber) or input dependent on the peak litter fall for each genotype (2,

18 or 31 October). Bold indicates statistically significant differences

(P < 0.05).

Source d.f. F P

Litter mass loss (%)

Model 9,104 52.94 <0.0001

Genotype 4 35.44 <0.0001

Litter input timing 1 214.37 <0.0001

Genotype 9 litter input timing 4 27.84 <0.0001

Total richness

Model 9,100 4.30 <0.0001

Genotype 4 1.88 0.119

Litter input timing 1 26.12 <0.0001

Genotype 9 litter input timing 4 0.67 0.612

Total abundance

Model 9,96 1.88 0.064

Genotype 4 0.46 0.763

Litter input timing 1 0.92 0.340

Genotype 9 litter input timing 4 3.31 0.014

Total biomass (g)

Model 9,109 2.53 0.011

Genotype 4 2.73 0.033

Litter input timing 1 3.12 0.080

Genotype 9 litter input timing 4 2.17 0.077

Mayfly abundance

Model 9,86 1.87 0.067

Genotype 4 0.38 0.821

Litter input timing 1 6.21 0.016

Genotype 9 litter input timing 4 2.95 0.025

Chironomid abundance

Model 9,86 0.76 0.655

Genotype 4 0.51 0.730

Litter input timing 1 1.55 0.220

Genotype 9 litter input timing 4 0.81 0.525
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overall mass loss averaged 39% across all genotypes

during this time period, with a rank order of mass loss

(least to most) of G2 < G1 < G5 < G4 < G3 (Fig. 2). We

found substantial variation in litter quality. Mean litter P

content varied by 30% (F4,55 = 11.70, P < 0.0001), leaf C:

N varied by 200% (F4,51 = 35.58, P < 0.0001) and con-

densed tannins by 900% (F4,35 = 11.70, P < 0.0001). When

we examined the traits that best accounted for P. tri-

chocarpa litter decomposition when litterbags were intro-

duced simultaneously, we found that the C:N ratio

accounted for 16% of the variation in litter

decomposition, while condensed tannin content did not

explain litter decomposition (Fig. 3).

When litterbags were established during peak litter

fall for a given plant genotype (‘litter timing’ experi-

ment), plant genotype explained substantially more of

the variation in decomposition (R2 = 0.74, F4,52 = 36.64,

P < 0.0001). Populus trichocarpa genotypes varied by over

200% in litter mass loss in the litter timing experiment

(Fig. 2). On average, litter established later decomposed

more slowly, averaging 27% mass loss overall. More-

over, there was a different rank order of mass loss (least

to most) when litterbags were established during peak

litter fall G2 < G3 < G5 < G1 < G4 compared to lit-

terbags established simultaneously (Fig. 2). Peak timing

of litter fall (>75% canopy loss) varied by c. 30 days

among genotypes (Fig. 3), and when we included the

‘start date’ when the litterbags were added to the meso-

cosms as a factor, we found that this date (Fig. 3a) was

the most important variable explaining 64% of the total

variation in litter mass loss for litterbags during peak lit-

ter fall. In general, the later litterbags were established

in mescosms, the less litter mass was lost, despite being

submerged for the same amount of time.

We found that variation in leaf-litter inputs relating to

leaf quality and timing significantly altered the richness,

abundance and biomass of benthic invertebrates associ-

ated with leaf litter. In total, we found 17 different mor-

phospecies (mean � SE, 2.19 � 0.09 per genotype) and

1632 individuals (mean � SE, 14.84 � 1.79 per geno-

type). The litterbags added at the time of peak litter fall

Fig. 2 Percent litter mass loss from 30-day decomposition experi-

ments (‘litter quality’ and ‘litter timing’) by Populus trichocarpa

genotype. Grey represents litterbags added to mesocosms simulta-

neously (testing litter quality effects), white represents litterbags

added to mesocosms during peak litter fall (loss of 75% of the tree

canopy) and bars indicate SE within genotypes.

