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Global climate change will drastically alter regabilimates. The influence of
these changes on the distribution and relative @dere of forest trees is both critically
important and subject to substantial uncertaitityvill be particularly important to
understand the effects of different climate scersanin the early life stages of major tree
species, because: 1) Early life stage performandesurvival strongly influence the
abundance of mature trees of a given species,e&sTare most sensitive to
environmental variation during their early life g¢s, and 3) Our knowledge of the
response of Acadian Forest tree species to enveatahvariation is very limited.

In Experiment 1, we monitored the germination, glgvand development of six
major Acadian Forest conifergbies balsamea, Picea glauca, Picea mariana, Picea
rubens, Pinus strobus, andTsuga canadensis. Seedlings were grown in two light
environments: high light (60% of full sun), typicd canopy gaps, and low light (10% of

full sun), typical of the understory beneath fidhopies.



In terms of germination, thReicea species germinated most rapidly and
completely,P. strobus andA.balsamea germinated less completely and more gradually,
andT. canadensis germination was strongly inhibited by higher geihperatures
associated with the high-light environment.

Growth and biomass allocation varied widely amdregdix species. In the high-
light environmentP. strobus andA. balsamea quickly developed extensive root systems,
while thePicea species concentrated their growth on shoot devedopmin the low-light
environmentA. balsamea maintained higher root allocation relative to tileer species.

In the high-light environment, tHéicea species exhibited season-long neoformed shoot
growth, while relatively early budset limited theost growth of the other species.

In Experiment 2, we studied the relative sensitivitP. rubens andA. balsamea
growth and development to different light, soil stare, and root competition treatments
over the seedlings’ first growing season and tfst fivo months of their second growing
season. We found that the growth and developnfdmitb species was similarly
sensitive to variation in belowground nutrient catifon and soil moisture. So, any
interspecific differences in the responsdofubens andA. balsamea to dry conditions
would probably arise due to differences in monai#ttes during severely dry conditions
rather than long-term growth effects of non-letvaiiation in soil moisture.

The results of Experiments 1 and 2 will providdghss into the relative fitness of

these species in various climate change scenarios.
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Chapter 1: First Season Germination, Growth, and Development of Six
Acadian Conifer Speciesin Two Light Environments

1.1. Introduction:

Global climate change could drastically alter regicclimates (Houghton et al.
2001). The combination of increased temperatundsattered precipitation patterns
could have a significant impact on soil water aafaility (Aber et al. 2001), which could
contribute to large shifts in species distributiansl local abundance (Overpeck et al.
1991; Iverson and Prasad 1998; Hansen et al. Zli4r; et al. 2001).

Palynological evidence reveals that species hasterigally undergone immense
range shifts in response to climate change. Imbldor example, white pin®ihus
strobus (L.)) was relatively abundant 9,000 to 5,000 yeays when the climate was
considerably warmer and drier than it is today ¢baon and Dieffenbacher-Krall 1995).
But as the climate became cooler and wetter, wiiite abundance declined and spruce
(Picea sp) and fir (Abies balsamea (L.) Mill) abundance increased in Maine’s forests
(Schauffler and Jacobson 2002). There is alsogtewidence that eastern hemlock
(Tsuga canadensis (L.) Carr.) declined sharply in response to ardrinate and
recovered when the climate became wetter and c{febster et al. 2006). So clearly
trees can react strongly to climate change.

Among other things, climate change can signifigaatfect seasonal patterns of
water availability. For instance, increased terapges in New England could cause an
increased proportion of winter precipitation to @im the form of rain, which could lead
to decreased snow accumulation. This could inereaster runoff and evaporation and

decrease the amount of snowmelt feeding soil watdrarge and runoff in the spring. In



a model of future precipitation of the north-cehty® and southern Europe, Gregory et
al. (1997) found that soil water could increase eahmt in the fall and winter and
decrease somewhat in the spring and summer, whidd ¢urther diminish the amount
and reliability of available water during the sgriand summer months.

In New England, general circulation models (GCM®dict increases in both
mean annual temperature and precipitation (Hougbt@h 2001). The increase in mean
annual precipitation seems to suggest a wetter@mwient for plants, but the true
implications of such changes are unclear. Plamingonities not only respond to
precipitation amounts but also to the pattern inctithey receive that precipitation.

GCMs predict that future precipitation patternd Wwé characterized by less
frequent, more intense storms (Easterling et &026loughton et al. 2001; but see
Bengtsson et al. 2006). So although total annkgadipitation will increase, there will be
longer dry periods between rainfall events. Knapal. (2002) tested the effects of
precipitation variability on a native prairie byering the frequency and intensity of
precipitation events but keeping total precipitattmnstant. Under the different watering
regimes, community composition and productivityy@® more sensitive to precipitation
variability than to total precipitation or meanls@ater content, which demonstrates the
importance of precipitation patterns to plant comines.

Knapp et al. (2002) conducted their study in a langairie, which is generally
more water-limited than New England’s forests. Bugn in relatively water-rich forests,
droughts can still strongly affect species growtll aompetitive interactions, particularly
at the seedling level (DeStevens et al. 1991ainJeshl. 2000; Holmgren 2000;

Engelbrecht et al. 2006). Many researchers haxibwed high conifer seedling



mortality to drought. Such mortality is causedjidy by the interaction between
seedling desiccation and root growth inhibitionsediby the hardening of dried soll
(Moore 1926; Baldwin 1934, Place 1955; Walsh anthvd977; DeStevens 1991a;
Royo et al. 2001; Lee et al. 2004). Also, relatvéarger trees, germinants and young
seedlings have higher proportions of their rootesys within the litter layer, which dries
more rapidly than the deeper mineral soil (MoorgatAhlgren and Ahlgren 1981).

This raises the possibility that Maine’s futureefstis could be significantly
affected by changes in the frequency of droughtsseverity of which could be
exacerbated by increased temperatures. Increg@gdddcentrations should offset
drought stress somewhat by increasing water usresfty (Wayne et al. 1998), but the
degree to which this will occur for a given plapesies in a given microenvironment on
a given timescale is unclear (Aber et al. 2001; [g¢hlleger et al. 2002).

Due to its relatively abundant precipitation, Nengkand is at lower risk of future
droughts compared to many other areas of North Aa¢Aber et al. 1995; Hanson and
Weltzin 2000; Weltzin et al. 2003), but this does make New England immune to
occassional droughts. Even during the water-aamrseason of tropical forests,
seedlings have proved vulnerable to short dry sigElhgelbrecht et al. 2006). Given the
potential weather pattern changes discussed ali®esms prudent to address the
possibility that drought will play an increasinglyominent role in New England as the
climate continues to change. Among the questibatreed to be addressed is how
climate change could affect the performance antliloligion of tree species (Joslin et al.

2000; Hanson and Weltzin 2000; Hanson et al. 2001).



It will be particularly important to understand thbable effects of different
climate scenarios on trees’ early life stagesuidicly seed germination, germinant
establishment, and seedling growth, developmentsarvival. Studying these early life
stages is crucial for three major reasons:

1) Early life stage performance and survival es&dng influences on the overall
population of a given species by limiting the numdiietrees reaching later life stages
(Harper 1977). Various studies have linked eading and sapling performance to
eventual canopy attainment (Kobe et al. 1995; Kiif¢7; Canham et al. 1999; Messier
and Nikinmaa 2000; Clark and Clark 2001; Claveaal.€2002; Lin et al. 2002; Wyckoff
and Clark 2002).

2) Trees are most sensitive to drought and othdrarmental stresses during
their early life stages (Harper 1977; Schlesinged.€1982; Wellington 1984; Hanson et
al. 2001), which suggests that tree early life esagill be among the most responsive
components of forests to climate change (Joslal. &000; Hanson et al. 2001). Relative
to older, more-well-established trees, germinantsseeedlings have less extensive root
systems and lower carbohydrate reserves with wibiemdure periods of stress
(Donovan and Ehlinger 1991; Flanigan et al. 19%%eds (particularly germinating
seeds) can also be highly sensitive to desiccatohother stresses (Fenner 1985;
Tweddle et al. 2003). There are exceptions tq tfisourse, particularly in very arid
environments where the smallest trees tend todethst shaded by neighboring
vegetation, thus making them more protected froapexative water stress during
drought conditions (Mueller et al. 2005). But engral, germinating seeds and seedlings

are more vulnerable than adults to stress. Masliest find that, after the first growing



season, mortality rates drop sharply (Place 19%%peét 1977; Harcombe 1987;
DeSteven 1991b; Hill et al. 1995; Boerner and Bmak 1996).

3) Our knowledge of the early life stages of Acadi@rest species is very
limited. Data regarding the response of major igseo environmental variation during
their early life stages will be useful regardlegthe future climate.

Maine lies within the transition zone between theshl and temperate forests,
and the northern or southern range limits of maagdy taxa fall within Maine’s forests
(McMahon 1990). At their range limits, speciespenses to climate change could be
particularly dramatic (Loehle 2000). Even slightinges in climatic conditions could
cause range shifts, with some species expandiagimtel areas and other species’
ranges being constricted via local extinction. séish, climate change stands to have a
dramatic impact on the composition of Maine’s féses

Early life stage traits may be able to help us jotddcal species dynamics under
various climate scenarios. For instance, if thigydide stages of a given species have
traits typically associated with enduring dry cdiahs, then the early life stages of that
species should perform relatively well in a drikmate. Or, if the early life stages of a
given species appear adapted for cooler, moistatitons, then the early life stages of
that species should perform relatively well in aleo, moister climate and relatively
poorly in a warmer, drier climate.

In assessing a given species, however, it is impotd bear in mind that seedling
traits are subject to significant intraspecificisdon. As such, using seedling traits to
predict a species’ performance requires knowleddkeeofull range of the plasticity of

those traits. Variation in available light canrsfgcantly influence seedling growth,



physiology, morphology, and biomass allocation (@ta 1988; Abrams 1994; Poorter
and Nagel 2000). So, measuring seedling traiteiuddparate light conditions can

provide a simple and effective way to capture mofch species’ phenotypic plasticity.

1.2. Materials and M ethods

1.2.1. Species Descriptions

We monitored the germination and first-season gnaavid developmental of six
major Acadian Forest conifers: balsam Abies balsamea (L.) Mill) , white spruce
(Picea glauca (Moench)), black sprucé(cea mariana (Mill) B.S.P.), red spruceP{cea
rubens (Sarg.)), white pineRinus strobus (L.)), and eastern hemlockguga canadensis
(L.) Carr.).

In Maine, red spruce is near its northern rangd [iBlum 1990), black spruce,
white spruce, and balsam fir are near their soathange limits (Viereck and Johnston
1990; Nienstaedt and Zasada 1990; Frank 1990)waitd pine and hemlock are near the
middle of their ranges (Wendel and Clay 1990; Gaularad Lancaster 1990). Hemlock
and balsam fir are considered very shade toleragitspruce is anywhere from shade
tolerant to very shade tolerant, black and whiteigp are shade tolerant, and white pine
is of intermediate shade tolerance (Baker 1949m&aet al. 1998). All six species are

major components of Maine’s forests (Griffith ankrich 1996).

1.2.2. Experiment L ocation
Seedlings of all six species were grown in an agemoophouse in Orono, ME.

The hoophouse floor was comprised of crushed gtavielcilitate draining. The climate



of Orono is cool and moist, with a 30-year (197 0@0mean annual temperature of 6.5°
C and mean annual precipitation of 1023 mm. Maguph October (the approximate
growing season in Orono) has an average temperaitd#9° C and average
precipitation of 527 mm (Climatography of the Uditétates No. 81). Temperature and

humidity data for this experiment are detailed able 1.

1.2.3. Experimental Design and Procedure

The seedlings were germinated and grown in a glolitdesign that was split into
two light environments: high light (60% of full spand shade (10% of full sun), which
are typical light levels in large gaps and bendatloverstories, respectively (Kuppers et
al. 1996; Messier et al. 1998). The two light @arments were created using different
densities of neutral shade cloth; Table 1 deth#gsmean daily fluence in each treatment.

In mid-April, 2005, approximately 18 seeds were s@wva depth of 0.5 cm in
three 20-cm-diameter plastic pots in each lighiremment for each species (Table 2).
Treatments were replicated in three blocks fortal tf nine pots of each species
randomly placed in each light environment (Fig. A)few pots contained 18 + 1 seeds,
causing the total seeds planted per species-traatmegary slightly from the target of
162 seeds (= 18 seeds * 9 pots); but such devgati@ne quite small (Table 2) and were
assumed to not significantly affect experimentaltes. Seeds were surface sterilized
with 1% H,0, prior to sowing. Pots were filled with a mixtwe2:1:1
peat:vermiculite:perlite and 4 kgfrsmocote 18-6-12 (Scott-Sierra, Milipitas, CA,
USA). Seeds were provided by The National Treel&zmntre (Natural Resources

Canada, PO Box 4000, Fredericton, NB, E3B5P7 Candskeed sources were chosen for



Mean air  Relative Mean daily

Period  Treatmer temp °C)  humidity fluence

04/21 - 05/31 ;'ﬁg;e 13:3 28 1137225
06/01 - 08/31 ';ﬁg;e ;g:j 28 11737623
09/01 - 11/15 ;'ﬁgge ﬂ; 22 71%?;33
04-21 - 11/15 gﬁ;‘;e 73 e 1012

Table 1. Climate data for Experiment 1.

Species
Black White Red White

Date  Treatmer Balsam fir spruce spruce Spruce  pine Hemlock
p?;r‘;‘;z azu200s 0 0 T e e 1 163
Harvest 1  7/7/2005 ;'ﬁg;e 1Z8 237 2277 2277 99 (18
Harvest 2 9/3/2005 ;'ﬁgge 2277 2277 237 227 257 99
Harvest 3 11/15/20062';‘1’22|e 22 .y 2277 255 237 121 Zi7

Table 2. Number of seeds planted and number ofiegedarvested at each of three harvests for Exeert 1.
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Figure 1.Schematic of Experiment 1. Each circle represen¢s20 cm diameter
monospecific pot sown with approximately 18 seddsitberA. balsamea, P.

mariana, P. glauca, P. rubens, P. strobus, or T. canadensis. The gray-shaded squares
represent the shade treatment (10% full sunligh€)unshaded squares represent the
light treatment (60% full sunlight).




their proximity to our study site. Five seed sasravere used for each species to
minimize genetic and site biases (Table 3). Fohespecies, equal weights of seed from
each seed source were mixed before sowing.

All pots were kept well watered and fertilizedahighout the experiment,

ensuring that light was the primary limiting grow#ctor.

1.2.4. Data Collection

Germinants were counted approximately every-otlagrtdr the first 47 days
after seeds were sown. However, we actually didmeasure germination, per se,
because seeds were shallowly buried in peat, arzbuld not directly monitor their
germination. Rather, we recorded germinant emerydyecause germinants were
counted only after they emerged from the peat. gBtgn the consistently shallow depth
and permeability of the peat overlying the seedrgence is hereafter assumed to be
equivalent to germination for this experiment.

Approximately three seedlings from each pot weredsted 70, 140, and 200
days after seeds were sown (Harvests 1, 2, areb@ectively), yielding approximately
27 seedlings per species per light treatment peeba(Table 2). Shoot length, root
length, and dry mass of roots and shoots were meason after harvest. Shoot biomass
was divided into leaf and stem components for Hetsv2 and 3. Dry masses were
obtained after drying plant materials for at le&&tours at 60° C. For Harvest 3, leaf
areas were obtained from 10 randomly selected isgsdbf each species from each light
environment. To obtain leaf areas, a represertativnple of approximately 40 fresh

needles per seedling were removed from the steanned with a flatbed scanner, and
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Latitude Longitude Elevatior

Species Province Location (°W) (°N) (m) % Germ
Black spruce Quebec Lac Taibi 4527  77.41 287 99
Ontario Alice 45.45 77.17 - 100
Quebec Granby 4524  72.44 120 97
Nova Scotia Cogmagon River 45.05 64.03 30 95
Nova Scotia Oxford 45.40 63.57 60 98
White spruce Ontario Prairie Point 4552 8141 - 99
Quebec Granby 45.24  72.44 142 91
Quebec Granby 4524  72.44 142 87
Quebec Lac Belisle 45.48 75.05 650 92
Quebec Ste-Anne-du-Lac  46.50 75.20 - 91
Red spruce Nova Scotia Abraham Lake 4510 62.38 150 84
Nova Scotia Spencers Island 45.21  64.42 30 92
Nova Scotia Abraham Lake 45.10 62.38 150 94
Ontario Bear Pond Road  45.02 77.19 320 100
Nova Scotia New Yarmouth 45.22 64.50 200 97
Balsam fir ~ Nova Scotia Spar Lake 45.05 62.23 61 58
Nova Scotia Onslow Mountain 45.25  63.18 155 63
Nova Scotia Bishop Mountain 45.02  64.59 175 55
New Brunswick Canoose 45.21 67.23 100 53
Quebec Lac Etchemin 45.20 70.55 800 75
White pine  Ontario Algonquin Park 4553 77.42 200 97
New Brunswick Upper Brockway 45.35  67.05 200 83
Nova Scotia Caledonia 4421  65.05 100 97
Nova Scotia Caledonia 44.21 65.05 100 86
Quebec Riviere Niger 45.05 72.05 150 81
Hemlock New Brunswick Pow Brook 45.53 64.56 225 91
New Brunswick Pirate Lake 45.43 67.40 200 92
New Brunswick Hamtown Corner 46.07 66.44 210 96
Nova Scotia Wiliamsdale 45.36 63.54 175 92
New Brunswick Fredericton 45.57 66.40 80 96

Table 3. Seed sources for Experiment 1. Seedsaweeprgred from the National Tree
Seed Centre (Natural Resources Canada, PO Box B8&fericton, NB, E3B5P7
Canada). % germ is the viability reported by tteidhal Tree Seed Centre.
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analyzed using WInSEEDLE image analysis softwaeesion 2007a (Regent
Instruments Inc., Quebec, Canada).

Air temperature and relative humidity were monitbtieroughout the experiment
(Table 1). In each light environment, light levated soil surface temperature were
monitored with LI-190 quantum sensors (Licor Ingncoln, Nebraska) and type-T
thermocouples, respectively, attached to a Cam@oedintific CR10X data logger
(Campbell Scientific, Logan, UT).

The experiment described above will hereafter bermed to as Experiment 1.

1.2.5. Statistical Analysis

1.2.5.1. Statistical Software

This analysis will use the germination data ané dietm Harvests 1 and 3. All
analyses were carried out in R (R version 2.4.10@62-The R Foundation for Statistical

Computing).

1.2.5.2. Germination Analysis

To analyze the germination data, each pot (comgiapproximately 18 seeds)
was defined as one replicate, yielding 9 replicagrsspecies per light treatment (Fig. 1).
ANOVAs were performed with species, light, and lileéfects accounting for variation
in germination initiation time, germination compbet time, germination rate, and

percent germination. The following model was ufsedall germination ANOVAS:

12



Y ~ treatment:block + species + treatment + blodpecies:treatment

where treatment = light treatment. The MS of theatment:block’ term was used as the
error MS in the F-ratios of the ‘treatment’ termoirder to account for light-environment
splits and blocking effects (Appendix).

Germination initiation time was defined as the nemtf days after planting
before 10% of eventual germinants in a given pdtderminated. Germination
conclusion time was defined as the number of dtgs planting before 90% of eventual
germinants in a given pot had germinated. Gernunatte was calculated as the mean
germination rate (germinants per day) during thméoddan which approximately the
middle 80% of germination occurred within a givest (for example, if 10 of 18 seeds
germinated in a given pot, the germination ratelierdays in which germinants 2-9
germinated would be used to calculate the meanigeation rate for that pot).

Models were assessed for normality and constardana by examining normal
QQ plots and residual plots, respectively. Forglemination data, all models satisfied
the assumptions of ANOVA except for germinatioriation and conclusion times,
which appeared to have non-constant variance. eCosamination of the models
revealed that the non-constant variance assoonatbdhe germination initiation and
conclusion time ANOVAs was largely due to the higjnt hemlock germination data.
This was not unexpected. Germination data wefeudlif to estimate for high-light
hemlock because most high-light hemlock seeds geted after we stopped monitoring
germination on day 47 of the experiment. So othan knowing that high-light hemlock

seeds germinated sometime after day 47, we hbdlddsis for our estimates. As such,

13



germination initiation, conclusion, and rate foglnilight hemlock should be viewed as
educated guesses, not exact numbers. But sintegirdight hemlock seeds germinated
so much later than any other species-treatment ic@atidn, the uncertainty associated
with high-light hemlock estimates did not affechctusions regarding germination
initiation times.

There were similar problems with estimates of gaation conclusion dates for
the shade-environment hemlock and shade-environbadsam fir. Several replicates of
each species concluded germination sometime aéidras stopped monitoring on day
47. Again, this makes estimates of exact gernonatites and conclusion dates very
uncertain, but it still allows us to safely conatuthat shade-environment hemlock and
shade-environment balsam fir concluded germinatioch later and had generally lower
germination rates than the three spruces, white, gind high-light balsam fir. This will
all be discussed in greater detail in sectionsaBd 4.1 of this chapter.

All germination ANOVAs showed highly significanteges:treatment
interactions (p<0.001; Appendix). Tukey's HSD tesis used to compare the means of

each species:treatment combination.

1.2.5.3. Seedling Growth and Development Analysis

ANOVAs were performed with species, light treatmemd block effects
accounting for variation in shoot length, plant drgss, R:S mass ratio (R:S mass = root
dry mass/shoot dry mass), primary root length, Rr®llength ratio (R:S length =
primary root length/shoot length). These measungsn@ere log- or square-root-

transformed as necessary to better approach noyri@pipendix). For the Harvest 3
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data, additional ANOVAs were performed with speclegt treatment, and block effects
accounting for variation in root mass ratio (RMRoot dry mass/whole plant dry mass),
stem mass ratio (SMR = stem dry mass/whole planin@ss), leaf mass ratio (LMR =
leaf dry mass/whole plant dry mass), specific &gaf (SLA = leaf area/leaf mass),
foliar-area-to-root-mass-ratio (FARM = plant leaéa/root dry weight), and seedling
relative growth rate (RGR). FARM ratios were cédted based on leaf areas measured
on a subsample of 10 seedlings per species perliglironment.

For RGR calculations, the In-transformed Harvedtylmasses were averaged in
each species-treatment combination and subtracieddach In-transformed Harvest 3
dry mass in the same species-treatment combinalibae.difference was then divided by

the number of days between Harvests 1 and 3 asvsill

in(harvest 3 drymags- X {In (harvest 1 dry mass)%s
(1) RGR=

# days between harvests 1 and 3

Harvest 1 dry masses were averaged across blackGR was analyzed with a simple
two-way ANOVA with species and light environmentaanting for variation in RGR.

For all other seedling traits, the following ANOMWAodel was used:

Y ~ treatment:block + species + treatment + blodpecies:treatment

where treatment = light treatment. The MS of theatment:block’ term was used as the
error MS in the F-ratios of the ‘treatment’ termorder to account for light-treatment

splits and block effects (Appendix).
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Sample sizes for the different species-treatmembooations were somewhat
unbalanced (Table 2). This should be borne in mihdn considering results of these
ANOVAs.

Models were assessed for normality and constardna by examining normal
QQ plots and residual plots, respectively. Theltef those models failing to meet
those criteria should be considered somewhat assiyio

All Harvest 1 models met assumptions of normabdgept perhaps for the R:S
mass ratio ANOVA. Similarly, all of the Harvestriodels met assumptions of constant
variance except perhaps for the R:S mass ratio ANOYVhe failure of the R:S mass
ratio models to consistently meet the assumptioWN®©OVA appeared to be due to
several very small root dry masses. The implicetiof this observation for our results
will be discussed in the last paragraph of sedi@nof this chapter.

All Harvest 3 models met assumptions of normaldyept for the SMR ANOVA.
All Harvest 3 models also met assumptions of caristariance except for the height and
SMR ANOVAs. The fact that SMR so consistentlyddito meet the assumptions of
ANOVA was a concern, but since the SMR data iscnitital to our conclusions, more
complex/appropriate analyses were not conducted.

Harvest 1 and 3 ANOVAs for all seedling traits skeovhighly significant
(p<0.001) species:treatment interactions, excapbla\ for Harvest 3 and R:S mass
ratio for Harvest 1, which were non-significant(Q.05; Appendix).

In order to assess seedling trait differenceseaspecies level, species means
within each light environment were compared usingéely’'s HSD test. Sample sizes of

the six species were somewhat unbalanced, paricdiaring Harvest 1 (Table 2),
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raising some concerns about the validity of Tukéy&D test for this dataset. The
Tukey’'s HSD test in R does include an adjustmericmommodate mildly unbalanced
designs, but the unbalanced sample sizes shollldesborne in mind when considering
results based on Tukey’'s HSD test.

For the Harvest 3 data, species’ relative respotastt®e two light environments
were evaluated by calculating a relative light cesge (RLR) statistic. RLRs were
calculated for each seedling trait by averagingnkeansformed values of a given
parameter in the shade and subtracting that avén@gesach individual value in the

light. For each high-light value, RLR was calcathts follows:

(2 RLR=In (magnitude in Iigh) —X [In (magnitudes i shaél}e

e.g. RLR=In (heightinligh) — X [In (heights n shao)%

A positive RLR indicates that a trait was greatemiagnitude in the high-light
environment than in the shade environment for argspecies. A negative RLR
indicates that a trait was lower in magnitude i liigh-light environment than in the
shade environment for a given species. RLR p@tsdbponses of various seedling traits
on a common scale, which allows us to explore ttedative responses to the two light
environments. One-way ANOVAs were performed fa RLRs of each seedling trait,
with species accounting for variation in RLR. Blaffects were ignored because shade
values were averaged across blocks. All RLR moaj@ieared to meet assumptions of
normality and constant variance, which were evaltlifity examining normal QQ plots

and residual plots, respectively. Species effiectall RLR ANOVASs were highly
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significant (p<0.001; Appendix), and species meaeie compared using Tukey's HSD

procedure.

1.3. Results

1.3.1. Germination

Cumulative percent germination trajectories fordhespecies in both light
environments can be seen in Figure 2.

Red and black spruce had the highest percent gatiornin either light
environment, followed by white spruce, which geratéd somewhat (but non-
significantly) more completely than balsam fir (F8). In the shade environment,
hemlock had similar percent germination to balsararfd white spruce; but in the high-
light environment, hemlock had the lowest percamtrgnation of any species (Fig. 3).
White pine had the lowest percent germination exghade environment and germinated
only slightly (but non-significantly) more complétehan hemlock in the high-light
environment (Fig. 3).

Percent germination was not significantly affeddgdight environment for any
species except hemlock, which germinated more cetelglin the shade environment
than in the high-light environment (Fig. 3).

Black and red spruce had the highest germinatitas iaf any species (Fig. 4). In
both light environments, white pine, balsam firgdd@mlock germinated significantly
more slowly than the spruces (Fig. 4). Of thedhsi®wer-germinating species, white
pine germinated fastest in the high-light environm#&llowed by balsam fir and eastern

hemlock (Fig. 4). In the high-light environment)ite spruce germinated at similar
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Figure 2. Cumulative percent germination trajeet®fior Experiment 1.
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Figure 3. Mean final percent germination (+ 1 S&f)Experiment 1. Different
letters indicate significant differences determibgdrukey’'s HSD test.
(n=9/species/treatment; 18 = 1 seeds per replicate)
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rates to red and black spruce, but in the shadecgrmrent, white spruce germinated
significantly more slowly than the other spruceig(B). However, the differences
between the germination rates of white spruce heather two spruces appears to have
been due to an anomaly in the white spruce geriom#tajectory. In Figure 2, note the
unique ‘lull’ from day 20 to day 40 in the germiiwat trajectory of white spruce in the
shade environment. This lull likely caused the @lculations to indicate that white
spruce had a slower germination rate in the shadeomment because white spruce did
not complete 90% of its eventual germination uedtiér the lull broke. Examination of
the maximum slopes of the high-light and shade gextion trajectories of the spruces
clearly show that white spruce underwent mostfi@rmination at a similar rate as red
and black spruce in both light environments. Ashsthe significant differences between
white spruce in the shade and all other spruce igatian rates (Fig. 4) probably should
be disregarded.

In response to the high-light environment, whitegpgerminated significantly
faster and hemlock germinated significantly mooawy (Fig. 4). The germination rates
of black spruce, red spruce, and balsam fir wetesigmificantly different between the
two light environments (Fig. 4).

The three spruces, white pine, and balsam firatat germination relatively soon
after their seeds were sown (Fig. 5). In bothtlgvironments, hemlock initiated
germination much later than any of the other sge@tey. 5). In the high-light
environment, hemlock initiation was particularlgwsl occurring over 20 days after the

other species’ germination initiated (Fig. 5).
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Figure 4. Germination rates (+ 1 SE) in germinatag/of the 18 £ 1 seeds planted in
each replicate) for Experiment 1. Germination catieulated as the mean rate/day of
the period during which 80% of eventual germinamts given replicate germinated.
For instance if 10 of 18 seeds germinated in argp@, the germination rate for the
days in which germinants 2-9 germinated would kelue calculate the germination
rate for that pot. Different letters indicate sfgrant differences determined by
Tukey's HSD test. (n=9/species/treatment; 18 #dds per replicate).
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In both light environments, black, white, and spduce had similar germination
duration and concluded germination sooner than otbstr species (Fig. 5; recall also the
previous discussion of white spruce germinatioagand the anomaly shown in Figure
2). The one exception to this was white pine ahigh-light environment, which
concluded germination at a similar time as red@(fig. 5). In the high-light
environment, balsam fir took much longer to complggrmination than white pine or the
three spruces (Fig. 5). As discussed in sectibr2 2f this chapter, the germination
durations of hemlock and shade-environment balsawefe difficult to estimate.
Nonetheless, we can safely conclude that hemlog&rbgerminating much later than
any of the other species and that both hemlocksaade-environment balsam fir
concluded germination significantly later than afyhe other species (Fig. 5).

The timing of germination for black, white, and iggtuce was not significantly
different between the two light environments (Y. Balsam fir and white pine
concluded germination sooner in the high-light emwment than they did in the shade
environment (Fig. 5). Hemlock initiated germinatimuch later in the high-light
environment than it did in the shade environmeig. (%), but we have no data on how

the length of hemlock’s germination period was ete by light environment.
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Figure 5. Timing of germination initiation and cdumsion (£ 1 SE) for
Experiment 1. Germination initiation is definedtls time at which at least
10% of eventual germinants in a given replicate d¢raaninated.
Germination conclusion is defined as the time attviat least 90% of
eventual germinants in a given replicate had geatach So, for instance, if
15 of 18 seeds germinated in a given replicatéation is defined as the di
on which germinant 2 germinated, and conclusidhesday on which
germinant 14 germinated. Different letters indécsignificant differences
determined by Tukey's HSD test. Different set¢etters are used for
initiation (w-z) than for conclusion (a-e). Theawets of letters do not refer
to each other, meaning that one cannot make cosgoueriof an initiation
mean with a conclusion mean. (n=9/species/tredtmént 1 seeds per
replicate).
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1.3.2. Harvest 1

Abbreviations for the various ratios and statisticsssussed here are detailed in
Table 4. For the Harvest 1 data, light-grown heiklis excluded because there were few
germinants by Harvest 1.

For all species, seedlings grown in the high-ligimzironment had higher dry
masses, higher R:S mass ratios, longer roots,aamget roots per unit height than their
shade-grown counterparts (Fig. 6B-E). At Harvesteight was relatively unaffected by
light level (Fig. 6A).

In both light environments, white pine was by fae tallest of any of the six
species (Fig. 6A). In the high-light environmedslgck spruce was the second tallest,
followed by white spruce, red spruce, and balsanwhich were all very similar in
height (Fig. 6A). In the shade environment, tlreg¢rspruces and balsam fir were very
similar in height. Hemlock was significantly sherthan black and white spruce in the
shade environment, but in absolute terms hemlockaméy 0.9 cm shorter, on average,
than those two species (Fig. 6A).

In both light environments, white pine was by fa@ most massive of any of the
six species (Fig. 6B). In the high-light environmeblack spruce, white spruce, and
balsam fir had similar masses and were all sigafily more massive than red spruce
(Fig. 6B). In the shade, hemlock was the leastsmaspecies (Fig. 6B). Balsam fir was
significantly more massive (about 2x more) thanttitee spruces, whose dry masses
were very similar to one another (Fig. 6B).

In the high-light environment, white pine and baisir had R:S mass ratios over

2x higher than those of the three spruces, whoSekass ratios were very similar to one
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Parameter Abbreviation or symbol Units or definition

Root-to-shoot length ratio R:S length

Root-to-shoot mass ratio R:S mass
Root mass ratio RMR
Stem mass ratio SMR
Leaf mass ratio LMR
Specific stem length SSL
Specific leaf area SLA
Foliar-area-to-root-mass-ratio FARM
Specific root lengt SRL
Relative growth rate RGR
Relative light response RLR
Relative water response RWR

Relative competition response RCR

cm primary root length/cm shoot length
g root dry mass/g shoot dry mass

g root dry mass/g plant dry mass

g stem dry mass/g plant dry mass

g leaf dry mass/g plant dry mass

cm stem length/g stem dry mass

cm”2 leaf area/g leaf dry mass

cm”2 plant leaf area/g leaf dry mass
cm total root system length/g root dry v

mg plant dry mass/g plant dry mass/day
In(magnitude in high light) - In(magnitude in loight)
for any given plant trait

In(magnitude in high water) - Tn(magnitude in Iovaier)
for any given plant trait

In(magnitude in comp treatment) - In(magnitudedrcomp treatment
for any given plant trait

Table 4. Morphological ratios and statistics, witkir acronyms and units of measure.
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Figure 6 A-D. Harvest 1 means (= 1 SE) of heigb)t (ry mass (B), R:S mass ratio
(C), and root length (D) for Experiment 1 70 daftergplanting. Acronyms are
described in Table 4. Different letters indicdatmgicant differences determined by
Tukey's HSD test. Different sets of letters aredufor light (a-d) than for shade (u-
z), because light and shade means were analyzathselp. The two sets of letters
do not refer to each other, meaning that one cama&e comparisons of a light
mean with a shade mean. (n: black spruce-ligth;=white spruce-light = 27; red
spruce-light = 27; balsam fir-light = 17; white pitight = 9; hemlock-light = 0;
black spruce-shade = 27; white spruce-shade =e#8/5pruce-shade = 27; balsam
fir-shade = 18; white pine-shade = 9; hemlock-shad8).
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Figure 6E. Harvest 1 means (+ 1 SE) of R:S lenafilo (E) for Experiment 1 70 days
after planting. Acronym is described in TableDBifferent letters indicate significant
differences determined by Tukey’'s HSD test. Ddfarsets of letters are used for light
(a-d) than for shade (u-z), because light and shesins were analyzed separately. The
two sets of letters do not refer to each other,mmggthat one cannot make comparisons
of a light mean with a shade mean. (n: blackaspiight = 25; white spruce-light = 27;
red spruce-light = 27; balsam fir-light = 17; whgime-light = 9; hemlock-light = 0; black
spruce-shade = 27; white spruce-shade = 27; retesyghade = 27; balsam fir-shade =
18; white pine-shade = 9; hemlock-shade = 18).
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another (Fig. 6C). In the shade, balsam fir segdlhad R:S mass ratios almost 2x
higher than those of any other species (Fig. 6 R:S mass ratios of white pine and
hemlock were similar to one another and were diamtly higher than the R:S mass
ratios of the three spruce species, whose R:S raass were very similar to one another
(Fig. 6C).

In the high-light environment, white pine and baisi primary roots were
nearly 2x longer than those of the three sprucbss® root lengths were very similar to
one another (Fig. 6D). In the shade, white piemlock, and the three spruces had
similar primary root lengths, while balsam fir heignificantly longer roots than any
other species (Fig. 6D). In both light environnsgitalsam fir developed significantly
longer primary roots relative to its height thad dny other species (Fig. 6E).

There were some problems with non-constant varianttee R:S mass ratio
ANOVAs, apparently due to several very low R:S mas®s. Closer examination of the
data revealed that the small R:S mass ratios \@egelly due to the root dry masses of red
and black spruce, many of which weigh&0001 g at Harvest 1. Red and black spruce
were among the first species to initiate and cotegiermination (Fig. 5), thus giving
them the longest time to develop their root systedsspite this head start, at Harvest 1
the root systems of black and red spruce werenstith smaller than those of the other
species. This further highlights the fact thatppared to the other species, red and black

spruce seedlings strongly favor early shoot devetan over root development.
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1.3.3. Harvest 3

1.3.3.1. Species Growth and Morphology

In the high-light environment, black and red spraege the tallest of the six
species (Fig. 7A). White pine and white spruceengegnificantly shorter than black and
red spruce (Fig. 7A). In turn, balsam fir was gigantly shorter than white pine and
white spruce, while hemlock was significantly skothan all of the other species (Fig.
7A).

In the shade, white pine was significantly talleart balsam fir, hemlock, and the
three spruces, which were all similar to one anathéeight (Fig. 7A).

In the high-light environment, white pine was thestnmassive (Fig. 7B). The
three spruces were similar in dry mass and wergglificantly shorter than white pine
(Fig. 7B). In turn, balsam fir was significantsls massive than the three spruce species,
while hemlock was significantly less massive thihiofathe other species (Fig. 7B).

In the shade, white pine was significantly more shasthan any of the other
species (Fig. 7B). And despite some statisticgatinificant differences, dry masses in
the shade were relatively similar among the otiver $pecies (Fig. 7B).

In the high-light, R:S mass ratiowere similar among the three spruces, while fir
and pine had significantly higher R:S mass rati@stthe spruces or hemlock (Fig. 7E;
7F). Hemlock had the lowest R:S mass ratios irhtgk-light environment, though its

mean R:S mass ratio was not significantly diffefemtn that of black spruce (Fig. 7E).

1iMost remarks about R:S mass ratios can also béeddpl RMR (and vice versa): R:S

mass = RMR/(1-RMR).
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Figure 7A-D. Harvest 3 means (+ 1 SE) of height, @ky mass (B), RGR (C), and
primary root length (D) for Experiment 1 200 dajteiaplanting. Acronyms are
described in Table 4. Different letters indicagmgicant differences determined by
Tukey's HSD test. Different sets of letters aredufor light (a-d) than for shade (u-z),
because light and shade means were analyzed sdparBihe two sets of letters do not
refer to each other, meaning that one cannot makwgarisons of a light mean with a
shade mean. (n: black spruce-light = 27; whiteiep-light = 25; red spruce-light = 25;
balsam fir-light = 26; white pine-light = 13; henalelight = 21; black spruce-shade = 27;
white spruce-shade = 25; red spruce-shade = 23amdir-shade = 24; white pine-shade
= 21; hemlock-shade = 17. Replicates for RGR ¢afimns: black spruce-light = 27/25;
white spruce-light = 25/27; red spruce-light = Z5/Balsam fir-light = 26/17; white pine-
light = 13/9; black spruce-shade = 27/27; whitausprshade = 25/27; red spruce-shade =
27/27; balsam fir-shade = 24/18; white pine-sha@4/9; hemlock-shade = 17/18—the
first number is the number of Harvest 3 seedlingstae second number indicates the
number of Harvest 1 seedlings on which RGR calmratwere based.
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Figure 7E-H. Harvest 3 means (+ 1 SE) of R:S mai$s (E), RMR (F) SMR (G), and
LMR (H) for Experiment 1 200 days after plantingcronyms are described in Table 4.
Different letters indicate significant differenagstermined by Tukey’'s HSD test.

Different sets of letters are used for light (atfdn for shade (u-z), because light and
shade means were analyzed separately. The twofdetters do not refer to each other,
meaning that one cannot make comparisons of ariglain with a shade mean. (n: black
spruce-light = 27; white spruce-light = 25; redusg@-light = 25; balsam fir-light = 26;
white pine-light = 13; hemlock-light = 21; blackrape-shade = 27; white spruce-shade =
25; red spruce-shade = 27; balsam fir-shade = Btewine-shade = 21; hemlock-shade
=17).

32



o o
o o
N —~ ©
O Light I ? O Light
B Shade g 8 -| ® shade J
B - 3
= e 3
) < ¥ |
g 3
5 8- S g _
R T o
5 o
n % %‘
B - & _
= -
x S
<
L
o — o -
Black White Red Balsam White Eastern Black White Red Balsam White Eastern
spruce spruce spruce fir  pine hemlock spruce spruce spruce fir  pine hemlock
©
O Light c K
1o 4 @ Shade
bc
< - b it
ES
(@]
c
QL o™ a
%) z z
i a 2z | |2
N p—
Y y
‘_| p—
o p—

Black White Red BalsamWhiteEastern
spruce sprucespruce fir  pine hemlock

Figure 7I-K. Harvest 3 means (+ 1 SE) of SLA ABARM ratio (J), and R:S length ratio
(K) for Experiment 1 200 days after planting. Atyms are described in Table 4.
Different letters indicate significant differencéstermined by Tukey's HSD test.
Different sets of letters are used for light (afdn for shade (u-z), because light and
shade means were analyzed separately. The twofdetters do not refer to each other,
meaning that one cannot make comparisons of ariglain with a shade mean. (n*:
black spruce-light = 27; white spruce-light = 2&dspruce-light = 25; balsam fir-light =
26; white pine-light = 13; hemlock-light = 21; blkaspruce-shade = 27; white spruce-
shade = 25; red spruce-shade = 27; balsam fir-sh&de white pine-shade = 21,
hemlock-shade = 17). *SLAs based on 10 samplesé&péreatment.

33



In the shade, black spruce, red spruce, and wimtehad similar R:S mass ratios,
all of which were significantly lower than the Rh&ss ratios of white spruce, balsam fir,
and hemlock (Fig. 7E).

Root lengths in the high-light environment werelfasimilar for all species
except white pine, which had significantly longeots than red spruce, balsam fir, and
hemlock. Hemlock had much shorter primary rooéétthe other species (Fig. 7D). In
the high-light environment, balsam fir and whiteg@had significantly longer primary
roots relative to their heights than the other gge@Fig. 7K). Among the spruces and
hemlock, white spruce had the highest R:S lengtbg#@Fig. 7K).

Despite some statistically significant differengasimary root lengths in the
shade were relatively similar for all species (FiD). Relative to their heights, in the
shade environment, black spruce and white pineslgadficantly shorter primary roots
than the other species, none of which were sigmtiy different from each other in
terms of R:S length (Fig. 7K).

In the high-light environment, the RGRs of the thspruces were similar, and
they were all significantly higher than the RGRdafsam fir and white pine (Fig. 7C).

In the shade, black and red spruce had the higt@Bts, which were significantly higher
than the RGRs for white spruce and balsam fir (Fg). White pine and hemlock RGRs
in the shade were moderate among the study spauieaere not significantly different
from the RGRs of any other species. (Fig. 7C).

In both light environments, SLAs of all species avsmmilar, except for hemlock
whose SLA in both light environments was signifidgahigher than those of the other

species (Fig. 71).
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In the high-light environment, the FARM ratios d¢if gpecies were similar except
for hemlock, whose FARM ratios were significantlgliner than those of the other
species (Fig. 7J). There were no significant sgecific FARM ratio differences in the

shade, where FARM ratios were highly variable (Fig).

1.3.3.2. Responses to Light Environment

As previously discussed, the relative responsesiodus traits to the different
light environments were calculated using the redalight response (RLR) statistic. A
positive RLR indicates that a given trait for aggivspecies was greater in magnitude in
the high-light environment than in the shade emment. A negative RLR indicates that
a given trait for a given species was lower in nitagie in the high-light environment
than in the shade environment. Larger absolutesRLB. more positive or more
negative) indicate a larger response to light tneaits. RLRs for hemlock were skewed
by the disparate germination initiation times hecklexhibited in the two light
environments (i.e. light-shade comparisons couldieieen seedlings of significantly
different ages), and thus are not discussed here.

Of the size metrics (i.e. dry mass and height), Rl{Rsswas higher than
RLReight, meaning that plant dry mass responded more syrohgh height to the
different light environments (Table 5). The thepeuces had the highest RfsRnasses
followed by white pine and balsam fir, whose RlRiasseyvere significantly lower than
those of the spruces (Table 5). The three spraiseshad significantly higher RIRgnts

than fir or pine, whose RLRgnisWwere not significantly different from one anotif€able
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parentheses indicate the number of replicatesaitight
(first number) and the number of replicates inghade
(second number) on which calculations are b

Height Root length Plant BM R:S LMR SMR RMR
ﬂig‘;;’pruce 0.88+ 0.09 4 1.42+ 0.07 4 3.21% 0.12)a 079+ 0.09 ab -0.12 * 8[06.29 + 0.03 ¢ [ 0.59 + 0.07 gb
z/xggg)spruce 0.77 £ 0.07 ¢ 1.27 + 0.10 fb 3.67 + 0.15|a 0.49 + 0.0f bd 0.14 + B|68.55 + 0.04 b | 0.34 + 0.05 Hd
E}i‘;g’r”ce 0.90 £ 0.05 4 0.97 + 0.10 b 3.02+ 0.09)a 0.79 = 0.0] ab -0.13 + 80D.34 + 0.04 acfl 0.57 + 0.05 fb
Balsam fir . A
(n=24) 022+ 005 1.02+ 0.08h 2.44 + 0.10|b 0.94+ 0.0f/a -0.20+ 0.pDO&8 £ 0.04 bd| 0.61 £ 0.05 &
ng'ig)p'”e 0.06 = 0.07 h 1.26 + 0.14 b 2.37 + 0.20|b 1.61+ 0.08 c -0.46 + @PD59+ 0.05b | 1.11 + 0.06 g
Hemlock
(n=16) 0.01+£0.11p 0.19+ 0.13¢ 1.01+ 0.30jc 0.36+ 0.13d 0.22+ 0.980H3+ 0.11 bd| 0.28 £+ 0.13 @
All species
(n=130) 0.55+ 0.04 | 1.06 + 0.05 2.76 £ 0.09 0.79 =+ 0.05 -0.08 + 0.02 -&46.02 0.56 + 0.03

. Reps (all traits| Table 5. Mean RLRs (relative light responses) GE) of

SLA (**n=10) FARM but SLA) height, primary root length, plant BM (biomass; dey
Black spruce| -0.4C + 0.0€ abc|-1.12 + 0.11 abc (27/27] mass), R:S mass ratio, LMR, SMR, RMR, FARM, SLA.
White sprucq -0.57 + 0.0z ak [-0.77+ 0.0¢b (25/25] Acronyms are described in Table 4. RLR calculatiare
Red spruce | -0.4€+ 0.0z ak [-1.2¢+ 0.1Zc (25/27] described in section 2.5.3 of chapter 1. Diffetetiers
Balsam fir | -0.3€ + 0.0€ abc] -1.21 + 0.0¢ abc (26/24) indicate significant differences£0.05) assessed by
White pine | -0.3€ + 0.0€ abc]-1.92+ 0.0¢d (13/21] Tukey's HSD procedure. Letters are specific tcheeaait,
Hemlock -0.1¢+ 0.12c |[-0.0¢+ 0.25e (21/17] meaning that one cannot, for instance, comparéghthe
All species | -0.4C + 0.0 -1.05 + 0.07 (137/141] mean with a primary root length mean. Replicates i



5). In other words, the size of the spruces waenmesponsive to light environment than
was the size of any of the other species.

Before discussing the allocation RLRs, it is extegmmportant to note that the
RLRs of these allocation metrics only representaitteal differences in allocation
between seedlings in different light conditiong\tillo not distinguish between
ontogenetic drift and phenotypic plasticity as dneer of those changes. That is,
biomass allocation can change a great deal wittllisgesize, and anything that can
affect seedling size (e.qg. light) can in turn aff@ocation without any sort of plastic
response on the part of the seedling (Poorter ag&N2000). So, the RLRs of allocation
traits should be viewed only as descriptors of latlacation differed between high-light
and low-light seedlings rather than indicatorsroétseedling plasticity in response to
different light conditions.

In terms of carbon allocation, SMR and RMR changede than LMR in
response to light environment, with SMR decreasiog the low-light to the high-light
environment, RMR increasing in the higher lightieowment, and LMR responding
relatively little (and more variably) to light emenment (Table 5).

The exception to this was white pine, whose LMRngjesl significantly more in
response to the different light conditions thadidt for any of the other species (Table 5).
Increases in RMR from the low-light to the highHigenvironment were similar for all
species except white pine, for which RMR increasgdificantly more in response to
higher light than it did for any other species ([Eab). R:S mass ratios responded
similarly to light environment as the related qugnRMR. That is, the response of R:S

mass ratio to higher light was similarly positive@ng all species except white pine, for
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which R:S mass ratio responded significantly margitprely to higher light than it did
for the other species (Table 5).

RLRs.a Was fairly uniformly negative for all species (Tab). That is, SLAs
were always lower in the high-light environmentLRRarv Was also negative for all
species, and RLERrm Was significantly more negative for white pinerthawas for the

other species (Table 5).

1.4. Discussion

1.4.1. Germination

The seeds used for this experiment were sorteddoility at the National Tree
Seed Centre (Natural Resources Canada, PO Box E@&ifericton, NB, E3B5P7
Canada), so the absolute germination percentagedsexved may not apply directly to
field conditions. Nonetheless, the percent gertionasalues we recorded are in general
agreement with other studies, with black and redaghaving a very high percent
germination around 80-90% (Place 1955; Safford 1&féenwood et al. in preparation),
white spruce having a slightly lower percent gesation around 70% (Safford 1974),
balsam fir and white pine germinating about 40-5ff%heir seeds (Place 1955; Franklin
1974; Kruglin 1974; Kanoti 2005; Greenwood et alpreparation), and hemlock
germinating a relatively low proportion of theiresis in the warmer high-light
environment (Olson et al. 1959). Kanoti (2005)rfduhat red spruce germinated faster
and more completely than balsam fir or white pimich agrees with our findings (Fig.

4).
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The two light environments imposed very differenit emperature regimes on
the germinating seeds (Fig. 8). These temperditfexences presumably were the
primary drivers of differences in germination dynesrbetween the two light
environments. Except for hemlock, the light treatts did not significantly affect
percent germination of any of the study specieg. ). However, the light environment
did affect the timing and rate of germination farious species (Fig. 4). White pine
germinated significantly more rapidly in the highht environment, while the
germination initiation of hemlock was much delayedhe high-light environment (Fig.
5). White pine is considered less shade toletaart the other study species (Baker 1949;
Barnes et al. 1998), and its seedling establishiaethregeneration is generally most
successful in relatively exposed, higher-light eawments (Wendel and Clay 1990). So
perhaps white pine’s more rapid germination in Brglight environments allow it to gain
an early competitive foothold in its favored niche.

Balsam fir germination showed a limited responsetoperature in this
experiment (Fig. 5). In previous experiments, hosveGreenwood et al. (in preparation)
found that balsam fir germination rates consisyentireased in warmer conditions
(30/20°C day/night temperature) than in cooler doots (20/10°C day/night
temperature), while red spruce germination ratag waresponsive to the same
temperature treatments. This suggests that tmeiigation rates of both pine and fir can
respond positively to higher temperatures, but sbdttemperature differences between
the two light environments in this experiment (Bywere perhaps insufficient to elicit

that positive response in fir.
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Hemlock can often require from one to two montheetich peak germination
rates (Goerlich and Nyland 2000), so it is not gsnpg that it germinated later than the
other species (Fig. 5). But why the stark diffeesbetween the two light environments?
According to Olson et al. (1959), sustained tempees above 21° C can inhibit hemlock
germination. During the first 40 days of Experirh&r{the main germination period for
most species—Fig. 2), the soil temperature in tgh-hght environment was, on
average, above 21° C from approximately 1000 t®¥8&furs, while the mean soil
temperature in the shade environment was belovC2htoughout the day (Fig. 8). It
therefore seems likely that hemlock germinatiothmhigh-light environment was
simply inhibited by higher soil temperatures.

Hemlock is a late successional species whose reggereis generally most
successful in the relatively cool, moist conditiamgler established canopies (Goerlich
and Nyland 2000). So, perhaps hemlock’s more rapelhigher percent germination in
the shade environment relates to its habitat prater (Michael Day, personal
communication). That is, hemlock germinates redédyi poorly in the warmer high-light
environment where it is unlikely to become estdif@sand survive to maturity, but it
germinates relatively well in the cooler shade emvinent where it is most likely to
establish and survive to maturity. These obseawuatfit with hemlock’s classification as
a late successional, shade tolerant species.

Again, the germination dynamics of red spruce, lbblwruce, and, to a lesser

extent, balsam fir were relatively insensitiveight environment (Fig. 4 and 5).
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1)

2)

3)

Based on these characteristics, the species cgrobped as follows:

The three spruce species, which had the srhabesls (Table 6), germinated
rapidly, and had high percent germination. Thengeation rates and percentages
of the spruces appeared to be relatively insemsitvthe temperature regimes
imposed in this experiment and past experimentsg@wood et al. in preparation).
White pine and balsam fir, which had the largestds (Table 6) and, relative to
group 1, had lower percent germination and had eefdawn-out germination
pattern. Both species germinated more rapidlyanwer conditions in either this
experiment (in the case of white pine) or in pregi@xperiments in which
temperature differences between warm/cool treatngate greater (in the case of
balsam fir; Greenwood et al. in preparation).

Hemlock, whose seeds were slightly more magsian those of the spruces (Table
6) and which germinated relatively late in the grayseason and exhibited a

strong negative response to high temperatures.

Species Seed mass
(mg)
Black spruce 1.5
Red spruce 2.8
White spruce 2.6
White pine 15.3
Balsam fir 8.6
Hemlock 3.0

Table 6. Average seed masses of the seeds piarftegheriment 1. Seeds were
acquired from the National Tree Seed Centre (NBReaources Canada, PO Box 4000,
Fredericton, NB, E3B5P7 Canada). n=50 seeds, Wvhith mean seed mass was
calculated.
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Clearly these three groups of species employ diffiegermination strategies.
The spruces employ a rapid all-at-once germinagtoategy with very high percent
germination (Fig. 3 and 5). In contrast are tl#s ferolific and more deliberate
germination patterns of white pine and balsamFig(3 and 5). Greenwood et al. (in
preparation) hypothesize that such deliberate gextioin patterns could represent a
short-term seed-banking strategy. Extended dorynand long-term seed banking are
means by which species hedge their bets in highiakile or stressful environments
(Sarukhan 1974; Brown and Venable 1986; VenableBaodn 1988). By lying
dormant in an unpredictable environment, a spex@asncrease its reproductive
efficiency by germinating in response to conditifegorable for establishment
(Sarukhan 1974; Brown and Venable 1986; VenableBaod/n 1988). Such dormancy
and seed banking can last for several years, edlydar herbaceous species (Brown and
Venable 1986), but the same bet-hedging princghesild logically hold for shorter time
scales as well.

For our species, extending the germination of the&d crops over longer periods
of time in a single growing season should increasechances that at least some white
pine and balsam fir germinants will encounter falbe conditions for establishment
(Greenwood et al. in preparation). For examplehefspruces undergo their rapid
germination pulse during a drought, that year'abseedlings could endure heavy
losses. White pine and balsam fir would also preshly lose a fair proportion of their
seedling crops as a result of such a drought,Haut inore-extended germination
phenology would allow at least some of their se¢edgerminate after the drought when

conditions may be more favorable for germinanttsament and survival.
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Such germination patterns may be analogous toatapitestment strategies.
Spruces tend to invest most of their seed resoumt@®ne germination period, while
white pine and balsam fir invest smaller amountse&d resources into a more
temporally diverse germination portfolio. The eflgs-in-one-basket approach of the
spruces is riskier; but if successful, it standgiétd very large crops of seedlings that can
become established early in the growing seasogortrast, the more conservative,
temporally-diverse approach of pine and fir is mideely to weather temporary
unfavorable conditions but could be greatly outgdifi.e. outcompeted) by the spruces if
the riskier approach proves successful.

So, in moist, favorable conditions, the rapid aighly complete germination of
the spruces probably provides a consistently largp of seedlings that can become
established relatively early in the growing seaslmnpoorer and/or more erratic
environments, however, the rapid, all-at-once geation strategy of the spruces could
make them vulnerable to periods of poor conditiofkat is, if the spruces undergo their
single, rapid pulse of germination during unfavdéeatonditions, a large proportion of
that season’s germinants could die. Predictionsaréasingly erratic weather patterns in
the future (Easterling et al. 2000; Houghton e2@0D1; but see Bengtsson et al. 2006)
thus do not seem to favor the germination stratédlye spruces, but may give a
competitive advantage to the more conservative ig@ton strategies of balsam fir and
white pine. The relative seed sizes of the twaugsoof species lend further support to
this hypothesis. The larger seeds of fir and paldrly pine (Table 6) should make their
germinants better at enduring environmental vaitgl@nd unfavorable conditions (this

seed size hypothesis is discussed by Brown andbiedf88; Leishman et al. 2000).
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1.4.2. Seedling Growth and M orphology

1.4.2.1. Height, Dry Mass, Seed Size, and Seef@llmnelopment Patterns

At Harvest 1, white pine was by far the tallest amakt massive species in either
light environment (Fig. 6A-B). This is almost cartly related to the fact that white pine
seeds are much larger than the seeds of the otkestfidy species (Table 6). In the
shade, balsam fir was about twice as massive abbkior the three spruces (Fig. 6A-
B), which corresponds well with the seed size ddifees between fir, hemlock, and the
spruces (Table 6).

A cursory examination of the data reveals two ekoep to the positive
relationship between seed-size and Harvest 1 sgedity mass. In the light, the three
spruces were similar in height and mass to balsafhify. 6A-B) despite the fact that the
spruces have smaller seeds than balsam fir (Tabl&red despite its slightly larger seeds
(Table 6), hemlock seedlings were somewhat shartéiess massive than the spruces in
the shade (Fig. 6A-B). But of course, traits ottiein seed size influence seedling
growth. The spruces, for instance, have been foaih@ve higher growth potential than
balsam fir in high light conditions (Greenwood ktia preparation). As such, perhaps
the higher growth potential of the spruces in tgktlallowed them to overcome the
nutritive boost provided by balsam fir's larger deeserves (Table 6).

The second exception, hemlock, germinated later tiha spruces and is known to
be a slow-growing species (Goerlich and Nyland 20@bth factors may have
contributed to the small size of hemlock seedlimigdarvest 1, but one seems likely to
have made a bigger contribution than the other HBgvest 3, hemlock and the spruces

had similar masses in the shade (Fig. 7B). Sold@napparently caught up to the
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spruces in size, which suggests that growth ratendi differ greatly between the shade-
grown spruces and hemlock. This leaves the religtiate germination of hemlock to
explain the relationship between seed size andisgesize among hemlock and the
spruces.

In summary, initial seedling sizes seem to be p@djt related to seed size, but
various aspects of germination (e.g. rate and ginifngermination) and seedling traits
(e.g. growth potential) can have an overridinguefice. In the shade, the different
growth potentials of the six species seemed tarbeeasly inhibited, and initial seedling
sizes largely reflected seed size and germinatmimg. Germination timing affected the
relative sizes of seedlings in the high-light eamiment, too, as is evident with the late-
germinating (Fig. 5) and very-small (Fig. 7A-B) Heck. But in the high-light
environment, the different growth potentials of #ite species were fed by more abundant
resources, thus causing those different specidivénge more in size. So compared to
the shade environment, species growth rate seeplayt@ relatively large role in
determining the early size of seedlings in the Hight environment. And obviously, the
apparent effects of seed size on seedling tralt$agie with time. That is, seedling
growth characteristics will play a larger role ietekrmining seedling size as seedlings
grow. Our conclusions are in agreement with mahgrostudies that have found a
positive relationship between seed size and irsegaldling size, both within and among
species (reviewed by Leishman et al. 2000).

At Harvest 1 in the high-light environment, the drsaeded spruces were only
about/; the mass of white pine (Fig. 6B). But by Han&st the high-light

environment, the spruces were ab@the mass of white pine and had actually
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overtaken white pine in terms of height (Fig. 7A-Bglying the spruces’ diminutive seed
size (Table 6). White pine was still the most masspecies in either light environment,
but the spruces demonstrated their growth potelyialosing the initially-large size-gap
between them and white pine (Fig. 7B).

So, white pine and the spruces clearly have higlvtr potential in high-light
environments. When compared to balsam fir, thecgs again demonstrated their ability
to respond to high light conditions. At Harveshhe high-light environment, balsam
fir was similar in height and biomass to the thspaices and was actually significantly
more massive than red spruce (Fig. 6A-B). By Hsirde however, in the high-light
environment the spruces were 2-3x taller and massme than balsam fir (Fig. 7A-B).
There are two major reasons for the different ghonates of the spruces and fir in the

high-light environment:

1) The spruces demonstrated the capacity for neefd shoot growth, which is the
continuous formation of stem units without an ia&Tting dormant period
(Greenwood et al. in preparation). In other woedslong as conditions are
favorable for growth, the spruces can continue sgomwth for the entire
growing season. In contrast, even under favorgitaeing conditions, balsam fir
sets bud relatively early in the growing seasoriclwhestricts its shoot growth
potential relative to that of the spruces (Greemvebal. in preparation).

2) Compared to balsam fir, the spruces allocatesdiagively high proportion of their
biomass to leaves (Fig. 7H). Assuming that s@bugces are not limiting (they

were abundant in our study), higher leaf allocatiohigh-light environments is
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generally rewarded with higher growth rates (Mooh8y2; Walters and Reich

1993).

In the shade there was much more convergence athergights and dry masses
of the six species at Harvest 3. As discussedqusly, at Harvest 1 the different growth
potentials of the six species appeared similatybited in the shade, and seedling sizes
largely reflected seed size. By Harvest 3, onlytevpine differed substantially from the
other species in terms of height and dry mass {#AgB). The other five species were
similar in height and were virtually identical inydnass (Fig. 7A-B), which again
suggests that all species were similarly lightdediin the shade. And in fact, in the
shade the species all had relatively similar RGRg. (/C). Perhaps the larger dry mass
and height of white pine in the shade (Fig. 7A-Brevsimply related to pine’s initial
seed-size advantage (Table 6). Various otheresuthve also found that the growth
rates of species with very different growth potaistcan converge in very light-limited
environments (reviewed by Walters and Reich 1999).

Perhaps the most interesting result is that thevifrof the spruces was so
strongly spurred by high-light conditions (Table ) terms of both dry mass and
height, the spruces responded significantly mosgtpely than fir or pine to higher light
(Table 5). The high growth potential of the spribas been noted in other studies that
compared the growth of red spruce and balsam fBr{én 2005; Greenwood et al. in
preparation). So the spruces are clearly capdblessponding vigorously to high light.

In the field, however, spruce seedlings are gelyanat known as particularly rapid

growers (Place 1955; Greenwood et al. in preparatidheir neoformed shoot growth is
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probably limited by the variable and often subopticonditions they encounter in
forests. Red spruce, for instance, is often mostessful in shady, moderately poor sites
because it is unable to compete with hardwoods#metr species that are better able to
capitalize on the resources of richer sites (Mardy$eymour 1992). This is an excellent
illustration of the fact that optimal growth condiis do not always lead to the greatest
selective advantage for a given species. This isn@ortant principle to bear in mind

when considering the implications of the resultesspnted here.

1.4.2.2. Carbon Allocation

Biomass allocation within each light environmerifetied greatly among the
study species. In the high-light environment, @nd fir had the highest R:S mass
ratios; in the shade, fir, white spruce, and heknlwad the highest R:S mass ratios (Fig.
6C; 7E). So, balsam fir is the only species wHes® mass ratios were consistently
among the highest of any species, while red antkldpruce were the only species with
R:S mass ratios consistently lower than those pfo#imer species, regardless of light
environment (Fig. 6C; 7E). Similarly, Greenwoodikt(in preparation) found that the
R:S mass ratios of balsam fir seedlings were hit/iear those of red spruce seedlings in
various studies in the greenhouse and in the field.

R:S mass ratios can reveal a great deal aboutcgespgrowth strategy. For
example, R:S mass ratios can predict the ability gfhecies to endure dry conditions
because R:S mass ratio quantifies the relative ahafuissue involved in gathering
water (roots) vs the amount involved in transpitingt water (shoots). FARM ratios

may be a more meaningful indicator of a speciesitybo endure dry conditions,
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however, because R:S mass ratios do not distindgpaisieen stems and leaves, while
FARM ratios specifically compare the relative prdpm of tissues invested in water-
gathering structures (roots) and water-losing stines (foliar surface area). Except for
hemlock, in both light environments the FARM ratafsall species were statistically
similar, suggesting that the proportion of watetalqp to water loss may be similar for all
study species (Fig. 7J). Hemlock had a signifigamgher FARM ratio than the other
species (Fig. 7J), suggesting that it may be Ipksta endure dry conditions. In the
high-light environment, the FARM ratios of the spea were consistently higher than
those of balsam fir, but those differences weresigstificant (Fig. 7J).

Root length can also reveal a great deal abopeies’ growth strategy. In
general, longer roots allow plants to explore nsmi& which improves their chances of
encountering and accessing heterogeneous, limigsgurces. For instance, longer,
deeper roots are typically associated with a gredigity to endure low-water conditions
by helping plants access deeper, more reliablylalai pools of soil water (Holch 1931;
Albertson and Weaver 1945; Bahari et al. 1985; Keski and Pallardy 2002; Ryser
2006). This will be particularly true at the seedlstage when root length is presumably
most strongly correlated with root depth. At Hatvé in the shade, balsam fir had
significantly longer primary roots than the othpesies (Fig. 6D). But at Harvest 3,
despite some statistically significant differendég, primary roots of all species were
relatively similar in length, differing from eachher by <2 cm (Fig. 7D).

In the high-light environment, balsam fir and wipiee had significantly longer
primary roots than the three spruces at HarveBtdl 6D). It is notable that the average

root length of balsam fir was statistically indngjuishable from that of white pine (Fig.
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6D), despite the fact that, at Harvest 1, whiteepiras almost 3x larger than balsam fir
(Fig. 6D). This is reflected by fir having a sificantly higher R:S length ratio than
white pine (Fig. 6E). This, in addition to the tthat, 1) Balsam fir had the highest
initial primary root length among shade-grown sege, and 2) Balsam fir R:S mass
ratios (Fig. 6C), and R:S length ratios (Fig. 6EEra&vamong the highest of any species
regardless of light environment, strongly sugg#sts, relative to the other species, early
balsam fir growth was more focused on quickly dep#lg an extensive root system.

At Harvest 3 in the high-light environment, howeMaalsam fir no longer had the
longest primary roots (Fig. 7D). But when considgithis, one must bear in mind the
relative sizes of the species. By Harvest 3, ltheet spruces in the high-light
environment had grown much larger than balsamTiis allowed the spruces to close
the root-length-gap between themselves and balsamitfiout necessarily investing a
large proportion of their growth toward lengthenthgir roots. This observation is
important, because in the field, the spruces anergdly less able to capitalize on their
neoformed shoot growth potential (probably becadidke sub-optimal conditions they
encounter there), and they are relatively simitagize to balsam fir (Greenwood et al. in
preparation). As such, the relative R:S lengtlosatf fir and the spruces may be the
most relevant comparison of their primary root gitoand penetration, because the ratios
take seedling size into account. And at Harvefit Bad a significantly higher R:S
length ratio than the spruces (Fig. 7K), indicatiingt, in field conditions where the
species are relatively similar in size (Greenwobal .ein preparation), fir will be capable

of the greatest root penetration.
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Other seedling traits certainly affect the abibfyseedlings to endure dry
conditions (Kozlowski and Pallardy 2002), but basekly on our results, it appears that
any interspecific differences in the ability to enel low-water conditions will arise
primarily due to differences in the root lengths/oting seedlings. FARM ratios are not
significantly different for most of the speciesdFrJ), suggesting that the proportion of
water uptake to water loss may be similar for &the species but hemlock, whose
relatively high FARM ratios in the high-light engimment (Fig. 7J) fit with hemlock’s
reputation as a drought-sensitive species (GaeahchNyland 2000; Foster et al. 2006;
but see Caspersen and Kobe 2001). But in termmobfength, white pine and balsam fir
seedlings quickly developed the longest root systéfig. 6C), indicating that they will
be more capable than the spruces or hemlock oklgiupenetrating forest floor litter and
reaching deeper, more-reliably-available poolsodfwater that could sustain fir and
pine seedlings during dry periods that depletesttedlower water sources available to the

less-deeply-rooted spruces and hemlock.

1.4.2.3. Seedling Growth and Morphology Summary

In the high-light environment, balsam fir and wipiee are dissimilar in dry mass
and height but very similar in root length, biomaliecation pattern, leaf morphology,
and RGR (Fig. 6A-D; 7A-J). In the shade, howefiegand pine are dissimilar in dry
mass, height, and biomass allocation patterns;résmble each other only in RGR,
primary root length, and leaf morphology (Fig. 6A-DA-J), and neither root length nor
SLA can distinguish fir and pine from the other@ps because most species had similar

primary root lengths and SLAs in the shade (Fig. 7). So in the high-light
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environment, fir and pine seem to be a distincignm terms of biomass allocation
patterns and primary root length. But in the shé#ketwo species differed significantly
in those respects, with fir maintaining higher R&ss ratios (Fig. 6C; 7E) and initially
having longer primary roots (Fig. 6D) than whiteqi

In both light environments, the three spruce sewiere very similar to each
other in terms of growth rate, height, dry masaf feorphology, root length, and carbon
allocation (Fig. 6A-D; 7A-J). In terms of growthdcarbon allocation, all three species
responded similarly to the different light enviroants (Table 5). So, the three spruces
pretty clearly stand together as one group.

Hemlock is somewhat more difficult to categorizastigularly in the high-light
environment (Fig. 5). In the shade, it resembledhyrof the other species in terms of
height, dry mass, root length, and tissue allocafiog. 7A-H; 7J). However, it is unlike
the other species in terms of SLA in either lighwieonment (Fig. 71). And in the high-
light environment, it is distinct from the otheregjes in terms of height, dry mass, root
length, and carbon allocation (Fig. 7A-H; 7J)isldifficult to know whether to attribute
such similarities and differences to inherent gropatterns or to the much-later
germination of hemlock, particularly in the higlgHt environment (Fig. 5). But
regardless of the causes, hemlock appears differentgh from the other species to
merit its own category.

In summary, hemlock (particularly in the high-ligerivironment) and the spruces
form two distinct groups, while fir and pine hadatae similarities in the high-light

environment, but not the shade environment.
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1.4.2.4. Ontogenetic Considerations

In the high-light environment, the spruces were Imlacger than balsam fir (Fig.
7A-B). Ontogenetic drift tends to cause R:S ma#iss to increase as seedlings grow
larger (Poorter and Nagel 2000). So, the facttthmsmaller balsam fir had higher R:S
mass ratios than the larger spruces (Fig. 7E)duiftighlights the allocation differences
between the species. As such, ontogenetic comsioles appear to bolster our
conclusions that, relative to one another, earlgrowth is more directed toward roots
and the early growth of the spruces is more dicetderard shoots.

White pine, however, is an exception to this.ldtge size relative to the other
species (Fig. 6B; 7B) confounds comparisons diigg root allocation with the root
allocation of the other species. Again, with iragiag size, seedlings typically increase
their R:S mass ratios (Poorter and Nagel 2000)in$lte case of white pine, it is difficult
to say whether its high R:S mass ratios were dyeeferential allocation to
belowground tissues or if they were simply due totevpine being larger than the other
species. However, this distinction may not beipaldrly important in this case. Two
things seem suggest that, at least early in iteldpment (particularly in high-light

environments), white pine will consistently haveaer root allocation than the spruces:

1) White pine has larger seeds than the other epetiarger seeds tend to produce
larger seedlings (Walters and Reich 2000), andettger white pine seedlings should
have greater root allocation than the spruces dégs of whether it is due to

ontogenetic drift, preferential root allocation,bmth. These large seedlings also
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presumably produce longer primary roots, allowimgn to reach deeper water

sources.

2) At Harvest 2 (data not shown), in the high-lighvironment the spruces were
about two times greater in mass than white pineavatarvest 1, yet the R:S mass
ratios of the Harvest 2 spruces were still slighdlyer than those of Harvest 1 pine.
If the root allocation of the spruces and whitegpivere equal, ontogenetic drift
should have caused the larger Harvest 2 sprudesvigreater R:S mass ratios than
the smaller Harvest 1 white pine. But the oppasiteue, indicating that, relative to

the spruces, high-light-grown pine seedlings dcehareferential allocation to roots.

In the low-light environment, on the other hanithegphad only slightly greater
(Fig. 6C) or approximately equal (Fig. 7E) R:S miadss compared to the spruces,
despite pine’s much larger size (Fig. 6B; 7B). €ivthat larger seedlings are generally
expected to have higher R:S mass ratios due tgenétic drift (Poorter and Nagel
2000), it appears that, relative to the sprucestewdine did not have preferential root
allocation to roots in the low-light environmerithis indicates that white pine biomass

allocation can be highly plastic in response téedént light conditions.
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1.5. Summary: Experiment 1

The findings of Experiment 1 suggest that themagsificant variation among the
ecological attributes of these six species. Baseskeed size, germination patterns,

carbon allocation, and root growth, the six spec@sbe divided into three groups:

1) Hemlock which had seeds intermediate in mass among tllg species,
germination that responded negatively to high teatpees, germination that began

much later than that of the other species, R:S madEss that were moderate among these
six species, low growth in high-light conditionggter SLAs than any other species in
both light environments, and significantly high&HM ratios than the other species in
the high-light environment.

2) Black, white, and red sprucehich had the smallest seeds of the study species

germination that was unresponsive to the diffelight environments, the most rapid and
complete germination, the lowest R:S mass and é1&tl ratios, and the capacity for
vigorous neoformed shoot growth in response to-hgit.

3) White pine and balsam fiwhich had the largest seeds (particularly whiite pof

the study species, had more-gradual and less-cterg#emination than the spruces, and
whose germination rates have been found to respositively to warmer conditions.
Although they differed substantially in size, ighilight conditions, fir and pine both
rapidly developed the longest roots and R:S magssraf any species. In the shade,
however, the two species were less similar, ang farhad relatively higher R:S mass

and R:S length ratios than the other species.
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Chapter 2: Red Spruce and Balsam Fir Regeneration and Abundance
Past and Present: A Brief Review

2.1. Historical Perspective

2.1.1. Paleoecology

Red spruce and balsam fir have not always beemdaiod in Maine, nor have they
always been found in association. Approximatel§Q.@ears ago, black and white
spruce, and to a lesser extent, balsam fir, exphtiar ranges southward, increasing in
abundance in southern Canada and the northern&cBauffler and Jacobson 2002).
This expansion was associated with a shift towartester, cooler climate. Recent
evidence also indicates that from approximately01@0500 years ago, red spruce
expanded its range inland from coastal refugia é8ffler and Jacobson 2002), an
expansion that was also associated with a relgtodl and moist climate (Schauffler
and Jacobson 2002; Lindbladh et al. 2003). Salgld##e distributions of both spruce
and fir are strongly influenced by climate, and dbendance of both species in Maine

appears to be positively associated with coolettevelimates.

2.1.2. Recent History

By the middle of the 1®century, intensive selection harvesting of whiteethad
severely depleted pine’s availability, making altgive species increasingly attractive to
loggers (Whitney 1994). During the period of 18880, red spruce largely replaced
white pine as the primary sawlog species in mudde England (Whitney 1994). In
the 1880s, red spruce was also adopted as a valpalpwood for paper production

(Oosting and Reed 1944; Whitney 1994). Todaysprdce remains commercially
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valuable. Itis a lightweight, straight-graineésitient wood used for paper, construction
lumber, and musical instruments (Blum 1990). k985 inventory of Maine’s forests,
red spruce was both the leading stock volume sperid the leading sawtimber-volume
species (Griffith and Alerich 1996).

Balsam fir became a major component of the loggidgstry in the 1890s, when
it joined red spruce as a prominent pulpwood sggdMhitney 1994). Today, balsam fir
remains commercially important. Its wood is relaly lightweight and soft and is used
primarily for pulpwood and light frame constructi@frank 1990). But in general,
balsam fir is of low timber value, and land managagrmmonly try to convert stands of
balsam fir to other species that are more valuahtkless vulnerable to pests and disease
(Johnston 1986). In a 1995 inventory of Maine'eft, balsam fir was the third leading

species in growing-stock volume (Griffith and At#ri1996).

2.1.3. Current Status

Currently, Maine’s forests comprise nearly 7. 1lioml hectares, 2.4 million
hectares of which is classified as spruce-fir, Wwheca forest type dominated by red
spruce and balsam fir (Griffith and Alerich 199&ed spruce and balsam fir are
sympatric in much of Maine’s forestlands. Balsanextends from Newfoundland west
to northwestern Alberta, south to northern Minnasotd Wisconsin, and east to New
England, nearing its southern limit in southern ajFrank 1990). Red spruce has a
comparatively small, southerly range, extendingnfidova Scotia west to southern
Quebec, south to New York and Massachusetts, resimorthern limits in northern

Maine; its range also extends southward withinAppalachian Mountains (Blum 1990).
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Balsam fir grows and regenerates robustly througMaine’s forests, being
seemingly well adapted to the moist, cool winterd enoist, warm summers therein
(DeHayes et al. 1990; Brissette 1996). Since &y 0" century, however, researchers
have reported red spruce to be in decline, primarihigh-elevation stands (Korstian
1937; DeHayes et al. 1990; Klein et al. 1991). iDyithis apparent decline of red spruce,
some formerly abundant populations have dwindleghyrexisting populations appear to
be ailing, and replacement populations often tafegenerate (Korstian 1937; Randall
1976; DeHayes et al. 1990; Klein et al. 1991; Gariie96; Mosseler et al. 2000). There
is also some concern regarding genetic qualitpmesincreasingly isolated spruce
populations (Mosseler et al. 2000). Much of theslthe has been attributed to the
sensitivity of high-elevation red spruce to froahthge (Lazarus et al. 2006). In Maine’s
low-elevation spruce-fir forests, red spruce appeauch less vulnerable to the factors
contributing to the decline of high-elevation padidns (Johnson et al. 1992).

But throughout the common range of red sprucebahshm fir, post-harvest
regeneration in spruce-fir stands is typically doatéd by balsam fir (Westveld 1931;
Place 1955; Mcintosh and Hurley 1964; Meng and $eyri992; Seymour 1992;
Brissette 1996; Hughes and Bechtel 1997; Battldsramey 2000), even when red
spruce seed rain predominates (Randall 1976).stmzey of all harvest treatments in the
Penobscot Experimental Forest (PEF) in BradleynglaBrissette (1996) reports that
regenerating (i.e. seedlings <15 cm tall) balsaradtnumbered regenerating spruce
species 17,239 to 6,635. Forest managers andgestsibiave often expressed concern
about the limited regeneration of red spruce (Waddt®931; Place 1955; Randall 1976;

Gordon 1996). At least four major consideratioras/montribute to this concern.
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1) Compared to balsam fir, red spruce is more cerially valuable (Blum 1990;
Frank 1990).

2) Red spruce is less susceptible to spruce budw&olomon et al. (2003)
monitored spruce-budworm-induced mortality in unected spruce-fir stands in
Maine. Twelve years after the start of the 1978aK9spruce budworm outbreak,
balsam fir reached 92-100% basal area mortality8#R€7% stem density
mortality, while red spruce reached only 32-59%abasea mortality and 30-66%
stem density mortality (Solomon 2003). Along theame lines, Blais (1983)
found that stands with a higher proportion balsamwére most susceptible to
spruce budworm damage. As such, it seems econliyrdesirable to keep the
working forest from becoming dominated by the fe&y budworm-susceptible
balsam fir. And in general, more diverse stanasikhprovide greater
community stability (Doak et al. 1998; Tilman et 2998).

3) Predicted climatic warming will cause the ramgémany species to shift pole-
ward (Parmesan and Yohe 2003), which suggestseaftty greater abundance
of red spruce at and beyond its current northergedimit near northern Maine
(Mosseler et al. 2000).

4) Ecologically, aesthetically, and historicallgd spruce occupies a major niche in

Maine’s forests.
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2.2. LifeHistory Comparison of Red Spruce and Balsam Fir

2.2.1. Introduction

Red spruce and balsam fir have several traitsnmneon. Spruce and fir are
considered shade tolerant and very shade tolessptectively (Baker 1949; Burns et al.
1998) and both are considered seedling bank speajeble of persisting for many years
in low-light conditions (Landis and Peart 2005)otBspecies are sympatric in Maine
(Blum 1990; Frank 1990), germinate and establisgt be mineral soil (Place 1955), and
often grow in association with each other in Masnextensive spruce-fir stands (Blum
1990; Frank 1990; Seymour 1992; Griffith and Albrik©996). But despite these basic
similarities, there are various ecological, devaieptal, and life history differences
between balsam fir and red spruce that may hedxpain the relatively limited
regeneration of red spruce. This section will @gwvarious factors that may contribute
to the different regeneration dynamics of the twecses. First | will discuss the two
species’ early life stages, then their later liigdries, and finally the effects of various

management practices.

2.2.2. Early Life Stages

2.2.2.1. Seed Production, Dissemination, and Piedat

Red spruce produces large seed crops every 3-8 (lam 1990), but often does
not start producing large seed crops until it reacr0 years of age (Powell 1975).
Balsam fir produces large crops every 2-4 yearsssantls producing seed relatively early
in its life cycle (Frank 1990). Neither species disperse its seeds very great distances,

though spruce can disperse its seeds somewhagrféndm balsam fir (Frank 1990; Blum
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1990; Hughes and Bechtel 1997). In general, mafomece-fir stands seem to produce
adequate amounts of both red spruce and balsa®efit such that seed availability
should not limit the regeneration of either spe¢iRandall 1974).

Seed predation can significantly impact the avditstof viable seed (Gashwiler
1967; Janzen 1971; Peters et al. 2004). Althoughgenerally acknowledged that
predators prefer spruce seed over fir seed (AABER), few studies have directly
compared the seed predation rates of red sprucbasam fir in the field. Kanoti
(2005) found no significant difference between setlation rates of field-sown red
spruce and balsam fir, though he did emphasizeptieatator avoidance of balsam fir
seed was unique among the larger-seeded specibsr Sudies have reported a
preference for white spruce seeds (which are venyas to red spruce seeds) over
balsam fir seeds (Simard et al. 2003; Peters @08K). So, while the true effects of seed
predation on spruce and fir seed crops are ungeagation almost certainly plays a role

and appears likely to have a more negative impasipouce than on fir.

2.2.2.2. Seed Germination

Both red spruce and balsam fir germinate best oeral soil (Westveld 1931,
Place 1955). The germination of both species gatineely associated with the amount of
leaf litter covering the soil, most likely becausaf litter dries out more quickly than
mineral soil (Moore 1926). Several researcher® liaund that the percent germination
of spruce and fir seeds responds negatively toreeweisture deficit (O’Brien 2005;
Kanoti 2005; Greenwood unpublished data). KarkfiD6) found that balsam fir

germination is actually more sensitive than redisprgermination to moisture stress, but
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other studies have found little difference betwtentwo species in that regard (O’Brien
2005; Greenwood unpublished data).

Balsam fir germination is less-complete and mowasa-out than red spruce
germination in a variety of environmental condiBo(Fig. 3 and 5; Place 1955; O’Brien
2005; Kanoti 2005; Greenwood et al. in preparatiddjeenwood et al. (in preparation)
discuss the possible significance of these patteXesther red spruce nor balsam fir
create persistent, long-term seedbanks (Frank afidr& 1970; Blum 1990; Frank
1990), but Greenwood et al. (in preparation) hypsite that balsam fir's slower
germination rate may represent a short-term seekig strategy. This hypothesis is
somewhat analogous to capital investment stratedresl spruce tends to invest most of
its seed capital into one germination period, whadésam fir invests smaller amounts of
seed capital into a more temporally diverse gertrongortfolio. The all-eggs-in-one-
basket approach of spruce is riskier; but if susiegsit stands to yield very large crops
of seedlings that can become established earheigtowing season. In contrast, the
more conservative, temporally-diverse approachra$ imore likely to weather
temporary unfavorable conditions but could be dyemaitgained (i.e. outcompeted) by

red spruce if the riskier approach proves succkssfu

2.2.2.3. Germinant Establishment

Both balsam fir and red spruce seedlings can pdosisnany years in very low
light conditions (Baker 1949; Burns et al. 1998; ¥al. 1999; Parent et al. 2000).
However, new germinants are very sensitive to wettesss and need reliable access to

water in order to become established, making eadygrowth very important to their
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survival (Place 1955; Burdett et al. 1983). Bat spruce and balsam fir germinants
establish most successfully on exposed mineralBank 1990; Blum 1990). The
amount of leaf litter covering the soil is negalyveelated to rates of establishment

(Moore 1926; Cornett et al. 1998), which is duattteast three factors:

1) The litter layer has a lower water holding catyaban mineral soil, making it
a relatively poor substrate for root growth andklshment (Moore 1926;
Ahlgren and Ahlgren 1981).

2) Leaf litter can inhibit root penetration, pretiag plants from reaching water
and soil nutrients (Moore 1926; Koroleff 1954; Atdg and Ahlgren 1981).

3) Leaf litter can be stirred up, “suffocating” ngerminants (Koroleff 1954;

Ahlgren and Ahlgren 1981).

Balsam fir germinants tend to have longer printapts and greater root
penetration than red spruce seedlings (Fig. 6DkGeP1955; Klein et al. 1991,
Greenwood et al. in preparation). This presumghblgs balsam fir an advantage in drier
conditions, particularly when litter covers the emal soil, while shorter-rooted species
like red spruce are probably more susceptible tiy ezoisture scarcity (Holch 1931,
Albertson and Weaver 1945; Bahari et al. 1985; Bwzki and Pallardy 2002; Ryser
2006). Also, balsam fir seeds are larger tharspedce seeds (Table 6). Generally,
larger seeds have greater food reserves, whicBustain germinants and allow them to
survive for longer periods of time before the geramts can acquire heterogeneous

limiting resources (Venable and Brown 1988; Leishratal. 2000). So, germinants of
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the larger seeded fir might be expected to endaf@vorable environmental conditions
for longer periods of time than red spruce germsafor instance, fir's larger seeds
might allow its germinants to more rapidly grow dotaproots that will aid fir germinants
in surviving dry conditions.

Taken together, balsam fir's larger seed size, rdoag/n-out germination
phenology, and more rapid establishment of deeydraystems suggest that its
germinants are less vulnerable than red spruceigants to variable belowground

resource conditions, particularly in terms of watearcity.

2.2.2.4. Seedling Growth and Development

Balsam fir experiences faster height and diametawtly than red spruce in both
shaded and open environments (Oosting and Billi®dd; Mcintosh and Hurley 1964;
Battles and Fahey 2000), though red spruce hasdizanved to outgrow balsam fir on
poorly drained sites (Meng and Seymour 1992). mypits first growing season,
however, red spruce can undergo season-long needbsitoot growth under high-light
conditions, while balsam fir sets bud relativelylggegardless of conditions (Place
1955; Greenwood and McConville 2002; O’Brien 20G8¢enwood et al. in
preparation). The capacity for neoformed shootinan spruces is generally lost after
5-10 years (Grossnickle 2000), but red spruce’ly shoot growth potential suggests
that, under favorable conditions, red spruce segslican outgrow balsam fir seedlings.
And in fact, various greenhouse experiments haweodstrated that, given abundant

light, water, and nutrients, red spruce seedlimgsgreatly outgrow balsam fir seedlings
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(Fig. 7A-B; Greenwood and McConville 2002; O’'Bri2@05; Greenwood et al. in
preparation).

In the field, however, first year balsam fir seedB generally grow both taller and
more massive than red spruce seedlings. In ayofued spruce and balsam fir
seedlings in an undisturbed spruce-fir stand inf@xdm, ME, Greenwood et al. (in
preparation) found that balsam fir seedlings frofy&ars of age grew taller and more
massive than red spruce seedlings of the samdagge dn the 3-5 year age class, the
shoot dry weights of spruce and fir seedlings vmartesignificantly different, but the
much greater root mass of balsam fir gave its ggg=lh significantly greater total dry
mass (Greenwood et al. in preparation).

Carbon allocation patterns are very different fmuse and fir. Compared to
balsam fir, red spruce allocates significantly meaiebon to photosynthetic tissues (Fig.
7H), less to roots (Fig. 7F; Greenwood et al. iparation), and can maintain season-
long neoformed shoot growth (Greenwood et al. @ppration). This suggests a
relatively aggressive first-year growth strategyadych red spruce is capable of
significant first-season growth under consisterghtresource conditions (particularly
with respect to light). Balsam fir, on the othanid, allocates less to photosynthetic
tissues (Fig. 7H), more to root mass and exten$tan 6C; 7F), and sets bud relatively
early in its first year (Greenwood et al. in preggm). This suggests that balsam fir
seedlings employ a more conservative growth stydtgallocating fewer resources
toward growth potential and more toward coping veplatial and temporal belowground-

resource heterogeneity.
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Given red spruce’s much greater first-season gr@ethntial, it may seem
paradoxical that field-grown balsam fir seedlingsensistently outgrow red spruce
seedlings (Greenwood et al. in preparation). Hawehis is partially explained by the
light-limiting conditions of the understory, whiclo not allow red spruce to capitalize on
its higher growth potential. And if red spruce ancapitalize on its higher growth
potential, the more conservative, stress-tolerévading developmental traits of
balsam fir may be advantageous. Various resea tfaae found that the species best
suited to endure the rigors of forest understaresoften those that sacrifice growth
potential in favor of allocation to structure, defe, and stress tolerance/avoidance
mechanisms like root growth, thicker stems, anthérigissue density (Kitajima 1994,
Kobe et al. 1995, Pacala 1996, Walters and Reié8;1@alters and Reich 2000; Lusk

and del Pozo 2002; but see Wyckoff and Clark 2002).