Fig. 3 The plant traits that best

accounted for Populus trichocarpa litter

decomposition as described by percent

litter mass loss. (a) Initial time (week)

when litter was added during peak litter

fall (R2 = 0.64, P < 0.001), (b) condensed

tannin content (%) (litter quality:

R2 = 0.01, P = 0.880; litter timing:

R2 = 0.001, P = 0.952), (c) carbon: nitro-

gen content (C:N) (%) (litter quality:

R2 = 0.67, P = 0.091; litter timing:

R2 = 0.016, P = 0.840) and (d) phospho-

rus (P) (%) (litter quality: R2 = 0.21,

P = 0.442; litter timing: R2 = 0.29,

P = 0.341). Grey represents litterbags

added to mesocosms simultaneously

(testing litter quality effects), white repre-

sents litterbags added to mesocosms dur-

ing peak litter fall (loss of 75% of the tree

canopy) and bars indicate SE within

genotypes.
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had c. 28% lower taxa richness (across all genotypes)

compared with litterbags which were added simultane-

ously. The timing of leaf-litter inputs also had a signifi-

cant interaction with tree genotype that influenced the

total abundance of benthic invertebrates. Specifically,

some P. trichocarpa genotypes showed greater inverte-

brate abundance when litterbags were added during

peak litter fall (e.g. G1 had 77% greater invertebrate

abundance), while others showed a reduction (e.g. G4

had 59% lower abundance). Differences in litter quality

among P. trichocarpa genotypes also had an effect on the

biomass of benthic invertebrates. For instance, the G5

genotype had 450% more invertebrate biomass than the

G1 genotype when litterbags were added to mesocosms

at the same time (F4,55 = 3.11, P = 0.022). However, we

found that the difference between genotypes disap-

peared when leaf litter was added during peak litter fall

(F4,55 = 0.74, P = 0.567), suggesting that both litter qual-

ity and the timing of litter inputs play important and

interactive roles in shaping the benthic invertebrate

community (Table 1).

We assessed two groups of dominant benthic inverte-

brates (chironomids and mayflies) that together repre-

sented >85% of the total abundance of benthic

invertebrates. The abundance of chironomids remained

equivalent across experiments, as this group represented

50% of all benthic invertebrates when leaf litterbags were

added at the same time, and 43% when litterbags estab-

lished later (t94 = �1.15, P = 0.254). By contrast, the abun-

dance of mayflies varied depending on timing of litterbag

establishment, with an average of c. 45% fewer individu-

als per litterbag earlier in the season (e.g. 2 October estab-

lishment, 28% of the total abundance benthic

invertebrates) compared to when litterbags established

later (e.g. 28 October establishment, 51% of the total abun-

dance benthic invertebrates, t94 = 2.06, P = 0.042). These

differences may have primarily reflected seasonality as

arthropod community composition varied with the time

of leaf-litter inputs (PseudoF = 13.72, P = 0.0001).

Discussion

In this study, we observed that genetic variation in tim-

ing of leaf drop among P. trichocarpa genotypes had

clear, significant effects on the litter decomposition in

aquatic ecosystems. For example, decomposition of the

five genotypes varied by 26% on average, when lit-

terbags were established simultaneously (testing litter

quality), but by 200% when litterbags were placed dur-

ing the given genotype’s peak litter fall (testing litter

timing). Incorporating the phenological differences

among P. trichocarpa genotypes magnified the effects of

genetic variation on litter decomposition and altered the

rank order of genotypes in litter mass loss over time.

These results demonstrate that the genetic differences in

the phenological timing of canopy loss (defining peak

litter fall driving litter inputs) may be a crucial under-

lying mechanism driving litter decomposition that has

been overlooked in ecosystem studies. Researchers often

collect litter over the period of senescence and set out

litterbags in the field at the same time. While these

methods capture qualitative differences in litter due to

variation in nutrient and secondary chemical content

(Madritch & Hunter, 2002; Schweitzer et al., 2005; Crut-

singer et al., 2006; Madritch, Donaldson & Lindroth,

2006), they may significantly underestimate the overall

importance of genetic variation in the phenology of

dominant plant species for communities and ecosystems.

Surprisingly, when we examined the relationships

between key litter quality traits and litter decomposition

(as measured by mass loss) in P. trichocarpa, we did not

find secondary compounds (condensed tannins) to be

significant in explaining variation in litter break down.