2.3. Later Life Stages

2.3.1. Path to the Canopy

Balsam fir typically grows more rapidly than redwsge, often reaching
reproductive maturity at around 20 years of agesofeet of shoot length (Bakuzis et al.
1965). The typical lifespan of balsam fir is |&isan 100 years, due largely to pest
susceptibility and to a heart rot fungus that itdexver 50% of balsam fir by age 70
(Johnston 1986; Frank 1990; Seymour 1992). As,sugttessful balsam fir typically
reaches the canopy relatively quickly and then drds harvested shortly thereafter
(Johnston 1986; Battles and Fahey 2000). But teegpilimited lifespan, balsam fir

often does not follow a direct path to the canopy.can survive understory suppression
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for up to 100 years (Parent et al. 2000), and ackvgnowth seems to be very important
for fir regeneration (Westveld 1931; Meng and Seyni®92; Morin and Laprise 1997),
though this is not without exception (Hughes andiiel 1997).

Although balsam fir can and often does endure ®§%0on, a very long stay in
the understory does not necessarily bode welliferduccess. Landis and Peart (2005)
found that only 20% of fir that successfully reatiiee canopy had endured suppression
after reaching 50 cm in height. Davis (1990) fotimat 60% of mature fir in second-
growth stands in southeastern Maine arose fromsm@gll advance growth (<0.1 min
height), while the remaining 40% arose from largg@vance growth. These results
suggest that although balsam fir can long endueg dbade, its probability of reaching
the canopy may be negatively impacted by suppreskiang its later, juvenile stages.
Nonetheless, advance growth is unquestionably mipent part of fir regeneration
(Davis 1990; Seymour 1992).

As with balsam fir, suppression-tolerance and adeamnowth are very important
to red spruce attaining canopy dominance. Redcspran survive suppression in deep
shade for over 100 years until harvest, deathaoradje of overstory trees creates a gap
through which the suppressed red spruce can reaatahopy (Blum 1990). Various
researchers have found that the majority of redcgreaching the canopy consists of
formerly suppressed trees (Davis 1966; Davis 188hg and Seymour 1992; Wu et al.
1999; Landis and Peart 2005), though this is ndtout exception (Hughes and Bechtel
1997). In a study in the southern Appalachians,etvail. (1999) found that red spruce
trees in the canopy had endured an average okpigddes of suppression averaging 19

years per episode. In other words, spruce seediargly follow a direct path to the
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canopy. Beneath dense overstories, new seedliadggmcally suppressed until
overstory gaps provide light and a path to the pgndn existing gaps, new spruce
seedlings are typically overtopped by faster grgwiardwoods, beneath which the
spruces are suppressed until new overstory gapgertight and a path to the canopy

(Davis 1966; Powell 1975; Davis 1990).

2.3.2. Lifespan

Mature red spruce can dominate the canopy for gtiome, sometimes living for
more than 300 years (McIntosh and Hurley 1964).séh, red spruce is generally
considered a late-successional species. Red spanaeach reproductive maturity as
early as 15-20 years of age in open areas or40t&0 years of age beneath dense
overstories (Korstian 1937). However, abundand ggeduction often does not occur
until spruce reaches about 70 years of age (PAWeéb).

Presumably, the different life spans of red sprarg balsam fir strongly
influence the dynamics of spruce-fir stands. Retance, if disturbances such as
clearcutting prevent much of the forest from reaghater stages of succession, slower
growing, late-successional species like red spmeg be inhibited by the rapid stand
turnover while fast-growing hardwoods and spedlashbalsam fir (which, though not
particularly fast-growing, is still faster-growinlgan red spruce) may not be inhibited.
This will particularly be true if red spruce canagyainment relies heavily on well-
established advance growth, which seems to beate (©avis 1966; Powell 1975; Davis
1990; Meng and Seymour 1992; Wu et al. 1999; LaaddsPeart 2005). Along these

lines, Seymour (1992) hypothesized that the hisédbdominance of red spruce in virgin
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spruce-fir forests was largely due to spruce’s liviegspan relative to fir. If that
longevity advantage is removed by disturbancespedce regeneration will presumably
suffer.

However, as previously discussed, Schauffler aecdldson (2002) present
palynological evidence indicating that red sprugadly expanded its range and became
abundant in Maine between 1000 and 500 years &gpspruce’s long lifespan and
persistence in the canopy could not have beenrtlogat factor mediating spruce’s rapid
increase in abundance in Maine's forests. Its lidegpan certainly would help it to
persist in areas it had already colonized, butapél colonization itself must have been
mediated by other factors.

Given the life history characteristics of red sgrutis certainly conceivable that
spruce could regenerate and growth robustly urdgeright conditions. Red spruce has
the capacity for abundant seed production (Rardidalt), high percent germination (Fig.
3; Greenwood et al. in preparation), vigorous egrowth (Fig. 7A-B; Greenwood et al.
in preparation), and rapid attainment of reprodigctnaturity when grown in open areas
(Korstian 1937). If all of these capacities workedandem, it is easy to imagine red
spruce populations quickly expanding and becomarggsive in Maine's forest, after
which spruce's long lifespan (and resulting cars@yinance) would facilitate red
spruce’s continued presence, even if conditiongwerlonger optimal for spruce
regeneration relative to that of many competingigse(e.g. balsam fir and faster-
growing hardwoods). Given red spruce’s relatively R:S mass ratios (Fig. 6C; 7E;
Greenwood et al. in preparation) and meager eadlydevelopment and soil penetration

(Fig. 6D-E; Klein et al. 1991) a moister climatewa presumably facilitate the success
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of spruce’s early life stages. And in fact, Scflaufand Jacobson (2002) found that the
expansion of red spruce was associated with theatéi becoming cooler and moister.

The previous account is speculative, but it celgdits what we know about red
spruce’s life history and paleoecology. It doesséesome major questions unanswered,
however. For instance, how did spruce expanditge so rapidly from coastal refugia
(Schauffler and Jacobson 2002) given its relatigélyrt dispersal range (Blum 1990)?
Also, what species did spruce displace/replacheridte Holocene forest into which it
expanded? The rapid expansion of spruce poputatimuld presumably have required
significant growing space into which spruce coukpdrse and become established as a
canopy dominant (Michael E. Day, personal commuigo® The availability of this
growing space may have been mediated by the dedfliaeother forest species (Michael
E. Day, personal communication), though | am naravwof any studies that have

specifically addressed this.

2.4. Effects of Commercial Harvesting

Several harvesting practices seem to be detrimentald spruce populations.
Extensive diameter limit harvesting of red spruae been cited as a dysgenic practice
that results in a decline in the quality and qugr@f remaining red spruce (Gordon 1996;
Sokol et al. 2004). Clearcutting has also beerigated in the decline of red spruce
(Korstian 1937; Gordon 1996; Mosseler et al. 200@hsseler et al. (2000) points out
that clearcutting can reduce the high atmospheoisture conditions that favor red
spruce. Also, given red spruce’s relatively patial regeneration (Korstian 1937;

Mclintosh and Hurley 1964; Davis 1966; Randall 19B@ssette 1996; Hughes and
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Bechtel 1997), reliance on advance growth and sgged individuals for attaining
canopy (Korstian 1937; Mcintosh and Hurley 1964yi®d 966; Davis 1990; Seymour
1992; Meng and Seymour 1992), and reliance omitg lifespan for maintaining canopy
dominance (Seymour 1992), post-harvest populagdaations of red spruce relative to
balsam fir are not surprising.

In other words, logging seems detrimental to red@pregeneration while
providing a relative boon for balsam fir. In tih@é between harvest rotations, the
shorter-lived, faster-growing fir can reach therstary and achieve reproductive
maturity. Red spruce typically takes much longeretach the overstory, meaning that
under a fairly frequent harvesting rotation, mang@essed, second-growth red spruce
will be unable to replace the first-generation ggnby the time the area is harvested
again, which will allow relatively few spruces ttiaan canopy and produce seeds for the
next generation of recruits.

Given red spruce’s life history characteristicglihost seems as if any harvesting
of spruce stands will be detrimental to spruce fpedmns. However, the regeneration
success of spruce and fir is closely related tatheunt advance growth left after harvest
or disturbance (Davis 1966; Davis 1990; Seymou21994s such, harvesting practices
that preserve red spruce advance growth will asorfred spruce regeneration (Davis
1990; Seymour 1992). But even in those circumsssuppressed fir tend to
outnumber suppressed spruce (Seymour 1992), apdesged fir may respond more

vigorously to release from suppression (Westvelgil]9
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2.5. Summary

The interspecific differences discussed in thigise@re summarized in Table 7.
Under more scarce or temporally and spatially loggemeous soil moisture
conditions, the early life stages of balsam firegopto have an advantage over those of

red spruce in seed size, germination pattern, ssralliocation pattern, and seedling
establishment. Red spruce seedlings have mucteggrawth potential than balsam fir
seedlings, but in the field spruce is rarely ableapitalize on that growth potential,
probably due to the highly-heterogeneous light,stuwe, and nutrient conditions typical
of forests.

In the field, balsam fir seedlings, juveniles, aalilts generally grow faster than
the same life-stages of red spruce. Fir also appgedave a general advantage over
spruce in terms of age of reproductive maturitedsgroduction frequency, seed
predation rates, and response to various harvestgignes. Relative to balsam fir, red
spruce appears to have a general advantage in ¢éitashigher percent germination,
lower susceptibility to pests and pathogens, anddolifespan (if it is allowed to reach
old age). Many of these factors require field Eado assess the true degree to which
they affect the relative regeneration successefwlo species. Nonetheless, the
numerous apparent advantages of balsam fir ovespeate may help to explain the

relatively vigorous regeneration of fir often obssa in Maine’s forests.
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Table 7.

Parameter/life stage

Speci

€s

Red spruce

Balsam fir

Implications & Discussion

Seed production &

Begins seed production late
less frequent highly producti

'Begins seed production
earlier; more frequent

Advantage fir, though studies have foy
that neither species is very limited in th

nd
is

di Ination years highly productive years |[regard (Randall 1974)
| 570 Smaller Larger Fir better at establlshlng in Ie.sg
favorable/more variable conditions
Seed predation Higher Low Advantage to fir

% Germination

Very high (90%)

Moderate (50%)

Advantage to spruce

Germination pattern

Rapid, all-at-once

Slower, more drawn od

Advantage to spruce in more consiste
high-resource conditions; advantage t
in more heterogeneous environments

Germinant growth
and establishment

Lower root penetration; earlyGreater root penetration
early growth concentratdthigh-resource conditions; advantage t

growth concentrated more d
aboveground tissu

more on root

Advantage to spruce in more consiste

in more heterogeneous environm

Seedling growth

Higher maximum growth
potential; grows more slowly
than fir in the field

Lower maximum growth
potential; grows faster
than spruce in the field

Advantage to spruce in more consiste
high-resource conditions; advantage t
in more heterogeneous environments

Understory
suppression tolerance

High tolerance

High tolerance

No large differences

Sapling/adult growth

Slower growth

Faster growth

Advantage to fir

Table 7. Species traits related to regeneratioreft spruce and balsam fir and brief discussiah@implications of those
traits for the regeneration dynamics of the twocsgse
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Table 7 continued.

Parameter/life stage

Speci

€S

Red spruce

Balsam fir

Implications & Discussion

Pests & pathogens

Less vulnerable to pests ang
pathogens (e.g. spruce
budworm)

IMore vulnerable to pests
and pathogens (e.g. sprt
budworm; heartrot fungu

%pically limits fir lifespan to 100 years ¢r

Fir much more vulnerable to pests ang
pathogens. Heartrot fungus, for exam

SS

Life span

Up to 300 years

About 100 years

Spruce presumably perists by reaching
the canopy &, over its long life,
producing enough recruits to replace the
long-lived adults. Fir presumably pers
by regenerating vigorously in many
conditions

Effects of harvesting

Slower, more gradual
regeneration

More rapid, aggressive
regeneration

Spruce regeneration positively related|to
length of harvest cycle; fir recruits are
much more abundant than spruce under
most harvesting regimes

Table 7. Species traits related to regeneratiorefth spruce and balsam fir and brief discussiam@implications of those
traits for the regeneration dynamics of the twocsgse



Chapter 3. Relative Effects of Light, Soil Moisture, and Belowground
Competition on the Growth and Development of Red Spruce and

Balsam Fir Seedlings

3.1. Introduction

As discussed in section 5 of Chapter 2, there apfgede a consistent pattern in
the early life stage characteristics of red spambalsam fir. The seed sizes,
germination patterns, germinant growth potentiadsly root growth, and early carbon
allocation patterns of the two species all sugtiestbalsam fir will be better than red
spruce at establishing and surviving in environmmevith scarcer and/or more temporally
and spatially heterogeneous soil water. Largaisééenable and Brown 1988;
Leishman et al. 2000), more drawn out germinatioenplogy (Sarukhan 1974; Brown
and Venable 1986; Venable and Brown 1988), deeyms (Holch 1931; Albertson and
Weaver 1945; Bahari et al. 1985; Kozlowski andd&dl 2002; Ryser 2006), and higher
allocation to belowground tissues (Pallardy andd&lsal993; Llaret et al. 1999;
Kozlowski and Pallardy 2002; but see Engelbreclal.€2006) are all positively
associated with better seedling establishment anadval in environments with scarce or
highly heterogeneous belowground resources—andditeesll characteristics of balsam
fir relative to red spruce. This suggests thatettdy life stages of the two species differ
in their response to dry conditions, which couldaldesy factor in the limited
regeneration of red spruce relative to balsam fir.

O’Brien (2005) found that drought killed five-montid red spruce seedlings

significantly faster than it killed balsam fir séieds of the same age. So there is
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evidence that spruce is more vulnerable than faxtended, lethal droughts, but what
about the subtler, long-term effects of differeatdwvground resource conditions on
seedling growth and development? That is, how tleegrowth and development of the
two species respond to different belowground resoaonditions and precipitation
patterns?

Red spruce (Westveld 1931; Davis 1966; Davis 198hg and Seymour 1992;
Wu et al. 1999; Landis and Peart 2005) and balsafWestveld 1931; Meng and
Seymour 1992; Morin and Laprise 1997) regenerattias heavily on advance growth.
As such, few newly germinated seedlings followracti path to the overstory. Beneath
dense overstories, new seedlings are typicallyraggpd in the understory until
overstory gaps provide light and a path to the pgndn gaps, new seedlings are
typically overtopped by faster growing hardwood=ndath which the spruce and fir
seedlings are suppressed until new overstory gapsde light and a path to the canopy.

Given the prominence of suppressed advance griovitte lifecycles of spruce
and fir, it may seem as if early growth would netgarticularly important for the
species’ long-term success. That is, early groatiss may be of little importance if
most seedlings end up being suppressed in the stoder However, early growth rates
seem to be important even for suppressed seedliogser et al. 1988; Cao and
Ohkubo 1999; Wu et al. 1999; Landis and Peart 200%ividuals with the greatest
early growth are most likely to persist in the urstlery as advance growth, probably
because larger, more robust seedlings are motlg tikvithstand harsh understory
conditions and survive to form robust advance gnofBurdett et al. 1983; Kobe et al.

1995; Gilbert et al. 2001, Lin et al. 2002; Wyckafid Clark 2002)
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Given the importance of early growth to regenerasuccess, understanding the
determinants of seedling performance is crucigaiming a more complete
understanding of red spruce and balsam fir regéonaraOf the factors affecting the
growth and mortality of young seedlings, light @ima 1994; Canham et al. 1996),
moisture (Canham et al. 1996; Davis et al. 19981489), and competition (Ross and

Harper 1972; Cater and Chapin 2000) are among st important.

3.2. Materials and M ethods

3.2.1. Introduction to Experiment 2

We monitored the growth and development of balsawsnf red spruce for one
full growing season plus an additional two monththeir second growing season under
various levels of light, soil moisture, and beloaugnd competition. This experiment will
hereafter be referred to as Experiment 2.

The different soil moisture conditions allowed asbserve the hypothesized
differences in soil moisture sensitivity of the @th of the two species. The different
belowground competition treatments allowed us tmitoo the effects of further
reductions in water as well as competition for saoilrients. The different light levels
allowed us to study these phenomena in light enmients that span the typical range
found in northern forests.

Experiment 2 had four overlapping objectives:

1) To test the hypothesis generated by Experihéhat red spruce growth is more

sensitive than balsam fir growth to dry conditions.
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2) To further explain differences in the regetierasuccess of red spruce and
balsam fir.

3) To further describe the early life stages dfspruce and balsam fir.

4)  To enhance predictions of the performancéefearly life stage of red spruce

and balsam fir in various possible future climatersrios.

3.2.2. Experimental Design and General Procedure

We employed a 2x2x2x2x3 full factorial split-sygiot design with ten
replications per treatment and three harvests @AQ. Each replicate was divided
between two pots, one containing two seedlingsta@dther containing one seedling for
a total of 320 pots and 480 seedlings (Fig. 980 deedlings were set aside for each
harvest, with half of the seedlings from each tweeling-pot harvested when they were
two-months-old (Harvest 1) and the other half ef $leedlings in the two-seedling-pots
harvested when they were four-months-old (Harveét@ble 8). The seedlings in the
one-seedling-pots were harvested after being gfowtwo months in addition to their
first growing season (Harvest 3) (Table 8).

The experiment was divided into three blocks. BHalokk was split into two
plots, each receiving a different light treatmelach light-treatment plot was split into
subplots, each receiving a different watering tresatt (Fig. 9A). Watering treatments
were split in this way in order to prevent watemfr splashing into dry pots while well-
watered pots were being watered. Competitionrireats and species were randomized

within the moisture subplots.
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3 blocks

W| D W W D|D A
D|W D|D D|W

W | D W | D W | W

D|W W | D W | D >

A

D|D W | D W | D

W | W W|D D|D

D|W D W W | W

D|W D|W D \w| /
Legend ~

: Competition p B
D No competitiol

[ ] Light /

|:| Shade

D Dry

W Wet

Figure 9. Schematic of Experiment 2, including igin treatment splits (A) and a
sample subplot (B). Each subplot contained sigemen pots containing randomly
assigned red spruce or balsam fir seedlings tregitedandomly assigned competition
treatments. Half of the pots contained two segdlifone for Harvest 1, the other for
Harvest 2) and the other half contained one segor Harvest 3). In total, there were
320 pots with a total of 480 seedlings (160 segdliior each harvest).
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Treatments

Light Shade
Wet Dry Wet Dry
Date | Species CompNo Comp No Comp No Comp No
comp comp comp compj
Seeds sown 5/25/200¢ Red spruce
5/15/2006Balsam fir
Red spruce| 10 10 9 10 10 10 10 10
Harvest 1 B85 iamtir | 10 10| 10 10| 10 10| 10 1d
Competition 8/1/2006
sowing
Cpmpetltlon 9/1/2006
clipped
Wa}terlng treatme 8/31/200€
initiated
Harves 2 9/23/2006 Red spruce| 9 10 10 10 10 10 7 10

Balsam fir 10 10 10 10 10 10 9 10

Seedlings moved

1/9/2007
to greenhouse

Red spruce| 10 10 8 10 7 9 3 6

Harvest 3 Y2007 gaiamir | 10 10| 8 10| 9 8| 9 9

Table 8. Sequence of events in Experiment 2, dwstuthe number of seedlings harvested in eackntiezd at the three harvests.



Seedlings were planted in 10x10x35 cm tree potse(@ and Sons Inc.
Corvallis, OR USA) filled with a 1:1 mixture of peand sand and 4 kgf®smocote 18-
6-12 (Scott-Sierra, Milpitas, CA USA). Nine seed®ither spruce or fir were sown in
each pot. As the seeds germinated, target sesedliage randomly chosen and the
remaining germinants were discarded. For the ttm&te weeks of their growth, red
spruce germinants were covered with 1 cm hardwath o order to prevent predation
by rodents and birds. Watering-treatment subpl@tse rotated within each light plot

approximately every two weeks in order to minimezige effects.

3.2.3. Experimental Study Sites

From May 2006 through January 9, 2007 the studyla@ated in an open-air
hoophouse in Orono, ME (Table 1). The hoophousar fivas comprised of crushed
gravel to facilitate draining.

The climate of Orono is cool and moist, with ay@@ (1971-2000) mean annual
temperature of 6.5° C and mean annual precipitatid®23 mm. May through October
(the approximate growing season in Orono) has arege temperature of 14.9° C and
average precipitation of 527 mm (Climatographyhaf United States No. 81).

On January 9, 2007, the study was moved to a néantyyerature-controlled

greenhouse where it remained until the conclusfaheostudy.

3.2.4. Seeds
Red spruce and balsam fir seeds were provided byNHtional Tree Seed Centre
(Natural Resources Canada, PO Box 4000, FrederisiBnE3B5P7 Canada). Seed

sources were chosen for their proximity to our gtsite. Five seed sources were used
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for each species to minimize site bias (TableF)r each species, equal weights of seed
from each seed source were mixed before sowing.

On May 15, 2006, seeds were shallowly buried withihcm thick layer of peat
that overlaid the 1:1 peat and sand mixture ingtlosvth containers. Due to early seed

predation, red spruce was resown on May 25, 2006.

Latitude Longitude Elevation

Species Province Location W) ©N) (m)
Balsam fir ~ New Brunswick Johnson settlement 45.56 67.25 100
New Brunswick Kouchibouguac nation 46.49 64.59 20
New Brunswick Perth-Andover 46.44 67.39 175
Nova Scotia Spencers Island 45.21 64.42 30
Nova Scotia Abraham Lake 45.10 62.38 150
Red spruce Nova Scotia Bear River 44.35 65.40 125
New Brunswick Astle 46.25 66.28 175
Quebec Petite Casacpedia 48.34 65.34 500
Quebec Petit-lac-ste-anne 47.13 69.38 550
Quebec Lac Etchemin 45.20 70.55 800

Table 9. Seed sources for Experiment 2. Seeds aggyuired from the National Tree
Seed Centre (Natural Resources Canada, PO Box B@&fkricton, NB, E3B5P7
Canada).
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3.2.5. Treatments
3.2.5.1. Light

Seedlings received either 50-70% or 10-15% ofduiilight, approximating the
light conditions in a forest gap and beneath aeenerstory, respectively (Kuppers et al.
1996; Messier et al. 1998). From May 2006 untibast 31, 2006, the seedlings were
grown in an open-air hoophouse covered by 60% akstiade cloth, which reduced light
levels to approximately 65% of full sun. On Sepbeml, 2006, the 60% neutral shade
cloth was replaced by 4 mil polyethylene sheetingrder to exclude rain and manually
control watering. The polyethylene sheeting reddght levels to approximately 50%
of full sun. After receiving their chilling req@ment outside during the fall and early
winter, the seedlings were moved into a nearbyrgreaese on January 9, 2007, where
they received 70% of full sunlight. Once the see were inside the greenhouse, 16-
hour days were provided with overhead lamps toidtite the breaking of winter
dormancy. Red spruce broke bud after an averafj days in the greenhouse (i.e.
January 25, 2007) and balsam fir broke bud aftexvemage of 18.6 days in the
greenhouse (i.e. January 28, 2007) (Table 10)AN®VA model was used to test for
significant species and treatment effects on tteeabbudbreak (not shown). Light,
water, competition, and block effects were not ifigent (o = 0.05), but species
differences were highly significant (p<0.001).

Half of the seedlings were provided with additioslahde by being housed under
90% neutral shade cloth supported by shelters rarst from %2 inch PVC piping (PVC
fittings from A to Z Supply, Grass Valley, CA). &#Hings grown under the 90% shade

cloth received approximately 13% of full sun frona2006 until August 31, 2006,
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approximately 10% of full sun after September &0vhen hoophouse shade cloth was
replaced by 4 mil polyethylene, and approximaté&lyolof full sun after January 9, 2007,

when seedlings were transferred to the greenhouse.

Degree days until budbreak
Balsam fir 18.6 £ 0.3 (n=76)
Red spruce 16.0 £ 0.3 (n=64)

Table 10. Number of days (x 1 SE) after moving-gear-old red spruce and balsam fir
seedlings into a heated greenhouse before themsgetlroke bud and resumed growth.
Seedlings remained outside in ambient winter weathgl January 9th, 2006, at which
time they were moved inside a greenhouse and pedwidth 16-hour days using
overhead lamps. Species differences were signifige<0.001). Number of replicates
(n) is in parentheses.
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3.2.5.2. Water

From May 15, 2006 to August 31, 2006, seedlingseewezll watered to facilitate
germination, establishment, and early growth. dditgon to ambient rainfall, pots
received water from overhead sprinklers for 10 r@authree times per day.

On September 1, 2006, the experiment was coverddul clear polyethylene
sheeting in order to exclude rainfall. From Sepieni, 2006 until November 26, 2006,
pots were watered manually. Half of the seedlingse watered to field capacity
approximately every 2-3 days (hereafter referreastthe wet treatment). The other half
of the seedlings were watered to field capacitye®el4 days (hereafter referred to as
the dry treatment). The goal of the dry treatnvesis to impose a highly-water-limiting
but non-lethal soil moisture environment, whichvisy rewatering time varied,
depending on how quickly the soil dried. In gehetey seedlings were rewatered every
7-14 days during fall 2006 and every 5-7 days dfeeng moved into the greenhouse.
Wet seedlings were typically watered every 2-3 dhying fall 2006 and every-other-
day in the greenhouse. Within each watering treatyall pots were watered on the
same schedule.

From the end of November, 2006 until January 9,72@te seedlings were
dormant and were allowed to receive ambient pratipn. When the seedlings were
moved into the greenhouse on January 9, 2007 whey all well watered until January
31, 2007, by which time the vast majority of seegli had broken bud and resumed
growth. On February 1, 2007, the two wateringttreants, wet and dry, were resumed

and maintained until Harvest 3 on March 21, 2007.
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3.2.5.3. Competition

On August 1, 2006 half of the pots were sown \gitiiss seed (Scotts Premium
Sun and Shade mixture--contents: 27.57% Abbeyutbgtbluegrass, 25.61% Fenway
creeping red fescue, 24.44% Evening Shade perawyeigilass, and 20.61% Laredo
perennial ryegrass) at a density of 0.03 Kg/ffhe pots in the no-competition treatment
were kept free of vegetation by hand-weeding adexte

For the first four weeks after being planted, theesg was allowed to grow freely
in order to facilitate establishment and root pidity. As such, there was some early
light competition associated with the competiticmatments. But on September 1, 2006
the grass was clipped to a height of approxima&edyn and was kept near that height by
trimming two or three times per week. The grass kept short to prevent it from
competing with spruce and fir seedlings for ligBy minimizing shoot competition, we
were able to specifically monitor the effects adtroompetition. We focused on root

competition for three reasons:

1) Root competition has been found to be highlganant in forests (Wilson
1988; Cater and Chapin 2000), particularly on fesle and/or drier sites
(Casper and Jackson 1997; Coomes and Grubb 2000).

2) The effects of different light levels on the@gth and development of spruce
and fir have already been studied in Experimemntdllzy Greenwood et al. (in
preparation). Our knowledge of the effects of romnpetition on spruce and

fir is relatively limited.
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3) Root competition can speed soil water deplefiog. 10), allowing us to further
study the relative sensitivity of spruce and fidiffierent soil moisture
conditions. Root competitors will also competehwapruce and fir for soil
nutrients, which, given the growth and root allomatifferences between

spruce and fir, could reveal important differenlbesveen the two species.

3.2.6. Data Collection

3.2.6.1. Environmental Monitoring

Light levels relative to full sunlight were meastitgsing a LI-185B quantum
radiometer/photometer (Licor Inc., Lincoln, NebragkLight levels were measured from
1100-1300 hours on cloudless days in both lightrenments (shade and high-light) in
each experimental setting (shade-cloth-covered hmage, plastic-sheeting-covered
hoophouse, and greenhouse). Measurements weredaklree occasions in each
experimental setting and are summarized in se@ibii of this chapter.

Using a WET Sensor and HH2 moisture meter (Del2eVices, Cambridge,
England), percent soil moisture was monitored i@etsoil depths (6 cm, 18 cm, and 30
cm) by inserting sensor probes horizontally int® $bil through pre-made holes in the
pots. Measurements were taken during a samplederiSeptember 2006 on six pots in

each light-competition-watering treatment combiorati

3.2.6.2. Seedling Data

The first harvest of spruce and fir occurred oy 3@, 2006 before competition

and moisture treatments were initiated (TableEB)ch seedling was removed intact from
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its pot. Root and shoot lengths were immediatedasnred. The dry weight of leaves,
stems, and roots were recorded after drying tisedis at 60° C for at least 72 hours.

The second harvest of spruce and fir occurred gteS®er 25, 2006 (Table 8).
Each seedling was removed intact from its pot. tRod shoot lengths of the fresh
seedlings were immediately measured, as were teasand root areas. To obtain root
areas, individual root systems were rinsed thortyygletached from the plants, spread in
a tray of water, scanned on a flatbed scanneranalyzed using WinRhizo root analysis
software, version 2007a (Regent Instruments Inegl@c, Canada). Five seedlings from
each species-treatment combination were randortdgteel for leaf area measurements.
To measure leaf areas, a representative sampfgpahamately 40 needles per plant
were removed from the stem, scanned with a flatioadner, and analyzed using
WInSEEDLE image analysis software, version 2007ag@Rt Instruments Inc., Quebec,
Canada). The dry weight of leaves, stems, and mwete recorded after they were dried
at 60° C for at least 72 hours.

At Harvest 2, grass roots were harvested from 2§, j3oin each light-moisture
treatment combination. Roots were weighed aftargodried to constant mass at 60° C
for 72 h.

The third harvest of spruce and fir occurred ondWidétl, 2007 (Table 8). The
measurements taken on spruce and fir seedlingsglHiarvest 3 were identical to those
taken during Harvest 2 except for primary root kangvhich was not recorded at Harvest
3, and basal stem diameter, which was recordeduddt 3. Also, at Harvest 3

WinRhizo was used to count the number of rootitipsach root system.
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3.2.7. Statistical Analysis

3.2.7.1. Statistical Software

All analyses were carried out in R (R version 2@.2006--The R Foundation for

Statistical Computing).

3.2.7.2. Harvest 1

The competition and watering treatments were imp@dter Harvest 1, so for the
Harvest 1 data, only light treatment, species,ldadk effects were used to account for
variation in height, primary root length, R:S lemgatio, plant dry mass, R:S mass ratio,
RMR, LMR, SMR, and SSL (acronyms are describedahl& 4). Models were assessed
for normality and constant variance by examiningmeal QQ plots and residual plots,
respectively. Dependent variables were log- oasgnioot-transformed as necessary to
better approach normality (Appendix). Followingrtsformations, all models appeared
to meet assumptions of ANOVA.

For all seedling traits, the following ANOVA modehs used:

Y ~ light:block + species + light + block + speclegght

The MS of the ‘light:block’ term was used as theeMS in the F-ratios of the ‘light’

term in order to account for splitting and blockeets (Appendix). Means were

separated using Tukey's HSD procedure.
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3.2.7.3. Harvests 2 and 3

For the Harvest 2 and 3 data, ANOVAs were performgld species, light
treatment, competition treatment, watering treatrmemd block effects accounting for
variation in height, dry mass, primary root len@ffarvest 2 only), R:S length ratio
(Harvest 2 only), R:S mass ratio, RMR, SMR, LMRASISSL, FARM, SRL, root tips
per root length (Harvest 3 only), root tips pertroass (Harvest 3 only), and basal stem
diameter (Harvest 3 only). (acronyms are describ&dble 4). FARM ratios were
calculated using the SLAs that were measured subget of five seedlings per species in
each treatment combination.

For Harvest 3, an additional ANOVA was performedrfgative growth rate
(RGR). For RGR calculations, the In-transformedwvdat 1 dry masses were averaged in
each species-treatment combination and subtracieddach In-transformed Harvest 3
dry mass in the same species-treatment combinalibe.difference was then divided by
the number of days between Harvests 1 and 3. G &juation can be found in
section 2.5.3 of Chapter 1 (equation 1).

Harvest 1 dry masses were averaged across blackGR was analyzed using
an ANOVA with species, light treatment, competitto@atment, and watering treatment

accounting for variation in RGR. The following neavas used for RGR:

RGR ~ sp + light + water + comp + sp:light + spevat sp:comp + light:water +

light:comp + water:comp + sp:light:water + sp:watemp +

light:water:comp + sp:light:water:comp
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For all other traits, the following model was used:

Y ~ block + light + block:light + water + block:weat + water:light +
block:water:light + comp + sp + comp:sp + light:qom light:sp +
water.comp + water:sp + water:sp:comp + water:lgrhp + water:light:sp +

water:light:comp:sp

The MS of the ‘light:block’ term was used as the@eMS in the F-ratio of the ‘light’
term in order to account for splitting and blockeets. Similarly, the MS of the
‘water:light’ and ‘block:water:light’ terms were suned and used as the error MS for the
F-ratios of the ‘water’ and ‘water:light’ terms ander to account for splitting and block
effects (Appendix).

The different light environments had strong effenisvatering treatments (Fig.
10), competition treatments (Table 11), and segdhaits. In order to better discern the
effects of the various treatments, additional ANGM#Rere performed for the Harvest 2
and 3 data within each light environment for hejiginy mass, primary root length
(Harvest 2 only), R:S length ratio (Harvest 2 on)S mass ratio, RMR, SMR, LMR,
SLA, SSL, FARM, SRL, root tips per root length (Mast 3 only), root tips per root mass
(Harvest 3 only), and basal stem diameter (Hai®estly) (acronyms described in Table

4) using the following model:

Y ~ block + water + block:water + comp + sp + cosp# water.comp + water:sp

+ water:sp:comp
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Competitor root dry mass (g) at harvest 2
Shade 0.13 £ 0.01 (n=10)
Light 2.38 +0.18 (n=9)

Table 11. Mean grass competitor root system digsmpar pot (£ 1 SE) in the two light
environments at Harvest 2 of Experiment 2. Nundfeeplicates (n) is in parentheses.

Light Shade
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Figure 10. Time series of soil moisture data (petwolume/volume) at three depths in
the pots of Experiment 2. Measurements were takem September 4, 2006 until
September 22, 2006 to characterize soil moistunamhycs in each light-competition-
moisture treatment combination. Pots were all veak¢o field capacity on September
1, 2006. Wet seedlings were watered to field cpawvery 2-3 days and water was
withheld from dry seedlings for 14 days until Sepber 15, whent they were rewatered
to field capacity. (n=6 per treatment combinatievenly divided among spruce and fir)
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The MS of the ‘block:water’ term was used as therdvlS in the F-ratio of the ‘water’
term in order to account for splitting and blockeets (Appendix). Again, Harvest 1 dry
masses were averaged across blocks, so light/&t@8s were analyzed using the same
model as above, but without the ‘block’ or ‘bloclater’ terms.

For the Harvest 2 and 3 data, species’ respondés two light environments
were evaluated by calculating a relative light cesge (RLR) statistic in each species-
treatment combination for root morphology (SRL tarvest 2; root tips per root length
for Harvest 3), seedling size (height and totalrdass), and carbon allocation patterns
(R:S mass ratio). These four parameters weretedléa give a representative picture of
the relative growth and development of the two Eem response to the various
environmental conditions. RLR calculations argHear described in section 2.5.3 of
Chapter 1 (equation 2).

Relative responses to competition (RCR) and W&&/R) were similarly
calculated for SRL (Harvest 2) root tips per lengdtlarvest 3), height, seedling dry mass,
and R:S mass ratio. RCR was calculated for eastiliag trait by averaging the In-
transformed values of a given parameter in thearopetition treatment and subtracting
that average from each individual value in the cefitipn treatment of the same species-

light-water treatment combination:

3) RCR=In (magnitude incomp t)T— X [In (magnitudes iNnno comp ﬂt
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RWR was calculated for each seedling trait by ayiaathe In-transformed values of a
given parameter in the dry treatment and subtrg¢hat average from each individual

value in the wet treatment of the same species-tigmpetition treatment combination:
(4) RWR=In (magnitude inwet tbt— X [In (magnitudes i dryt)ﬂ

A positive RCR indicates that a trait was greatanagnitude in the competition
treatment than in the no-competition treatment)evhinegative RCR indicates that a
trait was lower in magnitude in the competitioratraent than in the no-competition
treatment. Similarly, a positive RWR indicatestthdrait was greater in magnitude in
the wet treatment than in the dry treatment, whiteegative RWR indicates that a trait
was lower in magnitude in the wet treatment thathéedry treatment.

Since the shade, no-competition, and dry treatw&nes used for RLR, RCR,
and RWR calculations, respectively, were averageoisa blocks, the three statistics
were analyzed using ANOVA models with species aedtinent combinations
accounting for variation in the three parametensp@ndix). The following models were

used for the three statistics:

RLR ~ species + water + comp + species:water +Hispeomp + water:comp +
species:water:comp
RCR ~ species + water + light + species:water €iggdight + water:light +

species:water:light
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RWR ~ species + comp + light + species:comp + cbgh:+ species:light +

species:comp:light

All Experiment 2 models were assessed for normalty constant variance by
examining normal QQ plots and residual plots, respely. Dependent variables for all
models were log- or square-root-transformed asssacg to better approach normality.
All models appeared to meet assumptions of ANOWA.models were assessed for
significance att = 0.05. Species-treatment combination mean$®RLR, RCR, and
RWR statistics were compared using Tukey’s HSD g@doce. For all other Experiment
2 models, Tukey’'s HSD procedure was used to contparspecies-water-competition

treatment combination means within each light emment.

3.3. Results

3.3.1. Treatments and Microenvironmental Conditions

Percent soil moisture was monitored at three sptlus (6 cm, 18 cm, and 30
cm). Measurements were taken from September 4 @060l September 22, 2006 in
order to characterize the soil moisture dynamiasaich light-competition-moisture
treatment combination. Pots were all wateredelnl fcapacity on September 1, 2006,
after which the wet pots were watered to field catyaevery 2-3 days and water was
withheld from the dry pots for 14 days until Sepbaml15, 2006 (Fig. 10), at which time
they were rewatered to field capacity. So, tha gaesented in Figure 10 covers about

one-and-one half watering cycles for the dry seedli
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The two watering treatments had very differentefen soil moisture in the
different light and competition treatments (Fig).10he dry treatment had much
stronger negative effects on soil moisture in tighiight environment than it did in the
shade environment (Fig. 10). In the high-lightiemvment, soil moisture was depleted
from the competition-pots faster than it was in lkecompetition-pots (Fig. 10). In the
shade, however, root competition had little effactsoil moisture dynamics (Fig. 10). In
both light environments, the upper soil maintaiteeger average soil moisture than the
deeper solil (Fig. 10), indicating that the deepdrlayers contained more persistent
pools of water.

Competitor productivity was measured at HarvessiBgithe dry masses of the
grass roots. In the high-light environment, grasgs had penetrated to the bottom of the
35 cm-deep pots and had an average dry mass of58Bpot (Table 11). In the shade
environment, grass roots appeared to be restriotdte top 5-10 cm of the pots and had
an average dry mass of only 0.13 g per pot (TabJe $o, root competition was very
low in the shade environment during fall 2006. eAfthe seedlings were moved into the
greenhouse on January 9, 2007, the grass compatittire high-light environment
appeared to recover well, but those in the shadieamment had mostly died over the
winter, and thus were expected to have little if aeffect on shade-grown seedlings. So,
any effects of competition in the shade environnagatalmost certainly related to the
grass’s four-week establishment phase, during winetgrass was allowed to grow
freely and compete with spruce and fir seedlingdighit (see section 2.5.3).

Again, the competition and watering treatments weigosed after Harvest 1

(Table 8), and thus only apply to Harvest 2 an@tzad
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3.3.2. Harvest 1

Species effects were significant£ 0.05) for all traits (Table 12), indicating that
spruce and fir differed in all measured morpholaband tissue allocation traits. There
were significant light:species interactions fordigj dry mass, RMR, SMR, and SSL,
indicating that the response of those traits tadifferent light environments differed

between spruce and fir (Table 12).

Dry 1°root R:S R:S

Height RMR SMR LMR SSL

mass length length mass
block 0.014 0.202 0.3690.019 0.334 0.296 0.395 0.10D.000
sp 0.003 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000
light 0.049 0.014 0.015 0.100 0.056 0.063.027 0.115 0.001

light:sp 0.008 0.000 0.135 0.429 0.287/.013 0.002 0.677 0.000

Table 12. P-values for Experiment 2 Harvest 1 AM@VYor height, dry mass, primary
root length, R:S length, R:S mass, RMR, SMR, LMRJ &SL. Acronyms are described
in Table 4. Significance assessed=(0.05. Model details are provided in the appendix.

In the shade environment, balsam fir and red spmgre similar in height, but
spruce was significantly taller than balsam fithie high-light environment (Fig. 11A).
In both light environments, balsam fir had sigrafitly longer roots than red spruce (Fig.
11B), which was further reflected in fir having heg R:S length ratios than red spruce in
both light environments (Fig. 11C).

In the shade environment, balsam fir was signitigamore massive than red
spruce (Fig. 11D). Fir was also somewhat more imaslsan spruce in the high-light

environment, though the difference was not sigarftqFig. 11D).

98



Dry mass (g) Height (cm)

LMR

Ty N <
Al SpruceB C
< § S qOFir a
a % % © a4 i_ .| € Ex
o — (@)
%% i % o] | 5 « b gbr
~ < 4 %
e E
- 1= -
o
o o o
Shade Light Shade Light Shade Light
3 10 Q
4 o —
° D SpruceE F
1 C < | [JFir ¢ @
S En C © 5 ©
S | | 4 « ©
| £ T a =
NN ) r <
N ] ¥ o o
c | @ ¢
e 3 [o 342 TS
2 7 1517
3 Q o A
S Shade Light ©  Shade Light ©  Shade Light
S S L0
— — (V]
G SpruceH |
«© _| © [] Fir =
o b o (q\V
o sl B o 2 . 2
o _;-a_z c ?— x o é - 7
< v a1 O
o o » <74
aa 7)) %
N _ N C 10
o o ﬂ% H o £
Q Q % Q
©  Shade Light ©  Shade Light ©  Shade Light

Figure 11A-I: Experiment 2 Harvest 1 means (+ ) ®Eheight (A), primary root
length (B), R:S length (C), plant dry mass (D), Ri&ss (E), RMR (F), LMR (G),
SMR (H), and SSL (I). Acronyms are described ibl&al. Different letters

indicate significant differences assessed by TukEND ain=0.05. (n: Balsam fir-
light = 40; Balsam fir-shade = 40; Red spruce-ligl&8; Red spruce- shade = 40)
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Compared to red spruce, balsam fir allocated afgigntly higher proportion of
its biomass to roots in both light environmentgy(RilE-F). Both species allocated most
of their resources to leaves, but red spruce reagreficantly higher LMR than balsam fir
in both light environments (Fig. 11G). In the shashvironment, the two species had
similar SMRs, while balsam fir had a higher SMRrthed spruce in the high-light
environment (Fig. 11H).

In both light environments, red spruce had a sigguittly higher SSL than balsam
fir (Fig. 111), indicating that spruce’s stems wemere elongated than those of fir.

Red spruce was significantly taller in the hightignvironment than it was in the
shade environment, while the height of balsam &swot significantly different between
the two light environments (Fig. 11A). For botlesjes, compared to seedlings grown in
the shade environment, seedlings in the high-kgivironment had significantly longer
roots (Fig. 11B), significantly higher R:S massas{(Fig. 11E), significantly higher
RMRs (Fig. 11F), significantly (but only slightigwer SMRs (Fig. 11H), and
significantly lower SSLs (Fig. 111). Light envirorent did not have a significant effect
on the R:S length ratios of either species (Figc)11The LMRs of both species were
also relatively consistent between the two lightiemments, though the LMR of balsam

fir was slightly lower in the high-light environmethan it was in the shade (Fig. 11G).
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3.3.3. Harvest 2

3.3.3.1. Introduction

P-values for the analyses related to all Harvekita can be found in Table 13 for
the overall models, Table 14A for the high-lightvtganment models, and Table 14B for
the shade-environment models.

Competition and watering treatments had only begtace for eight and four
weeks, respectively, by Harvest 2. The grass ctitopespent much of those eight
weeks getting established. As such, water and ettign treatments were expected to
have relatively small effects on Harvest 2 seedjrayvth and development, and the
following discussion will focus primarily on thefe€ts of the different light

environments.
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0T

Height = %t DY g A RMR SMR LMR FARM 15 RS g gq1
length mass mass length
block 0031 0033 0036 0.293 0.1320.005 0.558 0.178 0.143.001 0.993 0.043
light 0.001 0004 0001 0.006 0.008 0.004 0.472 0.013 0.012 0.002 0.005 0.001
water 0.890 0.918 0.518 0.98®10 0.097 0.003 0.396 0.004 0.815 0.001 0.374
comp 0.134 0.1620.000 0.086 0.00L 0.794 0.006 0.000 0.004 0.333 0.0710.000
Sp 0.000 0.000 0.000 0.530 0.000 0.259 0.000 0.000 0.000 0.000 0.000 0.000
light:water 0594 0917 0.713 0.970 0.36014 0.018 0.520 0.216 0.518 0.179 0.311
comp:sp 0537 0.120 0.731 0.382 0.563 0.6838 0.087 0.915 0.226 0.304 0.p23
light:comp 0.732 0670 0.190 0.544 0.452 0.D682 0.539 0.443 0.646 0.124 0.$85
light:sp 0.000 0.877 0.000 0.346 0.000 0.044 0.116 0.008 0.000 0.000 0.000 0.000
water:comp 0.680 0.451 0.710 0.683 0.814 D.OO61 0.607 0.741 0.900.003 0.91(
water:sp 0619 0513 0.610 0.337 0.904 D.6F55 0.728 0.769 0.599 0.342 0.§76
water:comp:sp 0.827 0.637 0.326 0.614 0.9085.0626 0.889 0.807 0.941 0.793 0.05
light:water:comp 0.816 0.061 0.381 0.561 0.487 6.80602 0.194 0.560.049 0.851 0.25p
light:water:sp 0.504 0.054 0.478 0.339 0.493 B.06404 0.292 0.596 0.105 0.253 0.J03
light:water:.comp:sp| _ 0.809 0.108 0.236 0.315 0.740 ®.81783 0.392 0.810 0.075 0.759032

Table 13. P-values for Experiment 2 Harvest 2 AM@Weight, dry mass, primary root length, SLA, RMIR/R, LMR, FARM, R:S
mass, R:S length, SRL, and SSL. Acronyms are thestm Table 4. Significance was assessed-@i05. Model details are

provided in the appendix.



€0t

A - Light Height © "%t DY g p RMR SMR LMR FARM R5 RS gp gg
length mass mass length

block 0.334 0.037 0.135 0.384 0.1660.015 0.959 0.208 0.2140.008 0.702 0.08
water 0.995 0.976 0.956 0.8D028 0.071 0.004 0.192 0.002 0.902 0.032 0.71(
comp 0.514 0.314 0,002 0.008 0.011 0.176 0.154 0.00L 0.036 0.349 0.006 0.002
sp 0.000 0.03L 0.000 0.701 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.047
comp:sp 0.728 0.074 0.491 0.087 0.807 0.605 0.5788100.6530.034 0.407 0.37p
water:comp 0.697 0.158 0.475 0.866 0.525 0.986 0.5737600.564 0.216 0.050 0.4p6
water:sp 0474 0.146 0.495 0.924 0.698 0.465 0.4087400.887 0.434 0.925 0.5P9

water:comp:sp

0.799 0.447 0.487032 0.673 0.883 0.632 0.303 0.870 0.282 0.469 0}498

(o] . .

B - Shade Height Tenrgt%t r:;is SLA RMR SMR LMR FARM nlfis IeFr?gSth SRL SSL
block 0.082 0255 0.075 0.464 0.628 0.144 0.4523® 0.615 0.083 0.536 0.1B3
water 0.906 0581 0.525 0.978 0.201 0.119 0.3997400.198 0.3150.011 0.36]
comp 0.117 0.1740015 0.544 0.037 0.520 0.019 0.019 0.042 0.625 0.7080.000
Sp 0.000 0000 0.924 0.3820.000 0.555 0.000 0.000 0.000 0.000 0.000 0.000
comp:sp 0.468 0.4570.026 0.814 0.684 0.405 0.695 0.342 0.887 0.704 0.Z3806|
water:comp 0.909 0.111 0.628 0.572 0.718 0.853 0.8883300.803 0.1260.025 0.39
water:sp 0.853 0.130 0.997 0.324 0.573 0.987 0.6395700.534 0.154 0.146 0.81L6

water:comp:sp

0.503 0.580 0.528 0.625 0.508 0.122 0.4140900.525 0.283 0.771 0.7p1

Table 14A-B. P-values for Experiment 2, HarvesthNEOVAs in the high-light environment (A) and theasle environment (B) for
height, dry mass, primary root length, SLA, RMR, BM.MR, FARM, R:S mass, R:S length, SRL, and S8ktronyms are
described in Table 4. Significance was assessedlad5. Model details are provided in the appendix.



3.3.3.2. Species Trait Comparisons

In both light environments, red spruce was sigaiitly taller than balsam fir
(Fig. 12A). In the high-light environment, red gpe was significantly more massive
than balsam fir, but there were no interspecificrdass differences in the shade
environment (Fig. 12B). In terms of primary roength, balsam fir had longer roots than
red spruce in the shade-environment and the twadespblad similar root lengths in the
high-light environment (Fig. 12C). Given the relatheights and root lengths of the two
species, it is not surprising that the R:S lengtlorof balsam fir was significantly higher
than that of red spruce in both light environmégig. 12D).

In both light environments, balsam fir allocatedrendry mass than red spruce to
roots (Fig. 12E-F), there were no significant isgercific differences in stem allocation
(Fig. 12G), and, compared to balsam fir, red spalloeated a much higher proportion of
its dry mass to leaves (Fig 12H). The higher fadidocation and lower root allocation of
red spruce are further reflected in the FARM ratibthe two species, with red spruce’s
FARM ratios being significantly higher than thodébalsam fir in both light
environments (Fig. 12K).

In the shade environment, red spruce had much elongated stems than balsam
fir, as reflected by spruce’s higher SSLs (Fig.)124 the high-light environment,
however, there were no significant interspecifitedences in SSL, though the stems of
spruce were slightly more elongated than thosetsidmn fir (Fig. 12J). There was also a
significant competition effect on SSL (Table 12A1B). Within each water treatment in
the low-light environment, spruce SSLs were highgéhe competition treatment than

they were in the no-competition treatment (Fig.)124 the high-light environment,
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Figure 12A. Experiment 2 Harvest 2 means (+ 1 @&Height. Different letters indicate
significant differencess=0.05) assessed by Tukey’'s HSD test. Differerst stletters

are used for shade (a-c) than for light (x-z), beedight and shade means were analyzed
separately. The two sets of letters do not refexaich other, meaning that one cannot
make comparisons of a light mean with a shade m€amp = competition; No comp =
no competition. Number of replicates in each tresait:
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Figure 12B. Experiment 2 Harvest 2 means (+ 1@pJant dry mass. Different letters
indicate significant differences£0.05) assessed by Tukey's HSD test. Differers gkt
letters are used for shade (a-c) than for light)(Xecause light and shade means were
analyzed separately. The two sets of letters dogfer to each other, meaning that one
cannot make comparisons of a light mean with aeinagin. Comp = competition; No
comp = no competition. Number of replicates inhetneatment:
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Primary root length (cm)
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Figure 12C. Experiment 2 Harvest 2 means (x 1@yimary root length. Different
letters indicate significant differencas=0.05) assessed by Tukey's HSD test. Different
sets of letters are used for shade (a-c) thandbr (x-z), because light and shade means
were analyzed separately. The two sets of letlensot refer to each other, meaning that
one cannot make comparisons of a light mean wahaale mean. Comp = competition;
Number of replicategach treatment:

No comp = no competition.
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Figure 12D. Experiment 2 Harvest 2 means (x 1@R):S length ratio (see Table 4).
Different letters indicate significant differendes=0.05) assessed by Tukey's HSD test.
Different sets of letters are used for shade (#&am) for light (x-z), because light and
shade means were analyzed separately. The twofdetters do not refer to each other,
meaning that one cannot make comparisons of ariglain with a shade mean. Comp =
competition; No comp = no competition. Numbereablicates in each treatment:
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R:S mass ratio

Figure 12E. Experiment 2 Harvest 2 means (+ 1@R):S mass ratio (see Table 4).
Different letters indicate significant differendes=0.05) assessed by Tukey’'s HSD test.
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Different sets of letters are used for shade (&a) for light (x-z), because light and

shade means were analyzed separately. The twofdetters do not refer to each other,
meaning that one cannot make comparisons of argiain with a shade mean. Comp =

competition; No comp = no competition. Numberejblicates in each treatment:
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Figure 12F. Experiment 2 Harvest 2 means (z 1BMR (root mass ratio—see
Table 4). Different letters indicate significanfferences ¢=0.05) assessed by Tukey’s
HSD test. Different sets of letters are used fade (a-c) than for light (x-z), because
light and shade means were analyzed separately twidsets of letters do not refer to
each other, meaning that one cannot make comparifanlight mean with a shade
mean. Comp = competition; No comp = no competitiblumber of replicates in each

treatment:
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Figure 12G. Experiment 2 Harvest 2 means (z 1&EBMR (stem mass ratio—see
Table 4). Different letters indicate significarnfferences ¢=0.05) assessed by Tukey’s
HSD test. Different sets of letters are used f@de (a-c) than for light (x-z), because
light and shade means were analyzed separately twidisets of letters do not refer to
each other, meaning that one cannot make comparefanlight mean with a shade
mean. Comp = competition; No comp = no competitiblumber of replicates in each
treatment:
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Figure 12H. Experiment 2 Harvest 2 means (+x 1@EMR (leaf mass ratio—see
Table 4). Different letters indicate significanfferences ¢=0.05) assessed by Tukey’s
HSD test. Different sets of letters are used fade (a-c) than for light (x-z), because
light and shade means were analyzed separately twidsets of letters do not refer to
each other, meaning that one cannot make comparifanlight mean with a shade
mean. Comp = competition; No comp = no competitiblumber of replicates in each

treatment:
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Figure 12I. Experiment 2 Harvest 2 means (+ 1 &EBLA (specific leaf area—see table
4). Different letters indicate significant differees ¢=0.05) assessed by Tukey’'s HSD
test. Different sets of letters are used for si{ae®) than for light (x-z), because light
and shade means were analyzed separately. Theetaof letters do not refer to each
other, meaning that one cannot make comparisoadigit mean with a shade mean.
Comp = competition; No comp = no competition. rigball treatments.
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Figure 12J. Experiment 2 Harvest 2 means (x 18 ESL (specific stem length—see
Table 4). Different letters indicate significarnfferences ¢=0.05) assessed by Tukey’s
HSD test. Different sets of letters are used f@de (a-c) than for light (x-z), because
light and shade means were analyzed separately twidisets of letters do not refer to
each other, meaning that one cannot make comparefanlight mean with a shade
mean. Comp = competition; No comp = no competitiblumber of replicates in each

treatment:
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Figure 12K. Experiment 2 Harvest 2 means (+ 1 SEARM (foliar-area-to-root-mass-
ratio—see Table 4). Different letters indicatengfigant differencesdo=0.05) assessed

by Tukey's HSD test. Different sets of letters ased for shade (a-c) than for light (x-z),
because light and shade means were analyzed sdparblie two sets of letters do not
refer to each other, meaning that one cannot makgarisons of a light mean with a
shade mean. Comp = competition; No comp = no ctittgge Number of replicates in
each treatment:
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Figure 12L. Experiment 2 Harvest 2 means (x 1 &EBRL (specific root length—see
Table 4). Different letters indicate significanfferences ¢=0.05) assessed by Tukey’s
HSD test. Different sets of letters are used lfade (a-c) than for light (x-z), because
light and shade means were analyzed separately twidsets of letters do not refer to
each other, meaning that one cannot make comparifanlight mean with a shade
mean. Comp = competition; No comp = no competitiblumber of replicates in each
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both species responded to competition with constitet non-significant increases in
SSL (Fig. 12J).

In both light environments, there were no signifiiceterspecific differences in
SLA (Fig 121). Both species responded to the hidgigat environment with lower SLAs
(Fig. 12I). In the high-light environment, the S&Af both species increased slightly in
response to the competition treatment (Fig. 12I).

In terms of root morphology, red spruce had a hi@RL than balsam fir in all
environments, though differences were not alwaysicant in the high-light

environment (Fig. 12L)

3.3.3.3. Effects of Light, Water, & Competition

3.3.3.3.1. Effects of Light

In terms of seedling size, RkRmasswas higher than RLRgn: for both species,
indicating that seedling dry mass was more respertban seedling height to light
(Table 15). The heights and dry masses of botbispeesponded positively to the
higher-light environment (Table 15). Both ovesaild within each water-competition
treatment combination, red spruce had a signifigdmgher RLRseigncthan balsam fir
(Table 15), indicating that spruce height growtingre responsive than that of balsam fir
to light. Overall, spruce had a significantly hegfRLRyy massthan balsam fir (Table 15).
Within each water-competition treatment combinatiaterspecific differences were not
always significant, but spruce still had considiehigher RLRyy masseghan balsam fir

(Table 15).
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8TT

Height

Dry mass

R:S mass ratio

SRL

Balsam fir

High water
g Red spruce

0.21 + 0.06 g10/10
0.86 + 0.14 (9/10)

1.45 =+
2.50 *

0.12 a (10/10
0.27 b (9/10)

0.31 + 0.09 a(10/10
0.22 + 0.14 a(9/10)

-0.16 +
-0.50 +

0.05 a (9/9)
0.07 b (9/10)

Com -
P Balsam fir
Low water

Red spruce

0.21 + 0.04 g10/9)
0.83 + 0.11 @Qor7)

1.52 +
2.43 *

0.12 a (10/9)
0.18 b (10/7)

0.35 + 0.08 a(10/9)
0.02 + 0.08 a(10/7)

-0.13 +
-0.42 +

0.06 a (10/5)
0.06 b (10/7)

Balsam fir

High wat
'gh wa erRed spruce

0.16 = 0.06 g10/10
0.87 + 0.11 @0/10

1.92 +
2.58 +

0.15 ab(10/10
0.26 b (10/10

0.36 £ 0.04 a(10/10
0.17 + 0.09 a(10/10

-0.06 +
-0.45 +

0.06 a (8/10)
0.08 b (10/10

No com -
P Balsam fir
Low water

Red spruce

0.19 + 0.05 q10/10
0.71 + 0.08 @0/10

1.83 = 0.06 ab(10/10
2.26 + 0.16 ab(10/10

0.40 = 0.08 a(10/10
0.22 + 0.05 a(10/10

-0.14 + 0.03 a (9/10)
-0.33 + 0.04 ab(9/9)

Mean fir
M ean spruce

Overall mean

0.1¢ + 0.0¢ x (40/39
0.82 + 0.05z (39/37
0.50 + 0.03 (79/76

1.6€ + 0.0€ x (40/39
244 + 0.11z (397137

2.06 + 0.06 (79/76

0.3t + 0.04 x (40/39
0.16 = 0.04z (39/37

0.26 + 0.04 (79/76

-0.1z+ 0.0z x (36/34
-0.43 £ 0.03z (38/36

-0.28 + 0.03 (74/70

Table 15. Experiment 2, Harvest 2 mean RLRs {vaaight responses) (x 1 SE) of height, plant ghgss, R:S mass, and SRL.
Acronyms are further described in Table 4. RLRuwlations are described in section 2.8.3 of Chaptdlumber of replicates in

parentheses indicate the number of ‘light’ seedlifiyst number) and the number of ‘shade’ seedlifggcond number) used to make
each calculation. Different letters indicate sfigaint differencesd=0.05) assessed by Tukey's HSD procedure. Ledterspecific
to each trait, meaning that one cannot compareexXample, a height mean with a primary root lemgéan.



The R:S mass ratios of both species were highiieitmigh-light environment
(Table 15). Within each water-competition treatb@mbination, RLR.s masivas
higher for fir than for spruce, though the diffeces were non-significant (Table 15).
Overall, mean fir RLR:s masswas significantly higher than that of red sprutale 15).

The SRLs of both species were lower in the hightlgnvironment (Table 15).
Overall, mean spruce RIsR_was significantly more negative than mean fir RkR

(Table 15).

3.3.3.3.2. Effects of Water

The RWRs of height, dry mass, R:S mass ratio,Sfid were generally <0.1
units from zero, with standard errors that wereabqu greater in magnitude than the
guantities themselves (Table 16). This indicates the watering treatments had
relatively minor effects on seedling growth andelepment at Harvest 2, by which time

the watering treatments had only been in placéoiar weeks (Table 8).
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0cT

Height Dry mass R:S mass ratio SRL
Comp Balsam fir -0.05 = 0.04 410/10) -0.10 = 0.09 a(10/10fy 0.07 = 0.07 a(10/120f 0.14 + 0.05 a(9/10)
Light Red sprgce 0.02 + 0.14 @10) | -0.22 £ 0.24 a(9/10) | 0.14 + 0.14 a(9/10) | 0.18 £ 0.06 a(9/10)
No comp Balsam fir -0.01 + 0.05 410/10) -0.06 + 0.14 a(10/10) 0.02 + 0.05 a(10/10y 0.05 + 0.05 a(8/9)
Red spruce 0.10 + 0.12 @0/a0y 0.23 + 0.26 a(10/10) 0.02 + 0.08 a(10/10)y -0.03 + 0.07 a(10/9)
Comp Balsam fir -0.05 + 0.06 410/9) | -0.02 + 0.11 a(10/9) | 0.11 + 0.07 a(10/9) | 0.17 + 0.07 a(9/5)
Shade Red sprgce 0.01 £ 0.09@o0/7)|-0.09 £ 0.15 a@10/7) | -0.05 + 0.08 a(10/7) | 0.25 + 0.04 a(10/7)
No comp Balsam fir 0.02 + 0.03 410/10) -0.15 + 0.10 a(10/120f 0.06 + 0.07 a(10/10) -0.04 + 0.05 a(10/10
Red spruce | -0.05 + 0.10 @0/10) -0.08 + 0.12 a(10/10) 0.06 + 0.11 a(10/10f 0.10 + 0.06 a(10/9)
Mean fir| -0.0Z2 + 0.0z z (40/39) -0.0¢ + 0.0€ z (40/39] 0.07 + 0.0% z (40/39) 0.0¢ + 0.0% z (36/34
Mean spruce] 0.0z £ 0.0€ z (39/37 -0.04 £ 0.1C z (39/37| 0.04£ + 0.0tz (39/37| 0.1z + 0.0Z z (39/35
Overall mean| 0.0C+ 0.03 (79/76) -0.0€ + 0.07 (79/76) 0.0t + 0.04 (79/76) 0.1C+ 0.03 (75/69

Table 16. Experiment 2, Harvest 2 mean RWRs (velatater responses) (= 1 SE) of height, plantrdags, R:S mass, and SRL.
Acronyms are described in Table 4. RWR calculatiare described in section 2.8.3 of Chapter 3. Id&srof replicates in
parentheses indicate the number of ‘wet’ seedlffigg number) and the number of ‘dry’ seedlingsd@nd number) used to make
each calculation. Different letters indicate sfgaint differencesd=0.05) assessed by Tukey's HSD procedure. Ledterspecific
to each trait, meaning that one cannot comparesXample a height mean with a primary root lengédam



3.3.3.3.3. Effects of Competition

The RCRs of height were very small and did notapstrongly affected by
competition treatment for either species (Table 17)

The overall RCRs of dry mass were negative for lspticies (Table 17),
indicating that the dry masses of both species gwenerally lower in the competition
treatment than in the no-competition treatment (P8D; Table 13). Interspecific
differences were not significant overall or witlasiny particular light-water treatment
combination (Table 17). There were some non-sicamt trends, however. In the high-
light environment, there were no significant spsgempetition interactions (Table
14A). But in the shade environment, there weraii@ant species:competition
interactions (p<0.05; Table 14B), and fir dry mappeared less responsive than red
spruce dry mass to competition treatment. Butrageine of these interspecific
differences were significant within any particweatering treatment in the shade
environment (Table 17).

The RCRs of R:S mass ratio were small but conglgteagative for both species
in all light-water treatment combinations (Tablg,liidicating that both species
responded to competition by lowering their R:S nrasi®s (i.e. lower allocation to
roots). There were no large or consistent intaifipalifferences in RCRs masoverall
or in any of the light-water treatment combinati¢hable 17).

The RCRs of SRL were small and did not appeangtyaaffected by competition

treatment for either species (Table 17).
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Height Dry mass R:S mass ratio SRL

Balsam fir | -0.03 + 0.06 g10/10) -0.49 + 0.15 a(10/10) -0.10 + 0.09 a(10/10)f -0.08 + 0.06 a(9/8)
Red sprucg -0.08 + 0.14 @/10) | -0.46 = 0.25 a(9/10) | -0.16 = 0.14 a(9/10) | 0.04 £ 0.06 a(9/10)
Balsam fir | 0.01 + 0.06 g10/10) -0.44 + 0.12 a(10/10) -0.14 + 0.08 a(10/10) -0.18 + 0.05 a(10/9)
Red sprucg 0.00 £ 0.09 @0/10) -0.13 £ 0.17 a(10/10) -0.28 + 0.07 a(10/10) -0.20 + 0.06 a(10/9)
Balsam fir | -0.07 =+ 0.05 g10/10) 0.03 + 0.13 a(10/10) -0.06 + 0.06 a(10/10y 0.02 = 0.05 a(9/10)
Red sprucg -0.09 + 0.09 @0/10) -0.30 = 0.14 a(10/10) -0.20 £ 0.08 a(10/10f 0.08 + 0.04 a(10/10
Balsam fir | 0.01 £ 0.05 &9/10) [ -0.10 + 0.16 a(9/10) | -0.10 + 0.12 a(9/10) | -0.18 + 0.11 a(5/10)
Red sprucg -0.12 + 0.09 @/10) | -0.33 + 0.13 a(7/10) | -0.08 + 0.09 a(7/10) | -0.08 + 0.07 a(7/9)
Mean fir| -0.0z + 0.0% z (39/40) -0.2E + 0.07 z (39/40)f -0.1C + 0.04 z (39/40)f -0.11 + 0.0Z z (33/37

Mean spruce| -0.07 £ 0.0% z (36/40)| -0.3C £ 0.0€ z (36/40| -0.1€ + 0.0f z (36/40| -0.04 = 0.0< z (36/38
Overall mean| -0.05 + 0.0 (75/80) -0.2€ + 0.0  (75/80) -0.14 + 0.05 (75/80) -0.07 + 0.04 (69/75

High water

Light
Low water

High water

Shade
Low water

Table 17. Experiment 2, Harvest 2 mean RCRs {velabmpetition responses) (+ 1 SE) of height, pthg mass, R:S mass ratio,
and SRL. Acronym details are provided in TableRLR calculations are described in section 2.8 Glafpter 3. Number of
replicates in parentheses indicate the numberoohpetition’ seedlings (first number) and the numiiféno competition’ seedlings
(second number) used to make each calculatiorferBift letters indicate significant differences@.05) assessed by Tukey's HSD
procedure. Letters are specific to each trait,mmggpthat one cannot compare, for example, a henglan with a primary root length
mean.



3.3.4. Harvest 3

3.3.4.1. Introduction

P-values for the analyses of all Harvest 3 datebeafound in Table 18 for the
overall models, Table 19A for the high-light-enwvimbent models, and Table 19B for the
shade-environment models. As shown in previougdsas, both across light
environments and within each light environmentréhgere significant species
differences in virtually every size, allocationdamorphological trait measured (Table
18; 19A-B). There were also significant specighilinteractions for seedling mass and
various allocation traits, indicating that the siwel allocation of spruce and fir responded
differently to different light environments (Takl&). And in the high-light environment,
there were significant species:competition inteoast for dry mass, root allocation
(RMR and R:S mass), and SRL (Table 19A), indicativeg those traits of the two
species may respond differently to competitionedéehdifferences will be presented in

detail in the following sections.
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1£4’

. Dry : . Root . Root Stem
Height SLA RMR SMR LMR FARM tips/root tips/root SRL SSL RGR . |
mass diamete
length mass
block 0.559 0.498 0.35D032 0.113 0.2950.014 0.041 0.508 0.370 0.246 0.113 - 0.724
light 0.006 0.000 0.007 0.006 0.070 0.016 0.008 0.007 0.895 0.015 0.017 0.000 0.000 0.001
water 0.967 0.744 0.251 0.168848 0.020 0.182 0.191 0.919 0.0600.030 0.673 0.434 0.368
comp 0.003 0.000 0.036 0.993 0.872 0.927 0.291 0.865 0.1340.002 0.002 0.000 0.000 0.000
sp 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.572 0.000 0.000
light:water 0.692 0.531 0.183 0.533 0.619 0.58.601 0.723 0.302 0.795 0.355 0.923 0.667 0.396
comp:sp 0.050 0.007 0.578 0.248 0.532 0.587 0.668 0.286 0.799.042 0.002 0.033 0.014 0.612
light:comp 0.6130.015 0.116 0.819 0.295 0.602 0.359 0.988.006 0.039 0.369 0.304 0.818 0.34¢
light:sp 0.9710.005 0.030 0.005 0.000 0.000 0.000 0.002 0.101 0.006 0.008 0.044 0.243 0.140
water:comp 0.129 0.245 0.113 0.58P25 0.284 0.843 0.605 0.749 0.866 0.845049 0.019 0.312
water:sp 0.819 0.755 0.525 0.424 0.698 &.3B395 0.681 0.646 0.905 0.738 0.256 0.196 0.911
water:comp:sp 0.117 0.39¥022 0.173 0.718 0.1550.001 0.243 0.937 0.988 0.810 0.307 0.339 0.3]L11
light:water:comp 0.925 0.501 0.060 0.607 0.567 0.39.504 0.597 0.259 0.630 0.721 0.057 0.697 0.903
light:water:sp 0.292 0.364 0.832 0.051 0.445 9.26.424 0.065 0.302 0.858 0.694 0.196 0.113 0.341
light:water.comp:sp| 0.424 0.216 0.429 0.069 0.819 ».08071 0.084 0.339 0.648 0.769 0.120 0.082 0.}118

Table 18. P-values for Experiment 2 Harvest 3 AM@Weight, dry mass, SLA, RMR, SMR, LMR, FARM, Rif&ss, root tips per
root length, root tips per root mass, SRL, and SA&tronyms are described in Table 4. Significawes assessed @0.05. Model
details are provided in the appendix.



1A )

Root Root

b2

b2

A -Light Height Dry SLA RMR SMR LMR FARM tips/root tips/root SRL SSL RGR _Stem I
mass diamete
length  mass
block 0.842 0.860 0.471 0.604 0.894 0.849 0.5834D 0.885 0.803 0.373 0.956 - 0.980
water 0.735 0.279.003 0.186 0.2590.001 0.008 0.209 0.965 0.492 0.171 0.457 0.755 0.1
comp 0.038 0.000 0.001 0.590 0.365 0.869 0.133 0.83@.002 0.001 0.005 0.000 0.000 0.002
sp 0.000 0.000 0.008 0.000 0.638 0.000 0.000 0.000 0.000 0.000 0.043 0.020 0.000 0.000
comp:sp 0.079.050 0.728 0.029 0.636 0.147 0.1510.046 0.283 0.072 0.021 0.317 0.096 0.148
water:comp 0.209 0.629 0.807 0.762 0.063 0.300 0.408430 0.316 0.687 0.736 0.700 0.941 0.3
water:sp 0.443 0.807 0.691 0.604 0.422 0.891 0.808670 0.424 0.904 0.694 0.795 0.294 0.6
water:comp:sp 0.102 0.123 0.207 0.176 0.532 0.12805 0.282 0.875 0.993 0.859 0.470044 0.174
Root  Root
. Dry . . Stem
B - Shade Height mass SLA RMR SMR LMR FARM tips/root tips/root SRL SSL RGRdiamete'
length  mass
block 0.011 0.414 0.1320.023 0.009 0.273 0.033 0.033 0.422 0.010 0.003 0.529 0.146
water 0.834 0.905 0.666 0.499 0.173 0.217 0.793390 0.916 0.043 0.001 0.815 0.315 0.855
comp 0.037 0.046 0.653 0.506 0.367 0.982 0.911 0.555 0.135 0.993 0.208 02034 0.021
sp 0.000 0.006 0.000 0.000 0.000 0.510 0.884 0.000 0.000 0.000 0.000 0.339 0.000 0.010
comp:sp 0.516 0.072 0.589 0.147 0.678 0.089 0.06D110 0.259 0.451 0.050 0.064 0.055 0.272
water:comp 0.175 0.086 0.056 0.626 0.186 0.608 0.37/4920 0.639 0.852 0.80%.036 0.033 0.423
water:sp 0.748 0.204 0.536 0.060 0.729 0.114 0.54830 0.611 0.985 0.804 0.157 0.258 0.4

(12

water:comp:sp

15

0.502 0.444 0.066 0.712 0.778 0.881 0.1¥HO0 0.662 0.990 0.684 0.128 0.680 0.9

Table 19A-B. P-values for Experiment 2, HarvesthNBOVAs in the high-light environment (A) and theasle environment (B) for
height, dry mass, SLA, RMR, SMR, LMR, FARM, R:S maot tips per root length, root tips per rooss)é&SRL, and SSL.
Acronyms are described in Table 4. Significance assessed at0.05. Model details are provided in the appendix.



3.3.4.2. Species Trait Comparisons

Spruce was significantly taller than balsam fialhtreatments and light
environments, with high-water/no-competition srrbemg the tallest of any species-
treatment (Fig. 13A). The basal stem diametespaice and fir were similar in the low-
light environment, and spruce had consistently éigitem diameters than fir in the high-
light environment, though differences were not aisvsignificant (Fig. 13B). High-
water/no-competition spruce had the greatest stemeter (Fig. 13B).

There were no consistent or significant differerfoetsveen the two species in
terms of SSL in any treatment in either light eamiment (Fig. 13C).

In the low-light environment, spruce had signifitg greater RGRs than fir in all
treatments (except no-competition fir, whose RGR wn@n-significantly lower than that
of competition-spruce) (Fig. 13D). This no douflects the fact that fir seedlings were
more massive than spruce seedlings at Harvesthk itow-light environment (Fig 11D),
a difference that red spruce closed by Harvesi@ (2B) by achieving a higher growth
rate (not shown). In the high-light environmemtiuse RGRs were consistently higher
than those of balsam fir, though only the sprundte no-competition treatment had
significantly higher RGRs than the firs (Fig. 13High-water/no-competition spruce
had the highest RGRs, which were significantly kigiman those of fir in all treatments
and of spruce in the no-competition treatment (E8D).

In the low-light environment, the dry masses atisp and fir were similar,
though spruce had slightly greater dry massesfthanthe no-competition treatment
(Fig. 13E). In the high-light environment, sprweas consistently more massive than fir

(Fig. 13E). Differences were particularly largelie no-competition treatment in which
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Figure 13A. Experiment 2 Harvest 3 means (+ 1 @Height. Different letters indicate
significant differenceso=0.05) assessed by Tukey’'s HSD test. Differerst stletters
are used for shade (a-c) than for light (x-z), beedight and shade means were analyzed
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separately. The two sets of letters do not refexaich other, meaning that one

cannot make comparisons of a light mean with aesinagn. Comp = competition; No

comp = no competition. Number of replicates:

Light

High water 10 High water] 9
Comp Comp
. Low water 8 . Low water| 9
Balsam fir - Balsam fir -
High water 10 High water] 9
No comp No comp
Low water 10 Low water| 8
- Shade -
High water 10 High water] 7
Comp Comp
Low water 8 Low water| 3
Red spruce - Red spruce -
No comp High water 10 No comp High water] 9
Low water 10 Low water| 6
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Figure 13B. Experiment 2 Harvest 3 means (+ 1@bBpsal stem diameter. Different
letters indicate significant differencas=0.05) assessed by Tukey’'s HSD test. Different
sets of letters are used for shade (a-c) thandbr (x-z), because light and shade means
were analyzed separately. The two sets of letlensot refer to each other, meaning that
one cannot make comparisons of a light mean wahagle mean. Comp = competition;
No comp = no competition. Number of replicates:

Light

High water 10
Comp

i Low water 8

Balsam fir _
No com High water 10
P Low water 10
Comp High water [ 10
Red spruce Low water 8
P No com High water 10
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Figure 13C. Experiment 2 Harvest 3 means (x 1@BSL (specific stem length—see
Table 4). Different letters indicate significarnfferences ¢=0.05) assessed by Tukey’s
HSD test. Different sets of letters are used f@de (a-c) than for light (x-z), because
light and shade means were analyzed separately twidisets of letters do not refer to
each other, meaning that one cannot make comparifanlight mean with a shade
mean. Comp = competition; No comp = no competitiblumber of replicates in each

treatment:
Comp High water 10 Comp High water] 9
. Low water 8 . Low water| 9
Balsam fir - Balsam fir -
High water 10 High water] 9
No comp No comp
. Low water 10 Low water| 8
Light - Shade -
High water 10 High water] 7
Comp Comp
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Figure 13D. Experiment 2 means (+ 1 SE) of

Hartast Harvest 3 RGR (relative

growth rate—see Table 4). Different letters intBcsignificant differences1€0.05)
assessed by Tukey's HSD test. Different setsttdrkeare used for shade (a-c) than for
light (x-z), because light and shade means werlyzathseparately. The two sets of
letters do not refer to each other, meaning thataamnot make comparisons of a light
mean with a shade mean. Comp = competition; Ngpcemo competition. Number of
replicates per treatment, where the first numbdicates the number of Harvest 3
seedlings and the second number indicates the murhbfarvest 1 seedlings on which

calculations were based:

Comp High water | (10/40) Comp High water | (9/38)
Balsam fir Low water | (8/40) Balsam fir Low water | (9/38)
No comp High water | (10/40) No comp High water | (9/38)
Light Low water [(10/40)|o .o Low water | (8/38)
Com High water | (10/40) C High water | (7/40)
p omp
Red spruce LC_)W water | (8/40) Red spruce LQW water | (3/40)
No comp High water | (10/40) No comp High water | (9/40)
Low water | (10/40) Low water | (6/40)
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Figure 13E. Experiment 2 Harvest 3 means (+ 1d@p)ant dry mass. Different letters
indicate significant differences£0.05) assessed by Tukey's HSD test. Differers gkt
letters are used for shade (a-c) than for light)(Xecause light and shade means were
analyzed separately. The two sets of letters dogfer to each other, meaning that one
cannot make comparisons of a light mean with aeinagin. Comp = competition; No
comp = no competition. Number of replicates inhetreatment:
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Figure 13F. Experiment 2 Harvest 3 means (x 18RS mass ratio (see Table 4).
Different letters indicate significant differendes=0.05) assessed by Tukey’'s HSD test.
Different sets of letters are used for shade (&a) for light (x-z), because light and
shade means were analyzed separately. The twofdetters do not refer to each other,
meaning that one cannot make comparisons of arglain with a shade mean. Comp =
competition; No comp = no competition. Numbereplicates in each treatment:
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Figure 13G. Experiment 2 Harvest 3 means (z 1BMR (root mass ratio—see
Table 4). Different letters indicate significanfferences ¢=0.05) assessed by Tukey’s
HSD test. Different sets of letters are used lfade (a-c) than for light (x-z), because
light and shade means were analyzed separately twidsets of letters do not refer to
each other, meaning that one cannot make comparifanlight mean with a shade
mean. Comp = competition; No comp = no competitiblumber of replicates in each
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treatment:
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Figure 13H. Experiment 2 Harvest 3 means (+x 1@EMR (stem mass ratio—see
Table 4). Different letters indicate significanfferences ¢=0.05) assessed by Tukey’s
HSD test. Different sets of letters are used lfade (a-c) than for light (x-z), because
light and shade means were analyzed separately twidsets of letters do not refer to
each other, meaning that one cannot make comparifanlight mean with a shade
mean. Comp = competition; No comp = no competitiblumber of replicates in each
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Figure 13I. Experiment 2 Harvest 3 means (x 1 EMR (leaf mass ratio—see Table
4). Different letters indicate significant differees ¢=0.05) assessed by Tukey's HSD
test. Different sets of letters are used for sh{ae® than for light (x-z), because light
and shade means were analyzed separately. Theetwof letters do not refer to each
other, meaning that one cannot make comparisoasigiit mean with a shade mean.
Comp = competition; No comp = no competition. N@mbf replicates in each

treatment:
Comp High water 10 Comp High water] 9
. Low water 8 : Low water| 9
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High water 10 High water] 9
No comp No comp
. Low water 10 Low water| 8
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Figure 13J. Experiment 2 Harvest 3 means (+ 1d8B) A (specific leaf area—see
table 4). Different letters indicate significariftferences ¢=0.05) assessed by Tukey's
HSD test. Different sets of letters are used lfade (a-c) than for light (x-z), because
light and shade means were analyzed separately twidsets of letters do not refer to
each other, meaning that one cannot make comparifanlight mean with a shade
mean. Comp = competition; No comp = no competition5 for all treatments. n=5 for
all treatments except spruce-shade-competitioni@er, where n=3.
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Figure 13K. Experiment 2 Harvest 3 means (+ 1 SEARM (foliar-area-to-root-mass-
ratio—see Table 4). Different letters indicatengfigant differencesdo=0.05) assessed

by Tukey's HSD test. Different sets of letters ased for shade (a-c) than for light (x-z),
because light and shade means were analyzed sdparblhe two sets of letters do not
refer to each other, meaning that one cannot makgarisons of a light mean with a
shade mean. Comp = competition; No comp = no ctittgge  Number of replicates in

each treatment:
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Figure 13L. Experiment 2 Harvest 3 means (x 1 &EBRL (specific root length—see
Table 4). Different letters indicate significanfferences ¢=0.05) assessed by Tukey’s
HSD test. Different sets of letters are used lfade (a-c) than for light (x-z), because
light and shade means were analyzed separately twidsets of letters do not refer to
each other, meaning that one cannot make comparifanlight mean with a shade
mean. Comp = competition; No comp = no competitiblumber of replicates in each
treatment:
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Figure 13M. Experiment 2 Harvest 3 means (x 1 &Edot tips per cm of root length.
Different letters indicate significant differendes=0.05) assessed by Tukey’'s HSD test.
Different sets of letters are used for shade (#&am) for light (x-z), because light and
shade means were analyzed separately. The twofdetters do not refer to each other,
meaning that one cannot make comparisons of ariglain with a shade mean. Comp =
competition; No comp = no competition. Numberealicates in each treatment:
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Figure 13N. Experiment 2 Harvest 3 means (x 1@E)ot tips per gram of root mass.
Different letters indicate significant differendes=0.05) assessed by Tukey’'s HSD test.
Different sets of letters are used for shade (&a) for light (x-z), because light and
shade means were analyzed separately. The twofdetters do not refer to each other,
meaning that one cannot make comparisons of argiain with a shade mean. Comp =
competition; No comp = no competition. Numberejblicates in each treatment:

High water 10 High water] 9
Comp Comp
. Low water 8 : Low water| 9
Balsam fir - Balsam fir -
High water 10 High water] 9
No comp No comp
. Low water 10 Low water| 8
Light - Shade -
High water 10 High water] 7
Comp Comp
Low water 8 Low water| 3
Red spruce - Red spruce -
No comp High water 10 No comp High water] 9
Low water 10 Low water| 6

140



high-water/no-competition spruce had by far theatggst dry masses of any species-
treatment (Fig. 13E).

In the low-light environment, fir had higher R:&ss ratios than red spruce in
most treatments, though differences were not alsmysficant (Fig. 13F). Interestingly,
high-water/competition spruce actually had R:S nmases similar to those of fir in the
low-light environment (Fig. 13F), which is the omhstance of spruce R:S mass ratios
approaching those of fir. In the high-light envinoent, fir had significantly higher R:S
mass ratios than spruce in all treatments (Fig).13Re related quantity RMR showed
the same patterns as R:S mass ratio across spada¢seatments (Fig. 13G).

In the low-light environment, spruce had considyemgher SMRs than fir,
though differences were no always significant (E@f). In the high-light environment,
there were no significant differences or consisteartds in SMR for the two species in
any treatment (Fig. 13H).

In the low-light environment, there were no sigraht differences or consistent
trends in LMR for the two species in any treatm(@&ng. 13I). In the high-light
environment, spruce consistently allocated motedwes relative to fir, though these
differences were not significant in all speciestmeent comparisons (Fig. 13l).

In terms of leaf morphology, in the low-light eraiment, fir had consistently
higher SLAs than spruce, though these differenaae wot always significant (Fig. 13J).
In the high-light environment, the SLAs of the tgjgecies were relatively similar (Fig.

13J).
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In the low-light environment, there were no sigrafnt differences or consistent
trends in FARM ratios for the two species in amatment (Fig. 13K). In the high-light
environment, spruce generally had higher FARM sati@an balsam fir (Fig. 13K),
though differences were not always significant wede somewhat less consistent than
they were at Harvest 2 (Fig. 12K).

In the low-light environment, spruce had signifittg higher SRLs than fir with
one exception; the SRLs of high-water/competitionvere non-significantly lower than
those of low-water/no-competition spruce (Fig. 13L) the high-light environment,
interspecific differences were much smaller and tEmsistent (Fig. 13L).

In the low-light environment, red spruce had digantly higher root-tip-density
than balsam fir on both a root length and root nbasss, indicating that spruce root
systems were more highly-branched with greatertipalensity relative to those of fir
(Fig. 13M-N). In the high-light environment, reprace also had more root tips than
balsam fir on both a root length and root masssh@sg. 13M-N); these differences were

consistent in all treatments but were not alwagsicant.

3.3.4.3. Effects of Light, Water, and Competition

3.3.4.3.1. Effects of Light

In the competition treatment, fir RkEynswere consistently but non-significantly
higher than those of spruce, though these diffeemere not very large and did not

occur in the no-competition treatment (Table 20).
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The RLRyy masseff Spruce were significantly higher than thosémpthough
differences were only significant between high-watke-competition spruce and both
high-water/no-competition fir and low-water/compietn fir (Table 20).

The RLRk:s masseyvere generally more positive for fir than for spglexcept in the
low-water/no-competition treatment, where the R&ssratios of spruce increased more
than those of fir in response to higher light (Ea0).

There were no large or consistent responses otipsoper root length to higher

light levels (Table 20).
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Height Dry mass R:S mass ratio | Root tips/lengtl] Reps
. Balsamfir [ 0.66 £ 0.09p 227+ 0.17pab 0.37+ 0.10 g 0.13+ 0.0p a (89
High water
Comp Red sprgce 0.52 + 0.15|a 2.58 + 0.31jab -0.11 £ 0.07|bc 0.13 8 &.p (10/7
Low WaterBalsam fr | 0.63+ 0.06 R 186+ 0.09a 0.33+ 0.044 0.03 + 0.0B a (10/9
Red spruce| 0.30 £ 0.14{a 2.56 + 0.27|ab 0.11 £+ 0.07|abc -0.070% (813
High Wa,[erBaIsam fir 1 0.61+ 0.07h 227+ 0.14 ac 0.26 £+ 0.07 pd -0.06 +8 @Llﬁl (10/8
No comp Red sprgce 0.83+ 0.11jla 3.37 = 0.28/b 0.09 + 0.09|bcd -0.20 8B 1. (10/7
Low WaterBalsam fir | 068+ 0.05p 2.70+ 0.10pb 0.16 £+ 0.05 pc 0.01 15 (10/9
Red sprucef 0.58 + 0.13|la 2.92 + 0.22|bc 0.38 + 0.06J]a -0.21 + 9.5 (10/9
Mean fir -comp| 0.64+ 0.0t z| 2.06+£ 0.1Cy | 0.3t + 0.0ty 0.0¢ £ 0.0ty (18/18
Mean spruce-comp| 0.41 + 0.102 257+ 0.20y 0.00 £ 0.05 z 0.03 £ 0.0y (18/10
Mean fir-nocomp|0.65 + 0.04 7 248+ 0.09y 0.21+ 0.04y| -0.03% 0.04y (2017
Mean spruce-nocomp|0.71 + 0.08 4 3.14+ 0.187 0.23+ 0.05y] -0.21+ 0.04z (20/16
Overall mean| 0.60 + 0.04 2.56 £ 0.07 0.20 £ 0.02 -0.03 + 0.02] (76/61

Table 20. Experiment 2, Harvest 3 mean RLRs {xadight responses) (x 1 SE) of height, plant ohgss, R:S mass, and root tips
per root length. Acronyms are further describe@able 4. RLR calculations are described in sac®®.3 of Chapter 3. Number of
replicates in parentheses indicate the numbeigift’lseedlings (first number) and the number dde’ seedlings (second number)
used to make each calculation. Different lettedscate significant differencea£0.05) assessed by Tukey's HSD procedure. Letters
are specific to each trait, meaning that one cacowipare, for example, a height mean with a primaoy length mean.