This was despite that condensed tannin content in the

five genotypes used in this study varied several-fold

(c. 3–24% dry leaf weight). Prior work by Schweitzer

et al. (2005) found that condensed tannins accounted for

a considerable amount of the variation in litter decom-

position across a cottonwood hybrid zone. The differ-

ences observed between these studies could be largely

due to ecological context, as leaf-litter decomposition

can be influenced by both the microbial and invertebrate

species present (Hieber & Gessner, 2002). When we

incorporated the influence of phenology in litter inputs,

we found that peak litter fall explained a substantial

amount of variation in litter mass loss among the five

clones. As leaves drop later into the autumn, tempera-

tures may be cooler with fewer invertebrates in the leaf

litter, thereby slowing decomposition. In our study, the

peak timing of litter fall varied by c. 14 days among

genotypes G2–G5, and the variation in decomposition

among genotypes did show clear patterns in decomposi-

tion relating to advancing time (Fig. 3).

Phenological traits affecting litter input timing, such

as leaf yellowing and leaf drop, are highly heritable

(H2 = 0.6) in P. trichocarpa similar to other qualitative lit-

ter characteristics, such as condensed tannins (H2 = 0.6),

but substantially higher than nitrogen-related traits con-

tent (H2 = 0.2) (McKown et al., 2014a,c). Phenological

differences among P. trichocarpa genotypes are driven

primarily by local adaptation to day length, which is

unchanging from year to year, but also respond to
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seasonal temperature conditions (McKown et al., 2013,

2014a). These abiotic factors vary with latitude and will

likely influence an aquatic ecosystem directly (such as

affecting rates of decomposition), as well as interacting

with genetic effects from dominant plant species phenol-

ogy. While these G 9 E interactions (beyond temporal

environmental changes, Fig. 3) were out of the scope of

this study, our results showing differences in decompo-

sition rates of a given genotype with time suggest that

there are clear opportunities for reciprocal transplant

experiments that partition the effects of genetic variation

in dominant species and community and ecosystem

interactions under different environmental conditions.

These studies could explore how changes in both tem-

perature and heritable phenotypes would alter commu-

nity composition and ecosystem function. We would

expect that the high heritability of phenological traits

would allow for more predictable ecosystem responses

to genetic variation in the timing of interactions com-

pared to less heritable traits such as litter nutrient con-

tent which might depend on highly localised soil

conditions.

In addition to amplifying the differences in decomposi-

tion among genotypes, benthic invertebrates also showed

a response to genetic variation in leaf-litter inputs. Nota-

bly, patterns of benthic invertebrate biomass differed

between the litter quality and litter timing experiments.

Species abundance and total biomass were significantly

affected by plant genotype, and species richness and

abundance had significant effects from litter input timing.

This suggests that findings from studies that ignore the

role of intraspecific variation in phenology may differ

from a more realistic scenario where phenology is

allowed to vary. Future work to assess the role of

intraspecific variation in plant phenology of dominant

species in altering trophic interactions, and potentially

trophic cascades, will be particularly useful in ecology

and its applications. For example, developing a better

understanding of the relationship between plant phenol-

ogy and local biotic interactions could lead to a useful

tool for ecosystem management or restoration.

Variation in phenology has received increased atten-

tion over the past decade as a result of interactions

under a changing climate (Yang & Rudolf, 2010). We

suggest that the intraspecific variation in phenology of

dominant plants species could be a critical source of

intraspecific variation in shaping ecosystem function

and ecological communities. Our results show that vari-

ation in the timing of autumn phenology (driving litter

inputs) within a dominant riparian tree can affect the

adjacent aquatic habitat. We would similarly expect that

shifts in phenology (such as lengthened summer temper-

ature periods delaying litter inputs) to have important

consequences for aquatic–terrestrial interactions. Future

work should take into account the phenological timing

of leaf inputs as it is a critical underlying mechanism

driving litter decomposition. More broadly, understand-

ing the ecological importance of genetic differences in

phenology of dominant species in a wide range of

ecosystems could lead to a better understanding of how

shifting phenologies will alter ecological dynamics.
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