3.3.4.3.2. Effects of Water

There were no consistently-significant interspedififferences or trends in the
RWRs of height, dry mass, R:S mass ratio, or ripstger root length in any treatment
(Table 21), indicating that the watering treatmérad little effect on the growth and
development of most of these seedlings. Onlyéncidmse of no-competition spruce did

watering treatment have a negative effect on segdliy mass (Table 21).
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Height Dry mass R:S mass ratipRoot tips/lengt'u Reps

Com Balsam fir -0.03+ 0.09ap 0.23+ 0.14a 0.04+ 0.1gab 0.00 iSﬂ) (8/10

Light Red sprqce -0.18+ 0.14 4 -0.21+ O0.3La 0.16+ 0.0f ab 0.07 8B &0 (8/10
No comp Balsam fir | -0.10 + 0.07 ap -0.18 + 0.14a 0.12 + 0.07 ab -0.10.68(3 (10/10

Red spruce 026+ 0.11h 041+ 0.28a -0.06+ 0.09a -0.03+ &08(10/10

Co Balsam fir -0.05+ 0.11ap -0.19+ 0.14a 0.02+ 0.05 ab -0.10.@9(3 (9/9

Shade Red sprqce -026 + 0.16 4 -0.22+ 0.2Ba 037+ 0.14b -0.13 3 &0 (37
No comp Balsam fir -0.01 + 0.08 0.33+ 0.13a 0.03+ 0.04ab -0.05.68 (8/9

Red spruce 0.00 £ 0.09 ab -0.03+ 0.1y a 0.23 + 0.0p ab -0.04098 &) (719

Mean fir-light| -0.07+ 0.0€6z [ 0.0c+ 0.11z] 0.0¢ + 0.0€z |-0.05+ 0.04z (18/20
Mean spruce-lightf] 0.04+ 0.0¢z | 0.1C+ 0.21z| 0.0+ 0.0€6z | 0.0z+ 0.0¢€z (18/20]
Mean fir-shade| -0.0z+ 0.07z | 0.07+ 0.11z| 0.0+ 0.0£z |-0.0¢ + 0.0¢€ z (17/18
Mean spruce-shade] -0.13 £ 0.09 z| -0.13 + 0.14)z 0.30+ 0.07f -0.09 + 0.0b z(10/16

Overall mean| -0.05 + 0.04 0.02+ 0.07] 0.11+ 003| -0.05+ 0.0p (6374

Table 21. Experiment 2, Harvest 3 mean RWRs (velatater responses) (x 1 SE) of height, plantrdags, R:S mass, and root tips
per root length. Acronyms are described in Tabl&®X¥VR calculations are described in section 208 Ghapter 3. Number of
replicates in parentheses indicate the number eff ‘seedlings (first number) and the number of *dgedlings (second number)

used to make each calculation. Different lettedscate significant differencea£0.05) assessed by Tukey's HSD procedure. Letters
are specific to each trait, meaning that one cacowipare, for example a height mean with a primaoy length mean.




3.3.4.3.3. Effects of Competition

RCR.eighiswere close to zero for all species-treatmentsgxugh-water spruce,
whose heights responded negatively to competition.

In the high-light environment, the RGRnasseOf the two species were
consistently negative (Table 22), indicating thahpetition negatively affected the
growth of both species. In the high-water treatingoruce was significantly more
negatively impacted than fir by competition, bug tivo species responded similarly to
competition in the low-water treatment (Table 22).

In the high-light environment, there were few laggeconsistent trends in RGR
mass(Table 22).

In the high-light environment, both species shosm@ll but consistent increases
in root tips per root length in response to contjueti(Table 22).

In the low-light environment, there were no largignificant, or consistent trends
for the RCRs of height, dry mass, R:S mass ratiopat tips per root length (Table 22).
This is probably due to the very low productivifytibe grass competitors in the low-light
environment (Table 11) and the low survival of grdaring the winter (i.e. few if any
competitors resumed growth after seedlings wereathavto the greenhouse on January
9, 2007). Any effects of competition in the lowHt environment were probably due to
the several weeks of light competition providedhmsy grass during its establishment

phase (see section 2.5.3 of this chapter).
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Height Dry mass R:S mass ratil> Root tips/lengti‘l Reps

High WaterBalsam fir 0.00+ 0.09a -0.26+ 0.17ac 0.05%+ 0.1dJa 0.21 + @Op (8/10

Light Red sprqce -050+ 0.14p -1.33+ 031l -0.06+ 0.07Tab 0.2388 8.] (8/10
Low WaterBalsam fir | -0.06 £ 0.06 al -0.67+ 0.09bc 0.12+ 0.04a 0.11 +8&0Oy (10/10

Red spruce] -0.07 + 0.14 @b -0.71+ 0.27 pbc -0.28+ 0.0f b 0.13.67 8 | (10/10

High WaterBalsam fir | -0.04+ 0.11a -0.26+ 0.17ac -0.07+ 0.05ab 0.01 9@ (9/8
Shade Red sprgce -0.26 + 0.16 ab -0.54+ 0.23 pabc 0.13+ 0.4 a -0.10A3 b (719
Low waterBalsam fir 0.00+ 0.05a 0.27+ 0.08 a -0.05+ 0.05ab 0.05+6@KF (9/9

Red sprucel] 0.00 + 0.20 ab -0.35 + 0.28 gbc -0.02 + 0.15 ab 0.01L03 alj (3/7

Mean fir-light] -0.0c+ 0.0ty |-0.4€+ 0.1Cy 0.0¢+ 0.0ty | 0.1€ + 0.0t xyJ (18/20

Mean spruce-light| -0.2¢+ 0.1Cz [-1.0z2+ 0.2Cz |-0.17+ 0.0tz | 0.1€ + 0.0t x | (18/20

Mean fir-shade| -0.02+ 0.0ty | 0.01+ 0.0¢y -0.0€ + 0.0tyz| 0.0z + O0.0tyz} (18/17

Mean spruce-shade] -0.1: + 0.12yz|-0.44+ 0.17y 0.06+ 0.1Cy |-0.0€e + 0.0z z | (10/16

Overall mean| -0.1Z2 + 0.04 -0.4¢ + 0.07 -0.0z+ 0.0 0.06 + 0.0z (64/73

Table 22. Experiment 2, Harvest 3 mean RCRs {velabmpetition responses) (x 1 SE) of height, pthg mass, R:S mass ratio,
and root tips per root length. Acronym details @n@vided in Table 4. RCR calculations are desctiin section 2.8.3 of Chapter 3.
Number of replicates in parentheses indicate tmebau of ‘competition’ seedlings (first number) ahé number of ‘no competition’
seedlings (second number) used to make each dadeuldifferent letters indicate significant difeces ¢=0.05) assessed by
Tukey's HSD procedure. Letters are specific tchdagit, meaning that one cannot compare, for exanapheight mean with a
primary root length mean.



3.3.4.4. Seedling Mortality

Red spruce had higher overall mortality than balfa(Table 23). Much of
spruce’s mortality was due to an insect herbivbes ted only on spruce in the low-light
environment (Table 23). Herbivory also appearechéie low-light spruce less-able to
survive the winter, with five lightly-browsed sprudying after being moved into the
greenhouse in January (Table 23). Relatively fewdedlings died, with only eight
seedlings dying due to either winter damage, hudaanage (accidental clipping during
grass cutting), or an unknown cause during thgTalble 23). Only one spruce seedling

and no fir seedlings died as a result of droughb(@ 23).
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Cause of mortality
Tota! Unknowr] Drought H“T“a” Herbivory Winter Herplvory+
mortality accident damage winter
Competition wet L L i i i . i
: 3 1 1 - - 1 -
Light
.. Wet 0 - - - - - -
No competition
Red spruce Dr 0 - - - _ : -
pruce T Wet 3 i i i 2 1 2
Competition
10 - - - 6 - 4
Shade
No competition " o" 1 i i i i L i
pettiony, 4 . . . . 3 1
Competition wet 0 i i - i i
Light 2 - - 2 - - -
g .. Wet 0 - - - - - -
No competition
, Dr 0 - - - - - -
Balsam fir
" Wet 1 1 - - - - -
Competition
Shade 2 2 - - - x -
CNo competition " C" 1 i i i i L i
P Dry 2 - - - - 2 -
Total red spruce 22 2 1 0 8 6 5
Total balsam fir 8 3 0 2 0 3 0

Table 23. Total mortality by species and treatnosetr the course of Experiment 2 and the appaamecof each death. Herbivory
deaths were caused in fall 2006 by a pest thateapddo attack only red spruce seedlings. Windenate indicates that apparently
healthy seedlings died sometime during the wintesoon after being brought into the greenhousesymnably due to damage
incurred over the winter. Herbivory+winter indieatthat seedlings were subject to non-lethal herpiw the fall and died after
being brought into the greenhouse. (n=30 seedbngaally planted in each species-treatment comtion)



3.4. Discussion:

3.4.1. Harvest 1

Harvest 1 of both Experiment 1 and Experiment@iaed 70-80 days after
seedlings were planted (Table 2; 8), so it is nopising that the results of Harvest 1,
Experiment 2 resembled the results of Harvest peBEment 1.

In the shade environment, fir and spruce werelairm height in both
experiments (Fig. 6A; 11A). In the high-light eronment, spruce was significantly
taller than fir in Experiment 2 (Fig. 11A), andgsitly but non-significantly taller than fir
in Experiment 1 (Fig. 6A). In terms of dry masswias somewhat more massive than
spruce in both light environments in both experitaéfig. 6B; 11D). And in both light
environments in both experiments, fir had highe® Rass ratios than spruce (Fig. 6C;
11E). In both light environments in both experinsefir had significantly longer
primary roots than spruce (Fig. 6D; 11B). So,rdlative developmental characteristics
of spruce and fir were consistent across experisnent

In Experiment 2, the early allocation patterndailsam fir again appeared
directed toward quickly establishing an extenso@ system. Compared to red spruce,
in both light environments balsam fir had longemary roots (Fig. 11B), longer primary
roots relative to its height (Fig. 11C), and a gge@roportion of its carbon allocated
toward belowground tissues (Fig. 11E-F).

Compared to balsam fir, the development of redapappeared to be directed
toward achieving relatively high growth potenti@ompared to balsam fir, in both light
environments red spruce allocated a significantiér proportion of its carbon toward

leaves (Fig. 11G).
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Red spruce also had significantly higher SSLs thelsam fir (Fig 111), which
helps to explain why red spruce had similar or @grelaeights relative to balsam fir (Fig
11A) despite spruce’s significantly lower dry mas@éig. 11D) and similar allocation
toward stem tissues (Fig. 11H) relative to balsam f

The LMRs of both species were relatively consisbtativeen the two light
environments, though the LMR of balsam fir wastdliglower in the high-light
environment than it was in the shade (Fig. 11@)Experiment 1, LMRs were also
relatively consistent between the two light envir@mts for all species except white pine
(Fig. 7H; Table 5), indicating that, compared tenstand root allocation, LMR is
relatively consistent among light environmentstf@se conifer species, at least during

the first growing season.

3.4.2. Harvest 2

3.4.2.1. Introduction

Competition and watering treatments had only baglace for eight and four
weeks, respectively, by Harvest 2 (Table 8). Téyayeared to have relatively small
effects on Harvest 2 seedling growth and morpho(dgple 16; 17), so the following

discussion will focus primarily on the effects mHt environment.

3.4.2.2. Seedling Traits

As found in Harvest 1, the growth of balsam fipaared to be directed toward
developing an extensive root system. Balsam firdr@ater primary root lengths than

red spruce in the shade environment (Fig. 12C) atthdugh the two species had similar

152



root lengths in the high-light environment (FigC)2fir had much longer roots relative
to its height (Fig. 12D) and much higher proporéibroot allocation (Fig. 12E-F) than
red spruce.

Interestingly, in Harvest 3 of Experiment 1, theHM ratios of spruce were
somewhat higher than those of fir, but differencese not significant in either light
environment (Fig. 7J). In Harvest 2 of Experim2nhowever, red spruce had much
higher FARM ratios than fir in both light environnts. In other words, spruce had
significantly more leaf area per unit root dry mtésmn balsam fir, suggesting that spruce
will use up its water supplies faster than balsaratfthis stage of development (Day et
al. 2005).

In the shade environment, the two species hadasiaiy masses (Fig. 12B),
suggesting that they were similarly light-limiteBut the positive dry mass response of
red spruce to the high-light environment was sigaiitly greater than that of balsam fir
(Fig. 12B; Table 15). The higher growth potentibted spruce was probably related to
both its higher allocation to leaf tissues relativdalsam fir (Fig. 11G; 12H) and its
capacity for neoformed shoot growth in high-ligbhditions (Greenwood et al. in
preparation). In contrast, balsam fir relies oef@med growth and sets bud relatively
early in the growing season, making its first-seasiwoot growth limited relative to that
of red spruce (Greenwood et al. in preparation).

Red spruce had significantly more-elongated stiwaas balsam fir in the shade
environment but not in the high-light environmelfig(12J), which explains how red

spruce could have had greater heights than balsamthie shade environment (Fig 12A)
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despite spruce’s similar dry mass (Fig. 12B) andlar allocation toward stem tissues
(Fig. 12G) relative to balsam fir.

In the high-light environment, both species resjgshto competition with
consistent but non-significant increases in SSh.(ERJ). Red spruce exhibited a similar
response in the shade environment (Fig. 12J). 8&ks also higher in the low-light
environment than in the high-light environment (Figl; 12J), so the slight positive
effects of competition on SSLs probably reflects firur weeks during which the grass
competitors were allowed to grow freely and compéth spruce and fir for light before
the grass was clipped (see section 2.5.3 of tlapteln). This illustrates that, while there
were some early light-competition effects of grasspruce and fir seedlings, such
effects were very small compared to the effectsosegd by the different light
environments.

Both species responded to the higher-light enviemrwith lower SLAs (Fig.
121), which is similar to what was found in Expeent 1 (Fig. 71). In the high-light
environment, the SLAs of both species also incraseesponse to the competition
treatment (Fig. 12I). As discussed above regar8i@g, this response probably reflects
the four weeks of light competition provided by tirass competitors during their
establishment phase and appears to be relativellf sampared to the effects imposed
by the different light environments (Fig. 12I).

Place (1955) described the root systems of ratcsmeedlings as more fibrous
than those of balsam fir. Our results confirmdbservations of Place (1955). In the

shade environment, red spruce had much higher 8Rinsbalsam fir (Fig. 12L). In the
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high-light environment, the SRLs of red spruce wstilegreater than those of balsam fir,
though somewhat less so than they were in the qfraglel2L).

In the high-light environment, interspecific difégrces in SRL were lower than
they were in the low-light environment. This prblyaoccurred because the thickness of
the main roots tends to have a strong effect on &Rtulations. For instance, very thick
main roots will constitute a relatively high propon of root mass but a relatively low
proportion of root length (Nicotra et al. 2002)in& red spruce growth responded much
more positively than balsam fir growth to highghli (Table 15), it stands to reason that
the main roots of spruce also increased in thicknasch more than those of fir in
response to higher light. So, relative to the lmght environment, we would expect a
decrease of spruce SRL relative to fir SRL in tlghHight environment, which is what
our data shows (Fig 12L).

The strong influence of main-root thickness on SRBlculations makes it difficult
to use SRL to compare the fine root architecturgeefdlings of different sizes. To
address this difficulty, Harvest 3 roots were apatlyin terms of number of root tips per
root length, which should be much less sensitiam tBRL to the potentially dominating

effects of thick main roots.

3.4.2.3. Relative Species Responses to Light, \Watel Competition

In terms of seedling size, RkRmasswas higher than RLRgn: for both species,
indicating that seedling dry mass was more resperthian seedling height to light level

(Table 15). This is similar to what was found iarkiest 3 of Experiment 1 (Table 5).
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Red spruce growth (i.e. height and dry mass) wa® mesponsive than that of
balsam fir to different light conditions (Fig. 12&-Table 15). This is similar to what
was found in Experiment 1 (Table 5).

In terms of R:S mass ratios, balsam fir changeqifstggntly more than red spruce
between the different light conditions (Fig. 12E¥@aple 15). This resumbles the results
of Experiment 1, where balsam fir root allocatitracged more (though, non-
significantly so) than that of red spruce in regmto different light conditions (Table 5).
Again, however, it is important to note the RLR0E mass ratios only represent the
actual differences in R:S mass ratios between isegsdi different light conditions and
do not distinguish between ontogenetic drift andrtypic plasticity as the driver of
those differences.

In Harvest 2, water had no large or consistencesfen height, dry mass, R:S
mass ratio, or SRL (Table 16).

As previously discussed, in Harvest 2, the effe€tgrass competition appeared to
be due primarily to the few weeks of light competitthat occurred while the grass

remained unclipped during its establishment phase.

3.4.2.4. Harvest 2 Summary

Interspecific differences in growth and allocatiwere generally consistent with
the results of previous experiments and harveBte major exception to this was FARM
ratios, which were non-significantly higher for gpe than for fir in Harvest 3 of
Experiment 1 (Fig. 7J), but were significantly heglior spruce than for fir in Harvest 2

of Experiment 2 (Fig. 12K).
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The slight effects of competition on seedling giowhd development appeared to
be due to a brief period of light competition tbaturred during the grass’s
establishment phase. Watering treatments had perept effect on seedling growth and

development by Harvest 2.

3.4.3. Harvest 3

3.4.3.1. Seedling Traits

As was found in Experiment 1 (Fig. 6C-E; 7E-F;KdJand Harvests 1 (Fig. 11C;
11E-F) and 2 (Fig. 12D-F) of Experiment 2, relativespruce, fir directed its growth
more toward roots in both light environments atueat 3 (Fig. 13F-G), indicating that
fir is better adapted than spruce to deal withWwglound resource scarcity in both high-
and low-light environments.

FARM ratios tell a somewhat different story, howevin the low-light
environment, the FARM ratios of the two speciesensmilar (Fig. 13K), because fir
had higher root allocation (Fig. 13F-G), similar R (Fig. 13I), but higher SLAs (Fig.
13J) than spruce. This differs from Harvest 2, mvpruce had much higher FARM
ratios than fir in both light environments (Fig.K)2 This inter-harvest difference is due
to differences in leaf allocation and leaf morplyyldetween first season and second
season seedlings, with fir greatly increasing t8$S(Fig. 121 vs Fig 13J) and LMRs
(Fig. 12H vs Fig. 13I) relative to spruce from Hest 2 to Harvest 3 in the low-light
environment. So, the relative FARM ratios of these species can clearly change

rapidly from one stage of development to another.
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In the high-light environment, the relative FARMios of spruce and fir
resembled the findings of Harvest 2 (Fig. 12K) hagpruce having generally higher
FARM ratios than fir (Fig. 13K). This differenceas driven by fir having similar SLAs
(Fig. 13I), higher root allocation (Fig. 13G), alosver leaf allocation (Fig. 13I) relative
to spruce.

The FARM ratios of the two species suggest thahiatstage of development,
spruce and fir use their soil water supplies ailamnates in low-light environments, but
spruce uses its soil water pools more quickly tirain high-light environments. Root
penetration, however, will strongly affect how mweéter is available to the seedlings.
Primary root length was not measured in HarvebuBpased on the results of
Experiment 1 (Fig. 6D; 7K), Harvests 1 (Fig. 11By& (Fig. 12D) of Experiment 2, and
other studies (Klein et al. 1991; Greenwood eingbreparation), fir still presumably
maintained longer primary roots than spruce.

As in Experiment 1 (Fig. 7J) and the other two leats of Experiment 2 (Fig.
11G; 12H), spruce allocated more to leaves thamdisam fir in the high-light
environment at Harvest 3 (Fig. 13I). This sugg#sas spruce has greater growth
potential than fir in high-light environments (Wat et al. 1993), which is confirmed by
the greater heights (Fig. 13A), basal-stem diaredtag. 13B), dry masses (Fig. 13E),
and RGRs (Fig. 13D) of spruce relative to fir ie thigh-light environment.

But in contrast to Experiment 1 (Fig. 7J) and ttreeotwo harvests of Experiment
2 (Fig. 11G; 12H), spruce and fir had similar LMiRghe low-light environment at
Harvest 3 (Fig. 13I), suggesting that the two sgebiad similar growth potentials in that

environment (Walters et al. 1993). This is conéhby the similar stem diameters (Fig.
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13B) and dry masses (Fig. 13E) of the two spedi¢lse low-light environment. Red
spruce did have higher RGRs than balsam fir iddhelight environment (Fig. 13D), but
that is presumably related to the smaller massesdo$pruce relative to fir at Harvest 1
(on which RGR calculations were based) and thednitgaf allocation of spruce relative
to fir at Harvests 1 and 2 (Fig. 11G; 12H), whickgqumably allowed spruce to maintain
higher RGRs than balsam fir during that time.

In the low-light environment, spruce tended to @@ more than fir to its stems
(Fig. 13H), which is reflected in the significantdyeater heights of spruce relative to fir
(Fig. 13A) despite the similar dry masses (Fig. )J1&kd SSLs (Fig. 13C) of the two
species.

In summary, at Harvest 3 in the high-light envir@ant) the primary allocation
trade-off between spruce and fir was between leamdsoots, with spruce allocating
more to leaves at the expense of roots (relative)tand fir allocating more to roots at
the expense of leaves (relative to spruce), whdmsallocation was similar between the
two species (Fig. 13G-1). In the low-light enviroant, the primary allocation trade-off
between spruce and fir was between roots and steithsspruce allocating more to
stems at the expense of roots and fir allocatingentmroots at the expense of stems,
while leaf allocation was similar between the twedes (Fig. 13G-I).

As found in Harvest 2 (Fig. 12L), spruce generafppeared to have a finer and
more-highly-branched root system than balsam fg.(E3L-N). This further confirms
the observation of Place (1955) that spruce seggihiave a more ‘fibrous’ root system
than balsam fir seedlings. Generally (but ceryamt always), species with finer and

more-highly-branched root systems have higher drgetentials (Ryser 2006). This is
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due to the fact that species with high SRLs and-Hipalensities have high soil resource
uptake capacity per investment in root tissue. hSpecies can allocate more resources
to aboveground (i.e. photosynthetic) tissues wiigntaining the ability to absorb large
amounts of soil resources (Ryser 2006). As digzipseviously, root tips per root
length is here considered to be a more reliablesareaof overall root architecture than is
SRL or root tips per root mass, both of which carhbavily influenced by, for instance,
the presence of very thick main roots that woulshpnse a high proportion of total root
mass while accounting for a low proportion of tatadt length and root tips (Nicotra et
al. 2002). So for spruce and fir, the number ot tgps per root length further indicates
that early fir growth is directed toward root peagbn and establishment (via longer,
less-branched roots) and early spruce growth ectéid toward facilitating its higher
growth potential (via lower root allocation and mdrighly-branched root systems that
presumably have greater uptake capacity per tissg@stment compared to balsam fir
roots).

The root allocation of both species was genesalipewhat lower at Harvest 3
(Fig. 13G) than it was at Harvest 2 (Fig. 12F),effmo doubt reflects the fact that
Harvest 3 seedlings had just completed flushingloeit preformed growth. Flushing
out of preformed growth typically leads to strongreases in shoot growth relative to
root growth, which decreases R:S mass ratios tn&ipreformed growth is completed

(Reich et al. 1980).
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3.4.3.2. Relative Species Responses to Light, \Watelr Competition

3.4.3.2.1. Effects of Light

As was found in Experiment 1 (Table 5) and HarZest Experiment 2 (Table
15), relative to balsam fir dry mass, spruce drgsnaas more responsive to higher light
at Harvest 3 (Table 20). But in contrast to prasibarvests, there was no difference in
the response of the heights of the two specigaght (Table 20). Nonetheless, the
stronger biomass response of spruce to high-lighditions reflects the higher growth
potential of spruce seedlings, which is most likdiye to spruce’s neoformed shoot
growth (Greenwood et al. in preparation) and grdaitgh-light leaf allocation relative to
fir (Fig 13lI).

As shown in Harvest 2 (Table 15), R:S mass ratids ohanged more than those
of spruce in response to light, but these diffeesneere not very large (Table 20). And
again, RLR:s masgdoes not distinguish between ontogenetic changgsetual plastic
responses to the two light environments.

The length-based root-tip density of neither speoesponded very strongly to

light (Table 20).

3.4.3.2.2. Effects of Water

Interestingly, the watering treatments had no isb@st effects on seedling size,
allocation, or root morphology of either speciealfle 21). This contradicts the
hypothesis that spruce growth is more sensitive tinggrowth to dry conditions.

The absence of a consistent watering treatmentteffay have been due to the

design of the watering treatments. The dry treatmeere watered to field capacity and
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then allowed to dry gradually. This cyclical waterregime may not have brought soil
water levels below a critical growth threshold &ory extensive period of time, if at all,
which suggests that more constant soil moisturelsemay have been more effective.
However, sustained dry-soil conditions also mayhase affected the growth of the two
species. O’Brien (2005) found few effects of simgd dry-soil conditions on the growth
and allocation of young spruce and fir seedlingdidating that the growth and
development of spruce and fir are relatively ingeresto non-lethal dry conditions.
However, the watering treatments did have an isedlaffect on spruce seedlings
in the no-competition treatment in the high-lightveonment (Table 21), which suggests
that water did become limiting in that treatmemhere were no such watering-treatment
effects on competition-spruce or any of the firlflea21), indicating that water was not
limiting in those treatments. No-competition-sgrweere substantially more massive, on
average, than the seedlings of any other spe@asitent (Fig. 13E), so perhaps the
larger size (and presumably greater transpiratbdbnp-competition-spruce caused them
to be more impacted by drought treatments (i.&eenalty). All pots in each watering
treatment were watered on the same schedule, tegauaf species, which presumably
kept pots containing the smaller fir and compeatispruce relatively moist compared to
pots containing the much larger no-competition-epruDuring the second growing
season when spruce seedlings became very largecq@uiaining the largest spruce

seedlings did appear to dry the fastest (Jasont&gtersonal observation).
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3.4.3.2.3. Effects of Competition

Competition was not substantial in the low-lighveonment (Table 11), so any
effects of competition on seedling growth and depeient in the shade (Table 22) were
either due to the initial light competition provalby the grass during its establishment
phase or some other unknown factor. Unless otksermoted, the following discussion
will deal exclusively with competition in the hidlght environment.

In the high-light environment, root competition wabust (Table 11) and had
consistently negative effects on the dry massé®thf red spruce and balsam fir (Fig.
13E; Table 22). In fact, in the high-light envirnant, the dry masses of competition-
spruce were almost comparable to those of no-catigpetir (Fig. 13E), at least
compared to the huge differences between fir ardonapetition spruce (Fig. 13E) and
the large differences typically found between spragd fir in high-light environments
(Fig. 7B; 12B).

Water supplies in the high-light environment weepldted somewhat faster in
the competition treatments than in the no-competitieatments (Fig. 10), but the
negative effects of competition on seedling grodithnot appear to be due to water
competition. If they had been, there should beesmmnsistently-negative RWRs in the
high-light/competition treatment, because moredeyg watering (i.e. the wet treatment)
would presumably have had a big impact on seedjiogth if water were particularly
scarce in that treatment. There was no such dffattle 21), suggesting that
competition was primarily for nutrients.

In the low-water treatment, competition had simiagative effects on the dry

masses of both species (Fig. 13E; Table 22). drhiph-water treatment, however,
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competition had a much greater negative effecherheight and dry mass of spruce
relative to fir (Table 22). This suggests thatthia high-water/competition treatment,
both spruce and fir had plenty of water but cowdtineach their maximum size because
of nutrient competition from the grass. And in tbe-water/no-competition treatment,
spruce and fir had plenty of nutrients, but sprecmald not reach its maximum size
because of inconsistent water supplies, possilytdihe ‘size penalty’ discussed in
section 4.3.2.2. That is, both spruce and firmedadheir maximum size in the no-
competition treatments (Fig. 13E), probably becdhsdack of competition made more
nutrients available. However, fir's maximum sizasssmaller than that of any of the
spruces (Fig. 13E), which, in tandem with fir's lewFARM ratios (Fig. 13K),
presumably kept pots containing the smaller fiatiekly moist compared to pots
containing the much larger (and presumably moresid¢manding) spruce. So, fir may
never have become water-limited even in the redtiautrient-rich no-competition
treatment. And in the competition treatment, mutilimitation prevented the spruce
from growing large enough to use up water as quiaklthe no-competition spruce.

So, there appeared to be an interaction betweesr veatimpetition, and species in
determining the growth of seedlings in the higlidignvironment. In table 19A, the
water:comp:sp term was not significant for dry miagswas significant for RGR
(p<0.05), suggesting that the ‘size penalty’ effeeddiated by nutrient competition may,
in fact, explain both the isolated effects of watgtreatment on no-competition spruce
(Table 21) and the stronger effects of competitinrhigh-water spruce (Table 22).

So, the slightly higher sensitivity of spruce tHgirto competition and drought in

our experiment simply may have been a consequdrare @éxperimental design in which
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seedlings of different sizes within each treatntextt access to equivalent amounts of
resources (i.e. same pot size, same nutrient sugpllysame watering schedule). In
terms of applying these results to the field, lasgeedlings in the forest are presumably
able to draw resources from soil pools that areenpooportional to their size, suggesting
that the slight interspecific differences we found¢ompetition and/or drought sensitivity
would not apply to field-grown seedlings.

The R:S mass ratios of neither species respondmuy or consistently to
competition (Table 22). Interestingly, howeveg ttumber of root tips per root length of
both species increased slightly in response to etitign (Table 22). This may suggest
that both species increased their nutrient absormapacity per investment in root tissue
in order to better compete for nutrients with tih@sg roots. The root-tip density response
to competition is too small to be definitive, bboétpresence of a consistent trend is

intriguing.

3.4.3.3. Mortality

Overall, survivorship in Experiment 2 was high (Tea8), so the mortality
patterns reveal little about spruce and fir. Altbb spruce experienced higher overall
mortality than fir, most of the spruce deaths wetated to a single herbivore that found
its way to the experimental site and fed only omueg in the low-light environment
(Table 23). Spruce appeared to be more vulnethhtefir seedlings to winter stress,
particularly when the spruce seedlings were dambagdterbivores, but not even those

interspecific differences were very large (Tablég. 23
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3.5. Summary

Harvests 1 and 2 produced data similar to thatastests 1 and 3 of Experiment
1, with fir allocating more to roots and spruceediting more to leaves in both light
environments. Spruce dry mass was significantlyenrnesponsive than fir dry mass to
higher light, which is similar to what was foundHiarvest 3 of Experiment 1. One key
difference between Harvest 3 of Experiment 1 and/ét 2 of Experiment 2 was in the
relative FARM ratios of spruce and fir. In Harv8sdf Experiment 1, spruce FARM
ratios were non-significantly higher than thosdiin the high-light environment. In
Harvest 2 of Experiment 2, spruce FARM ratios wagaificantly much higher than
those of fir in both light environments, suggestingt, at that stage of development,
spruce will use its soil water pools more quiclign fir. Combined with the longer roots
of balsam fir, fir seedlings should be able to witind dry conditions for longer periods
of time than spruce seedlings. This fits with tbsults of O’Brien (2005) who found
that, given equal initial water supplies, five-momtld spruce seedlings died more
quickly than fir seedlings after watering was celase

At Harvest 2, watering treatments had only begniace for four weeks and had
no apparent effects on seedling growth and devetopmAt Harvest 3, watering
treatments appeared to have little effect on anglsggs except high-light/no-
competition spruce, whose growth was negativelgc#d by the dry treatment. This
may have been due to the fact that high-light/noyoetition spruce seedlings were the
largest of any seedling-treatment (probably becabtiiee higher nutrient availability in

the no-competition treatment and the higher grquatential of spruce), suggesting that
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high-light/no-competition spruce had the higheshded for water and were thus the
most impacted by depletion of that water in thetdegtment (i.e. a ‘size penalty’ effect).

At Harvest 2, the small effects of competition eedling growth and
development appeared to be related to the few wafdight competition that occurred
during the grass’s establishment phase. Compgtitatuctivity was robust in the high-
light environment but almost non-existent in thelight environment, so any effects of
competition in the low-light environment were reldto the grass’s establishment period
when it competed with spruce and fir seedlingdiént.

At Harvest 3, competition in the high-light enviroant appeared to be primarily
for nutrients and had similar negative effects othlspecies in the low-water treatment.
In the high-water treatment, however, competitiad btronger effects on spruce growth
than on fir growth, possibly due to the ‘size péyiaffect discussed above, which relates
to the interaction effect of species, competitiemg soil moisture discussed in section
4.3.2.3 of this chapter.

In terms of root morphology, SRL and root tips peot length further indicate
that early fir growth was directed toward root peaion and establishment (via longer,
less-branched roots) and early spruce growth wasted toward facilitating spurce’s
higher growth potential (via lower root allocatiand more-highly-branched root systems
that presumably have greater uptake capacity pgemass compared to balsam fir roots).

In the high-light environment, both species resgahith competition with slight
increases in the number of root tips per root llenigidicating that both species may have
increased their nutrient absorption capacity peestment in root tissue in order to better

compete for nutrients with the grass roots.
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3.6. Conclusions

Overall, the growth of spruce and fir appearebddsimilarly sensitive to
belowground nutrient competition and dry soil cdiadis. So, we reject the hypothesis
generated by Experiment 1 that, because of sprime&r R:S mass ratios, red spruce
growth is more sensitive than fir growth to beloaugnd resource scarcity.

In light of this, it seems likely that any intersgfec differences in the responses
of red spruce and balsam fir seedlings to dry damd would probably arise due to
differences in mortality caused by severely drydibons rather than long-term growth
effects due to non-lethal variation in soil moistuiThis will be discussed further in

Chapter 4.
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Chapter 4: Implications of the Early Life Stage Characteristics of Six

Acadian Conifer Speciesin a Changing Climate

4.1. Introduction

Global climate change could drastically alter regicclimates (Houghton et al.
2001). The combination of increased temperatundsattered precipitation patterns
could have a significant impact on soil water aafaility (Aber et al. 2001), which could
contribute to large shifts in species distributiansl local abundance (Overpeck et al.
1991; Iverson and Prasad 1998; Hansen et al. ZliHr; et al. 2001).

It will be particularly important to understand tiects of different climate
scenarios on trees’ early life stages, includirgdsgermination, germinant establishment,
and seedling growth, development, and survivalabse, 1) early life stage growth and
survival strongly influence the overall populatioina given species by limiting the
number of trees reaching later life stages (Hatp&7) and 2) trees are most sensitive to
drought and other environmental stresses durinig ¢y life stages (Harper 1977;
Schlesinger et al. 1982; Wellington 1984; Hansoal.€2001), which suggests that tree
early life stages will be among the most responsoraponents of forest communities to
climate change (Joslin et al. 2000; Hanson etGf)1»

Early life stage traits may be able to help us jotddcal species dynamics under
various climate scenarios. For instance, if tiiéydide stages of a given species have
traits typically associated with enduring dry cdrafis, then the early life stages of that
species should perform relatively well in a drigmate. Or, if the early life stages of a

given species appear adapted for cooler, moistatittons, then the early life stages of

169



that species would be expected to perform relatwell in a cooler, moister climate and
relatively poorly in a warmer, drier climate. Tluisapter will frame what we know about
the early life stages of red spruce, black sprutdéte spruce, balsam fir, white pine, and

eastern hemlock in terms of those species’ prolfahkess in different climates.

4.2. Summary Review of Experiments 1 and 2

4.2.1. Experiment 1

Based on the data from Experiment 1, the six spegee divided into three
groups:
1) Hemlock which had seeds intermediate in mass among tllg species,
germination that responded negatively to high teatpees, germination that began
much later than that of the other species, R:S madEs that were moderate among these
six species, low growth in high-light conditiongglmer SLAs than any other species in
both light environments, and significantly high&HM ratios than the other species in
the high-light environment.

2) Black, white, and red sprucehich had the smallest seeds of the study species

germination that was unresponsive to the diffelight environments, the most rapid and
complete germination, the lowest R:S mass and é1&tl ratios, and the capacity for
vigorous neoformed shoot growth in response to-hgit.

3) White pine and balsam fiwhich had the largest seeds (particularly whiite pof

the study species, had more-gradual and less-cterg@emination than the spruces, and
whose germination rates have been found to respositively to warmer conditions.

Although they differed substantially in size, ighilight conditions, fir and pine both
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rapidly developed the longest roots and R:S magssraf any species. In the shade,
however, the two species were less similar, angd fanhad consistently higher R:S mass

and R:S length ratios than the other species.

4.2.2. Experiment 2

In Experiment 2, the growth of red spruce and lmalBaappeared to be similarly
sensitive to belowground nutrient competition angdsbil conditions. So, any
interspecific differences in the responses of prdee and balsam fir seedlings to dry
conditions would probably arise due to differenicesiortality caused by severely dry
conditions rather than long-term growth effects ttuaon-lethal variation in soil
moisture.

Spruce was found to have significantly higher FARMos than balsam fir,
particularly in high-light conditions; in Experimeh, spruce had higher FARM ratios

than fir in the high-light environment, but thefdilences were not significant.

4.3. Probable Effects of Climate Change

4.3.1. Introduction

In Experiment 1, the species were divided inte¢hgroups based on key early
life stage characteristics: 1) hemlock; 2) blackusp, white spruce, and red spruce; 3)
white pine and balsam fir. Based largely on thgreeipings, the probable effects of
climate change on the early life stages of thasssecies will be discussed by
integrating the results of Experiments 1 and 2iewwof what is already known about

these six species in the scientific literature.
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4.3.2 Hemlock

Our findings support previous studies that founahloek to be a slow growing
species (Gaerlich and Nyland 2000) whose germinasigtrongly inhibited by high
temperatures (>21° C—Olson et al. 1959). Our olagiens fit well with hemlock’s
general classification as a late-successional,est@drant species.

Hemlock seedlings are very sensitive to dry coadgiand depend on consistent
rainfall for several years after establishment (Gaeand Nyland 2000). In Experiment
1 in the high-light environment, hemlock had thedést R:S mass ratios, shortest roots,
and highest FARM ratios of any species (Fig. 7[3E,But in the shade, hemlock’'s R:S
mass ratios were similar to those of the threecgsuand its FARM ratios were not
significantly different from those of any other sjgs (Fig. 7E). This indicates that in
high-light environments, hemlock is less able ttre@nother species to endure dry
conditions. But in low-light environments wherentleck regeneration is most
successful (Goerlich and Nyland 2000), hemlock lsegsimay be no more or less
vulnerable than the three spruce species to drgitons.

When applying these observations to projectiorfsitoie hemlock success, one
must bear in mind the complexities of forest popatadynamics. For example, even if
hemlock seedlings are negatively impacted by d@aoeditions, hemlock’s superior shade
tolerance or some other factor might still allowoitpersist throughout its current range if
the climate became more drought-prone. Nonethédbesslock’s reputation as a
drought-sensitive species (Gaerlich and Nyland 2608ter et al. 2006; but see

Caspersen and Kobe 2001) suggest that a drierramdfe erratic climate could
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negatively impact the early life stages of hemlackile a wetter, more consistent

climate could favor the early stages of hemlock.

4.3.3. White Spruce, Black Spruce, Red Spruce, White Pine, and Balsam Fir

The rapid and highly complete germination of theuses might make them
relatively vulnerable to highly variable, stresstohditions (e.g. stochastic droughts). If
future weather patterns become more erratic, theggls-in-one-basket approach of the
spruces would be vulnerable to years in which #rengnation pulse of spruce seeds
coincides with conditions unfavorable enough tbtkié sensitive germinants. On the
other hand, moister, more consistent environmetadlitions might handsomely reward
the rapid and robust germination of the spruces.

The less complete, more-drawn-out germination pati€balsam fir and white
pine suggests that annual crops of their germinaititbe more resilient to stressful
and/or variable environments. That is, extendiexgrgnation over a longer period of
time increases the likelihood that at least sormgants will encounter favorable
conditions for establishment and survival (Sarukb@n4; Venable and Brown 1988;
Greenwood et al. in preparation). Predictionsiofeasingly erratic weather patterns in
the future (Easterling et al. 2000; Houghton eR2@0D1; but see Bengtsson et al. 2006)
thus seem to favor the germination strategies afendgine and balsam fir. But again, the
spruces could greatly outgain (i.e. outcompetegrinl pine if the future climate is wetter
and/or more consistent, which could reward thesswriskier germination approach by

facilitating high survival rates for their poterlydarge germinant crops.
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Seed size can also play a role in seedling eskabéat. Leishman et al. (2000)
reviewed several studies that found a positiveiogiahip between seed size and
germinant survival rates both within and amongedéht species. Generally, larger seeds
have greater food reserves, which ‘feed’ germinantshelp them reach heterogeneous
limiting resources (Leishman et al. 2000). Fotanse, larger seeds might allow
germinants to more quickly develop long taproothwihich to reach deeper, more-
reliable pools of soil water that will help themdorvive dry conditions. As such,
germinants of the larger-seeded balsam fir and Aarger-seeded white pine should
establish and survive better in more variable emvivental conditions than the smaller-
seeded spruces.

R:S mass ratio (Pallardy & Rhoads 1993; Lloret 199%lowski and Pallardy
2002; but see Engelbrecht et al. 2006) and roahdkiolch 1931; Coile 1940; Albertson
and Weaver 1945; Bahari et al. 1985; Kozlowski Batlardy 2002; Ryser 2006) are
typically positively associated with the ability cope with dry conditions, while FARM
ratios are presumably negatively associated wehathility to endure dry conditions (Day
et al. 2005). The Experiment 1, Harvest 3 FARNbrsabdf the spruces, balsam fir, and
white pine were not significantly different fromataother in either light environment
(Fig. 7J), suggesting that the species all hadaimroportions of water-gathering
structures (roots) to water-losing structures éiofiurface area). In Harvests 2 and 3 of
Experiment 2, however, red spruce had significamtipher FARM ratios than balsam fir,
particularly in the high-light environment (Fig.K8 And on closer examination, despite
the lack of significant differences, the Experim&nHarvest 3 FARM ratios of the

spruces were higher than those of fir and, to selesxtent, pine in the high-light
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environment (Fig. 7J). Taken together, these tesudlicate that, particularly in high-
light environments, fir will deplete its soil watgools less rapidly and survive somewhat
longer than the spruces during sustained dry ciomdit

The spruces’ meager early root development (FigDg@urther suggests that the
spruces are more sensitive to dry conditions ttzdseln fir and white pine, which
generally had longer roots and higher R:S massg#tian the spruces (Fig. 6C-D; 7D-
E). Balsam fir, in particular, had consistentlgher R:S mass ratios (Fig. 6C; 7E; 11E;
12D; 13D) and R:S length ratios (Fig. 6E; 7K; 11QE; 13E) than the spruces in both
light environments in Experiments 1 and 2.

Other studies support our hypothesis that pinefiage less sensitive than the
spruces to dry conditions. White pine performatreély well in low-water conditions
(Thomas and Wein 1985; Caspersen and Kobe 200ighwshpresumably partly due to
pine’s rapid development of an extensive root syst®ed spruce seedlings are
considered to be more vulnerable than balsam Batty water stress because of spruce
seedlings’ relatively small root systems (Place5t3dein et al. 1991; Greenwood et al.
in preparation) that have difficulty penetratingdst floor duff to reach deeper, more
reliable soil water (Klein et al. 1991). Balsamisflonger roots (Place 1955; Klein et al.
1991; Greenwood et al. in preparation) allow ipémetrate much deeper through forest
floor litter (Klein et al. 1991).

Again, Experiment 2 demonstrated that the growttedfspruce and balsam fir
seedlings is not very sensitive to dry conditioB®, any interspecific differences in the
response of red spruce and balsam fir to dry clmmditwould probably arise due to

differences in mortality rates under severe wagdicd rather than long-term growth
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effects of non-lethal dry conditions. Given the&enspecific differences in root length
(Fig.6D; 11B) and R:S length ratio (Fig. 6E; 11hgse species will not have access to
equivalent pools of water. The shorter-rooted spmay only have access to the
relatively fast-drying forest floor litter or uppsoil layers, while the longer-rooted fir

(and pine) will have access to deeper, more pergigiools of soil water. Ultimately,
differences in root penetration may be respongdslany interspecific differences in
seedling mortality under severe water deficitsthé higher FARM ratios of the spruces
relative to fir (and perhaps pine) are taken irdosideration, the spruces seem even more
vulnerable to desiccation-related mortality.

O’Brien (2005) studied the mortality of containgpgn red spruce and balsam
fir seedlings in response to drought and foundtivatmonth-old seedlings of both
species responded similarly to drought, but fiveatheold seedlings of balsam fir
tolerated and recovered from drought much bettan ted spruce. For both the two-
month-old and five-month-old seedlings, balsanhéid higher R:S mass ratios than red
spruce, but the interspecific difference betweenRIS mass ratios of the five-month-old
seedlings were much greater. The fact that thenk&Ss ratios of the two species
diverged more with age was at least partially duthé neoformed shoot growth of the
spruces, which allowed the spruces to continueiiiol laboveground tissues well after
balsam fir had set bud (O’Brien 2005). In thedjdhis neoformed growth is less
common, most likely due to the suboptimal, hetenegeis conditions typical of forests.
Nonetheless, even in forests, the R:S mass rdtioglgam fir seedlings are much higher
than those of red spruce (Greenwood et al. in patipa), indicating that the relative

drought-sensitivity of spruce and fir will hold tieeas well.
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Given that the growth and carbon allocation pag@frblack and white spruce
are very similar to those of red spruce (Fig. 6A7B:H), it stands to reason that the
moisture-sensitivity of red spruce will also hotd black and white spruce. Thomas and
Wein (1985) found that black spruce seedlings weoee sensitive than white pine and
balsam fir seedlings to dry conditions. In a staflyange limits in west-central Canada,
the southern range limits of black and white spmeee found to correlate strongly with
climatic moisture gradients (Hogg 1994). Althoubh factors influencing range limits
in west-central North America are no doubt difféeream the factors influencing range
limits in eastern North America, the results of q@994) at least indicate that the
distributions of black and white spruce are sevsitd moisture conditions.

However, there is some evidence contradictinghigmothesis. Black spruce can
occur on dry and mountainous sites (Viereck anagtmm 1990), where moisture may
not be particularly abundant or reliably available.a study comparing post-fire
regeneration of balsam fir and white spruce, Galipet al. (1997) hypothesized that
initial balsam fir regeneration was limited primgiy water availability, but did not
mention whether water availability appeared totliwinite spruce regeneration. Of
course, that does not necessarily mean that smitation did not occur, or that white
spruce performs better than fir under water-lingitaonditions. There were undoubtedly
myriad factors influencing the regeneration of bgplecies, but the findings of Galipeau
et al. (1997) appear somewhat at odds with ourlasimmns and are worth noting.

Nonetheless, the early life stage strategiesefituces are distinct from those of
fir and pine in terms of seed sizes, germinatidtepas, root growth, and carbon

allocation. Taken together, these four parameteggest that the early life stages of the
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spruces are more vulnerable than the early lifgestaf white pine or balsam fir to
drought-related mortality. As such, drier and/@renerratic weather patterns in the
future could give a competitive advantage to tiréydide stages of pine and fir and
negatively impact the early life stages of the spsy while more consistent and water-
rich weather patterns would help the early lifggetaof the spruces to continue to thrive

in Maine’s forests.

4.3.4. Comparison to the Past

When considering the possible implications of thiesd#ings, it is crucial to bear
in mind the myriad factors affecting species ralimgés and forest population dynamics,
many of which can override the effects of changergperature and moisture conditions
on the success rates of different forest spediemany cases, changes in species
distribution are strongly associated with changiigjurbance regimes that are mediated
by changes in climate (Dale et al. 2001).

Palynological studies provide unique ways to addseh issues by studying
changes in species distribution over thousandgaifsyof climate change. In Maine,
white pine thrived from 9,000 to 5,000 years ag@emwthe climate was considerably
warmer and drier than it is today and declined wihenclimate became cooler and wetter
(Jacobson and Dieffenbacher-Krall 1995). Thisviedl with our hypothesis that the
early life stages of white pine have a competiddgantage in warmer, drier climates.

Balsam fir appears to be somewhat less responsielntate change than our
other study species (Schauffler and Jacobson 20Danhything, the abundance of fir in

Maine tended to decrease during warmer, drier geramd increase somewhat when the

178



climate became cooler and moister during the latl®t¢ene (Schauffler and Jacobson
2002). This is somewhat at odds with our germamatand biomass-allocation-based
hypothesis that balsam fir should perform relagiweéll in warmer, drier climates.
However, fires were also more frequent during tlaemaer, drier mid-Holocene climate
in which white pine thrived (Jacobson and Dieffestima-Krall 1995). Fires tend to
create favorable conditions for white pine regetenaWendel and Clay 1990), but
balsam fir abundance tends to be negatively imgdayencreasing fire frequency (Frank
1990). So, the higher fire frequency associated warmer, drier climates may partially
account for fir's slight decline in Maine during m@er, drier periods, and its increase
during cooler, wetter periods. Several researdnave, in fact, attributed species
distributions in north-temperate and boreal foréstsre frequency (Suffling 1995; He et
al. 2002), highlighting the potential of climateatige to alter vegetation distribution by
altering disturbance regimes. The models of baiffliSg (1995) and He et al. (2002)
indicated that increased fire frequency would deseebalsam fir abundance, pushing
firs range north into less-fire-prone locales.inGte warming may indeed increase the
risk of fire, but forest managers can, to somergxiafluence the degree to which
changing climatic conditions will lead to changedire regimes.

Foster et al. (2006) found that hemlock thriveananily during cool, moist
periods and that warming and drying of the clinratey have played a significant role in
hemlock’s steep mid-Holocene decline. This fitdwaur hypothesis that the early life
stages of hemlock would be negatively impacted waaner, drier climate.

The relatively recent southward expansion of blaa#t white spruce was

associated with the climate growing cooler and evetis was the inland expansion of red
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spruce populations from coastal refugia (Schauéftet Jacobson 2002). These
observations fit well with our hypothesis that #eely life stages of white, black, and red
spruce are positively affected by wetter conditiome relative scarcity of the spruces
during warmer, drier periods fits with our hypotisethat spruce early life stages are

negatively affected by drier climates.

4 4. Summary and Conclusions

Based on the results of Experiment 2, non-lethaligint conditions do not seem
to have strong effects on the relative growth dfspruce and balsam fir seedlings. Red
spruce and balsam fir R:S mass ratios were conglisamong the lowest and highest,
respectively, of the six study species, so it seiasonable to assume that the early
growth of our other study species is similarly imsive to non-lethal drought. O’Brien
(2005) demonstrated that spruce seedlings are wadmerable than fir seedlings to lethal
drought, however, which she attributed to the bissrallocation and root penetration
differences between the two species. This suggfestslifferences in root penetration
and biomass allocation could have strong effectthemelative success of the early life
stages of our study species, because the shodkdrepruces may only have access to
relatively fast-drying forest floor litter or uppsoil layers, while the longer-rooted fir and
pine will have access to deeper, more persistevisfd soil water. Also, differences in
FARM ratios and R:S mass allocation of the spewié#saffect how quickly seedlings
deplete those soil-water pools, thus affecting kmvg seedlings can survive during

severe droughts.
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Again, Experiment 2 indicated that non-lethal clesm soil moisture have little
effect on the relative growth and development efdbedlings of our study species. This
suggests that changes in precipitation patternddamoost affect the early life stages of
these species through changes in drought-relatethiprates. Presumably, a drier
climate would increase drought-related seedlingtatioy and give a competitive
advantage to species better suited to endure dimughile a wetter climate would
reduce drought-related seedling mortality and Bpkcies poorly suited to endure
droughts.

Based on the data gathered in our experimentsrraavadrier climate appears
likely to favor the early life stages of white piaed balsam fir while hindering the early
life stages of hemlock, white spruce, black spraoel, red spruce. On the other hand, a
cooler, wetter climate would likely facilitate tperformance of the early life stages of
hemlock, white spruce, black spruce, and red sgrubkaine’s forests.

Of course, given the complexity of competitive maitions and seedling survival,
the confidence of such predictions is limited. Aaghin, climate-mediated changes in
disturbance regimes could have overriding effentfooest communities (Dale et al.
2001), so an integrated view of forest dynamiessisential to accurately predict the
effects of different climate scenarios on localcspg abundance. And despite the
importance of early life stages, one must also idenghe response of the entire life cycle
of a given species if one hopes to predict itsaasp to climate change. Nonetheless,
early life stage performance will be highly impartan determining future species ranges
and local abundance, and the data presented hiésomtribute to our understanding of

the past, present, and future of Maine’s forests.
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4.5. Future Resear ch

Experiment 1 characterized the early growth andpmalogy of black spruce,
white spruce, red spruce, balsam fir, white pimel lsemlock. The results suggested that
some of the species are much more sensitive ttemsoto dry conditions. Experiment 2
demonstrated that the early growth rates of redcgpand balsam fir, whose R:S ratios
were consistently among the lowest and highegpetely, of the six study species,
were similarly insensitive to non-lethal soil watksficits and similarly sensitive to
nutrient competition. This led to the hypothebattany interspecific differences in the
responses of the seedlings of these species woddjtions would probably arise due to
differences in mortality caused by severely drydibons rather than long-term growth
effects due to non-lethal variation in soil moistuiThis hypothesis should be tested.

A field study could be conducted that incorporatiéferent light environments
(e.g. gap and understory) and different depthggdric hummus (to test the effects of
interspecific differences in root penetration).irRexclosures could be used to control
watering, and at different points during the fgsbwing season (e.g. 1 month, 2 months,
3 months, 4 months, 5 months, and 6 months aftenigation), water would be cut off
from a subset of seedlings for which mortality sateuld then be monitored.
Immediately prior to each drought event, a subtseedlings could be harvested in
order to characterize the growth, morphology, aexetbpment of each species. Those

seedling traits could then be correlated with tteght-related mortality rates.

182



BIBLIOGRAPHY

Abbott, H.G. 1962. Tree seed preferences of mamevoles in the Northeast. Journal of
Forestry 60(2): 97-99.

Aber, J.D., S.V. Ollinger, C.A. Federer, P.B. ReighL. Goulden, D.W. Kicklighter,
J.M. Melillo, R.G. Lathrop Jr. 1995. Predictirgeteffects of climate change on
water yield and forest production in the northeasténited States. Climate Research
5:207-222.

Aber, J.D., R.P. Neilson, S. McNulty, J.M. Lenih&n,Bachelet, R.J. Drapek. 2001.
Forest processes and global environmental chamgéicting the effects of individual
and multiple stressors. Bioscience 51(9): 735-751.

Abrams, M.D. 1994. Genotypic and phenotypic \taraas stress adaptations in
temperate tree species: a review of several cadeest Tree Physiology 14: 833-
842.

Ahlgren, C.E., I.LF. Ahigren. 1981. Some effedtslifferent forest litters on seed
germination and growth. Canadian Journal of FdRestearch 11: 710-714.

Albertson, F.W., J.E. Weaver. 1945. Injury andteor recovery of trees in prairie
climate. Ecological Monographs 15: 393-433.

Bahari, Z.A., S.G. Pallardy, W.C. Parker. 198%iot®synthesis, water relations, and
drought adaptation in six woody species of oak-tigKorests in Central Missouri.
Forest Science 31(3): 557-574.

Baker, F.S. 1949. A revised tolerance table.rnkdwf Forestry 47(3): 179-181.

Bakuzis, E. V., H.L. Hansen, (editors). 1965. d3ah fir Abies balsamea (L.) Mill.); a
monographic review. The University of Minnesota$%. Minneapolis, MN, USA.
445 pp.

Baldwin, H.I. 1934. Germination of the red spruédant Physiology 9:491-532.

Barnes, B.V., D.R. Zak, S.R. Denton, S.H. Spu898. Forest Ecologyedition.
John Wiley & Sons, Inc. 774 pp. (p. 399).

Battles, J.J., T.J. Fahey. 2000. Gap dynami¢swolg forest decline: a case study of
red spruce forests. Ecological Applications 1M-7G4.

Bengtsson, L., K.l. Hodges, E. Roeckner. 200@rrBtracks and climate change.
Journal of Climate 19: 3518-3543.

183



Blais, J.R. 1983. Trends in the frequency, extamd severity of spruce budworm
outbreaks in eastern Canada. Canadian Journare$tiResearch 13: 539-547.

Blum, B.M. 1990 .Picea rubens Sarg. red spruce. In: Burns, R.M., B.H. Honkala,
technical coordinators. Silvics of North Americaolme 1. Conifers. Agric. Handb.
654. Washington, DC: U.S. Department of Agricultfiferest Service: 250-259.

Boerner, R.E.J., J.A. Brinkman. 1996. Ten yeétsee seedling establishment and
mortality in an Ohio deciduous forest complex. IBiith of the Torrey Botanical Club
123(4): 309-317.

Brissette, J.C. 1996. Effects of intensity aredjfrency of harvesting on abundance,
stocking, and composition of natural regeneratiothe Acadian forest of eastern
North America. Silva Fennica 30: 301-315.

Brown, J.S., D.L. Venable. 1986. Evolutionarylegy of seed-bank annuals in
temporally varying environments. The American Malist 127(1): 31-47.

Burdett, A.N., D.G. Simpson, C.F. Thompson. 19&o0t development and plantation
success. Plant and Soil 71: 103-110.

Canham, C.D., A.R. Berkowitz, V.R. Kelly, G.L. LaveS.V. Ollinger, J. Schnurr. 1996.
Biomass allocation and multiple resource limitatiotree seedlings. Canadian
Journal of Forest Research 26: 1521-1530.

Canham, C.D., R.K. Kobe, E.F. Latty, R.L. Chazdd899. Interspecific and
intraspecific variation in tree seedling survivaffects of allocation to roots versus
carbohydrates. Oecologia 121: 1-11.

Cao, K.-F., T. Ohkubo. 1999. Suppression andsel@uring canopy recruitment in
Fagus crenata andAcer mono in two old-growth beech forests in two old-growth
beech forests in Japan. Plant Ecology 145: 281-290

Casper, B.B., R.B. Jackson. 1997. Plant compatiinderground. Annual Review of
Ecology and Systematics 28: 545-570.

Caspersen, J.P., R.K. Kobe. 2001. Interspec#i@tion in sapling mortality in relation
to growth and soil moisture. Oikos 92(1): 160-168.

Cater, T.C., S.F. Chapin lll. 2000. Differentdfects of competition or
microenvironment on boreal tree seedling establettrafter fire. Ecology 81: 1086-
1099.

Clark, D.A., D.B. Clark. 2001. Getting to the cagotree height growth in a neotropical
rain forest. Ecology 82: 1460-1472.

184



Claveau, Y., C. Messier, P.G. Comeau, K.D. Coap882. Growth and crown
morphological responses of boreal conifer seedlamgssapling with contrasting
shade tolerance to a gradient of light and heiglanadian Journal of Forest
Research 32: 458-468.

Climatography of the United States No. 81. Montymals of temperature,
precipitation, and heating and cooling degree dd@s1-2000. 2002. National
Oceanic and Atmospheric Administration/National Eowmental Satellite, Data, &
Information Service/National Climatic Data Centsheville, NC, USA.

Coomes, D.A., P.J. Grubb. 2000. Impacts of rootgetition in forests and woodlands:
a theoretical framework and review of experimeriEsological monographs 70: 171-
207.

Cornett, M.W., K.J. Puettmann, P.B. Reich. 19@&nopy type, forest floor, predation,
and competition influence conifer seedling emergeanad early survival in two
Minnesota conifer-deciduous forests. CanadiannBwf Forest Research 28: 196-
205.

Dale, V.H., L.A. Joyce, S. McNulty, R.O. Neilson,® Ayres, M.D. Flannigan, P.J.
Hanson, L.C. Irland, A.E. Lugo, C.J. Peterson, imlgrloff, F.J. Swanson, B.J.
Stocks, B.M. Wotton. 2001. Climate change anddbdisturbances. Bioscience
51(9) 723-734.

Davis, R.B. 1966. Spruce-fir forests of the cadd¥laine. Ecological Monographs 36:
79-94.

Davis, W.C. 1990. The role of advanced growthemeneration of red spruce and
balsam fir in east central Mainén: Proceedings of the conference on natural
regeneration management. Simpson, C.M. (editeoyestry Canada, Maritimes
Region, Fredericton, NB, Canada. pp. 157-168.

Davis, M.A., K.J. Wrage, P.B. Reich. 1998. Contjmet between tree seedlings and
herbaceous vegetation: support for a theory ofuresosupply and demand. The
Journal of Ecology 86: 652-661.

Davis, M.A., K.J. Wrage, P.B. Reich, M.G. Tjoelké&r,Schaeffer, C. Muermann. 1999.
Survival, growth, and photosynthesis of tree segdlicompeting with herbaceous
vegetation along a water-light-nutrient. Planblegy 145: 341-350.

Day, M.E., J.L. Schedlbauer, W.H. Livingston, M@eenwood, A.S. White, J.C.
Brissette. 2005. Influence of seedbed, light emment, and elevated night
temperature on growth and carbon allocation inhpiime Pinus rigida) and jack
pine Pinus banksiana) seedlings. Forest Ecology and Management 205159

185



DeHayes, D.H., C.E. Waite, M.A. Ingle, M.W. William1990. Winter injury
susceptibility and cold tolerance of current andrya@d needles of red spruce trees
from several provenances. Forest Science 36: 982-9

De Steven, D. 1991a. Experiments on mechanisrtrie®Beedling establishment in old-
field succession: seedling emergence. Ecology@86-1075.

De Steven, D. 1991b. Experiments on mechanismreefseedling establishment in old-
field succession: seedling survival and growthol&gy 73: 1078-1088.

Doak, D.F., D. Bigger, K. Harding, M.A. Marvier, R.O'Malley, D. Thomson. 1998.
The statistical inevitability of stability-divergitelationships in community ecology.
The American Naturalist 151: 264-276.

Donovan, L.A., J.R. Ehlinger. 1991. Ecophysiotagidifferences among juvenile and
reproductive plants of several woody species. (@g@86: 594-597.

Easterling, D.R., G.A. Meehl, C. Parmesan, S.A.rghan, T.R. Karl, L.O. Mearns.
2000. Climate extremes: observations, modelind,impacts. Science 289(5487):
2068-2074.

Engelbrecht, B.M.J., J.W. Dalling, T.R.H. PearsRri,. Wolf, D.A. Galvez, T. Koehler,
M.T. Tyree, T.A. Kursar. 2006. Short dry spefighe wet season increase mortality
of tropical pioneer seedlings. Oecologia 148(3B-269.

Fenner, M. 1985. Seed Ecology. Chapman and Halidon.

Flanigan, L.B., J.R. Ehlinger, J.D. Marshall. 19%ifferential uptake of summer
precipitation among co-occurring trees and shraksspinyon-juniper woodland.
Plant, Cell, and Environment 15:831-836.

Foster, D.R., W.W. Oswald, E.K. Faison, E.D. DoygBtC.S. Hansen. 2006. A
climatic driver for abrupt mid-Holocene vegetatiynamics and the hemlock
decline in New England. Ecology 87(12): 2959-2966.

Frank, R.M., L.O. Safford. 1970. Lack of viabkeds in the forest floor after
clearcutting. Journal of Forestry 68(12): 776-778.

Frank, R.M. 1990Abies balsamea (L.) Mill. balsam fir. In: Burns, R.M., B.H. Horalta,
technical coordinators. Silvics of North Americaol\me 1. Conifers. Agric. Handb.
654. Washington, DC: U.S. Department of Agricud{urorest Service: 26-35.

Franklin, Jerry F. 1974Abies Mill. fir. In: Schopmeyer, C. S., technical coardtor.

Seeds of woody plants in the United States. Agtamdb. 450. Washington, DC:
U.S. Department of Agriculture, Forest Service:-163.

186



Galipeau, C., D. Kneeshaw, Y. Bergeron. 1997. té/épruce and balsam fir
colonization of a site in the southeastern bore@dt as observed 68 years after fire.
Canadian Journal of Forest Research 27: 139-147.

Gashwiler, J.S. 1967. Conifer seed survivalwesatern Oregon clearcut. Ecology 48:
431-438.

Gilbert, I.LR., P.G. Jarvis, H. Smith. 2001. Prity signal and shade avoidance
differences between early and late successiores.trBlature 411(14): 792-795.

Gilbert, G.S., K.E. Harms, D.N. Hamill, S.P. Hulbe2001. Effects of seedling size, El
Nino drought, seedling density, and distance toestaonspecific adult on 6-year
survival ofOcotea whitel seedlings in Panama. Oecologia 127: 509-516.

Givnish, T.J. 1988. Adaptation to sun and shadehole plant perspective. Australian
Journal of Plant Physiology 15: 63-92.

Godman, R. M., K. Lancaster. 199G&uga canadensis (L.) Carr. eastern hemlock. In:
Burns, R.M., B.H. Honkala, technical coordinat@gvics of North America.
Volume 1. Conifers. Agric. Handb. 654. Washingtb,: U.S. Department of
Agriculture, Forest Service: 604-612.

Goerlich, D.L. and R.D. Nyland. 2000. Natural regiextion of eastern hemlock: a
review. In;, McManus, K.A., K.S. Shields, and D.R. Souto, &teceedings:
Symposium on Sustainable Management of Hemlockystass in Eastern North
America, June 22-24, 1999. Durham, New Hampshi&DA Forest Service
Northeastern Research Station General TechnicaiRBE-267. pp. 14-22.

Goldblum, D., L.S. Rigg. 2005. Tree growth resgmto climate change at the
deciduous-boreal forest ecotone, Ontario, Can&#madian Journal of Forest
Research 35: 2709-2718.

Gordon, A.G. 1996. The sweep of the boreal iretand space, from forest formations
to genes, and implications for management. Thedtgr Chronicle 72: 19-30.

Greenwood, M.S., D. McConville. 2002. A comparatstudy on the effects of
temperature and moisture stress on the germinatidrseedling survival of balsam
fir and red spruce. CFRU Annual Report, Universityiaine.

Greenwood, M.S., C.L. O'Brien, J.D. Schatz, M.EyP@.L. Jacobson, A.S. White, R.G.
Wagner. In Preparation. Early life cycle stagecess as a determinant of the
abundance of red spruce and balsam fir.

Gregory, J.M., J.F.B. Mitchell, A.J. Brady. 1993ummer drought in northern

midlatitudes in a time-dependent €€limate experiment. Journal of Climate 10:
662-687.

187



Griffith, D.M., C.L. Alerich. 1996. Forest Statiss for Maine, 1995. Resource Bulletin
NE-135. USDA, Forest Service, Northeast Forestefirpent Station. 134 p.

Grossnickle, S.C. 2000. Ecophysiology of the mem spruce species: the performance
of planted seedlings. NRC Research Press, Ottantayio, Canada. 409pp.

Hansen, A.J., R.P. Neilson, V.H. Dale, C.H. FlatheR. Iverson, D.J. Currie, S. Shafer,
R. Cook, P.J. Bartlein. 2001. Global change nedts: responses of species,
communities, and biomes. Bioscience 51: 765-779.

Hanson, P.J., J.F. Weltzin. 2000. Drought distnde from climate change: response of
United States forests. The Science of the TotalrBnment 265: 205-220.

Hanson, P.J., D.E. Todd Jr., J.S. Amthor. 200XkixAvear study of sapling and large-
tree growth and mortality responses to naturaliaddced variability in precipitation
and throughfall. Tree Physiology 21: 345-358.

Harper, J.L. 1977. Population Biology of Plantsademic Press, New York, N.Y.

Harcombe, P.A. 1987. Tree life tablds: Tree death: cause and consequence.
Bioscience 37(8): 557-568.

He, H.S., D.J. Mladenoff, E.J. Gustafson. 200fud$ of landscape change under forest-
harvesting- and climate-warming-induced fire disance. Forest Ecology and
Management 155: 257-270.

Hill, J.D., C.D. Canham, D.M. Wood. 1995. Patseamd causes of resistance to tree
invasion in rights-of-way. Ecological Applicatiobs459-470.

Hogg, E.H. 1994. Climate and the southern lihthe western Canadian boreal forest.
Canadian Journal of Forest Research 24: 1835-1845.

Holch, A.E. 1931. Development of roots and shodtsertain deciduous tree seedlings
in different forest sites. Ecology 12: 259-298.

Holmgren, M. 2000. Combined effects of shade@nmadight on tulip poplar seedlings:
trade-off in tolerance or facilitation? Oikos ®F--78.

Houghton, J.T., Y. Ding, D.J. Griggs, M. Noguer].R.an der Linden, X. Dai, K
Maskell, C.A. Johnson. 2001. Climate change 20D4e scientific basis.
Contribution of working group 1 to the Third Assesnt Report of the
Intergovernmental Panel on Climate Change. Camgéridnited Kingdom):
Cambridge University Press.

188



Hughes, J.W., D.A. Bechtel. 1997. Effect of distafrom forest edge on regeneration
of red spruce and balsam fir in clearcuts. Camadiiarnal of Forest Research 27:
2088-2096.

Iverson, L.R., A.M. Prasad. 1998. Predicting atante of 80 tree species following
climate change in the eastern United States. Ba@bMonographs 68(4):465-485.

Jacobson, G.L. Jr., A. Dieffenbacher-Krall. 1998hite pine and climate change:
insights from the past. Journal of Forestry 93429

Janzen, D.H. 1971. Seed predation by animalsiuAlnReview of Ecology and
Systematics 2: 465-492.

Johnson, A. H. et al. 1992. Synthesis and coimwiggrom epidemiological and
mechanistic studies of red spruce declihe.Ecology and Decline of Red Spruce in
the eastern United States, Eager, C., M.B. AdardgdEs), pp. 385-412.

Johnston, W.F. 1986. Manager's handbook for bafgan the north-central States.
Gen. Tech. Rep. NC-111. St. Paul, MN: USDA, Fonstth Central Forest
Experiment Station. 27pp.

Joslin, J.D., M.H. Wolfe, P.J. Hanson. Effectaléred water regimes on forest root
systems. New Phytologist 147: 117-129.

Kanoti, K.G. 2005. Factors influencing the geration, emergence, and early survival
of boreal, temperate, and exotic Acadian Forestgpecies in central Maine.
Masters Thesis. University of Maine, Orono, ME,AJS

Klein, R.M., T.D. Perkins, J. Tricou, A. Oates, ®utler. 1991. Factors affecting red
spruce regenerating in declining areas of CametapiMountain, Vermont, USA.
American Journal of Botany 78: 1191-1198.

Knapp, A.K., P.A. Fay, J.M Blair, S.L Collins, M.[Bmith, J.D. Carlisle, C.W. Harper,
B.T. Danner, M.S. Lett, J.K. McCarron. 2002. Raillnvariability, carbon cycling,
and plant species diversity in a mesic grassl&@uence 298(5601): 2202-2204.

Kobe, R.K., S.W. Pacala, J.A. Silander Jr., C.[nl@an. 1995. Juvenile tree
survivorship as a component of shade toleranceloBical Applications 5: 517-532.

Kobe, R.K., K.D. Coates. 1997. Models of saphmgrtality as a function of growth to
characterize interspecific variation in shade ttee of eight tree species of
northwestern British Columbia. Canadian Journdtarest Research 27: 227-236.

Koroleff, A. 1954. Leaf litter as a killer. Joal of Forestry 52(3): 178-182.

189



Korstian, C.F. 1937. Perpetuation of spruce oroset and burned lands in the higher
southern Appalachian Mountains. Ecological Monpbg7: 125-167.

Kozlowski, T.T., S.G. Pallardy. 2002. Acclimatiand adaptive responses of woody
plants to environmental stresses. The Botaniceld®e68(2): 270-334.

Krugman, S.L. and J.L. Jenkinson. 1974. Pinaceae-family. In: Schopmeyer, C. S.,
technical coordinator. Seeds of woody plants indhé&ed States. Agric. Handb. 450.
Washington, DC: U.S. Department of Agriculture, égirService: 598-637.

Kuppers, M., H. Timm, F. Orth, J. Stegemann, Rb8tpH. Schneider, K. Paliwal,
K.S.T.K. Karunaichamy, R. Ortiz. 1996. Effectdight environment and
successional status on lightfleck use by understegs of temperate and tropical
forests. Tree Physiology 16: 69-80.

Landis, M.R., D.R. Peart. 2005. Early performapilicts canopy attainment across
life histories in subalpine forest trees. Ecol8gy 63-72.

Lazarus, B.E., P.G. Schaberg, G.J. Hawley, D.H. 8&ld. 2006. Landscape-scale
spatial patterns of winter injury to red sprucedgé in a year of heavy region-wide
injury. Canadian Journal of Forest Research 38:15P.

Lin, J., P.A. Harcombe, M.R. Fulton, R.W. Hall. Sapling growth and survivorship
as a function of light in a mesic forest of sousiteexas, USA. Oecologia 132: 428-
435.

Lindbladh, M., G.L.Jacobson Jr., M.Schauffler. 200"he postglacial history of three
Picea species in New England, USA. Quaternary Resez®cb1-69.

Llaret, F., C. Casanovas, J. Penuelas. 1999.liBgedrvival of Mediterranean
shrubland species in relation to root:shoot rae®d size, and water and nitrogen use.
Functional Ecology 13(2): 210-216.

Lee, C.S., J.H. Kim, H. Yi, Y.H. You. 2004. Sededlestablishment and regeneration of
Korean red pineHinus densiflora S. et. Z.) forests in Korea in relation to sdtorest
Ecology and Management, 199: 423-432.

Leishman, M.R., I.J. Wright, A.T. Moles, M. Westob2000. The evolutionary ecology
of seed sizeln Fenner, M. (ed). Seeds: the ecology of regénara plant
communities, 2 Edition. CAB International. pp. 31-57.

Lin, J., P.A. Harcombe, M.R. Fulton, R.W. Hall. 200Sapling growth and survivorship

as a function of light in a mesic forest of Sousitéleexas, USA. Oecologia, 132:
428-435.

190



Loehl, C. 2000. Forest ecotone responses to wigtaange: sensitivity to temperature
response functional forms. Canadian Journal oé$tdResearch 30: 1632-1645.

Lorimer, C.G., L.E. Frelich, E.V. Nordheim. 198Bstimating gap origin probabilities
for canopy trees. Ecology, 69: 778-785.

Lusk, C.H., A. del Pozo. 2002. Survival and gtowt seedlings of 12 Chilean
rainforest trees in two light environments: gashexge and biomass distribution
correlates. Austral Ecology 27: 173-182.

Mclintosh, R.P, R.T. Hurley. 1964. The sprucddnests of the Catskill Mountains.
Ecology 45: 314-326.

McMahon, J.S. 1990. The biophysical regions offdapatterns in the landscape and
vegetation. Masters Thesis. University of Mai@eono, ME, USA. 120 pp.

Meng, X., R.S. Seymour. 1992. Influence of sadliage on early development and
biomass production of young, herbicide-releaseddmce stands in north-central
Maine. Canadian Journal of Forest Research 229835

Messier, C., S. Parent, Y. Bergeron. 1998. Edfetiverstory and understory
vegetation on the understory light environment ired boreal forests. Journal of
Vegetation Science 9(4): 511-520.

Messier, C., E. Nikinmaa. 2000. Effects of lightilability and sapling size on the
growth, biomass, allocation, and crown morpholofyyraerstory sugar maple,
yellow birch, and beech. Ecoscience 7(3): 345-356.

Mooney, H.A. 1972. Carbon balance of plants. #airReview of Ecology and
Systematics 3: 315-346.

Moore, B. 1926. Influence of certain soil anchtigonditions on the establishment of
reproduction in northeastern conifers. EcologyJt-220.

Morin, H., D. Laprise. 1997. Seedling bank dynesnn boreal balsam fir forests.
Canadian Journal of Forest Research 27: 1442-1451.

Mosseler, A., J.E. Major, J.D. Simpson, B. Dai¢delLange, Y.-S. Park, K.H. Johnson,
O.P. Rajora. 2000. Indicators of population Viapin red sprucePicea rubens. I.
Reproductive traits and fecundity. Canadian JdwhBorest Research 78: 928-940.

Mueller, R.C., C.M. Scudder, M.E. Porter, R.T. Teotll, C.A. Gehring, T.G. Whitman.

2005. Differential tree mortality in response évare drought: evidence for long-
term vegetation shifts. Journal of Ecology 93:3-:0893.

191



Nicotra, A.B., N Babicka, M. Westoby. 2002. Seeglroot anatomy and morphology:
an examination of ecological differentiation witinfall using phylogenetically
independent contrasts. Oecologia 130: 136-145.

Nienstaedt, H., J.C. Zasada. 19Pitea glauca (Moench) Voss white spruce. In: Burns,
R.M., B.H. Honkala, technical coordinators. SilvafdNorth America. Volume 1.
Conifers. Agric. Handb. 654. Washington, DC: U.&pBrtment of Agriculture,
Forest Service: 204-226.

O’Brien, C.L. 2005. Revegetating blackwoods caropgd, Acadia National Park:
emphasis on natural regeneration of red sprucdalsdm fir. Masters Thesis.
University of Maine, Orono, ME, USA.

Olson, J.S., F.W. Stearns, H. Nienstaedt. 19%8tefn hemlock seeds and seedlings
response to photoperiod and temperature. Connéétgricultural Experiment
Station Bulletin No. 620.

Oosting, H.J., J.F. Reed. 1944. Ecological contiposof pulpwood forests in
northwestern Maine. American Midland Naturalist(3}: 182-210.

Oosting, H.J., W.D. Billings. 1951. A comparisoinvirgin spruce-fir forests in the
northern and southern Appalachian system. Ecd@gy4-103.

Overpeck, J.T., P.J. Bartlein, T. Webb Ill. 19%0otential magnitude of future
vegetation change in eastern North America: corapas with the past. Science 254
(5032): 692-695.

Pacala, S.W., C.D. Canham, J. Saponara, J.A. ®itaRdK. Kobe, E. Ribbens. 1996.
Forest models defined by field measurements: esttimaerror analysis, and
dynamics. Ecological Monographs 66: 1-43.

Pallardy, S.G., J.L. Rhoads. 1993. Morphologattdptations to drought in seedlings of
deciduous angiosperms. Canadian Journal of FBesstarch. 23: 1766-1774.

Parent, S., H. Morin, C. Messier. 2000. Effedtadventitious roots on age
determination in balsam fiAbies balsamea (L.) Mill.) regeneration. Canadian
Journal of Forest Research 30: 513-518.

Parmesan, C., G. Yohe. 2003. A globally cohefiegerprint of climate change impacts
across natural systems. Nature 42: 37-42.

Peters, S.H., S.E. MacDonald, S. Boutin, R.A. Mos&304. Postdispersal seed

predation of white spruce in the boreal mixedwo@dshort-term experimental study.
Canadian Journal of Forest Research 34: 907-915.

192



Place, I.C.M. 1955. The influence of seedbed itmmd on the regeneration of spruce
and fir. Ottawa, Canada: Bulletin 117, MinistéNorthern Affairs and Natural
Resources, 87 pp.

Poorter, H., O. Nagel. 2000. The role of biomekscation in the growth response of
plants to different levels of light, GOnutrients, and water: a quantitative review.
Australian Journal of Plant Physiology 27 (6): 585¢.

Poulson, T.L., W.J. Platt. 1996. Replacementgpastof beech and sugar maple in
Warren Woods, Michigan. Ecology 77: 1234-1253.

Powell, G.R. 1975. Seedfall studies in red sprudee Forestry Chronicle 51: 55-58.

Randall, A.G. 1974. Seed dispersal into two spifircclearcuts in eastern Maine.
Research in the Life Sciences 21: 1-15.

Randall, A.G. 1976. Natural regeneration in tywause-fir clearcuts in eastern Maine.
Research in the Life Sciences 23: 1-10.

Reich, P.B., R.O. Teskey, P.S. Johnson, T.M. Hexckl1980. Periodic root and shoot
growth in oak. Forest Science 26(4): 590-598.

Royo, A., L. Gil, J.A. Parados. 2001. Effects after stress conditioning on
morphology, physiology, and field performancePafius halepensis Mill. seedlings.
New Forests 21: 127-140.

Ross, M.A., J.L. Harper. 1972. Occupation of bgatal space during seedling
establishment. Journal of Ecology 60 (1): 77-88.

Ryser, P. 2006. The mysterious root length. tRiad Soil 286: 1-6.

Safford, L. O. 1974Picea A. Dietr. spruce. In: Schopmeyer, C. S., ed. Seédsody
plants in the United States. Agric. Handb. 450. hifagton, DC: U.S. Department of
Agriculture, Forest Service: 587-597.

Sarukhan, J. 1974. Studies on plant demograpagunculus repensL., R. bulbosusL.,
andR. acrisL. Il. Reproductive strategies and seed poputatiynamics. Journal of
Ecology 62: 151-177.

Schlesinger, W.H., J.T. Gray, D.S. Gill, B.E. Mdhdl982. Ceanothus megacar pus
chaparral: a synthesis of ecosystem processegydigwelopment and annual growth.
The Botanical Review 48: 71-77.

Schauffler, M. and Jacobson, G.L. Jr. 2002. Bensce of coastal refugia during the

Holocene in northern New England, USA, detectedthypd-scale pollen
stratigraphies. Journal of Ecology 90: 235-250.

193



Seymour, R.S. 1992. The red spruce-balsam festasf Maine: evolution of
silvicultural practice in response to stand develept patterns and disturbances. Ch.
12 (p. 217-244)n: Kelty, M.J., Larson, B.C., and Oliver, C.D., edghe Ecology
and Silviculture of Mixed-Species Forests. Kluweiblishers, Norwell, MA. 287

pp.

Simard, M.-J., Y. Bergeron, L. Sirois. 2003. Sudite and litterfall effects on conifer
seedling survivorship in southern boreal standSasfada. Canadian Journal of
Forest Research 33: 672-681.

Sokol, K.A., M.S. Greenwood, W.H. Livingston. 2004npacts of long-term diameter-
limit harvesting on residual stands of red sprucklaine. Northern Journal of
Applied Forestry 21: 69-73.

Solomon, D.S., L. Zhang, T.B. Brann, D.S. Larrid003. Mortality patterns following
spruce budworm infestation in unprotected spructésfests in Maine. Northern
Journal of Applied Forestry 20: 148-153.

Suffling, R. 1995. Can disturbance determine teggmn distribution during climate
warming? A boreal test. Journal of Biogeograph223): 501-508.

Taiz, L., E. Zeiger 2002. Plant Physiology. Skrafissociates, Inc. Sunderland, MA.
p. 472.

Thomas, P.A., R.W. Wein. 1985. Water availabiitd the comparative emergence of
four conifer species. Canadian Journal of Bote1ylg40-1746.

Tilman, D., C.L. Lehman, C.E. Bristow. 1998. Disgy-stability relationships:
statistical inevitability or ecological consequenc€&he American Naturalist 151:
277-282.

Tweddle, J.C., J.B. Dickie, C.C. Baskin, J.M. Bask?003. Ecological aspects of seed
desiccation sensitivity. Journal of Ecology 9142D4.

Vaartaja, O. 1956. Photoperiodic response in getion of seed of certain trees.
Canadian Journal of Botany 34: 377-388.

Venable, D.L., J.S. Brown. 1988. The selectiveractions of dispersal, dormancy, and
seed size as adaptations for reducing risk in bkri@nvironments. The American
Naturalist 131(3): 360-384.

Viereck, L.A., W.F. Johnston. 199Bicea mariana (Mill.) B.S.P. black spruce. In:
Burns, R.M., B.H. Honkala, technical coordinat@gvics of North America.
Volume 1. Conifers. Agric. Handb. 654. Washingtbg: U.S. Department of
Agriculture, Forest Service: 227-237.

194



Walsh, R.P.D., P.J. Voigt. 1977. Vegetation fiten underestimated variable in
hydrology and geomorphology. Journal of Biogeobyed: 253-274.

Walters M.B., E.L. Kruger, P.B. Reich. 1993. Rekagrowth-rate in relation to
physiological and morphological traits for northéardwood tree seedlings - species,
light environment, and ontogenetic considerati@ecologia 96(2): 219-231.

Walters, M.B., P.B. Reich. 1999. Research reviéw-light carbon balance and shade
tolerance in the seedlings of woody plants: do &rideciduous and broad-leaved
evergreen species differ? New Phytologist 143:-1%38.

Walters, M.B., P.B. Reich. 2000. Seed size, gérosupply, and growth rate affect tree
seedling survival in deep shade. Ecology 81: 1B871.

Wayne, P.M., E.G. Reekie, F.A. Bazzaz. 1998. &lsy CO2 ameliorates birch
response to high temperature and frost stressidatjns for modeling climate-
induced geographic range shifts. Oecologia 118:3®.

Wellington, A.B. 1984. Leaf water potentialsefiand the regeneration of mallee
eucalyptus in semi-arid, southeastern Australiacdalbgia 64: 360-362.

Weltzin, J.F., M.E., Loik, S. Schwinning, D.G. Walins, P.A. Fay, B.M. Haddad, J.
Harte, T.E. Huxman, A.K. Knapp, G. Lin, W.T. Pockm#.R. Shaw, E.E. Small,
M.D. Smith, S.D. Smith, D.T. Tissue, J.C. Zak. 20Rssessing the response of
terrestrial ecosystems to potential changes ingitaton. Bioscience 53 (10): 941-
952.

Wendel, G. W., H.C. Clay. 199(Rinus strobus L. eastern white pine. In: Burns, R.M.,
B.H. Honkala, technical coordinators. Silvics ofrithoAmerica. Volume 1. Conifers.
Agric. Handb. 654. Washington, DC: U.S. Departnedragriculture, Forest
Service: 476-488.

Westveld, M. 1931. Reproduction on pulpwood laimdthe Northeast. Technical
Bulletin No. 223, USDA. 52pp.

Whitney, G.G. 1994. From coastal wilderness witéd plain: a history of
environmental change in temperate North Americ@016 the present. Cambridge
University Press, New York, NY, USA. 451pp.

Wilson, J.B. 1988. Shoot competition and root petition. The Journal of Applied
Ecology 25: 279-296.

Woullschleger, S.D., T.J. Tschaplinski, R.J. Norl2@02. Plant water relations at

elevated CQ- implications for water-limited environments.aht, Cell, and
Environment 25: 319-331.

195



Wu, X., J.F. McCormick, R.T. Busing. 1999. Growpiattern ofPicea rubens prior to
canopy recruitment. Plant Ecology 140: 245-253.

Wyckoff, P.H., J.S. Clark. 2002. The relationshgiween growth and mortality for

seven co-occurring tree species in the southerraldppian Mountains. The Journal
of Ecology 90: 604-615.

196



APPENDI X

EXPERIMENTS 1 AND 2 ANALYSIS OF VARIANCE

Models (Experiment 2 ANOVAYS):

Harvest 1 model (H1 model):
Y ~ light:block + sp + light + block + sp:light

Harvest 2 model (H2 model)

Y ~ block + light + block:light + water + block:weat + water:light + block:water:light +
comp + sp + comp:sp + light:comp + light:sp + watemp + water:sp + water:sp:comp
+ water:light:comp + water:light:sp + water:ligtamp:sp

Light/Shade model (L/S model):
Y ~ block + water + block:water + comp + sp + cogpt+ water:comp + water:sp +
water:sp:comp

Harvest 3 model (H3 model):
Identical to H2 model

RLR model:
Y ~ sp + comp + water + sp:comp + sp:water + corapew+ sp:comp:water

RWR model:
Y ~ sp + comp + light + sp:comp + sp:light + conght + sp:comp:light

RCR model:
Y ~ sp + light + water + sp:light + sp:water + lighater + sp:light:water
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Table A1. Exp. 1 Germination initiation: initiati ~ trt:block+sp+trt+block+sp:trt
Df SumSq MeanSq F value Pr(>F)

sp 5 1669.310 333.860 203.84%2.2e-16***

trt 1 11.000 11.000 1697.8770.015* (using error a)
block 1 4.490 4.490 2.742 0.101

trt:block (errore 1 0.010 0.010 0.004 0.9499941

trt:sp 5 42.700 8.540 5.215<3.3e-3***

Residuals 94 144.130 1.531

Table A2. Exp. 1 Germination completion: completiotrt:block+sp+trt+block+sp:trt
Df SumSq Mean Sq F value Pr(>F)

sp 5 41920 8384 145.836< 2.2e-16 ***

trt 1 382 382 3.548 0.311 (using error a)
block 1 72 72 1.252 0.266

trt:block (errorg 1 108 108 1.871 0.17464

trt:sp 5 2567 513 8.9325.715e-07 ***

Residuals 94 5404 57

Table A3. Exp 1. Germination rate: rate ~ trtchlesp+trt+block+sp:trt
Df SumSq Mean Sq F value Pr(>F)

sp 5 127.945 25.589 102.014 2.2e-16 ***

trt 1 0.087 0.087 0.297 0.682 (using error a)
block 1 0.022 0.022 0.089 0.766

trt:block (errorg 1 0.293 0.293 1.17 0.2822

trt:sp 5 14.715 2.943  11.7337.967e-09 ***

Residuals 94  23.579 0.251

Table A4. Exp. 1 Percent germination: %germ :bltvtk+sp+trt+block+sp:trt
Df SumSq Mean Sq F value Pr(>F)

sp 5 52637 10527 86.00k 2.2e-16 ***

trt 1 3899 3899 11.674 0.181 (using error a)
block 1 34 34 0.279 0.599

trt:block (errorg 1 334 334 2.729 0.1019

trt:sp 5 9427 1885  15.4034.818e-11 ***

Residuals 94 11507 122
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Table A5. Exp. 1 Harvest 1 height: log(heightytblock+sp+trt+block+sp:trt

Df Sum Sgq Mean Sq F value Pr(>F)
sp 5 9.577 1.916 44.370<2.2e-16***
trt 1 0.288 0.288 2.764 0.345 (using error a)
block 1 0.077 0.077 1.774 0.184
trt:block (errora) 1 0.104 0.104 2.412 0.12187
trt:sp 4 1236 0.309 7.155 1.982e-05 ***
Residuals 217  9.368 0.043

Table A6. Exp. 1 Harvest 1 dry mass: (mass”0.5%):block+sp+trt+block+sp:trt
Df SumSq MeanSq Fvalue Pr(>F)

sp 5 0.330 0.066 108.759<2.2e-16***

trt 1 0403 0.403 154.903 0.049 * (using error a)
block 1 0.000 0.000 0.096 0.757

trt:block (errora) 1  0.003 0.003 4.285 0.040*

trt:sp 4 0.022 0.006 9.122 7.89e-07 ***

Residuals 217 0.132 0.001

Table A7. Exp. 1 Harvest 1 R:S mass: (R:S"0.5}:block+sp+trt+block+sp:trt
Df SumSq MeanSq Fvalue Pr(>F)

sp 5 2.245 0.449  46.077 <2e-16***

trt 1 1.843 1.843 1180.912 0.0185* (using error a)
block 1 0.000 0.000 0.016 0.898

trt:block (errora) 1  0.002 0.002 0.16 0.6895

trt:sp 4 0.064 0.016 1.636 0.166

Residuals 217  2.115 0.010

Table A8. Exp 1. Harvest 1 root length: root léngttrt:block+sp+trt+block+sp:trt
Df SumSq MeanSq Fvalue Pr(>F)

sp 5 454.460 90.890 32.391<2.2e-16***

trt 1 338.480 338.480 131.518 0.055 (usingrea)
block 1 0.090 0.090 0.031 0.860

trt:block (errora) 1 2.570 2.570 1.272  0.2607

trt:sp 4 139.770 34.940 12.4523.897e-09 ***

Residuals 217 608.920 2.810
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Table A9. Exp 1. Harvest 1 R:S length: R:S lengtit:block+sp+trt+block+sp:trt

Df Sum Sq Mean Sq F value Pr(>F)

sp 5 34.90 6.98 24.84  0.000 ***

trt 1 13.71 13.71 15.30 0.159 (using error a)
block 1 0.05 0.05 0.17 0.678

trt:blk (a) 1 0.90 0.90 3.19 0.075

trt:sp 4 4.47 1.12 3.98 0.004 ** il

Residuals 21 7.00 60.96 0.28

Table A10. Exp. 1 Harvest 3 height: log(height)t:block+sp+trt+block+sp:trt
Df Sum Sgq Mean Sq Fvalue Pr(>F)

sp 5 31.160 6.232  105.0480.000 ***

trt 1 18.653 18.653 20162.3000.004**  (using error a)
block 1 0.130 0.130 2.193 0.140

trt:block (error a) 1 0.001 0.001 0.016 0.901

trt:sp 5 10.305 2.061 34.7410.000 ***

Residuals 264 15.662 0.059

Table A11. Exp. 1 Harvest 3 dry mass: (mass”™0):block+sp+trt+block+sp:trt
Df Sum Sq Mean Sq F value Pr(>F)

sp 5 4.033 0.807 57.1350.000 ***

trt 1 15929 15,929 193.1860.046* (using error a)
block 1 0.048 0.048 3.364 0.168

trt:block (errora 1  0.083 0.083 5.841 0.016*

trt:sp 5 2.808 0.562 39.7810.000 ***

Residuals 264  3.727 0.014

Table A12. Exp. 1 Harvest 3 R:S mass: (R:S"0.6):block+sp+trt+block+sp:trt
Df Sum Sq Mean Sq F value Pr(>F)

sp 5 1.189 0.238 27.4630.000 ***

trt 1 4.430 4,430 192.9140.046* (using error a)
block 1 0.015 0.015 1.708 0.192

trt:block (errora) 1  0.023 0.023 2.651 0.1047

trt:sp 5 1.261 0.252 29.106 0.000 ***

Residuals 264  2.287 0.009
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Table A13. Exp. 1 Harvest 3 root lengih: lengtint=block+sp+trt+block+sp:trt
Df Sum Sq Mean Sq Fvalue  Pr(>F)

sp 5 2.7E+03 5.5E+02 20.1060.000 ***

trt 1 1.5E+04 1.5E+04 2590.6180.013* (using error a)
block 1 4.2E-02 4.2E-02 0.002 0.969

trt:block (error a) 1 5.8E+00 5.8E+00 0.213 0.6447

trt:sp 5 2.9E+03 5.7E+02 20.9810.000 ***

Residuals 264 7.2E+03 2.7E+01

Table A14. Exp. 1 Harvest 3 RMR: RMR ~ trt:bloskttrt+block+sp:trt
Df Sum Sq Mean Sq F value  Pr(>F)

sp 5 0.424 0.085 26.3240.000 ***
trt 1.673 1.673 219.1330.043* (using error a)

1
block 1 0.005 0.005 1.638 0.202
trt:block (error a) 1 0.008 0.008 2.371 0.1248
trt:sp 5 0.439 0.088 27.2700.000 ***
Residuals 264  0.850 0.003

Table A15. Exp. 1 Harvest 3 SMR: SMR ~ trt:blosg+trt+block+sp:trt
Df Sum Sq Mean Sq Fvalue  Pr(>F)

sp 5 0.182 0.036 11.9560.000 ***

trt 1 0921 0.921  240.0000.041* (using error a)
block 1 0.002 0.002 0.506 0.478

trt:block (error a) 1 0.018 0.018 5.885 0.016*

trt:sp 5 0.049 0.010 3.194 0.008**

Residuals 264  0.804 0.003

Table A16. Exp. 1 Harvest 3 LMR: LMR ~ trt:blockg+trt+block+sp:trt
Df Sum Sq Mean Sq Fvalue  Pr(>F)

sp 5 0.631 0.126 34.5430.000 ***

trt 1 0111 0.111 51.546 0.088 (using error a)
block 1 0.013 0.013 3.425 0.065

trt:block (error a) 1 0.002 0.002 0.591 0.44273

trt:sp 5 0.563 0.113 30.8130.000 ***

Residuals 264  0.965 0.004
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Table A17. Exp. 1 Harvest 3 RGR: RGR ~ trt+spsfrt
Df Sum Sg Mean Sq F value Pr(>F)

sp 5 0.003 0.001 20.5200.000 ***
trt 1 0.007 0.007  239.277 0.000 ***
sp:trt 5 0.001 0.000 6.159 0.000 ***
Residuals 212 0.006 0.000

Table A18. Exp. 1 Harvest 3 SLA: SLA ~ trt:blodpttrt+block+sp:trt
Df Sum Sq Mean Sq F value  Pr(>F)

sp 5 3.E+04 6.E+03 26.1250.000 ***

trt 1 4.E+04 4.E+04 12122.8900.006 *** (using error a)
block 1 4E+01 4.E+01 0.184 0.669

trt:block (errora) 1 3.E+0( 3.E+0( 0.01¢ 0.90¢

trt:sp 5 1.E+03 3.E+02 1.106 0.362

Residuals 104 2.E+04 2.E+02

Table A19. Exp. 1 Harvest 3 FARM: FARM ~ trt:blesp+trt+block+sp:trt
Df Sum Sq Mean Sq F value  Pr(>F)

sp 5 2.E+06 3.E+05 4.0090.002**

trt 1 3.E+06 3.E+06 206.8370.044* (using error a)
block 1 7.E+04 7.E+04 0.887 0.347

trt:block (errora) 1 1.E+04 1.E+04 0.160 0.690

trt:sp 5 1.E+06 2.E+05 2.7450.019*

Residuals 264 2.E+07 8.E+04

Table A20. Exp. 1 Harvest 3 R:S length: R:S langtrt:block+sp+trt+block+sp:trt
Df Sum Sq Mean Sq F value Pr(>F)

sp 5 97.60 19.52 29.63  0.000 ***

trt 1 110.74 110.74 0.04 0.041*  (using eapr
block 1 0.26 0.26 0.40 0.529

trt:block (error a) 1 0.47 0.47 0.72 0.399

trt:sp 5 71.10 14.22 21.59 0.000 ***

Residuals 264 173.91 0.66

Table A21. Exp. 1 Harvest 3 RLR of height: RLRp-
Df SumSg MeanSq Fvalue Pr(>F)

sp 5 17.806 3.561 28.807 < 2.2e-16***
Residual 124 15.329 0.124
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Table A22. Exp. 1 Harvest 3 RLR of 1° root lengRLR ~ sp

Df SumSg MeanSq Fvalue Pr(>F)

sp 5 17.401 3.480 15.738 5.573e-12 ***
Residual 124 27.420 0.221

Table A23. Exp. 1 Harvest 3 RLR of dry mass: RLBp

Df SumSg MeanSqg Fvalue Pr(>F)

sp 5 81.149 16.230 23.591 <2.2e-16***
Residual 124 85.306 0.688

Table A24. Exp. 1 Harvest 3 RLR of R:S mass: RL§p

Df SumSg MeanSqg Fvalue Pr(>F)

sp 5 14.462 2.892 17.422  4.881e-13 ***
Residual 124 20.586 0.166

Table A25. Exp. 1 Harvest 3 RLR of LMR: RLR ~ sp

Df SumSg MeanSq Fvalue Pr(>F)

sp 5 4914 0.983 22.068 9.136e-16 ***
Residual 124 5.522 0.045

Table A26. Exp. 1 Harvest 3 RLR of SMR: RLR ~ sp

Df SumSg MeanSq Fvalue Pr(>F)

sp 5 1.683 0.337 5.729  8.621e-05 ***
Residual 124 7.283 0.059

Table A27. Exp. 1 Harvest 3 RLR of RMR: RLR ~ sp

Df SumSg MeanSq Fvalue Pr(>F)

sp 5 6.452 1.290 12.781  5.047e-10 ***
Residual 124 12.518 0.101

Table A28. Exp. 1 Harvest 3 RLR of FARM: RLR ~ sp

Df SumSg MeanSq Fvalue Pr(>F)

sp 5 29.489 5.898 16.409 1.988e-12 ***
Residual 125 44.928 0.359

Table A29. Exp. 1 Harvest 3 RLR of SLA: RLR ~ sp

Df SumSqg MeanSq Fvalue Pr(>F)

sp 5 0.756 0.151 3.455 0.009 **
Residual 51 2.231 0.044
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Table A30. Exp. 2 Harvest 1 height: log(Heightjyl* model
Df Sum Sq Mean Sq  F value Pr(>F)

sp 1 0432 0.432 9.38®.003 **

light 1 1.598 1.598 165.2520.049 *  (using error a)
block 1 0.282 0.282 6.1250.014 *

light:block (errore 1 0.010 0.010 0.210 0.647

light:sp 1 0.329 0.329 7.1380.008 **

Residuals 152 6.995 0.046

Table A31. Exp. 2 Harvest 1 1° root length: léngtH1 model
Df Sum Sq Mean Sq  F value Pr(>F)

sp 1 17498 17498 60.180.000 *** (using error a)
light 1 140.20 140.20 1803.390.015 ***

block 1 2.36 2.36 0.811 0.369

light:block (err a) 1 0.08 0.08 0.027 0.870

light:sp 1 6.58 6.58 2.262 0.135

Residuals 152 441.96 2.91

Table A32. Exp. 2 Harvest 1 dry mass: log(maddjl-model
Df Sum Sq Mean Sq  F value Pr(>F)

sp 1 8.478 8.478  60.29D.000 ***

light 1 69.815 69.815 2027.05@.014 *** (using error a)
block 1 0.231 0.231 1.642 0.202

light:block (err a) 1 0.034 0.034 0.245 0.621

light:sp 1 3117 3.117  22.16%.000 ***

Residuals 152 21.372 0.141

Table A33. Exp. 2 Harvest 1 RMR: RMR ~ H1 model
Df Sum Sq Mean Sq F value Pr(>F)

sp 1 0481 0.481 187.128.000 ***

light 1 0.362 0.362 101.210 0.063 (using erdor a
block 1 0.003 0.003 1.101 0.296

light:block (err a) 1 0.004 0.004 1.390 0.240

light:sp 1 0.016 0.016 6.3680.013 *

Residuals 152 0.391 0.003
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Table A34. Exp. 2 Harvest 1 SMR: SMR ~ H1 model

Df Sum Sq Mean Sq  F value Pr(>F)

sp 1 0.015 0.015 6.57®.011 *
light 1 0.129 0.129 544.950.027 ***
block 1 0.002 0.002 0.728 0.395
light:block (err a) 1 0.000 0.000 0.101 0.751
light:sp 1 0.023 0.023 9.9020.002 **
Residuals 152 0.356 0.002

(using error a)

Table A35. Exp. 2 Harvest 1 LMR: LMR ~ H1 model

Df Sum Sq Mean Sq F value Pr(>F)

sp 1 0.669 0.669 196.958.000 ***
light 1 0.059 0.059 29.786 0.115
block 1 0.009 0.009 2.630 0.107
light:block (errore 1 0.002 0.002 0.581 0.447
light:sp 1 0.001 0.001 0.174 0.677
Residuals 152 0.516 0.003

(using error a)

Table A36. Exp. 1 Harvest 1 R:S mass: R:Sm ~ lddleh

Df Sum Sq Mean Sq _ F value Pr(>F)

sp 1 1.014 1.014 170.180.000 ***
light 1 0.748 0.748 128.587 0.056
block 1 0.006 0.006 0.940 0.334
light:block (errore 1 0.006 0.006 0.977 0.325
light:sp 1 0.007 0.007 1.143 0.287
Residuals 152 0.905 0.006

(using erpor a

Table A37. Exp. 2 Harvest 1 SSL: sqrt(SSL) ~ Hidei

Df Sum Sq Mean Sq  F value Pr(>F)

sp 1 3106.8 3106.8 237.6.000 ***
light 1 5108.6 5108.6 969.9.001 **
block 2 2731 136.5 10.40.000 ***
light:block (errore¢ 2 10.5 5.3 0.4 0.669

light:sp 1 187.7 187.7 14.40.000 ***
Residuals 152 1922.1 13.1

(using error a)
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Table A38. Exp. 2 Harvest 1 R:S length: log(R:Shi1 model
Df Sum Sq Mean Sq  F value Pr(>F)

sp 1 8.173 8.173  87.396.000 ***
light 1 0.598 0.598 39.706 0.100 (using eapr
block 1 0.527 0.527 5.6330.019 *
light:block (errore 1 0.015 0.015 0.161 0.689
light:sp 1 0.059 0.059 0.630 0.429
Residuals 152 14.214 0.094
Table A39. Exp. 2 Harvest 2 heig_]ht: Iog(Heighﬂ)iE model
Df Sum Sq Mean Sq F value Pr(>F)
block 2 0.397 0.199 3.560.031 *
light 1 10.378 10.378 1427.51Q.001 *** (using error a)
water 1 0.001 0.001 0.022 0.890 (usingreb)
comp 1 0.127 0.127 2.273 0.134
sp 1 19.513 19.513 349.9XB000 ***
block:light (errora 2  0.015 0.007 0.130 0.878
error b 4 0.152 0.038
light:water 1 0.013 0.013 0.335 0.594 (usimrreb)
comp:sp 1 0.021 0.021 0.382 0.537
light:comp 1 0.007 0.007 0.118 0.732
light:sp 1 4.150 4150 74.409.000 ***
water:comp 1 0.010 0.010 0.171 0.680
water:sp 1 0.014 0.014 0.248 0.619
water:comp:sp 1 0.003 0.003 0.048 0.827
light:water:comp 1 0.003 0.003 0.054 0.816
light:water:sp 1 0.025 0.025 0.450 0.504
light:water:.comp:sf 2 0.024 0.012 0.212 0.809
Residuals 131 7.305 0.056
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Table A40. Exp. 2 Harvest 2 primary root lengtbot length ~ H2 model

Df Sum Sg Mean Sq

F value Pr(>F)

block 2 1726 86.3
light 1 11886.1 11886.1
water 1 0.6 0.6
comp 1 48.9 48.9
sp 1 3726 372.6
block:light (errora) 2 84.4 42.2
error b 4 2139 53.5
light:water 1 0.7 0.7
comp:sp 1 60.2 60.2
light:comp 1 4.5 4.5
light:sp 1 0.6 0.6
water:comp 1 14.1 14.1
water:sp 1 10.6 10.6
water:comp:sp 1 5.5 5.5
light:water:comp 1 87.9 87.9
light:water:sp 1 92.9 92.9
light:water.comp:sy 2  111.7 55.8
Residuals 131 3228.9 24.6

3.50.033 *
281.536.004 **
0.012 0.918
1.982 0.162
15.11@.000 ***
1.713 0.184

(using error a)
(using ebjor

0.012 0.917
2.443 0.120
0.183 0.670
0.024 0.877
0.571 0.451
0.431 0.513
0.224 0.637
3.568 0.061
3.770 0.054
2.265 0.108

(using etypr

Table A41. Exp. 2 Harvest 2 plant dry mass:

Iog(dass) ~ H2 model

Df Sum Sg Mean Sq

F value Pr(>F)

block 2 1.292 0.646
light 1 169.091 169.091
water 1 0.098 0.098
comp 1 3.255 3.255
sp 1 6.762 6.762
block:light (errora) 2  0.188 0.094
error b 4 0.783 0.196
light:water 1 0.030 0.030
comp:sp 1 0.023 0.023
light:comp 1 0.330 0.330
light:sp 1 6.133 6.133
water:comp 1 0.026 0.026
water:sp 1 0.050 0.050
water:comp:sp 1 0.184 0.184
light:water:comp 1 0.147 0.147
light:water:sp 1 0.096 0.096
light:water:comp:sf 2 0.554 0.277
Residuals 127 24.096 0.190

3.408.036 *
1794.232001 ***
0.502 0.518
17.158.000 ***
35.640.000 ***
0.497 0.610

(using error a)
(usimgreb)

0.156 0.713
0.119 0.731
1.738 0.190
32.328.000 ***
0.139 0.710
0.262 0.610
0.971 0.326
0.774 0.381
0.506 0.478
1.461 0.236

(usimgeb)
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Table A42. Exp. 2 Harvest 2 SLA: SLA ~ H2 model

Df Sum Sg Mean Sq

F value Pr(>F)

block 2 5125 256.2 1.255 0.293

light 1 17381.2 17381.2 167.670.006 ** (using error a)
water 1 2.1 2.1 0.005 0.948 (using emor
comp 1 6221 622.1 3.048 0.086

sp 1 81.6 81.6 0.400 0.530

block:light (errora) 2  207.3 103.7 0.508 0.605

error b 4 1701.8 427.7

light:water 1 0.7 0.7 0.002 0.970 (using elpr
comp:sp 1 1584 158.4 0.776 0.382

light:comp 1 76.0 76.0 0.373 0.544

light:sp 1 184.4 184.4 0.904 0.346

water:comp 1 34.4 34.4 0.169 0.683

water:sp 1 1911 1911 0.936 0.337

water:comp:sp 1 52.6 52.6 0.258 0.614
light:water:comp 1 69.7 69.7 0.342 0.561

light:water:sp 1 190.0 190.0 0.931 0.339
light:water.comp:sf 2 4814 240.7 1.179 0.315

Residuals 55 11227.3 204.1

Table A43. Exp. 2 Harvest 2 RMR: RMR ~ H2 model

Df Sum Sq Mean Sq

F value Pr(>F)

block 2 0.010 0.005 2.059 0.132
light 1 0.122 0.122 123.206.008 ***
water 1 0.007 0.007 21.838.010 **
comp 1 0.027 0.027 11.416.001 ***
sp 1 1.052 1.052 439.07@000 ***
block:light (errora) 2  0.002 0.001 0.412 0.663
error b 4 0.001 0.000

light:water 1 0.000 0.000 1.062 0.361
comp:sp 1 0.001 0.001 0.336 0.563
light:comp 1 0.001 0.001 0.568 0.452
light:sp 1 0.031 0.031 12.88D.000 ***
water:comp 1 0.000 0.000 0.055 0.814
water:sp 1 0.000 0.000 0.015 0.904
water:comp:sp 1 0.000 0.000 0.013 0.908
light:water:comp 1 0.001 0.001 0.487 0.487
light:water:sp 1 0.001 0.001 0.474 0.493
light:water.comp:sf 2  0.001 0.001 0.301 0.740
Residuals 127 0.304 0.002

(using error a)
(using error b)

(usinmgeb)
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Table A44. Exp. 2 Harvest 2 SMR: SMR ~ H2 model

Df Sum Sq Mean Sq F value Pr(>F)
block 2 0.020 0.010 5.440.005 **
light 1 0.108 0.108 231.39H.004 ** (using error a)
water 1 0.001 0.001 4.665 0.097 (usingreb)
comp 1 0.000 0.000 0.068 0.794
sp 1 0.002 0.002 1.288 0.259
block:light (errora) 2  0.001 0.000 0.250 0.779
error b 4 0.001 0.000
light:water 1 0.002 0.002 17.258.014 * (using error b)
comp:sp 1 0.000 0.000 0.155 0.694
light:comp 1 0.004 0.004 1.906 0.170
light:sp 1 0.008 0.008 4.129.044 *
water:comp 1 0.000 0.000 0.016 0.901
water:sp 1 0.001 0.001 0.291 0.591
water:comp:sp 1 0.004 0.004 1.949 0.165
light:water:comp 1 0.000 0.000 0.014 0.906
light:water:sp 1 0.000 0.000 0.088 0.768
light:water:comp:sf 2  0.004 0.002 1.173 0.313
Residuals 127 0.238 0.002

Table A45. Exp. 2 Harvest 2 LMR:

LMR ~ H2 model

Df Sum Sq Mean Sq F value Pr(>F)
block 2 0.004 0.002 0.586 0.558
light 1 0.000 0.000 0.771 0.472 (usinpea)
water 1 0.012 0.012 42.498.003 ** (using error b)
comp 1 0.024 0.024 7.708.006 **
sp 1 0.954 0.954 309.548000 ***
block:light (errora) 2  0.001 0.000 0.164 0.849
error b 4 0.001 0.000
light:water 1 0.004 0.004 15.000.018 * (using error b)
comp:sp 1 0.000 0.000 0.042 0.838
light:comp 1 0.001 0.001 0.169 0.682
light:sp 1 0.008 0.008 2.504 0.116
water:comp 1 0.000 0.000 0.093 0.761
water:sp 1 0.000 0.000 0.098 0.755
water:comp:sp 1 0.003 0.003 0.972 0.326
light:water:comp 1 0.001 0.001 0.274 0.602
light:water:sp 1 0.002 0.002 0.702 0.404
light:water.comp:sf 2  0.002 0.001 0.245 0.783
Residuals 12/ 0.391 0.00:
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Table A46. Exp. 2 Harvest 2 FARM: FARM ~ H2 model

Df Sum Sg Mean Sq

F value Pr(>F)

block
light

water
comp

Sp

block:light (error a)

error b
light:water
comp:sp
light:comp
light:sp
water:comp
water:sp
water:comp:sp
light:water:comp
light:water:sp
light:water:comp:sj
Residuals

2 13446
1 237529
1 1732
63724
935125
6352
7698
954
11430
1463
27582
1026
467
1 76
1 6569
1 4316
2 7261
127

1
1
2
4
1
1
1
1
1
1

488709

6723
237529
1732
63724
935125
3176
1925
954
11430
1463
27582
1026
467
76
6569
4316
3630
3848

1.747 0.178
74.790.013 *
0.900 0.396
16.560000 ***
243.0@R0O00 ***
0.825 0.440

0.496 0.520
2.970 0.087
0.380 0.539
7.168.008 **
0.267 0.607
0.122 0.728
0.020 0.889
1.707 0.194
1.122 0.292
0.943 0.392

(using error a)
(usingreloy

(using ebpr

Table A47. Exp. 2 Harvest 2 R:S mass: R:S mds42 model

Df Sum Sg Mean Sq

F value Pr(>F)

block

light

water

comp

Sp

block:light (error a)
error b

light:water
comp:sp
light:comp

light:sp
water:comp
water:sp
water:comp:sp
light:water:comp
light:water:sp
light:water:comp:sy
Residuals

2 0.052
0.744
0.037
0.116
4.978
0.018
0.004
0.002
0.000
0.008
0.331
0.001
0.001
1 0.001
1 0.004
1 0.004
2 0.006
127 1.663

1
1
1
1

2
4

1
1

1

1
1
1

0.026
0.744
0.037
0.116
4.978
0.009
0.001
0.002
0.000
0.008
0.331
0.001
0.001
0.001
0.004
0.004
0.003
0.013

1.975 0.143
83.269.012 *
38.028.004 **
8.830.004 **
380.148000 ***
0.682 0.507

2.155 0.216
0.011 0.915
0.593 0.443
25.288.000 ***
0.110 0.741
0.087 0.769
0.060 0.807
0.337 0.563
0.282 0.596
0.211 0.810

(using error a)
(using error b)

(usimorreb)
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Table A48. Exp. 2 Harvest 2 R:S length: sqrt(Rrigth) ~ H2 model

Df Sum Sq Mean Sq F value Pr(>F)
block 2 1.123 0.562 7.508.001 ***
light 1 11915 11.915 626.290.002 *** (using error a)
water 1 0.005 0.005 0.062 0.815 (usingreb)
comp 1 0.071 0.071 0.946 0.333
sp 1 31.318 31.318 418.78B000 ***
block:light (errora) 2  0.038 0.019 0.254 0.776
error b 4 0.319 0.080
light:water 1 0.040 0.040 0.500 0.518 (usinmgeb)
comp:sp 1 0.111 0.111 1.480 0.226
light:comp 1 0.016 0.016 0.212 0.646
light:sp 1 4.39%4 4.394  58.76R.000 ***
water:comp 1 0.001 0.001 0.016 0.901
water:sp 1 0.021 0.021 0.278 0.599
water:comp:sp 1 0.000 0.000 0.005 0.941
light:water:comp 1 0.294 0.294 3.9370.049 *
light:water:sp 1 0.200 0.200 2.670 0.105
light:water.comp:sf 2  0.395 0.198 2.641 0.075
Residuals 129 9.647 0.075
Table A49. Exp. 2 Harvest 2 SRL: Iog_j(SRL) ~ H2dab
Df Sum Sq Mean Sq F value Pr(>F)
block 2 0.000 0.000 0.007 0.993
light 1 3.357 3.357 192.994.005 *** (using error a)
water 1 0.366 0.366 101.750001 *** (using error b)
comp 1 0.097 0.097 3.322 0.071
sp 1 8.379 8.379 288.530000 ***
block:light (errora) 2  0.035 0.017 0.599 0.551
error b 4 0.014 0.004
light:water 1 0.010 0.010 2.643 0.179 (usimgeb)
comp:sp 1 0.031 0.031 1.066 0.304
light:comp 1 0.070 0.070 2.405 0.124
light:sp 1 0.876 0.876  30.158.000 ***
water:comp 1 0.266 0.266 9.14Q.003 **
water:sp 1 0.026 0.026 0.910 0.342
water:comp:sp 1 0.002 0.002 0.069 0.793
light:water:comp 1 0.001 0.001 0.036 0.851
light:water:sp 1 0.038 0.038 1.322 0.253
light:water.comp:sf 2  0.016 0.008 0.276 0.759
Residuals 120 3.485 0.029
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Table A50. Exp. 2 Harvest 2 SSL.:

sqrt(SSL) ~ Htded

Df Sum Sq Mean Sq F value Pr(>F)
block 2 29.6 14.8 3.22®.043 *
light 1 4484.2 4484.2 1061.07Q.001 *** (using error a)
water 1 6.5 6.5 1.000 0.374 (using ebjor
comp 1 1238 123.8 27.010.000 ***
sp 1 2505 250.5 54.640.000 ***
block:light (error a) 2 8.5 4.2 0.922 0.400
error b 4 26.2 6.6
light:water 1 8.8 8.8 1.341 0.311 (using etypr
comp:sp 1 6.9 6.9 1.501 0.223
light:comp 1 0.8 0.8 0.165 0.685
light:sp 1 1124 112.4  24.52H.000 ***
water:comp 1 0.1 0.1 0.013 0.910
water:sp 1 0.8 0.8 0.175 0.676
water:comp:sp 1 3.2 3.2 0.697 0.405
light:water:comp 1 6.1 6.1 1.327 0.252
light:water:sp 1 0.7 0.7 0.146 0.703
light:water:comp:sf 2 32.5 16.3 3.5450.032 *
Residuals 127 582.2 4.6

Table A51. Exp. 2 Harvest 2 RLR of height: RLRRER model

Df Sum Sq Mean Sq

F value Pr(>F)

sp 1 7.613 7.613  71.008.000 ***
comp 1 0.037 0.037 0.343 0.560
water 1 0.039 0.039 0.359 0.551
sp:comp 1 0.005 0.005 0.049 0.825
sp:water 1 0.102 0.102 0.949 0.333
comp:water 1 0.000 0.000 0.002 0.965
sp:comp:water 1 0.005 0.005 0.050 0.824
Residuals 67 7.183 0.107
Table A52. Exp. 2 Harvest 2 RLR of dry mass: RLRLR model
Df Sum Sq Mean Sq F value Pr(>F)
sp 1 9.596 9.596  26.049.000 ***
comp 1 0.409 0.409 1.109 0.296
water 1 0.081 0.081 0.220 0.641
sp:comp 1 1.377 1.377 3.738 0.058
sp:water 1 0.054 0.054 0.147 0.703
comp:water 1 0.135 0.135 0.367 0.547
sp:comp:water 1 0.003 0.003 0.008 0.929
Residuals 63 23.208 0.368
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Table A53. Exp. 2 Harvest 2 RLR of R:S mass: RLRLR model

Sp

comp

water
sp:comp
sp:water
comp:water
sp:comp:water
Residuals

Df Sum Sq Mean Sq

F value Pr(>F)

1 0.735 0.735
1 0.091 0.091
1 0.006 0.006
1 0.014 0.014
1 0.043 0.043
1 0.055 0.055
1 0.050 0.050
63 8.196 0.130

5.649.021 *

0.702 0.405
0.048 0.827
0.110 0.742
0.327 0.570
0.423 0.518
0.386 0.537

Table A54. Exp. 2 Harvest 2 RLR of SRL: RLR ~ RixrRdel

Sp

comp

water
sp:comp
sp:water
comp:water
sp:comp:water
Residuals

Df Sum Sq Mean Sq

F value Pr(>F)

1 1671 1.671
1 0.056 0.056
1 0.019 0.019
1 0.001 0.001
1 0.080 0.080
1 0.010 0.010
1 0.072 0.072
58  3.141 0.054

30.850.000 ***
1.042 0.312
0.356 0.553
0.026 0.874
1.474 0.230
0.181 0.672
1.332 0.253

Table A55. Exp. 2 Harvest 2 RWR of height: RWRWR model

Y

comp

light
sp:comp
sp:light
comp:light
sp:comp:light
Residuals

Df Sum Sq Mean Sq

F value Pr(>F)

1 0.083 0.083
1 0.008 0.008
1 0.019 0.019
1 0.041 0.041
1 0.032 0.032
1 0.007 0.007
1 0.052 0.052
67 7.315 0.109

0.758 0.387
0.073 0.788
0.177 0.676
0.375 0.543
0.296 0.588
0.066 0.797
0.472 0.495

Table A56. Exp. 2 Harvest 2 RWR of dry mass: RWRWR mode

Sy

comp

light

sp:comp
sp:light
comp:light
sp:comp:light
Residuals

Df Sum Sq Mean Sq

F value Pr(>F)

1 0.245 0.245
1 0.014 0.014
1 0.153 0.153
1 0.059 0.059
1 0.077 0.077
1 0.374 0.374
1 0.050 0.050
63 19.588 0.311

0.787 0.378
0.044 0.835
0.492 0.486
0.190 0.665
0.246 0.622
1.201 0.277
0.160 0.690
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Table A57. Exp. 2 Harvest 2 RWR of R:S mass: RWRWR mod

Df Sum Sg Mean Sq

F value Pr(>F)

sp 1
comp 1
light 1
sp:comp 1
sp:light 1
comp:light 1
sp:comp:light 1
Residuals 63

0.000 0.000
0.021 0.021
0.002 0.002
0.001 0.001
0.024 0.024
0.037 0.037
0.024 0.024
9.030 0.143

0.001 0.976
0.148 0.702
0.016 0.900
0.006 0.937
0.168 0.683
0.257 0.614
0.168 0.684

Table A58. Exp. 2 Harvest 2 RWR of SRL: RWR ~ RwWiBdel

Df Sum Sq Mean Sq

F value Pr(>F)

sp 1 0.027 0.027 0.505 0.480
comp 1 0.529 0.529 9.74D.003 **
light 1 0.065 0.065 1.196 0.279
sp:comp 1 0.000 0.000 0.003 0.958
sp:light 1 0.036 0.036 0.662 0.419
comp:light 1 0.014 0.014 0.255 0.615
sp:comp:light 1 0.098 0.098 1.810 0.184
Residuals 58 3.149 0.054
Table A59. Exp. 2 Harvest 2 RCR of heig_jht: RCRCGR model
Df Sum Sq Mean Sq F value Pr(>F)
sp 1 0.027 0.027 0.240 0.626
light 1 0.062 0.062 0.553 0.460
water 1 0.012 0.012 0.110 0.742
sp:light 1 0.010 0.010 0.089 0.767
sp:water 1 0.007 0.007 0.067 0.797
light:water 1 0.006 0.006 0.050 0.824
sp:light:water 1 0.013 0.013 0.115 0.736
Residuals 67 7.495 0.112

Table A60. Exp. 2 Harvest 2 RCR of dry mass: RORCR model

Df Sum Sg Mean Sq

F value Pr(>F)

sp 1
light 1
water 1
sp:light 1
sp:water 1
light:water 1
sp:light:water 1

Residuals 63

0.018 0.018
0.535 0.535
0.068 0.068
1.606 1.606
0.070 0.070
0.071 0.071
0.003 0.003
22.030 0.350

0.052 0.821
1.530 0.221
0.195 0.660
4.590.036 *
0.199 0.657
0.202 0.654
0.007 0.933
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Table A61. Exp. 2 Harvest 2 RCR of R:S mass: RGRCR model

Df Sum Sg Mean Sq

F value Pr(>F)

Sp

light

water

sp:light
sp:water
light:water
sp:light:water
Residuals

1 0.136 0.136
1 0.032 0.032
1 0.061 0.061
1 0.015 0.015
1 0.002 0.002
1 0.004 0.004
1 0.048 0.048
63 7.957 0.126

1.074 0.304
0.252 0.617
0.485 0.489
0.122 0.728
0.018 0.894
0.033 0.856
0.384 0.538

Table A62. Exp. 2 Harvest 2 RCR of SRL: RCR ~ R@&del

Df Sum Sq Mean Sq

F value Pr(>F)

Sp

light

water

sp:light
sp:water
light:water
sp:light:water
Residuals

1 0.080 0.080
1 0.159 0.159
1 0.459 0.459
1 0.004 0.004
1 0.017 0.017
1 0.001 0.001
1 0.007 0.007
57  3.197 0.056

1.422 0.238
2.839 0.097

8.188.006 **

0.062 0.804
0.299 0.587
0.017 0.895
0.121 0.729

Table A63. Exp. 2 Harvest 2 height--Light treatmelog(Height) ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.151 0.076 1.115 0.334
water 1 0.000 0.000 0.000  0.995 (using error a)
comp 1 0.029 0.029 0.430 0.514
sp 1 20.900 20.900 308.6320.000 ***
block:water (errorg 2 0.022 0.011 0.161  0.852
comp:sp 1 0.008 0.008 0.122 0.728
water:comp 1 0.010 0.010 0.153 0.697
water:sp 1 0.035 0.035 0.518 0.474
water:comp:sp 1 0.004 0.004 0.065 0.799
Residuals 67 4.537 0.068
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Table A64. Exp. 2 Harvest 2 height--Shade treatmierg(Height) ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.225 0.113 2.604  0.082
water 1 0.002 0.002 0.018 0.906 (using error a
comp 1 0.109 0.109 2.519 0.117
sp 1 2.715 2.715 62.769 0.000 ***
block:water (errorg 2 0.185 0.092 2.136 0.126
comp:sp 1 0.023 0.023 0.533 0.468
water:comp 1 0.001 0.001 0.013 0.909
water:sp 1 0.002 0.002 0.035 0.853
water:comp:sp 1 0.020 0.020 0.454  0.503
Residuals 64 2.768 0.043

Table A65. Exp. 2 Harvest 2 1° root length--Litietatment

. length ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 291.1 145.6 3.465 0.037 *
water 1 0.1 0.1 0.001 0.976 (using error a)
comp 1 43.2 43.2 1.028 0.314
sp 1 202.9 202.9 4.829 0.031 *
block:water (errorg 2 217.3 108.7 2.586  0.083
comp:sp 1 138.6 138.6 3.300 0.074
water:comp 1 85.7 85.7 2.040 0.158
water:sp 1 90.7 90.7 2.159 0.146
water:comp:sp 1 24.6 24.6 0.585 0.447
Residuals 67 2815.0 42.0

Table A66. Exp. 2 Harvest 2 1° root length--Shiadatment: length ~ L/S model

Df Sum Sq Mean Sq F value Pr(;F)
block 2 18.0 9.0 1.395 0.255
water 1 0.5 0.5 0.426  0.581 (using error a)
comp 1 12.2 12.2 1.893 0.174
sp 1 161.8 161.8 25.022 0.000 ***
block:water (errorg 2 2.4 1.2 0.189 0.829
comp:sp 1 3.6 3.6 0.559 0.457
water.comp 1 16.9 16.9 2.619 0.111
water:sp 1 15.3 15.3 2.358 0.130
water:comp:sp 1 2.0 2.0 0.310 0.580
Residuals 64 413.9 6.5
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Table A67. Exp. 2 Harvest 2 dry mass--Light treatim log(mass) ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 1.120 0.560 2.062 0.135
water 1 0.001 0.001 0.004  0.956 (using error a)
comp 1 2.944 2.944 10.839 0.002 **
sp 1 12649 12.649 46.5750.000 ***
block:water (errori 2 0.297 0.149 0.547 0.581
comp:sp 1 0.130 0.130 0.479 0.491
water:comp 1 0.140 0.140 0.516 0.475
water:sp 1 0.128 0.128 0.471 0.495
water:comp:sp 1 0.133 0.133 0.489 0.487
Residuals 67 18.196 0.272

Table A68. Exp. 2 Harvest 2 dry mass--Shade treatmlog(mass) ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.533 0.266 2.709 0.075
water 1 0.201 0.201 0.582  0.525 (using error a)
comp 1 0.618 0.618 6.281 0.015 *
sp 1 0.001 0.001 0.009 0.924
block:water (errorg 2 0.691 0.345 3.511 0.036 *
comp:sp 1 0.516 0.516 5.242 0.026 *
water:comp 1 0.023 0.023 0.237 0.628
water:sp 1 0.000 0.000 0.000  0.997
water:comp:sp 1 0.040 0.040 0.402  0.528
Residuals 60 5.900 0.098

Table A69. Exp. 2 Harvest 2 SLA--Light treatme@tLA ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 157.99 78.99 0.991 0.384
water 1 0.73 0.73 0.031  0.877 (using error a)
comp 1 658.45 658.45 8.263 0.008 **
sp 1 12.02 12.02 0.151 0.701
block:water (errorg 2 47.43 23.71 0.298 0.745
comp:sp 1 250.23 250.23 3.140  0.087
water:comp 1 2.31 2.31 0.029 0.866
water:sp 1 0.73 0.73 0.009 0.924
water:comp:sp 1 407.22 407.22 5.1100.032 *
Residuals 28 2231.24 79.69
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Table A70. Exp. 2 Harvest 2 SLA--Shade treatmé$itA ~ L/S model

Df Sum Sq Mean Sq Fvalue Pr(>F)
block 2 526.9 263.4 0.791 0.464
water 1 0.8 0.8 0.001 0.978 (using error a)
comp 1 125.9 125.9 0.378 0.544
sp 1 263.1 263.1 0.790 0.382
block:water (errore 2 1610.8 805.4 2.417 0.108
comp:sp 1 18.8 18.8 0.057 0.814
water:comp 1 108.8 108.8 0.327 0.572
water:sp 1 336.3 336.3 1.009 0.324
water:comp:sp 1 81.7 81.7 0.245 0.625
Residuals 27 8996.1 333.2

Table A71. Exp. 2 Harvest 2 RMR--Light treatme®MR ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.009 0.005 1.845 0.166
water 0.006 0.006 33.792 0.028 *  (using error a)

Sp

1
comp 1 0.017 0.017 6.766 0.011 *
1 0.747 0.747 301.914 0.000 ***

block:water (errorg 2 0.000 0.000 0.072  0.930
comp:sp 1 0.000 0.000 0.060 0.807
water:comp 1 0.001 0.001 0.409 0.525
water:sp 1 0.000 0.000 0.152 0.698
water:comp:sp 1 0.000 0.000 0.180 0.673
Residuals 67 0.166 0.002
Table A72. Exp. 2 Harvest 2 RMR--Shade treatm&¥R ~ L/S model
Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.002 0.001 0.469 0.628
water 1 0.002 0.002 3.521 0.201 (using error a)
comp 1 0.011 0.011 4.568 0.037 *
sp 1 0.338 0.338 146.488 0.000 ***
block:water (errora 2 0.001 0.001 0.242 0.786
comp:sp 1 0.000 0.000 0.167 0.684
water:comp 1 0.000 0.000 0.131 0.718
water:sp 1 0.001 0.001 0.321  0.573
water:comp:sp 1 0.001 0.001 0.444  0.508
Residuals 60 0.139 0.002
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Table A73. Exp. 2 Harvest 2 SMR--Light treatmeBtVIR ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.012 0.006 4.478 0.015 *
water 1 0.002 0.002 12.543 0.071 (using eryor a
comp 1 0.003 0.003 1.874 0.176
sp 1 0.010 0.010 7.220 0.009 **
block:water (errorg 2 0.000 0.000 0.142  0.868
comp:sp 1 0.000 0.000 0.269  0.605
water:comp 1 0.000 0.000 0.000 0.986
water:sp 1 0.001 0.001 0.541 0.465
water:comp:sp 1 0.000 0.000 0.022 0.883
Residuals 67 0.089 0.001

Table A74. Exp. 2 Harvest 2 SMR--Shade treatm&mR ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.010 0.005 2.003 0.144
water 1 0.000 0.000 6.944  0.119 (using error a)
comp 1 0.001 0.001 0.419 0.520
sp 1 0.001 0.001 0.352  0.555
block:water (errorg 2 0.000 0.000 0.018 0.982
comp:sp 1 0.002 0.002 0.704  0.405
water:comp 1 0.000 0.000 0.035 0.853
water:sp 1 0.000 0.000 0.000 0.987
water:comp:sp 1 0.006 0.006 2.461 0.122
Residuals 60 0.148 0.002

Table A75. Exp. 2 Harvest 2 LMR--Light treatmehtMR ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.000 0.000 0.042  0.959
water 1 0.016 0.016 250.686 0.004 ** (using error a
comp 1 0.006 0.006 2.076  0.154
sp 1 0.587 0.587 193.498 0.000 ***
block:water (errora 2 0.000 0.000 0.021  0.979
comp:sp 1 0.001 0.001 0.320 0.574
water:comp 1 0.001 0.001 0.320 0.573
water:sp 1 0.002 0.002 0.706  0.404
water:comp:sp 1 0.001 0.001 0.231 0.632
Residuals 67 0.203 0.003
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Table A76. Exp. 2 Harvest 2 LMR--Shade treatmari¥iR ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.005 0.003 0.806  0.452
water 1 0.001 0.001 1.167 0.393 (using error a)
comp 1 0.018 0.018 5.800 0.019 *
sp 1 0.373 0.373 119.099 0.000 ***
block:water (errora 2 0.001 0.001 0.198 0.821
comp:sp 1 0.000 0.000 0.155 0.695
water:comp 1 0.000 0.000 0.021 0.885
water:sp 1 0.001 0.001 0.222  0.639
water:comp:sp 1 0.002 0.002 0.672 0.416
Residuals 60 0.188 0.003

Table A77. Exp. 2 Harvest 2 FARM--Light treatmefARM ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 10495 5247 1.607 0.208
water 1 3109 3109 3.770 0.192 (using error a)
comp 1 37096 37096 11.362 0.001 **
sp 1 344609 344609 105.5480.000 ***
block:water (errora 2 1649 825 0.253 0.778
comp:sp 1 10233 10233 3.134 0.081
water:comp 1 1032 1032 0.316 0.576
water:sp 1 1042 1042 0.319 0.574
water:comp:sp 1 3513 3513 1.076  0.303
Residuals 67 218751 3265

Table A78. Exp. 2 Harvest 2 FARM--Shade treatmdtARM ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 13558 6779 1.507  0.230
water 1 4 4 0.001 0.974 (using error a)
comp 1 26120 26120 5.805 0.019 *
sp 1 614040 614040 136.4750.000 ***
block:water (errora 2 5468 2734 0.608 0.548
comp:sp 1 4120 4120 0.916 0.342
water:comp 1 6541 6541 1.454  0.233
water:sp 1 3880 3880 0.862 0.357
water:comp:sp 1 3106 3106 0.690 0.409
Residuals 60 269957 4499
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Table A79. Exp. 2 Harvest 2 R:S mass--Light treatin R:S mass ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.051 0.026 1.577 0.214
water 1 0.031 0.031 603.084 0.002 ** (using error a)
comp 1 0.075 0.075 4.573 0.036 *
sp 1 4.048 4.048 248.221 0.000 ***
block:water (errora 2 0.000 0.000 0.003  0.997
comp:sp 1 0.003 0.003 0.205 0.653
water:comp 1 0.006 0.006 0.336 0.564
water:sp 1 0.000 0.000 0.020 0.887
water:comp:sp 1 0.000 0.000 0.027 0.870
Residuals 67 1.093 0.016

Table ABO. Exp. 2 Harvest 2 R:S mass--Shade tegatnmR:S mass ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.009 0.005 0.490 0.615
water 1 0.010 0.010 3.607 0.198 (using error a)
comp 1 0.041 0.041 4.324 0.042 *
sp 1 1.275 1.275 134.084 0.000 ***
block:water (errora 2 0.005 0.003 0.280 0.757
comp:sp 1 0.000 0.000 0.020 0.887
water:comp 1 0.001 0.001 0.063  0.803
water:sp 1 0.004 0.004 0.392 0.534
water:comp:sp 1 0.004 0.004 0.409 0.525
Residuals 60 0.570 0.010

Table AB1. Exp. 2 Harvest 2 R:S length--Light trea@nt: sqrt(R:S length) ~ L/S mo

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.840 0.420 5.259 0.008 **
water 1 0.003 0.003 0.020 0.902 (using error a)
comp 1 0.071 0.071 0.889  0.349
sp 1 29.910 29.910 374.6130.000 ***
block:water (errora 2 0.304 0.152 1.904 0.157
comp:sp 1 0.373 0.373 4.666 0.034 *
water.comp 1 0.125 0.125 1.560 0.216
water:sp 1 0.049 0.049 0.619 0.434
water:comp:sp 1 0.094 0.094 1.176 0.282
Residuals 67 5.349 0.080
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Table AB2. Exp. 2 Harvest 2 R:S length--Shadeneat: sqrt(R:S length) ~ L/'S model
Df Sum Sq Mean Sq Fvalue Pr(>F)

block 2 0.360 0.180 2.593 0.083
water 1 0.026 0.026 1.766  0.315 (using error a
comp 1 0.017 0.017 0.242  0.625
sp 1 5.719 5.719 82.502 0.000 ***

block:water (errora 2 0.029 0.015 0.212 0.810

comp:sp 1 0.010 0.010 0.145 0.704
water:comp 1 0.167 0.167 2.409 0.126
water:sp 1 0.144 0.144 2.083 0.154
water:comp:sp 1 0.081 0.081 1.172 0.283
Residuals 62 4.298 0.069

Table AB3. Exp. 2 Harvest 2 SRL--Light treatmelutg(SRL) ~ L/S model
Df Sum Sq Mean Sq Fvalue Pr(>F)

block 2 0.021 0.011 0.356  0.702

water 1 0.168 0.168 30.076 0.032 *  (using error a)
comp 1 0.246 0.246 8.197 0.006 **

sp 1 2.030 2.030 67.756 0.000 ***

block:water (errora 2 0.011 0.006 0.186  0.831

comp:sp 1 0.021 0.021 0.698  0.407
water:comp 1 0.119 0.119 3.987 0.050
water:sp 1 0.000 0.000 0.009 0.925
water:comp:sp 1 0.016 0.016 0.531 0.469
Residuals 62 1.858 0.030

Table AB4. Exp. 2 Harvest 2 SRL--Shade treatmég(SRL) ~ L/S model
Df SumSq Mean Sq Fvalue Pr(>F)

block 2 0.035 0.018 0.631  0.536
water 1 0.198 0.198 91.621 0.011*  (using error a)
comp 1 0.004 0.004 0.142 0.708
sp 1 7.103 7.103 253.200 0.000 ***

block:water (errora 2 0.004 0.002 0.077  0.926

comp:sp 1 0.040 0.040 1.434 0.236
water:comp 1 0.149 0.149 5.305 0.025 *
water:sp 1 0.061 0.061 2.175 0.146
water:comp:sp 1 0.002 0.002 0.085 0.771
Residuals 58 1.627 0.028
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Table A85. Exp. 2 Harvest 2 SSL--Light treatmestyrt(SSL) ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 23.854 11.927 2.629  0.080
water 1 0.267 0.267 0.183  0.710 (using error a
comp 1 49.013 49.013 10.8020.002 **
sp 1 18.496 18.496 4.076 0.047 *
block:water (errora 2 2.915 1.457 0.321 0.726
comp:sp 1 3.656 3.656 0.806 0.373
water:comp 1 2.122 2.122 0.468 0.496
water:sp 1 1.268 1.268 0.280  0.599
water:comp:sp 1 2.105 2.105 0.464  0.498
Residuals 67 304.004 4.537
Table A86. Exp. 2 Harvest 2 SSL--Shade treatmeqtt(SSL) ~ L/S model
Df SumSq Mean Sq Fvalue Pr(>F)
block 2 19.380 9.690 2.090 0.133
water 1 19.010 19.010 1.381 0.361 (using error a
comp 1 71630 71.630 15.4480.000 ***
sp 1 338.680 338.680 73.0430.000 ***
block:water (errora 2 27.520 13.760 2.968 0.059
comp:sp 1 38.230 38.230 8.244 0.006 **
water:comp 1 3.420 3.420 0.737 0.394
water:sp 1 0.250 0.250 0.055 0.816
water.comp:sp 1 0.430 0.430 0.093 0.761
Residuals 60 278.200 4.640
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Table A87. Exp. 2 Harvest 3 height: log(Heightj3 model

Df Sum Sq Mean Sq F value Pr(>F)

block 2 0.107 0.054 0.585 0.559
light 1 16.295 16.295 172.090.006 ** (using error a)
water 1 0.000 0.000 0.002 0.967 (usimgreb)
comp 1 0.833 0.833  9.098.003 **
sp 1 13.483 13.483 147.188000 ***
block:light (errore 2 0.189 0.095 1.033 0.359
error b 4 0.597 0.149
light:water 1 0.027 0.027 0.181 0.692 (usimgeb)
comp:sp 1 0.358 0.358 3.911 0.050
light:comp 1 0.024 0.024 0.257 0.613
light:sp 1 0.000 0.000 0.001 0.971
water.comp 1 0.215 0.215 2.343 0.129
water:sp 1 0.005 0.005 0.052 0.819
water:comp:sp 1 0.229 0.229 2,500 0.117
light:water:comp 1 0.001 0.001 0.009 0.925
light:water:sp 1 0.103 0.103 1.122 0.292
light:water.comp:s 2 0.159 0.079 0.866 0.424
Residuals 112 10.262 0.092
Table A88. Exp. 2 Harvest 3 root tips/length:s;ﬂipngth ~ H3 model

Df Sum Sq Mean Sq F value Pr(>F)
block 2 0.134 0.067 0.682 0.508
light 1 0.001 0.001 0.022 0.895 (usinpea)
water 1 0.001 0.001 0.012 0.919 (usingreb)
comp 1 0.224 0.224 2.284 0.134
sp 1 9.703 9.703 99.03@.000 ***
block:light (errore 2 0.075 0.038 0.383 0.683
error b 4 0.166 0.042
light:water 1 0.058 0.058 1.400 0.302 (usinmgeb)
comp:sp 1 0.006 0.006 0.065 0.799
light:comp 1 0.760 0.760  7.758.006 **
light:sp 1 0.269 0.269 2.743 0.101
water:comp 1 0.010 0.010 0.103 0.749
water:sp 1 0.021 0.021 0.212 0.646
water:comp:sp 1 0.001 0.001 0.006 0.937
light:water:comp 1 0.126 0.126  1.287 0.259
light:water:sp 1 0.105 0.105 1.073 0.302
light:water.comp:s 2 0.214 0.107 1.092 0.339
Residuals 112 10.973 0.098
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Table AB9. Exp. 2 Harvest 3 plant dry mass:

Iog(dass) ~ H3 model

Df Sum Sg Mean Sq

F value Pr(>F)

block 2 0.484 0.242
light 1 225.8 225.8
water 1 0.051 0.051
comp 1 8.755 8.755
sp 1 15.036 15.036
block:light (errore 2 0.063 0.031
error b 4 1.645 0.411
light:water 1 0.192 0.192
comp:sp 1 2.606 2.606
light:comp 1 2.096 2.096
light:sp 1 2.873 2.873
water.comp 1 0.472 0.472
water:sp 1 0.034 0.034
water:comp:sp 1 0.249 0.249
light:water:comp 1 0.157 0.157
light:water:sp 1 0.286 0.286
light:water:comp:s 2 1.071 0.535
Residuals 112 38.635 0.345

0.701 0.498
7192.000 *** (using error a)
0.123 0.744 (usingreb)
25.380.000 ***
43.580000 ***
0.091 0.913

0.468 0.531
7.55@.007 **
6.07D.015 *
8.330.005 **
1.368 0.245
0.098 0.755
0.723 0.397
0.455 0.501
0.830 0.364
1.552 0.216

(usimgeb)

Table A90. Exp. 2 Harvest 3 SLA: SLA ~ H3 model

Df Sum Sq Mean Sq

F value Pr(>F)

block 2 837 419
light 1 65622 65622
water 1 735 735
comp 1 1818 1818
sp 1 9451 9451
block:light (errorg 2 868 434
error b 4 1096 274
light:water 1 1089 1089
comp:sp 1 123 123
light:comp 1 995 995
light:sp 1 1948 1948
water:comp 1 1014 1014
water:sp 1 160 160
water:comp:sp 1 2159 2159
light:water:comp 1 1437 1437
light:water:sp 1 18 18
light:water.comp:s 2 672 336
Residuals 54 21106 391

1.07 0.350
151.1D0.007 ** (using error a)
2.01 0.251 (using error b)
4.69.036 *
24.18.000 ***
1.11 0.337

2.98 0.183
0.31 0.578
2.55 0.116
4.98.030 *
2.59 0.113
0.41 0.525
5.520.022 *
3.68 0.060
0.05 0.832
0.86 0.429

(using elrpr
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Table A91. Exp. 2 Harvest 3 RMR: RMR ~ H3 model
Df Sum Sq Mean Sq F value Pr(>F)

block 2 0.012 0.006  3.548.032 *

light 1 0.029 0.029 167.249.006 ** (using error a)
water 1 0.006 0.006 2.519 0.188 (usingreb)
comp 1 0.000 0.000 0.000 0.993

sp 1 0.194 0.194 118.01G000 ***

block:light (errore 2 0.000 0.000 0.107 0.899

error b 4 0.009 0.002

light:water 1 0.001 0.001 0.465 0.533 (usimgeb)
comp:sp 1 0.002 0.002 1.350 0.248

light:comp 1 0.000 0.000 0.052 0.819

light:sp 1 0.013 0.013  8.05D.005 **

water:comp 1 0.001 0.001 0.356 0.552

water:sp 1 0.001 0.001 0.643 0.424
water:comp:sp 1 0.003 0.003 1.878 0.173
light:water:comp 1 0.000 0.000 0.267 0.607

light:water:sp 1 0.006 0.006 3.889 0.051
light:water:comp:s 2 0.009 0.004 2.735 0.069

Residuals 112 0.184 0.002

Table A92. Exp. 2 Harvest 3 SMR: SMR ~ H3 model

Df Sum Sq Mean Sq F value Pr(>F)
block 2 0.005 0.002 2.222 0.113

light 1 0.013 0.013 12.881 0.070
water 1 0.003 0.003 7.870.048 *
comp 1 0.000 0.000 0.026 0.872
sp 1 0.016 0.016 15.10Q000 ***
block:light (errorg 2 0.002 0.001 0.946 0.391
error b 4 0.001 0.000

light:water 1 0.000 0.000 0.290 0.619
comp:sp 1 0.000 0.000 0.394 0.532
light:comp 1 0.001 0.001 1.108 0.295
light:sp 1 0.014 0.014 12.950.000 ***
water:comp 1 0.006 0.006 5.1660.025 *
water:sp 1 0.000 0.000 0.151 0.698

water.comp:sp 1 0.000 0.000 0.131 0.718
light:water:comp 1 0.000 0.000 0.330 0.567

light:water:sp 1 0.001 0.001 0.588 0.445
light:water.comp:s 2 0.000 0.000 0.200 0.819
Residuals 112 0.121 0.001
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Table A93. Exp. 2 Harvest 3 LMR: LMR ~ H3 model

Df Sum Sq Mean Sq F value Pr(>F)

block

light

water

comp

Sp

block:light (error i
error b
light:water
comp:sp
light:comp

light:sp
water:comp
water:sp
water:comp:sp
light:water:comp
light:water:sp
light:water:comp:¢
Residuals

2 0.006
1 0.081
1 0.015
1 0.000
1 0.097
2 0.003
0.004
0.001
0.001
0.001
0.054
1 0.003
1 0.002
1 0.005
1 0.002
1 0.003
2 0.011
112 0.252

0.003
0.081
0.015
0.000
0.097
0.001
0.001
0.001
0.001
0.001
0.054
0.003
0.002
0.005
0.002
0.003
0.005
0.002

1.235 0.295
60.70D.016 *
13.870.020 *
0.009 0.927
43.20Q.000 ***
0.596 0.553

0.470 0.531
0.296 0.587
0.273 0.602
24.09P.000 ***
1.161 0.284
0.927 0.338
2.049 0.155
0.722 0.397
1.308 0.255
2.438 0.092

(using error a)
(using error b)

(usimgeb)

Table A94. Exp. 2 Harvest 3 FARM: FARM ~ H3 model

Df Sum Sq Mean Sq

F value Pr(>F)

block

light

water

comp

Sp

block:light (error &
error b
light:water
comp:sp
light:comp

light:sp
water:comp
water:sp
water:comp:sp
light:water:comp
light:water:sp
light:water:comp:¢
Residuals

4.49.014 *
125.70.008 **

2.60 0.182
1.12 0.291
23.48000 ***
1.65 0.197

(using error a)
(usimgrdy)

2 53408 26704
1 1243496 1243496
1 38921 38921
1 6754 6754
1 140882 140882
2 19771 9885
4 59815 14954
1 4800 4800
1 1111 1111
1 5101 5101
1 79508 79508
1 236 236
1 4374 4374
1 66036 66036
1 2698 2698
1 3866 3866
2 32449 16225
112 672552 6005

0.32 0.601
0.18 0.668
0.85 0.359
13.28.000 ***
0.04 0.843
0.73 0.395
11.000.001 **
0.45 0.504
0.64 0.424
2.70 0.071

(using ebo

227



Table A95. Exp. 2 Harvest 3 R:S mass: R:S mad8 model

Df Sum Sq Mean Sq F value Pr(>F)

block 2
light 1
water 1
comp 1
sp 1

block:light (errore 2
error b 4
light:water 1
comp:sp 1
light:comp 1
light:sp 1
water:comp 1
water:sp 1
water:comp:sp 1
light:water:comp 1
light:water:sp 1
light:water:comp:s 2
Residuals 112

0.040
0.106
0.021
0.000
0.603
0.002
0.035
0.001
0.007
0.000
0.059
0.002
0.001
0.008
0.002
0.021
0.031
0.680

0.020
0.106
0.021
0.000
0.603
0.001
0.009
0.001
0.007
0.000
0.059
0.002
0.001
0.008
0.002
0.021
0.015
0.006

3.298.041 *
141.8.007 **
2476 0.191
0.029 0.865
99.192.000 ***
0.123 0.884

(using error a)
(usimgreb)

0.144 0.723
1.148 0.286
0.001 0.983
9.65D.002 **
0.269 0.605
0.170 0.681
1.378 0.243
0.281 0.597
3.479 0.065
2.538 0.084

(usimgeb)

Table A96. Exp. 2 Harvest 3 Root tips/root massgj(tips/mass) ~ H3 model

Df Sum Sq Mean Sq

F value Pr(>F)

block 2
light 1
water 1
comp 1
sp 1
block:light (errore 2
error b 4
light:water 1
comp:sp 1
light:comp 1
light:sp 1
water:comp 1
water:sp 1
water:comp:sp 1
light:water:comp 1
light:water:sp 1
light:water.comp:s 2
Residuals 112

0.267
10.193
0.276
1.314
13.036
0.321
0.163
0.003
0.561
0.581
1.030
0.004
0.002
0.000
0.031
0.004
0.116
14.900

0.134
10.193
0.276
1.314
13.036
0.160
0.041
0.003
0.561
0.581
1.030
0.004
0.002
0.000
0.031
0.004
0.058
0.133

1.003 0.370

63.56P.015 *** (using error a)
6.784 0.060 (usingreb)
9.880.002 **

97.99m000 ***

1.206 0.303

0.077 0.795
4.214.042 *
4.369.039 *
7.748.006 **
0.029 0.866
0.014 0.905
0.000 0.988
0.233 0.630
0.032 0.858
0.436 0.648

(usimrreb)
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Table A97. Exp. 2 Harvest 3 SRL: log(SRL) ~ H3dab

Df Sum Sq Mean Sq F value Pr(>F)
block 2 0.167 0.084 1.421 0.246
light 1 10.527 10.527 56.098.017 *  (using error a)
water 1 0.412 0.412 10.830.030 *  (using error b)
comp 1 0.579 0.579  9.83B6.002 **
sp 1 1.904 1.904 32.35@.000 ***
block:light (errore 2 0.375 0.188 3.1890.045 *
error b 4 0.152 0.038
light:water 1 0.042 0.042 1.091 0.355 (usimgeb)
comp:sp 1 0.565 0.565 9.604.002 **
light:comp 1 0.048 0.048 0.815 0.369
light:sp 1 0.435 0.435 7.399.008 **
water:comp 1 0.002 0.002 0.038 0.845
water:sp 1 0.007 0.007 0.113 0.738
water:comp:sp 1 0.003 0.003 0.058 0.810
light:water:comp 1 0.008 0.008 0.128 0.721
light:water:sp 1 0.009 0.009 0.156 0.694
light:water.comp:s 2 0.031 0.016 0.263 0.769
Residuals 112 6.591 0.059

Table A98. Exp. 2 Harvest 3 SSL.:

sqrt(SSL) ~ Hed

Df Sum Sq Mean Sq F value Pr(>F)
block 2 21.3 10.6 2.22 0.113
light 1 4399.6 4399.6 3514.000 *** (using error a)
water 1 1.7 1.7 0.21 0.673 (using ebor
comp 1 75.0 75.0  15.6D.000 ***
sp 1 15 15 0.32 0.572
block:light (errore 2 2.5 1.3 0.26 0.770
error b 4 33.1 8.3
light:water 1 0.1 0.1 0.01 0.923 (using etpr
comp:sp 1 22.3 22.3 4.66.033 *
light:comp 1 5.1 5.1 1.07 0.304
light:sp 1 19.9 19.9 4.17.044 *
water:comp 1 19.0 19.0 3.90.049 *
water:sp 1 6.2 6.2 1.30 0.256
water:comp:sp 1 5.0 5.0 1.05 0.307
light:water:comp 1 17.7 17.7 3.69 0.057
light:water:sp 1 8.1 8.1 1.69 0.196
light:water.comp:s 2 20.7 10.3 2.16 0.120
Residuals 112 536.2 4.8
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Table A99. Exp. 2 Harvest 3 RGR: RGR ~ H3 model

Df Sum Sq Mean Sq F value Pr(>F)

light

water

comp

Sp

light:water
light:comp
light:sp
water:.comp
comp:sp
light:water:comp
light:water:sp
light:comp:sp
water.comp:sp
light:water:comp:¢
Residuals

1 16510
58
2974
10579
17
584
5
1 128
1 531
1 158
2 204
1 14
1 238
1 287
11202

P PRPP R R

16510
58
2974
10579
17
584
5
128
531
158
102
14
238
287
93

176.8D0.000 ***
0.62 0.434
31.88.000 ***
113.33000 ***
0.19 0.667
6.29.014 *
0.05 0.818
1.37 0.243
5.69.019 *
1.69 0.196
1.09 0.339
0.15 0.697
2.55 0.113
3.07 0.082

(using error a)
(using error b)

(using error b)

Table A100. Exp. 2 Harvest 3 stem diameter: |@geter) ~ H3 model

Df Sum Sq Mean Sq F value Pr(>F)

block

light

water

comp

Sp

block:light (error €
error b
light:water
comp:sp
light:comp

light:sp
water:.comp
water:sp
water:.comp:sp
light:water:comp
light:water:sp
light:water:comp:s
Residuals

2 0.059
1 55.855

1 0.094

1 1.491

1 2.771
2 0.128
4 0.366
1 0.083
1 0.023
1 0.084
1 0.201
1 0.094

1 0.001
1 0.094
1 0.001

1 0.083
2 0.395
112 10.268

0.029
55.855
0.094
1.491
2.771
0.064
0.092
0.083
0.023
0.084
0.201
0.094
0.001
0.094
0.001
0.083
0.198

0.091

0.32 0.724
874.18.001 **
1.03 0.368
16.40.000 ***
30.40.000 ***
0.70 0.497

0.90 0.396
0.26 0.612
0.92 0.340
2.21 0.140
1.03 0.312
0.01 0.911
1.04 0.311
0.01 0.903
0.91 0.341
2.17 0.118

(using error a)
(usimgreln)

(usin@eb)
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Table A101. Exp. 2 Harvest 3 RLR of height: RLRER model

Df Sum Sq Mean Sq F value Pr(>F)
sp 1 0.107 0.107 0.981 0.325
comp 1 0.384 0.384  3.533.064 ***
water 1 0.212 0.212 1.947 0.167
sp:comp 1 0.371 0.371 3.414 0.069

1

1

1

sp:water 0.322 0.322 2.965 0.090
comp:water 0.004 0.004 0.036 0.849
sp:comp:water 0.021 0.021 0.196 0.659
Residuals 68 7.391 0.109

Table A102. Exp. 2 Harvest 3 RLR of dry mass: RLRLR mod

Df Sum Sq Mean Sq F value Pr(>F)
sp 1 6.271 6.271 14.19D.000 ***
comp 1 4.447 4.447 10.068.002 **
water 1 0.213 0.213 0.481 0.490
sp:comp 1 0.145 0.145 0.327 0.569

1
1
1

sp:water 0.361 0.361 0.817 0.369
comp:water 0.189 0.189 0.429 0.515
sp.comp:water 1.900 1.900 4.30P.042 *
Residuals 68 30.036 0.442

Table A103. Exp. 2 Harvest 3 RLR of R:S mass: RLRLR moc

Df Sum Sq Mean Sq F value Pr(>F)
sp 1 0487 0487 9.500.003 **

comp 1 0.047 0.047 0.922 0.340
water 1 0.166 0.166 3.238 0.076
sp:comp 1 0.709 0.709 13.856.000 ***
Sp:water 1 0.497 0.497 9.719.003 **
comp:water 1 0.000 0.000 0.003 0.956
sp:comp:water 1 0.020 0.020 0.382 0.539
Residuals 68 3.480 0.051

Table A104. Exp. 2 H3 RLR of root tips/lengthpsi~ RLR model

Df Sum Sq Mean Sq F value Pr(>F)

sp 1 0.260 0.260 5.94H.017 *
comp 1 0.630 0.630 14.406.000 ***
water 1 0.050 0.050 1.151 0.287
sp:comp 1 0.085 0.085 1.939 0.168
sp:water 1 0.040 0.040 0.910 0.343
1
1

comp:water 0.157 0.157 3.597 0.062
sp:comp:water 0.000 0.000 0.007 0.935
Residuals 68 2.974 0.044
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Table A105. Exp. 2 Harvest 3 RWR of height: RWRWR modt

Df Sum Sg Mean Sq

F value Pr(>F)

sp 1 0.010 0.010
comp 1 0.484 0.484
light 1 0.068 0.068
sp:comp 1 0.611 0.611
sp:light 1 0.202 0.202
comp:light 1 0.003 0.003
sp:comp:light 1 0.089 0.089
Residuals 66 7.031 0.107

0.090 0.765
4.540.037 *
0.636 0.428
5.739.019 *
1.893 0.174
0.030 0.864
0.836 0.364

Table A106. Exp. 2 Harvest 3 RWR of dry mass: RWRWR m«

Df Sum Sq Mean Sq

F value Pr(>F)

sp 1 0.033 0.033
comp 1 0.883 0.883
light 1 0.152 0.152
sp:comp 1 0.678 0.678
sp:light 1 0.384 0.384
comp:light 1 0.345 0.345
sp:comp:light 1 2.140 2.140
Residuals 66 27.813 0.421

0.077 0.782
2.095 0.153
0.361 0.550
1.609 0.209
0.910 0.344
0.818 0.369
5.078.028 *

Table A107. Exp. 2 H3 RWR of R:S mass: RWR ~ Riivdel

Df Sum Sg Mean Sq

F value Pr(>F)

sp 1 0.187 0.187
comp 1 0.066 0.066
light 1 0.162 0.162
sp:comp 1 0.231 0.231
sp:light 1 0.433 0.433
comp:light 1 0.000 0.000
sp:comp:light 1 0.021 0.021
Residuals 66 4.267 0.065

2.898 0.093
1.022 0.316
2.500 0.119
3.573 0.063
6.6970.012 *

0.000 0.996
0.330 0.568

Table A108. Exp. 2 H3 RWR of root tips/lengthpst- RWR moc

Df Sum Sg Mean Sq F value Pr(>F)

sp 1 0.0255 0.0255 0.4779 0.492
comp 1 0.0112 0.0112 0.2105 0.648
light 1 0.0672 0.0672 1.2614 0.266

sp:comp 1 0.0003 0.0003 0.0055 0.941
sp:light 1 0.022 0.022 0.4128 0.523

comp:light 1 0.1236 0.1236 2.3202 0.133

sp:comp:light 1 0.0029 0.0029 0.0551 0.815
Residuals 66 3.5159 0.0533
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Table A109. Exp. 2 Harvest 3 RCR of height: RCRCR model

Df Sum Sq Mean Sq

F value Pr(>F)

sp 1
light 1
water 1
sp:light 1
sp:water 1
light:water 1
sp:light:water 1
Residuals 56

0.918
0.053
0.336
0.091
0.569
0.000
0.068

6.234

0.918
0.053
0.336
0.091
0.569
0.000
0.068

0.111

8.249.006 **

0.475 0.494
3.021 0.088
0.814 0.371
5.118.028 *

0.000 0.998
0.611 0.438

Table A110. Exp. 2 Harv. 3 RCR of dry mass: RCRCR model

Df Sum Sqg Mean Sq

F value Pr(>F)

sp 1
light 1
water 1
sp:light 1
sp:water 1
light:water 1
sp:light:water 1
Residuals 56

6.252
3.826
0.834
0.109
0.658
0.590
1.633
21.009

6.252
3.826
0.834
0.109
0.658
0.590
1.633

0.375

16.664.000 ***

10.20@.002 **
2.222 0.142
0.291 0.592
1.754 0.191
1.572 0.215
4.35D.042 *

Table A111. Exp. 2 Harv. 3 RCR of R:S mass: RARCR model

Df Sum Sq Mean Sq

F value Pr(>F)

sp 1
light 1
water 1
sp:light 1
sp:water 1
light:water 1
sp:light:water 1
Residuals 56

0.110
0.007
0.089
0.532
0.218
0.001
0.016

3.013

0.110
0.007
0.089
0.532
0.218
0.001
0.016

0.054

2.038 0.159
0.131 0.719
1.660 0.203
9.879.003 **
4.049.049 *
0.012 0.913
0.302 0.585

Table A112. Exp. 2 H3 RCR of root tips/lengthstip RCR model

Df Sum Sq Mean Sq

F value Pr(>F)

sp 1
light 1
water 1
sp:light 1
sp:water 1
light:water 1
sp:light:water 1
Residuals 56

0.000
0.537
0.008
0.068
0.001
0.093
0.002

2.289

0.000
0.537
0.008
0.068
0.001
0.093
0.002

0.041

0.005 0.945
13.128 0.001 ***
0.205 0.652
1.659 0.203
0.026 0.873
2.286 0.136
0.055 0.816
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Table A113. Exp. 2 Harvest 3 height--Light treattmelog(Height) ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.038 0.019 0.172  0.842
water 1 0.002 0.002 0.151 0.735 (using error a)
comp 1 0.491 0.491 4.507 0.038 *
sp 1 7.760 7.760 71.203 0.000 ***
block:water (error¢ 2  0.032 0.016 0.145 0.866
comp:sp 1 0.346 0.346 3.176 0.079
water:comp 1 0.176 0.176 1.611 0.209
water:sp 1 0.065 0.065 0.596  0.443
water:comp:sp 1 0.301 0.301 2.757 0.102
Residuals 64 6.975 0.109

Table A114. Exp. 2 Harvest 3 height--Shade treatmiog(Height) ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.718 0.359 4.949 0.011 *
water 1 0.013 0.013 0.057 0.834 (using error a)
comp 1 0.333 0.333 4.589 0.037 *
sp 1 5211 5.211 71.844 0.000 ***
block:water (error¢ 2  0.448 0.224 3.091 0.054
comp:sp 1 0.031 0.031 0.428 0.516
water:comp 1 0.138 0.138 1.897 0.175
water:sp 1 0.008 0.008 0.104 0.748
water:comp:sp 1 0.033 0.033 0.457  0.502
Residuals 48 3.554 0.073

Table A115. Exp. 2 Harvest 3 root tips/root lengdtlyht treatment: tips ~ L/S mo

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.0 0.013 0.122  0.885
water 1 0.0 0.000 0.002 0.965 (using error a)
comp 1 11 1.052 10.032 0.002 **
sp 1 4.1 4.125 39.343 0.000 ***
block:water (errora) 2 0.1 0.1 0.505 0.606
comp:sp 1 0.1 0.123 1.173 0.283
water:comp 1 0.1 0.107 1.020 0.316
water:sp 1 0.1 0.068 0.649 0.424
water:comp:sp 1 0.0 0.003 0.025 0.875
Residuals 64 6.7 0.105
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Table A116. Exp. 2 Harvest 3 root tips/root lenrgdihade treatment: tips ~ L/S m

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.2 0.1 0.878 0.422
water 1 0.0 0.0 0.014 0.916 (using error a
comp 1 0.2 0.2 2.308 0.135
sp 1 5.6 5.6 62.963 0.000 ***
block:water (error ¢ 2 0.1 0.1 0.757  0.475
comp:sp 1 0.1 0.1 1.304 0.259
water:comp 1 0.0 0.0 0.223 0.639
water:sp 1 0.0 0.0 0.263 0.611
water:comp:sp 1 0.0 0.0 0.194  0.662
Residuals 48 4.3 0.1

Table A117. Exp. 2 Harvest 3 dry mass--Light tmeextt: log(mass) ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.140 0.070 0.151 0.860
water 1 0.055 0.055 2.221  0.275 (using error a
comp 1 9.891 9.891 21.369 0.000 ***
sp 1 16.783 16.783 36.260 0.000 ***
block:water (errora) 2  0.050 0.025 0.054 0.948
comp:sp 1 1.853 1.853 4.003 0.050 *
water:comp 1 0.109 0.109 0.235 0.629
water:sp 1 0.028 0.028 0.060 0.807
water.comp:sp 1 1.129 1.129 2.438 0.123
Residuals 64 29.622 0.463

Table A118. Exp. 2 Harvest 3 dry mass--Shadertreat log(mass) ~ L/'S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0335 0.168 0.899 0.414
water 1 0.011 0.011 0.018 0.905 (using error a
comp 1 0.783 0.783 4.195 0.046 *
sp 1 1.563 1.563 8.376 0.006 **
block:water (error¢ 2  1.190 0.595 3.189 0.050 *
comp:sp 1 0.632 0.632 3.386 0.072
water:comp 1 0.575 0.575 3.079  0.086
water:sp 1 0.309 0.309 1.655 0.204
water:comp:sp 1 0.111 0.111 0.596 0.444
Residuals 48 8.959 0.187
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Table A119. Exp. 2 Harvest 3 SLA--Light treatme@tA ~ L/S model

Df Sum Sq Mean Sq Fvalue Pr(>F)
block 2 3015 150.7 0.772 0.471
water 1 1897.4 1897.4 38421 0.003*  (using error a)
comp 1 26954 2695.4 13.8010.001 ***
sp 1 1584.3 1584.3 8.112 0.008 **
block:water (error¢ 1 0.05 0.05 0.000 0.987
comp:sp 1 24.1 24.1 0.123 0.728
water:comp 1 11.9 119 0.061  0.807
water:sp 1 31.4 314 0.161 0.691
water:comp:sp 1 3249 324.9 1.664  0.207
Residuals 29 5663.9 195.3

Table A120. Exp. 2 Harvest 3 SLA--Shade treatmé&itA ~ L/S model

Df Sum Sq Mean Sq Fvalue Pr(>F)
block 2 2713 1356 2196 0.132
water 1 52 52 0.251 0.666 (using error a)
comp 1 128 128 0.208  0.653
sp 1 10899 10899 17.646 0.000 ***
block:water (error ¢ 2 415 208 0.336 0.718
comp:sp 1 185 185 0.300 0.589
water:comp 1 2484 2484 4.021 0.056
water:sp 1 243 243 0.394 0.536
water:comp:sp 1 2291 2291 3.710  0.066
Residuals 25 15442 618

Table A121. Exp. 2 Harvest 3 RMR--Light treatmeRMR ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.002 0.001 0.508 0.604
water 1 0.003 0.003 3.915 0.186 (using error a)
comp 1 0.001 0.001 0.294  0.590
sp 1 0.169 0.169 91.448 0.000 ***
block:water (error¢ 2  0.002 0.001 0.413 0.663
comp:sp 1 0.009 0.009 5.009 0.029 *
water:comp 1 0.000 0.000 0.093 0.762
water:sp 1 0.001 0.001 0.272 0.604
water:comp:sp 1 0.003 0.003 1.875 0.176
Residuals 64 0.119 0.002
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Table A122. Exp. 2 Harvest 3 RMR--Shade treatm&MR ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.011 0.006 4.105 0.023 *
water 1 0.002 0.002 0.669  0.499 (using error a
comp 1 0.001 0.001 0.449  0.506
sp 1 0.036 0.036 26.797 0.000 ***
block:water (error¢ 2  0.007 0.003 2.508 0.092
comp:sp 1 0.003 0.003 2.175 0.147
water:comp 1 0.000 0.000 0.240 0.626
water:sp 1 0.005 0.005 3.716  0.060
water:comp:sp 1 0.000 0.000 0.138 0.712
Residuals 48 0.065 0.001

Table A123. Exp. 2 Harvest 3 SMR--Light treatmeS8#R ~ L/S model

Df Sum Sq Mean Sq Fvalue Pr(>F)
block 2 0.000 0.000 0.112 0.894
water 1 0.002 0.002 2.435 0.259 (using error a)
comp 1 0.001 0.001 0.834 0.365
sp 1 0.000 0.000 0.223  0.638
block:water (error¢ 2  0.001 0.001 0.476  0.624
comp:sp 1 0.000 0.000 0.226  0.636
water:comp 1 0.005 0.005 3.582 0.063
water:sp 1 0.001 0.001 0.652 0.422
water:comp:sp 1 0.001 0.001 0.395 0.532
Residuals 64 0.083 0.001

Table A124. Exp. 2 Harvest 3 SMR--Shade treatm&MR ~ L/S model

Df Sum Sq Mean Sq

block
water
comp

Sp

block:water (error ¢

comp:sp
water:comp
water:sp
water:.comp:sp
Residuals

2 0.008 0.004
1 0.001 0.001
1 0.001 0.001
1 0.027 0.027

2 0.001 0.000
1 0.000 0.000
1 0.001 0.001
1 0.000 0.000
1 0.000 0.000

48  0.038 0.001

Fvalue Pr(>F)
5.221 0.009 **
4.329 0.173
0.830 0.367

34.724 0.000 ***

0.323 0.725
0.175 0.678
1.800 0.186
0.121  0.729
0.080 0.778

(using error a)
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Table A125. Exp. 2 Harvest 3 LMR--Light treatmehiVIR ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.001 0.000 0.165 0.849
water 1 0.009 0.009 963.356 0.001 ** (using error a)
comp 1 0.000 0.000 0.027  0.869
sp 1 0.155 0.155 54.382 0.000 ***
block:water (error¢ 2  0.000 0.000 0.003  0.997
comp:sp 1 0.006 0.006 2.157 0.147
water:comp 1 0.003 0.003 1.093 0.300
water:sp 1 0.000 0.000 0.019 0.891
water.comp:sp 1 0.007 0.007 2.375 0.128
Residuals 64 0.183 0.003

Table A126. Exp. 2 Harvest 3 LMR--Shade treatméritR ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.004 0.002 1.335 0.273
water 1 0.007 0.007 3.163  0.217 (using error a
comp 1 0.000 0.000 0.001  0.982
sp 1 0.001 0.001 0.440 0.510
block:water (error¢ 2  0.004 0.002 1.432 0.249
comp:sp 1 0.004 0.004 3.020 0.089
water:comp 1 0.000 0.000 0.266 0.608
water:sp 1 0.004 0.004 2.592 0.114
water:comp:sp 1 0.000 0.000 0.023 0.881
Residuals 48 0.069 0.001

Table A127. Exp. 2 Harvest 3 FARM--Light treatmeARM ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 4325 2163 0.545  0.583
water 1 43946 43946 120.44 0.008 ** (using error a)
comp 1 9170 9170 2311  0.133
sp 1 209258 209258 52.7270.000 ***
block:water (error¢ 2 730 365 0.092 0.912
comp:sp 1 8377 8377 2111 0.151
water:comp 1 2800 2800 0.706  0.404
water:sp 1 250 250 0.063 0.802
water:comp:sp 1 34360 34360 8.658 0.005 **
Residuals 64 253998 3969
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Table A128. Exp. 2 Harvest 3 FARM--Shade treatmé&fRM ~ L/S model
Df SumSqg Mean Sq Fvalue Pr(>F)

block 2 63758 31879 3.656 0.033 *

water 1 2514 2514 0.090 0.793 (using error a)
comp 1 111 111 0.013 0.911

sp 1 187 187 0.022 0.884

block:water 2 55891 27945 3.205 0.049 *

comp:sp 1 32304 32304 3.705 0.060

water:comp 1 7105 7105 0.815 0.371

water:sp 1 3190 3190 0.366  0.548

water:.comp:sp 1 22156 22156 2.541 0.118

Residuals 48 418554 8720

Table A129. Exp. 2 Harvest 3 R:S mass--Light treadt: R:S mass ~ L/S model
Df SumSg MeanSq Fvalue Pr(>F)

block 2 0.009 0.005 0.620 0.541
water 1 0.015 0.015 3.321  0.209 (using error a)
comp 1 0.000 0.000 0.043 0.836
sp 1 0.569 0.569 75.809 0.000 ***

block:water (error¢ 2  0.009 0.005 0.610  0.547

comp:sp 1 0.031 0.031 4.127 0.046 *
water:comp 1 0.000 0.000 0.039 0.843
water:sp 1 0.004 0.004 0.535 0.467
water:comp:sp 1 0.009 0.009 1.178 0.282
Residuals 64 0.481 0.008

Table A130. Exp. 2 Harvest 3 R:S mass--Shadenegat R:S mass ~ L/S model
Df Sum Sgq Mean Sq Fvalue Pr(>F)

block 2 0.031 0.015 3.668 0.033 *

water 1 0.006 0.006 0.541 0.539 (using error a)
comp 1 0.001 0.001 0.354  0.555

sp 1 0.094 0.094 22.599 0.000 ***

block:water (error¢ 2  0.022 0.011 2.661  0.080

comp:sp 1 0011 0.011 2.633 0.111
water:comp 1 0.001 0.001 0.291  0.592
water:sp 1 0.012 0.012 2.943 0.093
water:comp:sp 1 0.001 0.001 0.161 0.690
Residuals 48 0.200 0.004
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Table A131. Exp. 2 Harvest 3 rt tips/rt mass--Ltigkatment: log(tips) ~ L/'S model

Df SumSg MeanSq Fvalue Pr(>F)

block 2 0.079 0.040 0.221 0.803
water 1 0.057 0.057 0.694  0.492 (using error a)
comp 1 2334 2.334 13.001 0.001 ***
sp 1 4.162 4.162 23.186 0.000 ***

block:water (error¢ 2  0.163 0.082 0.454  0.637

comp:sp 1 0.600 0.600 3.341 0.072
water:comp 1 0.029 0.029 0.164 0.687
water:sp 1 0.003 0.003 0.015 0.904
water:comp:sp 1 0.000 0.000 0.000  0.993
Residuals 64 11.487 0.180

Table A132. Exp. 2 Harvest 3 rt tips/rt mass--Shdatment: log(tips) ~ L/S model

Df SumSg Mean Sq Fvalue Pr(>F)

block 2 0.731 0.365 5.139 0.010 **
water 1 0.336 0.336 21.698 0.043 *  (using error a)
comp 1 0.000 0.000 0.000 0.993
sp 1 9.021 9.021 126.898 0.000 ***

block:water (error¢ 2  0.031 0.016 0.218 0.805

comp:sp 1 0.041 0.041 0.577 0.451
water:comp 1 0.003 0.003 0.035 0.852
water:sp 1 0.000 0.000 0.000 0.985
water:comp:sp 1 0.000 0.000 0.000  0.990
Residuals 48 3.412 0.071

Table A133. Exp. 2 Harvest 3 SRL--Light treatmelaty(SRL) ~ L/S model

Df Sum Sgq Mean Sq Fvalue Pr(>F)

block 2 0.157 0.079 1.001 0.373

water 1 0.103 0.103 4.388 0.171 (using error a)
comp 1 0.656 0.656 8.358 0.005 **

sp 1 0.334 0.334 4.253 0.043 *

block:water (error¢ 2  0.047 0.024 0.299 0.742

comp:sp 1 0441 0.441 5.613 0.021 *
water:comp 1 0.009 0.009 0.115 0.736
water:sp 1 0.012 0.012 0.156 0.694
water:comp:sp 1 0.003 0.003 0.032 0.859
Residuals 64 5.022 0.079

240



Table A134. Exp

. 2 Harvest 3 SRL--Shade treatm&d(SRL) ~ L/S model

Df Sum Sq Mean Sq Fvalue Pr(>F)
block 2 0424 0.212 6.484 0.003 **
water 1 0.428 0.428 13.107 0.001 *** (using error a)
comp 1 0.053 0.053 1.631 0.208
sp 1 1.729 1.729 52.898 0.000 ***
block:water 2 0123 0.061 1.878 0.164
comp:sp 1 0132 0.132 4.045 0.050 *
water:comp 1 0.002 0.002 0.062 0.805
water:sp 1 0.002 0.002 0.063 0.804
water:comp:sp 1 0.005 0.005 0.168 0.684
Residuals 48 1.569 0.033

Table A135. Exp. 2 Harvest 3 SSL--Light treatmesdirt(SSL) ~ L/S model

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.247 0.124 0.045 0.956
water 1 0.687 0.687 0.837  0.457 (using error a)
comp 1 68.120 68.120 24.990 0.000 ***
sp 1 15.620 15.620 5.730 0.020 *
block:water (error¢ 2  1.642 0.821 0.301 0.741
comp:sp 1 2768 2.768 1.016 0.317
water:comp 1 0.409 0.409 0.150 0.700
water:sp 1 0.185 0.185 0.068 0.795
water:comp:sp 1 1.440 1.440 0.528 0.470
Residuals 64 174.460 2.726

Table A136. Exp. 2 Harvest 3 SSL--Shade treatmeqtt(SSL) ~ L/S model

block
water
comp

Sp

block:water (error ¢

comp:sp
water:comp
water:sp
water:comp:sp
Residuals

Df SumSq Mean Sq Fvalue Pr(>F)
2 9.720 4860 0.645 0.529
1 0.920 0.920 0.071  0.815 (using error a
1 12520 12.520 1.661  0.204
1 7.040 7.040 0.935 0.339

2 25.690 12.840 1.705 0.193
1 27.160 27.160 3.604 0.064
1 35.120 35.120 4.6610.036 *

1 15,590 15.590 2.068 0.157
1 18.030 18.030 2.393 0.128
48 361.690 7.540
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Table A137. Exp. 2 Harvest 3 RGR--Light treatmeRIGR ~ L/S model

Df Sum Sq Mean Sq Fvalue Pr(>F)
water 1 12 12 0.099 0.755
comp 1 2796 2796 22.786 0.000 *** (using error a)
sp 1 6443 6443 52.510 0.000 ***
comp:sp 1 349 349 2.848 0.096
water:comp 1 0.70 0.70 0.006 0.941
water:sp 1 137 137 1.120 0.294
water:comp:sp 1 515 515 4.197 0.044 *
Residuals 68 8343 123

Table A138. Exp. 2 Harvest 3 RGR--Shade treatmB@R ~ L/S model

Df Sum Sq Mean Sq Fvalue Pr(>F)
water 1 57 57 1.031 0.315
comp 1 506 506 9.212 0.004 ** (using error a)
sp 1 4403 4403 80.098 0.000 ***
comp:sp 1 213 213 3.866 0.055
water:comp 1 263 263 4,774 0.033 *
water:sp 1 72 72 1.309 0.258
water:comp:sp 1 10 10 0.172  0.680
Residuals 52 2859 55

Table A139. Exp. 2 Harvest 3 stem diameter--Ligbatment: log(diam) ~ L/S mo

Df SumSq Mean Sq Fvalue Pr(>F)
block 2 0.004 0.002 0.020 0.980
water 1 0.124 0.124 6.866  0.120 (using error a)
comp 1 1117 1.117 10.934 0.002 **
sp 1 2444 2.444  23.936 0.000 ***
block:water (error¢ 2  0.036 0.018 0.177 0.838
comp:sp 1 0.219 0.219 2.141  0.148
water:comp 1 0.086 0.086 0.844 0.362
water:sp 1 0.021 0.021 0.205 0.652
water.comp:sp 1 0.193 0.193 1.893 0.174
Residuals 64 6.536 0.102
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Table A140. Exp. 2 Harvest 3 stem diameter--Shisslgment: log(diam) ~ L/S mc
Df Sum Sgq Mean Sq Fvalue Pr(>F)

block 2 0.306 0.153 2.005 0.146

water 1 0.006 0.006 0.043 0.855 (using error a)
comp 1 0.433 0.433 5.684 0.021 *

sp 1 0.544 0.544 7.140 0.010 *

block:water (error¢ 2  0.288 0.144 1.892 0.162

comp:sp 1 0.094 0.094 1.233 0.272
water:comp 1 0.050 0.050 0.652  0.423
water:sp 1 0.046 0.046 0.600 0.442
water:comp:sp 1 0.000 0.000 0.005 0.945
Residuals 48 3.732 0.076
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